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Abstract 

 

Vegetation browning is the decline in plant biomass and productivity arising from climate change, biotic 

interactions and disturbance. It is now considered one of the major disruptions in a rapidly changing 

Arctic landscape. Damaged Arctic vegetation due to extreme winter weather events such as warming 

events and frost drought conditions, has been shown to change from a sink to a net CO2 source at the 

peak of the growing season. It is crucial to understand the satellite-based signature of browning events 

due to the challenging nature of field work in the Arctic and the sporadic nature of such events. It is 

important to understand how browning events can unfold in the future in response to projections of 

increased frequency, magnitude and severity of extreme winter weather events in the Arctic. This 

research is the first to provide a remote sensing and climate modelling based framework to examine 

Arctic browning. Northern Norway was selected as the study area for this PhD research. The first 

research objective of this PhD thesis was to understand the satellite-based signature of browning 

events caused by extreme winter weather conditions. This was achieved through examining the 

effectiveness of two different MODIS vegetation indices at quantifying the on-record ground 

observations of vegetation decline in the Norwegian Arctic and sub-Arctic areas. The indices included 

the Chlorophyll Carotenoid Index (CCI) and the Normalized Difference Vegetation Index (NDVI). The CCI 

and NDVI were extracted for early, peak and end of the growing season (July-September). Moreover, 

the average growing season CCI and NDVI were calculated as well. These calculations were conducted 

for three case study sites in northern Norway. The NDVI presented a more robust signal compared to 

CCI for detecting decreases in the Gross Primary Productivity (GPP) of dwarf shrub vegetation across 

different Arctic landscapes. This was concluded to be mainly due to the higher spatial resolution of NDVI 

(0.25 km) compared to that of CCI (1 km). The second research objective of this work was to determine 

the main meteorological drivers of satellite-based observations of vegetation decline in the Norwegian 

Arctic and sub-Arctic. Currently there is a substantial research gap with regards to the understanding 

of relationships between the variability of individual meteorological variables in winter and the summer 
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NDVI. For this, a regional climate model, the Weather Research and Forecasting Model (WRF), was used 

to produce high-resolution (1 ς 10 km) simulations for the winter months November ς April, over the 

time period 2000 ς 2020, for northern NorǿŀȅΦ ¢ƘŜ ŘǊƛǾƛƴƎ ŘŀǘŀǎŜǘ ŦƻǊ ²wC ƘŜǊŜ ǿŀǎ 9w!рΦ ²wCΩǎ ǎƪƛƭƭ 

at reproducing the extreme winter weather conditions, which lead to recorded browning events at the 

three case study sites was examined, considering variables including 2m near-surface temperature, 

snow depth and precipitation. WRF was able to simulate extreme winter warming and low snow depth 

conditions at the case study sites after bias-corrections were applied. Following this, correlations 

between the different winter month-based meteorological variables and mean summer NDVI were 

examined. The correlations identified the most important winter meteorological variables with regards 

to summer NDVI, for the study area. These variables were used in multivariate regression analysis 

against summer NDVI to develop statistical models for projecting summer NDVI at the end of this 

century under different emission scenarios.  

This leads to the third research objective of this thesis, which was to assess the changes in frequency 

and intensity of climatic drivers of Arctic browning at the end of this century in the Norwegian Arctic 

and sub-Arctic. Therefore, WRF was forced with the Community Earth System Model (CESM1) under 

three Representative Concentration Pathways (RCPs) 4.5, 6.0 and 8.5, for 2090 ς 2100. The future 

simulations were compared with a historical baseline, 1990 ς 2000, to assess the changes in the 

frequency and spatial extent of the different winter meteorological drivers of NDVI. The findings of this 

work can be viewed in a threefold-perspective; spatial context, seasonal winter meteorology and 

climate change scenario based. In the spatial context the main findings included; the vegetation most 

at risk of damage is projected to be in Trøndelag County, based on the strongest increases in frequency 

ŀƴŘ ƛƴǘŜƴǎƛǘȅ ƻŦ ǿƛƴǘŜǊ ǿŀǊƳƛƴƎ ŜǾŜƴǘǎΣ ƭƻǿ ǎƴƻǿ ŘŜǇǘƘ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ wh{ ƻŎŎǳǊǊŜƴŎŜΦ ¢Ƙƛǎ ǊŜǎŜŀǊŎƘΩǎ 

ǇǊƻƧŜŎǘƛƻƴǎ ŀōƻǳǘ ƛƴŎǊŜŀǎŜŘ ŜȄǇƻǎǳǊŜ ƻŦ bƻǊǿŀȅΩǎ Ŏƻŀǎǘŀƭ ŀǊŜŀǎ ǘƻ ƘƛƎƘŜǊ ƛƴǘŜƴǎƛǘȅ ǿŀǊƳƛƴƎ ŜǾŜƴǘǎ 

(duration-based), as compared to the inland regions, agrees with previous studies.  Large spatial 

variability was found across the study domain with regards to the meteorological parameters and 

extreme weather indices of different winter months affecting the summer NDVI. The projections of 
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browning frequency at one of the case study sites (Storfjord), located well inside the Arctic Circle, are 

reflective of the pronounced negative impacts arising from multiple extreme winter weather events 

and conditions. At this site the maximum duration of winter warming events index (MDW) in December 

and the mean January temperature best explained the variance in the NDVI. In context of the three 

RCPs studied here, major findings with regards to overall impacts on vegetation included projections of 

mean December, January and March temperatures staying above 0ᴈ for most of the study area. These 

temperature projections imply an increased probability of ROS in these peak winter months as 

precipitation would likely fall as rain rather than snowfall. Moreover, as vegetation can get  damaged 

under low-snow conditions, it is concerning that under RCP 8.5, the average number of days with snow 

depth < 20 cm (SC20), per winter season, is projected to increase by 80-100 days, in Trøndelag County, 

compared with the 1990 ς 2000 time period. In general, this study predicts large scale vegetation 

disturbance in response to changes in the overall winter meteorology in northern Norway.  
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Climate change and Arctic browning: An Introduction 
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1.1. Research context and aims 

 

The frequency and magnitude of ecosystem-threatening extreme weather events continues to increase 

in the Arctic as a result of climate change (Callaghan et al., 2010; Landrum and Holland, 2020). Extreme 

ǿŜŀǘƘŜǊ ŜǾŜƴǘǎ ƛƴ ǘŜǊƳǎ ƻŦ ŜŎƻǎȅǎǘŜƳǎ Ŏŀƴ ōŜ ŘŜŦƛƴŜŘ ŀǎ άŀƴ ŜǇƛǎƻŘŜ ƻǊ ƻŎŎǳǊǊŜƴŎŜ ƛƴ ǿƘƛŎƘ ŀ 

statistically rare or unusual climatic period alters ecosystem struŎǘǳǊŜ ŀƴŘѷƻǊ ŦǳƴŎǘƛƻƴ ǿŜƭƭ ƻǳǘǎƛŘŜ ǘƘŜ 

ōƻǳƴŘǎ ƻŦ ǿƘŀǘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘȅǇƛŎŀƭ ƻǊ ƴƻǊƳŀƭ ǾŀǊƛŀōƛƭƛǘȅέ (Smith, 2011, p.658). Such events have been 

documented to inflict extensive damage on vegetation across numerous Arctic and boreal sites  (Bjerke 

et al., 2014; Bokhorst et al., 2015; Treharne et al., 2020). For example, in December 2007, anomalous 

ǿƛƴǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀōƻǾŜ л х/ ŦƻǊ ƻǾŜǊ мн Řŀȅǎ ƛƴ bƻǊǘƘŜǊƴ {ŎŀƴŘƛƴŀǾƛŀ ŎŀǳǎŜŘ ŀ ƴƻǘŀōƭŜ ŘŜŎƭƛƴŜ ƛƴ 

vegetation productivity, over an area of 1400 km2, in the following growing season (Bokhorst et al., 

2009)Φ ¢ƘŜ ǘŜǊƳ Ψ!ǊŎǘƛŎ ōǊƻǿƴƛƴƎΩ ǊŜŦŜǊǎ ǘƻ ōƻǘƘ ƎǊŀŘǳŀƭ ŘŜŎƭƛƴŜǎ ƛƴ ōƛƻƳŀǎǎ ƻǊ ǇǊƻŘǳŎǘƛǾƛǘȅΣ ŀǎ ǿŜƭƭ ŀǎ 

the aforementioned abrupt and short-term declines in vegetation productivity (Myers-Smith et al., 

2020). Arctic browning has been attributed to climatic, biotic and physical drivers at various locations 

ranging from the Nordic Arctic Region (NAR) to Alaskan coastal sites. Potential climate-related causes 

of vegetation browning include extreme winter warming events (Bokhorst et al., 2008; Vikhamar-

Schuler et al., 2016), heavier and extended snow cover (Bieniek et al., 2015), rain-on-snow events (ROS) 

(Bjerke et al., 2017) , frost drought (Phoenix and Bjerke, 2016), reduced summer warmth index (Bhatt 

et al., 2013), increased standing water, late thawing of snow in spring (Bhatt et al., 2017) and 

thermokarst formation (Bieniek et al., 2015; Raynolds and Walker, 2016). Biotic drivers of vegetation 

damage could include increased herbivore activity, fungal pests and insect attacks (Bjerke et al., 2014). 

An example of a physical driver of vegetation browning is wildfires in the Arctic (Bret-Harte et al., 2013). 

Figure 1.1 shows what Arctic browning looks like in the aftermath of different types of extreme winter 

weather events.  

Currently, Arctic vegetation accounts for 10% of the total carbon sequestered by land on Earth 

(Mcguire et al., 2009). A single browning event has been shown to cause up to a 50% decline in the 
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plots-scale carbon absorption capacity of vegetation at a few sites in the Norwegian Arctic and 

boreal areas (Treharne et al., 2019). Moreover, phenological effects of extreme winter weather 

events on Arctic vegetation have been outlined in several studies. For example, multiple icing events 

caused an 83% reduction in E. nigrum berry production and an earlier leaf emergence in V. vitis-idaea 

(Preece and Phoenix, 2014). Repeated winter warming events lead to delayed spring bud burst in both 

E. hermaphroditum and V. myrtillus, 11-75% and 52-95% reduction in berry production of E. 

hermaphroditum and V. myrtillus respectively, and compensation growth as a recovery mechanism in 

V. myrtillus (Bokhorst et al., 2011). Although damaged vegetation recovers after a browning event, 

repeated occurrence of such browning events could cause irreversible damage and the Arctic 

ecosystem might not return to its equilibrium state (S. Bokhorst et al., 2012; Treharne et al., 2019). 

Thus, changes in the frequency and spatial distribution of Arctic browning raises huge uncertainties 

about whether the Arctic remains a net carbon sink in the long-term. Therefore, advanced analyses 

are required to improve the current efficiency of model projections regarding the potential causes, 

frequency and scale of browning events (Bjerke et al., 2017).  

Figure 1.1 (a, b) Winter warming damage observed for E. Nigrum in Sub-Arctic Scandinavia (c) icing 
damage to Dryas octopetala in High Arctic Svalbard; (d, e) frost drought damage to Calluna vulgaris 
heathland in central Norway; and (f) fire on flammable, frost drought killed, Calluna heathland (Image 
source Phoenix and Bjerke, 2016, p.2961) 
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Vegetation is an integral component of  Arctic ecosystems because it contributes to the carbon, 

water and nitrogen cycles, biodiversity, state of the cryosphere, surface energy equilibrium and 

soil stability (Bjerke et al., 2011; Johansson et al., 2013; Bjerke et al., 2017). Also, Arctic wildlife 

such as caribou, muskox, hares, lemmings and birds rely on vegetation for food. Vegetation in the 

Arctic has socioeconomic importance as well because indigenous Arctic communities such as Sami 

reindeer herders depend on vegetation for their herds (Horstkotte et al., 2017). Along with the 

essential ecosystem and socioeconomic roles of vegetation in the Arctic, it has become urgent to 

understand the causes of observed Arctic vegetation damage because most of the ecosystem and 

earth models have not predicted vegetation browning in the Arctic (Phoenix and Bjerke, 2016). The 

average decline of 8.7% in vegetation greenness (gradual browning) across the Arctic from 2011-

2014 (Epstein et al., 2015), against a 33 year record of increasing Arctic greenness, has strongly 

challenged the earlier understandings of direct relationships between warming and greening in the 

Arctic.  

¢ƘŜ ƻǾŜǊŀǊŎƘƛƴƎ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴ ƻŦ ǘƘƛǎ tƘ5 ƛǎΣ έƘƻǿ ŜȄǘǊŜƳŜ ǿƛƴǘŜǊ ǿŜŀǘƘŜǊ ŎƻǳƭŘ ŘǊƛǾŜ !ǊŎǘƛŎ 

browning across spatiotemporal scales in thŜ ƭƛƎƘǘ ƻŦ ŀ ŎƘŀƴƎƛƴƎ ŎƭƛƳŀǘŜΚέΦ ¢ƻ ŀƴǎǿŜǊ ǘƘƛǎ ǉǳŜǎǘƛƻƴΣ 

the following research objectives are addressed within this thesis: 

1. To understand the satellite-based signature of browning events caused by extreme winter weather 

conditions. 

2. To determine the main meteorological drivers of satellite-based observations of vegetation decline 

in the Norwegian Arctic and sub-Arctic. 

3. Assess the changes in frequency and intensity of climatic drivers of Arctic browning at the end of 

this century in the Norwegian Arctic and sub-Arctic. 
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As this PhD research is focused on exploring the role of extreme winter weather events in Arctic 

browning, climatological drivers of Arctic browning form the main theme of the literature review 

presented in this chapter.    

1.2. Past browning events and associated climatic drivers 

Vegetation damage due to extreme winter weather events has been reported across several regions in 

northern Norway. Therefore, northern Norway is selected as the study area under this PhD research. 

Table 1.1 lists the few studies which have analysed browning events and their potential climatic drivers. 

The drivers include extreme winter warming, ROS and frost drought. These climatic drivers are the focus 

of the literature review presented in section 1.3 ahead.  

Table 1.1 Associated climatic drivers of various documented browning events across Norway  

 
Location and year of browning events in Norway   

 
Meteorological  drivers 

 
Research 

1. Flatanger 2014 
Extreme winter warming and frost 
drought 

 
Bjerke et al. (2017), 
Treharne (2018) 

 

2. Lofoten 2014, 2016 Frost Drought, winter warming 
 
Treharne (2018) 

 

3. Storfjord 2012 Extreme winter warming 
 
Treharne (2018) 
  

4. Lenvik 2014 
 
Extreme winter warming and frost 
drought  

Bjerke et al. (2017) 

5. Tromsø 2014 
 
Extreme winter warming and/or ROS 
lead frost drought  

 
Bjerke et al. (2017) 

6. Narvik 2008 Extreme winter warming 
 
Bokhorst et al. (2011) 

 

7. Magerøya 2012 
 
Extreme winter warming and/or ROS 
lead frost drought  

Bjerke et al. (2014) 

 
8. Svalbard 2012 
 

Winter warming and ROS  
Bjerke et al. (2017), 
Treharne (2018) 
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1.3. Extreme winter weather events in the context of Arctic Browning 

As  this is an interdisciplinary PhD research, encompassing the fields of Arctic vegetation, ecology and 

climate change prediction, the following review considers how extreme winter weather events and the 

associated vegetation damage, have been analysed across the different disciplines.   

1.3.1 Winter warming   
 

The strongest Arctic warming has been observed over the winter season (Boisvert and Stroeve, 2015). 

The definition of a winter warming event varies significantly across studies. For example, Graham et al. 

(2017) have considered  winter warming events as a time duration when the near-surface (1 - 2.5 m) 

air temperature increases beyond -мл х/Σ ƛƴ ǘƘŜ !ǊŎǘƛŎ hŎŜŀƴΩǎ ŀǊŜŀǎ ŘƻƳƛƴŀǘŜŘ ōȅ ǎŜŀ ƛŎŜΦ ²ƘŜǘƘŜǊ 

the definition of a winter warming event is  based primarily on a meteorological threshold or an 

ecological context or both is dependent on the research question being asked. For example, Treharne 

et al. (2020) examined the mechanisms and effects of winter warming events in the context 

of  vegetation productivity in the Scandinavian Arctic. Their definition of an extreme winter warming 

event is not limited to a simple temperature threshold, rather it is explained as an interaction between 

multiple meteorological conditions such as unseasonal snowmelt and accompanying ecosystem 

exposure, anomalous winter warmth to trigger dehardening of plants, followed by a return to freezing 

temperatures which then damage any buds and shoots that (due to de-hardening) are no longer freeze 

tolerant. 

One of the approaches to study extreme winter weather events has been through the estimation of  

climatological indices. A range of indices have been used within studies, such as event related intensity, 

time duration, frequency and/or a combination of these.  In this context, Vikhamar-Schuler et al. (2016) 

have quantified how frequent and intense winter warming events could get in the Nordic Arctic Region 

(NAR) across the 21st Century (2000 ς 2100). The indices used within their study are summarized in 

Table 1.2. Based on the frequency of these five climate indices in climate models, the authors suggest 

a doubled rate of extreme winter warming events for the 21st Century, with reference to the 1985-
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2014 period, for Northern Scandinavia. It is worth observing that despite the projections for an 

increased frequency of extreme events in the Arctic, regional Arctic climate studies scarcely focus on 

analysing the patterns of future extreme events (Ibid). While Vikhamar-Schuler et al. (2016) employed 

ǿƛƴǘŜǊ ǿŀǊƳƛƴƎ ƛƴŘƛŎŜǎ ŀƴŘ ŎƻƳƳŜƴǘ ƻƴ ǘƘŜƛǊ ǇƻǎǎƛōƭŜ ŜŦŦŜŎǘǎ ƻƴ ǾŜƎŜǘŀǘƛƻƴΣ ǘƘŜƛǊ ǊŜǎŜŀǊŎƘ ŘƻŜǎƴΩǘ 

actually link the indices with browning events.  

Table 1.2 Climate indices incorporated by Vikhamar-Schuler et al. (2016). P stands for total daily 
precipitation and T for daily average temperature. 

 

Teharne et al. (2020) have also estimated a suite of climatological indices to quantify winter warming 

events at study sites in Norway. It is important to note that their work is one of the very few on the 

topic of Arctic browning and hence forms the foundation for ways and methods to explore the 

relationship between extreme winter weather and subsequent growing season vegetation productivity. 

Their indices include exposure events, where snow depth is equal to zero, and warming duration and 

ƛƴǘŜƴǎƛǘȅ ŜǾŜƴǘǎΣ ǿƘŜǊŜ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ Ҕ н х/Φ ¢ƘŜƛǊ ǎŜƭŜŎǘƛƻƴ ƻŦ  ŀ н х/ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ 

threshold was based on temperature observations during winter warming events known to have 

resulted in browning. Treharne et al. (2020) have explained how these climatological indices were 

conceptualised in the context of the physio-chemical effects that winter warming and/or frost drought 

can inflict on plants. For example, the intensity metric, i.e., air temperature × duration, reflects 

άŜȄǇƻǎǳǊŜ ǘƻ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻŦ ǎǳŦŦƛŎƛŜƴǘ ǿŀǊƳǘƘ ŀƴŘ ŘǳǊŀǘƛƻƴ ǘƻ όŀύ ƳŜƭǘ ǎƴƻǿ ŀƴŘ ŜȄǇƻǎŜ ǾŜƎŜǘŀǘƛƻƴΣ 

and then (b) initiate bud burst and pre-ƳŀǘǳǊŜ ƭƻǎǎ ƻŦ ŦǊŜŜȊŜ ǘƻƭŜǊŀƴŎŜέ ό¢ǊŜƘŀǊƴŜ Ŝǘ ŀƭΦ, 2020, p.4). The 

results of Treharne et al. (2020) demonstrated significant positive correlations of the intensity of 

warming events and mean snow cover during the warming event with change in the time integrated 
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1Normalized Difference Vegetation Index (TI-NDVI) respectively. These relationships have been 

ŜȄǇƭŀƛƴŜŘ ƛƴ ǘƘŜƛǊ ǎǘǳŘȅ ŀǎ άŎƻƻƭŜǊ ŀƴŘ ǎƘƻǊǘŜǊ ǿŀǊƳƛƴƎ ŜǾŜƴǘǎ ǿƛǘƘ ǎƘŀƭƭƻǿŜǊ ǎƴƻǿ ŎƻǾŜǊ ǊŜǎǳƭǘŜŘ ƛƴ 

greater negative change in TI-b5±Lέ ό¢ǊŜƘŀǊƴŜ Ŝǘ ŀƭ όнлнлύ, p.6). Their results also included a negative 

correlation between the start day of an exposure event and change in the TI-NDVI (exposure events 

refer to vegetation being exposed to freezing temperatures following snow melt). This relationship is  

explained as longer lasting exposure events in later winter cause grater negative change in TI-NDV 

(Ibid). Based on these results Treharne et al. (2020) have concluded that vegetation browning on a 

regional scale can be well-associated with process-based climate indices. 

Further evidence of the increased frequency and magnitude of winter related damage to Arctic 

vegetation is provided by Bjerke et al. (2017). Their work focused on measuring the damage ratio of 

various plant species, across 52 field sites in Svalbard, Norway. The sites were known to have 

experienced vegetation browning. Their research concluded that higher than average temperature and 

precipitation rates in mid-winter 2011-2012 resulted in lesser snow cover and increased ground-ice 

formation, respectively, causing plant dieback. In this case of vegetation browning, two distinct extreme 

climatic phenomena affected the vegetation simultaneously; i.e., winter warming and rain-on-snow. 

Bjerke et al. (2017) were unable to determine which phenomenon caused most damage to plants.  

In the context of extreme climatic events damaging  Arctic vegetation, various studies have examined 

the timescale and mechanisms of vegetation recovery. This leads to another research approach used 

to investigate browning events in the Arctic, i.e., in-field experiments based on simulations of extreme 

winter weather events. Though with limited scope across spatiotemporal scales, plot-level 

experimental setups provide necessary well-controlled and strong evidence of various kinds of plant 

damage resulting from simulated extreme weather (Bokhorst et al., 2015). The recorded observations 

from simulations could act as a unique signature of a specific type of extreme event, thus, assisting 

ecologists by providing ground evidence for remote sensing methods to assess vegetation damage on 

 
1 NDVI is explained ahead in section 1.5 
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larger scales in the aftermath of an actual extreme event. Moreover, findings of field simulations could 

also help to identify whether vegetation in a region was exposed to single or multiple extreme events 

(Bokhorst et al., 2012). Ultimately, the information about frequency of extreme climate events derived 

through previously known observations of simulation studies in the Arctic could strongly assist in 

developing future projections about frequency and severity of browning events. 

An example of research using simulations is the study of Bokhorst et al. (2012), who have focused on a 

comparative assessment of the effects of naturally occurring and experimentally simulated extreme 

winter warming event on Arctic vegetation. They analysed the recovery of vegetation exposed to a 

seven-day experimental winter warming event in Abisko, Sweden. Additionally, they also analysed the 

impacts of an actual 12-day episode of anomalously high winter temperatures during December 2007 

in higher latitudes of Scandinavia. Through in-field plot scale investigations of both the simulation and 

real winter warming events Bokhorst et al. (2012) have suggested that multiple winter warming events 

can lead to cumulative disturbance in the carbon sink capacity of Arctic vegetation.  

A few previous studies have explained how winter warming events have often led to frost drought 

(Bjerke et al., 2011; Bjerke et al., 2017;Treharne et al., 2020), which is another important mechanism 

of extreme event-driven Arctic browning. Frost drought happens due to low or absent snow cover in 

winter, which can expose vegetation to freezing temperatures, wind and irradiance. Such conditions 

can cause plant transpiration at a time in winter when the soil water is frozen or near-frozen and 

unavailable for plant uptake (Sakai and Larcher, 1987). High winter transpiration rates have been known 

to cause plant desiccation and mortality at a landscape scale. Overall, it is the mid-winter thaw which 

is a typical and common feature of both extreme winter warming and frost drought.  

The 2015-2016 winter was recorded as the warmest  since 1950 on a pan-Arctic scale (Overland and 

Wang, 2016; Cullather et al., 2016), and there is a general agreement within the climate change 

literature about winter projected to be the most severely affected season in the Arctic in terms of 

frequency, scale and intensity of extreme weather events (Vikhamar-Schuler et al., 2016). Hence one 
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of the component analyses of this PhD is to detect and quantify potential vegetation browning with 

regard to both current (2000 ς 2020) and future (2090 ς 2100) winter warming events.  

1.3.2 Rain-on-snow (ROS) 
 

As mentioned in section 1.2, along with winter warming events, ROS events have also been linked with 

vegetation browning damage in the Arctic. The following sections review Arctic ROS studies in the 

overall climatological context, and not necessarily analysing ROS as a climatic driver of vegetation 

browning. 

ROS events are one of the many types of extreme climate events in the Arctic. Assessing ROS is 

demanding due to  difficulties in quantifying rain and snow in the Arctic and in modelling ROS events 

using GCMs (Rennert et al., 2009). Generally, ROS events are linked with short-term warm spells, lasting 

for hours to days, in autumn and winter (Hansen et al., 2014). Though ROS events are generally short 

lived, they can critically damage high Arctic ecosystems with far reaching and long term impacts 

(Rennert et al., 2009; Hansen et al., 2014; Christensen et al., 2021). For example, ROS events can lead 

to the formation of ice layers within the snowpack through a thaw-freeze cycle of the combination of 

snow on-ground and falling liquid precipitation. The ground ice then makes the underlying vegetation 

inaccessible for ungulates to forage. An ROS event across the Yamal Peninsula in November 2013 has 

been linked with the death of 61000 animals  between November 2013 and 2014 (Serreze et al., 2021). 

Moreover, ground-ice causes damage to both vascular plants and lichens (Bjerke, 2011). When 

vegetation gets encapsulated in ice layers, it not only loses the insulation provided by snow against 

freezing temperatures, but also undergoes damaging effects such as hypoxia and CO2 accumulation 

(G.K. Phoenix and Lee, 2004). Along with damaging ecological effects, ROS events also have significant 

socio-economic impacts such as slush avalanches leading to road and airport closures, major 

disruptions to services and the local tourism industry (Serreze et al., 2021).  

An example of an ROS event resulting from extreme weather conditions, occurred in Svalbard over the 

2011-12 winter season (Hansen et al., 2014)Φ ! ǘŜƳǇŜǊŀǘǳǊŜ ŀƴƻƳŀƭȅ ƻŦ ǳǇ ǘƻ  нлх / ŀōƻǾŜ ǘƘŜ Řŀƛƭȅ 
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normal, was recorded at the Svalbard Airport meteorological station. Moreover, 8th February saw the 

ƘƛƎƘŜǎǘ CŜōǊǳŀǊȅ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŎƻǊŘ ƻŦ {ǾŀƭōŀǊŘ ƻŦ тΦух /Φ ¢ƘŜǎŜ ŜȄǘǊŜƳŜ ƘƛƎƘ ǿƛƴǘŜǊ ǘŜƳǇŜratures 

ǿŜǊŜ ǘƘŜƴ ŦƻƭƭƻǿŜŘ ōȅ ŀ млх / ǇƭǳƴƎŜΦ !ƭƻƴƎ ǿƛǘƘ ǊŜŎƻǊŘ ƘƛƎƘ ǿƛƴǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ŦƻǊ ǘǿƻ ǿŜŜƪǎ ŀŎǊƻǎǎ 

late January-early February 2011-12, a number of heavy rainfall events were observed as well. The most 

extreme rainfall event was recorded on 30th January with 25% of the mean annual precipitation falling 

in one day. The authors found a positive correlation for winter temperatures and seasonal ROS (r=0.37, 

p<0.05).  

In the context of ROS events in Norway, Pall et al. (2019) have developed a first-time climatology of ROS 

for mainland Norway through examining the correlations between ROS events and atmospheric 

circulation indices. They defined an ROS event as a day with at least 3 mm of snow water equivalent 

(SWE) and 5mm of rain. Their variables of interest were temperature, precipitation, SWE, and 

atmospheric circulation indices; the North Atlantic Oscillation (NAO), the Arctic Oscillation (AO) and the 

Scandinavian pattern (SCA). An ROS event was defined as a day with at least 3 mm of SWE and 5mm of 

rain. The correlations were studied for the seasons with the most active ROS frequency, which were 

winter and spring. Pall et al. (2019), similar to Rennert et al. (2014), discussed the role of the Atlantic 

frontal systems that play a major role in shaping western NƻǊǿŀȅΩǎ ǿŜŀǘƘŜǊ ŀƴŘ ƘŜƴŎŜ ŘǊƛǾƛƴƎ ǘƘŜ 

winter ROS. The NAO was found to be most strongly correlated with ROS in southern-west Norway 

areas, up to 68 °N. For their North region, the correlation between the AO and ROS was higher as 

compared to the NAO due to ǘƘŜ !hΩǎ ŎŜƴǘǊŜ ƻŦ ŀŎǘƛƻƴ ōŜƛƴƎ ƻǾŜǊ ǘƘŜ !ǊŎǘƛŎΦ !ǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 

positive correlations of ROS with both NAO and AO, Pall et al. (2019) found a negative correlation 

between ROS and the SCA for winter. 

The above review of ROS studies reveals that although a number of  ROS events have been analysed 

within the Arctic climatology and ecosystems literature over the past 15 years, a significant research 

gap is seen for future ROS projection in general and especially in terms of future ROS affecting Arctic 

vegetation. Therefore, this PhD aims to understand the relationship between ROS and summer 
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vegetation productivity and also provide projections of future ROS occurrence under different 

emissions scenarios.  

To summarise the literature review of extreme winter weather events in the context of Arctic browning, 

interestingly only a few of the studies have examined extreme weather events as climatological drivers 

of vegetation browning. Many have analysed winter warming and ROS events in a pure climatological 

context. Moreover, limited studies were found on the topics of projecting the potential frequency and 

severity of these browning drivers for the 21st Century and these studies were drawn principally from 

the atmospheric literature. There were no studies found that link satellite vegetation data with extreme 

winter weather events, using future climate change scenarios.  

1.4 Regional climate change studies for Norway 

General Circulation Models (GCMs) provide meteorological simulations on spatial scales around 100 

km, e.g., the typical model resolution of The Coupled Model Intercomparison Project (CMIP6) is 

approximately 250 km in the atmosphere and 100 km over the ocean (Liang-Liang et al., 2022).  In order 

to provide more accurate predictions over a geographical area of interest, the output of GCMs are often 

downscaled. Downscaling refers to the process of refining GCM outputs to a higher spatial resolution, 

so it is adequate for use in impact studies. This downscaling is carried out either dynamically through 

Regional Climate Models (RCMs) or by applying Empirical Statistical Downscaling (ESD) methods (Ibid). 

The output  of RCMs, which usually covers a limited area such as country level, offer detailed and high-

resolution meteorological simulations. Such simulations are generally well-suited for robust impact and 

adaptation assessments, as compared to the output from GCMs (Ibid).  

To address the second and third research objectives of this PhD research (outlined in section 1.1) 

regional climate model simulations are required (explained in detail in chapter 3). For this  the Weather 

Research and Forecasting model (WRF) is selected to generate simulations for Norway. Therefore, it is 

ƛƳǇƻǊǘŀƴǘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ²wCΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ƻver Norway overall. An example of previous work 

running WRF over Norway ƛǎ ǘƘŜ ǎǘǳŘȅ ōȅ  IŜƛƪƪƛƭ  Ŝǘ ŀƭΦ όнлммύΦ ¢ƘŜȅ Ǌan WRF with ERA-40 reanalysis 
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as the input, at 30 and 10 km horizontal resolutions, for the time period 1961 to 1990. ERA-40 is an 

example of reanalysis datasets, which assimilate atmospheric observations into an numerical weather 

prediction (NWP) model, based on a variety of sources including satellite data, radiosondes and 

meteorological stations (Marshall et al., 2018). IŜƛƪƪƛƭ  Ŝǘ ŀƭΦ όнлммύ evaluated a range of surface 

climatological variables from the WRF output against those from multiple meteorological stations, 

ENSEMBLES (Ensembles-based predictions of climate changes and their impacts) models and ERA-40. 

Their variables of interest, precipitation and 2m surface temperature, coincide with two of the primary 

climatological parameters in this PhD research, and hence their performance is reviewed here.  

²wCΩǎ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƻǾŜǊ bƻǊǿŀȅΩǎ Ŏƻŀǎǘŀƭ ŀǊŜŀǎ ǿŀǎ ǿŜƭƭ ǎƛƳǳƭŀǘŜŘ ƻǾŜǊŀƭƭΣ ǿƛǘƘ ŀ ǊŜŘǳŎŜŘ bias as 

compared to ERA-40. The highest bias was observed inland on the leeward side of the mountains. This 

was attributed to a too small orographic uplift resulting in excessive precipitation falling on the lee side 

of the mountains. A large non-seasonal positive bias was also observed for northern Norway. A key 

ƳŜŀǎǳǊŜ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ŀ ƳƻŘŜƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ƛǎ ƛǘǎ ŎŀǇŀŎƛǘȅ ǘƻ ǊŜǇǊƻŘǳŎŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ŜǾŜƴǘǎ ƛƴ ǘŜǊƳǎ 

of frequency and the intensity (Heikkilä et al., 2011). WRF run at 30-km and especially at a refined 10-

km grid, significantly outperformed ERA-40 in simulating extreme precipitation events (>50 mm/day), 

however could not simulate the highest extremes.   

Norway being long, narrow and having a complex terrain has large regional variations in precipitation. 

IŜƛƪƪƛƭ  Ŝǘ ŀƭΦ όнлммύ ŜǾŀƭǳŀǘŜŘ ²wCΩǎ ǎƪƛƭƭ ŀǘ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜǎŜ ǊŜƎƛƻƴŀƭ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǇǊŜŎƛǇƛǘŀǘƛƻƴΦ 

¢ƘŜȅ ƘŀǾŜ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ²wCΩǎ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ŀlong the coastal western regions (2,4, 6-9 in Figure 1.2)  

is well simulated, however is exaggerated for the drier regions (3,10 and 12 in Figure 1.2 ).  
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Figure 1.2  Norway precipitation regions, with their respective mean precipitation in 1961 ς 1990  
ό{ƻǳǊŎŜΥ IŜƛƪƪƛƭ  Ŝǘ ŀƭΦΣ нлммύ 

 

Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ²wCΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ƻǳǘǇǳǘ ŦƻǊ bƻǊǿŀȅΣ IŜƛƪƪƛƭ  Ŝǘ ŀƭΦ όнлммύ ŦƻǳƴŘ ǘƘŀǘ ²wCΩǎ 

simulations performed better than the ENSEMBLES models in terms of the mean regional temperature 

bias. The regional temperature differences are well represented by WRF, with regions 4 and 6 exhibiting 

the strongest agreement and regions 1 and 2 the weakest as compared with the meteorological 

stations. An overall cold bias of 0.7-0.8°C over Norway was observed for both ERA-40 and WRF. 

Interestingly, the temperature simulations at the 30-km WRF grid outperformed the 10 km grid across 

ŀƭƭ ǊŜƎƛƻƴǎΦ wŜƎŀǊŘƛƴƎ ŜȄǘǊŜƳŜ ŎƻƭŘ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ²wCΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ǎƭƛƎƘǘƭȅ ǇƻƻǊ 

compared to the meteorological observations. On the other hand, extremely high temperatures were 

found to be well simulated, and the same for the 10 and 30 km grids.  
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Figure 1.3 Norway temperature regions with their respective mean temperature in 1961 ς 1990   
ό{ƻǳǊŎŜΥ IŜƛƪƪƛƭ  Ŝǘ ŀƭΦΣ нлммύ 

 

IŜƛƪƪƛƭ  Ŝǘ ŀƭΦ όнлммύ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ƻǾŜǊŀƭƭ ²wC ǊŜǇǊƻŘǳŎŜŘ bƻǊǿŀȅΩǎ  ƳŜǘŜƻǊƻƭƻƎƛŎŀƭ ŎƻƴŘƛǘƛƻƴǎ ǉǳƛǘŜ 

well even using the default physics parameterizations. The default settings  helped with an economic 

runtime, while generating  results similar to the more advanced WRF setups. 

In the context of climatic change in Norway a number of studies have analysed historical trends in air 

temperature. For example, Dyrrdal et al. (2011) analysed the trends of freeze-thaw events based on 

observed daily mean temperature, which were in the range -1.5 - мх /Σ ƻǾŜǊ ǘƘŜ ǘƛƳŜ ǇŜǊƛƻŘ мфсм ς 

2010. The results of their study showed that the highest number of days with freeze-thaw events 

occurred over the coastal areas across Norway. However, the strongest and positive, statistically 

significant trends in such events were mostly found over the colder, inland regions of Norway, and 

coastal areas in the northernmost Troms og Finnmark region (Figure 1.4).  
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Figure 1.4 Freeze-thaw events in Norway over the time period 1961 ς 2010 (Dyrrdal et al., 2011). Neg. 
and pos. sign (legend) refers to the statistically significant  trends in freeze-thaw events. Whereas the 
neg.notsign. and pos.notsign. refer to the trends which are not statistically significant.   
 
 

Kerguillec (2015) analysed trends and variability in the number of days where observed temperature 

ŎǊƻǎǎŜŘ ǘƘŜ лх / ǘƘǊŜǎƘƻƭŘΣ ƻƴ ōƻǘƘ ŀƴƴǳŀƭ ŀƴŘ ǎŜŀǎƻƴŀƭ ǎŎŀƭŜǎΣ ŦƻǊ ǘƘŜ мфрл ς 2013 time period. The 

main results of their study were that factors such as altitude, latitude and distance from the coast 

ŘŜǘŜǊƳƛƴŜŘ ǘƘŜ ŀǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ Řŀȅǎ ŀƴŘ ŘŜŎŀŘŀƭ ǘǊŜƴŘǎ ǿƘŜǊŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ŎǊƻǎǎŜŘ ǘƘŜ лх / 

threshold. In the context of temperature changes in Norway, another study is by Nilsen et al. (2021). 

Their work examined both the historical trends and future projections, in annual and seasonal 

frequency of days with zero-crossings (DZCs). Their study used the high-resolution (1 × 1 km) gridded 

output of the Coordinated Regional Climate Downscaling Experiment for the European domain (EURO-

CORDEX) ensemble. Their main findings were that the frequency of DZCs has generally increased in 

winter over the time period 1971 ς 2016. Interestingly future projections of DZCs showed a decrease 

for the lowlands and increases otherwise, especially in the northernmost county, Troms og Finnmark. 
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The strongest rise in DZCs is projected for the winter season under both Representative Concentration 

Pathways (RCPs) 4.5 and 8.5 over 2071 ς 2100. RCPs 4.5 and 8.5 represent low and high greenhouse 

gas emissions trajectories, respectively, under the Fifth Assessment Report (AR5) by the 

Intergovernmental Panel on Climate Change (IPCC).  

 

1.5 Application of satellite vegetation indices to examine Arctic browning 

Numerous analyses based on satellite observations and field studies have reported a continuous 

increase in vegetation productivity and biomass overall in the Arctic starting in the 1980s. This increase 

has been attributed to both, warming releasing cold temperature constraints on photosynthetic activity 

and growth (including both warming and longer growing seasons) (Fensholt et al., 2012) and the CO2 

fertilization effect (Gustafson et al., 2021).The Normalized Difference Vegetation Index (NDVI) is the 

most widely applied satellite index to assess Arctic vegetation dynamics e.g. Karlsen et al. (2018), May 

et al. (2018), Lara et al. (2018), Bhatt et al. (2017), Vickers et al. (2016), Bienek et al. (2015), Bjerke et 

al. (2014), Epstein et al. (2013), Gamon et al. (2013), Bokhorst et al. (2012), Bhatt et al. (2010), and 

Tucker et al. (2001). It is commonly incorporated due to its straightforward calculation and historically 

available selection of bands (Myers-Smith et al., 2020). NDVI uses the difference between near infrared 

(NIR) and red spectral bands as the algorithm. The red spectral region is selected due to the maximum 

absorption of radiation by chlorophyll pigments in this band. The maximum reflection of radiation by 

vegetation occurs within the NIR region of the spectrum. NDVI (Tucker, 1979) is calculated as, 

b5±L Ґ όˊbLw ς ́ wύκ όˊbLw Ҍ ˊwύΣ όǿƘŜǊŜ ˊ ŀǊŜ ǊŜŦƭŜŎǘŀƴŎŜ ǾŀƭǳŜǎύ 

Satellite NDVI is mainly applied to study vegetation phenology and productivity over a typical growing 

season (Gamon et al. 1995). While satellite-based analysis of browning events is limited, the few studies 

that exist have mainly applied NDVI to investigate the vegetation productivity decrease observed on 

the ground. For instance, Bokhorst et al. (2009) studied vegetation damage at five different sites across 

Scandinavia, resulting from an extreme winter warming event in December 2007. It is important to note 
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that they used both, satellite data and meteorological station observations to examine the browning 

event. The meteorological data included temperature and snow depth. For the satellite data they used 

Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI, during  mid-July, at a 250m spatial 

resolution, to compare the vegetation productivity in  2007 (the year before the browning event) and 

2008 (the year following the browning event). Their results showed a 26% reduction in mid-July NDVI 

for the growing season in 2008, as compared to the growing season of 2007. Their study also used 

ground observations of a simulated warming event to validate the attribution of the level and type of 

vegetation damage observed in 2008,  based on small plots (60 × 60 cm), over which the ratio of live to 

dead shoots was measured and compared with the nearby undamaged vegetation. The results of their 

ground observations confirmed that the satellite NDVI decrease was in fact a result of the winter 

warming event in December 2007. The different types of data and methods used by Bokhorst et al. 

(2009) underscores the importance of a multi-disciplinary approach to accurately identify browning 

events, examine them and assess the level of damage resulting from such events. Moreover, their work 

highlights issues of spatial scale discrepancies in comparing ground and satellite data related to 

vegetation damage; since the on-ground observations were at 60 × 60 cm plots, and one MODIS NDVI 

pixel covers 250 × 250 m area. For example, one of the drawbacks of medium-coarse resolution satellite 

data is that the type of vegetation most affected by a winter warming event cannot be identified. On 

the other hand, field observations are limited in understanding the spatial extent of vegetation damage.   

Despite the widespread application of satellite NDVI, it has been argued that the broadband NDVI 

algorithms are insensitive to the effects of continuously changing environmental stressors on plants in 

the short-term (Gamon et al., 2015). NDVI can have other problematic areas as well such as the effect 

of under canopy bare soil and saturation from dense vegetation cover (Huete et al., 2002). Hence 

research has strongly argued the potential of complementary techniques i.e., integrated or combined 

structural and physiological vegetation indices for analysing canopy scale vegetation state and 

photosynthetic performance (Gamon et al., 2016). 
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Lara et al. (2018) explored the role of landscape characteristics to explain climate vegetation 

interactions in detail. Their study is related to vegetation productivity changes in Alaskan coastal tundra 

and has incorporated a novel methodology for analysing the dynamics between climatic parameters 

and decadal vegetation productivity variations, based on 15 unique categories of tundra landscape 

features across their case study. Examples of landform categories are shown in Figure 1.5. Through 

evaluating the past and current interplay between climatic change and vegetation across distinct 

geomorphological spatial units, they statistically modelled which landform types could be most affected 

by future vegetation declines. Although differences between landform types occurred, Lara et al. (2018) 

concluded that increasing temperature and precipitation anomalies are likely to be the potential major 

climatic drivers of browning across coastal tundra. These findings agree with the results of Bjerke et al. 

(2017), as they have also attributed vegetation damage to warmer than usual temperatures and higher 

precipitation in the Norwegian Arctic. 

 

Figure 1.5 Major geomorphic types on the Arctic Coastal Plain of northern Alaska (Lara et al., 2018, p.2) 

When investigating the bio-physical status of vegetation, various researchers have advocated the use 

of vegetation indices which are responsive to photosynthetic pigments, such as chlorophyll and 

carotenoids in leaves, to detect changes in photosynthetic activity and phenology (Goerner et al., 2011; 
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Gamon et al., 2015; Beamish et al., 2018; Wong et al., 2019). Levels of photosynthetic pigments in plant 

leaves can be strongly affected by biotic and abiotic stressors. One of the photosynthetic pigments are 

carotenoids. Carotenoids are a range of pigments which include lutein, beta-carotene, xanthophyll, 

(Gamon et al., 2016). The composition of the carotenoid pigment pool varies on a seasonal and sub-

seasonal scale depending on various factors such as environmental stressors, light conditions and 

subsequent photosynthetic activity. Changes in the pool sizes of these pigments reflect how plants 

respond to a variety of evolving environmental states all through the start, peak and end of season 

vegetation stages (Filella et al., 2009; Gamon et al., 2016). For example, vegetation carotenoid pigments 

can increase due to exposure to various stress inducing forces such as extreme temperatures, low soil-

moisture levels, and nutrients (Gamon et al., 2015).The photochemical reflectance index (PRI) is linked 

with the carotenoid concentrations and hence has been applied as a  reliable indicator of 

photosynthetic activity and phenology (Gamon et al., 1997; Goerner et al., 2009). It has also been used  

to estimate stress associated spectral responses of plants (Hernández-Clemente et al., 2019). PRI 

(Gamon et al., 1997) is defined as,  

PRI = (R531 - wртлύ ѷ όwром Ҍ wртлύΣ όw ƛƴŘƛŎŀǘŜǎ ǊŜŦƭŜŎǘŀƴŎŜ ŀǘ ǊŜǎǇŜŎǘƛǾŜ ǿŀǾŜƭŜƴƎǘƘǎ όƴƳύύ 

 Initially PRI was developed to monitor the xanthophyll cycle on a circadian timescale (Gamon et al., 

1997). In the short-term, the xanthophyll cycle  fluctuates as plants dissipate excess light energy from 

the photosynthetic complex via the xanthophyll cycle (Wong and Gamon, 2015)Φ ¢ƘŜ ŎȅŎƭŜΩǎ ŀƭǘŜǊŀǘƛƻƴǎ 

influence  spectral reflectance at the wavelength 531 nm, thus offering a metric to study how the 

photosynthetic light-use efficiency (LUE) varies in the short-term (Gamon et al. 2015). In the context of 

annual time scale, and on landscape scales, however, PRI has been linked with the seasonally changing 

chlorophyll carotenoid ratios (Filella et al., 2009). In the context of a vegetation pigments-based satellite 

index, MODIS offers two spectral bands, B1 and B11, which are closest to the theoretical PRI.  This leads 

to the chlorophyll/carotenoid index (CCI), which is an amended version of the PRI (Wang et al., 2020). 
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The CCI captures the changes in the carotenoids and chlorophyll pool sizes, and not the xanthophyll 

cycle. 

Gamon et al. (2016) studied the performance of MODIS-derived CCI (1 km spatial resolution) in tracking 

photosynthetic phenology in evergreen conifers, in Canada. They evaluated MODIS CCI against a 

number of empirical measurements at the leaf and canopy scale. These included laboratory-based 

measurements of chlorophyll and carotenoids, in-field  foliar gas exchange and daily  Gross Primary 

Productivity (GPP). The results of Gamon et al. (2016) showed that MODIS CCI closely followed the 

seasonal changes in the canopy-scale flux-tower GPP, across the three study sites. Whereas NDVI 

stayed elevated at quite a few instances despite the decline in GPP in autumn and winter (Figure 1.6).  

 

Figure 1.6 Measurements of daily GPP (black lines),  MODIS CCI (red circles, A, C and E) and NDVI (red 
circles, B, D and F), for three study sites of evergreen conifers (Figure 3 in Gamon et al., 2016).  
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In the context of pigments-based approaches for remotely monitoring photosynthetic activity, Wang et 

al. (2020) have also examined the relationship between  MODIS CCI and  flux tower GPP. In addition to 

//LΣ ǘƘŜȅ ǎǘǳŘƛŜŘ b5±LΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŀǎ ǿŜƭƭ ŀǘ ǘǊŀŎƪƛƴƎ ǘƘŜ ǎŜŀǎƻƴŀƭ DttΦ .ƻǘƘ ƛƴŘƛŎŜǎ ǿŜǊŜ ŀǘ ŀ ǎǇŀǘƛŀƭ 

resolution of 1 km. Their study was focused on native prairie vegetation, comprising of uniform 

grasslands, in Southern Alberta. The main findings of Wang et al. (2020) were that NDVI was more 

responsive to leaf emergence early in the growing season. Whereas CCI was better at capturing the 

subtle changes in canopy colour arising from variations in the chlorophyll and carotenoid 

concentrations. Therefore, CCI was able to track a delay in the peak productivity and was not affected 

by hysteresis issues as NDVI was. Interestingly NDVI showed a stronger relationship with GPP when the 

growing season was separated into the greenup and senescence phases (Figure 1.7). The findings about 

NDVI and CCI in Wang et al. highlight the importance of complimentary approaches, i.e., integrating 

NDVI and CCI, to examine the vegetation productivity dynamics more accurately at different stages of 

the growing season. 
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Figure 1.7 Relationships between daily GPP and NDVI (a, b) for study sites E3 and E5; and daily GPP and 
CCI (e, f) for study sites E3 and E5. The sites E3 and E5 are pre-dominantly grasslands located within a 
working cattle ranch in southern Alberta, Canada. The open symbols indicate the senescence stage, 
whereas solid symbols show the green up stage. The fitted regression lines between the GPP and index 
is shown with the dashed line. (Wang et al., 2020, p.8).  

 

Despite the vital role of photosynthetic pigments in assessing vegetation productivity, limited research 

has been conducted in the context of GPP-CCI relationships of Arctic vegetation (Beamish et al., 2020). 

Moreover, no studies were found with regards to the application of satellite-based CCI to examine 

impacts of extreme weather events on the productivity of Arctic vegetation.  Existing studies related to 

photosynthetic pigments of Arctic vegetation are mostly based on in-situ reflectance measurements. 

Studies that have used satellite-derived CCI have focused on applying the index to study phenological 

aspects in evergreen forests in the boreal or Arctic regions, (e.g., Gamon et al., 2016; Maguire et al., 

2021). Therefore, application of a satellite-based CCI to examine dwarf shrub heathland in the Arctic, 
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in the aftermath of extreme weather events, provides a unique opportunity to explore the potential of 

pigment-based indices for assessing vegetation productivity.   

1.6 Projected changes in Arctic vegetation in the light of climate change 

As this PhD aims to quantify future vegetation browning under different climate change scenarios, a 

brief review is presented of studies focused on potential vegetation changes under climate change, as 

there have been few studies specifically on Arctic browning, it also considers browning studies in other 

regions. 

The study of shifts in Arctic vegetation species range and distribution in response to environmental 

predictors such as CO2 fertilisation, other nutrients, and climatic variables, is an active area of research. 

Vegetation responses to such evolving environmental conditions have been studied using Dynamic 

Global Vegetation Models (DGVMs) and Global Vegetation Models (GVMs). In this context, Friend et al. 

(2014) have simulated various types of vegetation responses, at a global scale, to future climate and 

carbon dioxide changes. While Friend et al., have performed their simulations on a global scale, here in 

this literature review it is most relevant to focus on the results of Friend et al., related to the Arctic 

because  this PhD research is focused on the Norwegian Arctic Region.  For the Arctic region, they have 

focused on boreal forests. Their results show a notable increase in the carbon storage across the 

majority of  the boreal forest by 2100.  

Niskanen et al. (2019) have studied how the biogeographical distribution of high latitude vegetation 

could alter in the time period 2070-2099, in response to  a changing climate, under three CMIP5 based  

emissions scenarios. The scenarios were the RCPs 2.6, 4.5 and 8.5, which represent low, medium and 

high greenhouse gas emissions trajectories, respectively, under the Fifth Assessment Report (AR5) by 

the Intergovernmental Panel on Climate Change (IPCC). Niskanen et al. (2019) have applied a 

combination of environmental predictors representing climate, geology and topography at a high 

resolution of 1 km. The results of their study show varied responses of different types of vascular plants 
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to the suite of environmental predictors. One of their notable results was that most of the present high-

latitude plant species could occupy higher slopes in order to continue their current range. 

In addition to Friend et al. and Niskanen et al. , Gustafson et al. (2021) have similarly examined how 

major climatic and environmental drivers can affect vegetation distribution, particularly the treeline 

advancement into tundra, under different RCPs.  Some of their major findings in the context of ground 

vegetation i.e. shrubs and grasses (the focus of this PhD), were that overall for both RCPs 2.5 and 8.5, 

CO2 fertilisation strongly contributed to higher vegetation productivity (as seen in previous studies as 

well), higher air temperatures strongly drove tree productivity, whereas precipitation was weakly 

correlated with tree productivity, the nitrogen cycle dynamics have a key role in determining future 

treeline shifts in the Arctic; and that soil moisture had a major effect on vegetation composition, which 

in turn shapes the treeline progress. 

1.7 Summary  

While reviewing the studies presented in above sections, it was noted that literature around climate 

change impacts on Arctic vegetation comprises of studies incorporating different approaches and 

methodologies. These broadly include analyses based on one or a combination of the following 

approaches; 

i. Field observations of vegetation state in response to climatic conditions and events 

ii. Remote sensing techniques and satellite data related to vegetation characteristics 

iii. In-field experimental simulations of extreme weather events affecting vegetation 

iv. Land-cover typology based vegetation analyses 

v. Climatological and/or ecosystem modelling 

It has been widely emphasised within the Arctic ecology and general climate change literature to 

consider stochastic extreme events to improve our understanding of how Arctic ecosystem processes 
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respond to  environmental predictors in the light of climate change (Jentsch et al., 2007; Smith, 2011; 

Bokhorst et al., 2015). The literature review conducted for this thesis showed that very few studies have 

focused on simulating vegetation productivity changes, in the light of potential changes in the 

magnitude and frequency of extreme weather events which could occur under the different RCPs for 

the Arctic. Hence this PhD research addresses the research gap to understand possible vegetation 

browning events at the end of this century, by synthesizing previous field based browning observations 

with satellite vegetation indices, extreme weather events meteorology and different emission scenarios 

based climate model simulations.  

The literature review of this thesis is followed by Chapter two which is aimed at addressing RO1 of this 

research. Chapter two outlines the case study browning events, provides the background of the ground 

data, related to these events, collected by previous research. This is followed by the hypotheses 

construction related to satellite-based examination of the browning events. The results of the analysis 

in chapter two are presented separately for each study site and hypothesis-wise. The results across the 

sites are subsequently compared. The discussion section of chapter two compares the performance of 

the different satellite vegetation indices in light of the on-ground observations, highlights the 

challenges faced in remote detection of browning events and explains the selection of the vegetation 

index proposed to be used ahead in chapters three and four.   

Chapter three of this thesis addresses RO2 of this PhD research. This chapter provides the technical 

background of the RCM (i.e., WRF) used to produce the meteorological simulations. This is followed by 

description of the various datasets used to produce the simulations. Next, the statistical analysis used 

to understand the relationships between the vegetation productivity and meteorological variables, is 

explained. The results of chapter three are presented under two main themes. First, an assessment of 

²wCΩǎ simulations of extreme weather events and second, the results of the statistical relationships 

between summer vegetation productivity and winter metrics over the study area. These relationships 

inform the analysis in chapter four.  
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Chapter four of this thesis is focused on RO3 of this PhD research. It begins by providing the context of 

the future occurrence of browning in the light of climate change. The work presents the projections of 

changes in the frequency and intensity of different winter extreme weather events for northern Norway 

under three emissions scenarios. The discussion section of chapter four links the findings of chapters 

two and three in that the future projections of changes in vegetation productivity, are interpreted 

based on the findings of; the satellite-based signal of on-ground productivity decrease in chapter two 

and the statistical relationships between vegetation productivity and winter meteorology in chapter 

three.  

Chapter five provides a summary of the major findings of this research, followed by recommendations 

for future research on the topic of Arctic browning.   
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Chapter 2 

Understanding Arctic Browning using spectral vegetation indices 
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2.1 Introduction 

Recent research has discussed the complexity involved in analysing browning events resulting from 

extreme winter weather conditions (Myers-Smith et al., 2020). For example, differences in the 

ŎƻƴŎŜǇǘǳŀƭ ǳƴŘŜǊǎǘŀƴŘƛƴƎǎ ƻŦ  ΨǘǊŜƴŘΩ Ǿǎ ΨŜǾŜƴǘΩ ōǊƻǿƴƛƴƎΣ ŀŎǊƻǎs spatio-temporal scales as well as 

within the remote sensing and ecology literatures. Most of the research related to impacts of 

vegetation browning resulting from extreme winter weather events in the Arctic has been conducted 

through field measurements (as discussed in chapter 1). However, field studies in the Arctic region are 

expensive, spatially restricted, challenging and time consuming (Beamish et al., 2020). Therefore, 

remote sensing-based approaches provide an opportunity to observe vegetation browning events in 

the Arctic. Moreover, there is a huge gap when it comes to the current understanding on how satellite 

vegetation indices (VI) characterise on-ground browning events. This is mainly because such events are 

comparatively recent, e.g. landscape-scale browning event reported first in 2008 (Bokhorst et al., 

2009),  and their spatial and temporal sporadic nature makes them hard to study .  

Ψ{ǇŜŎǘǊŀƭ ōǊƻǿƴƛƴƎ ŜǾŜƴǘǎΩ ƘŀǾŜ ōŜŜƴ ŘŜŦƛƴŜŘ ŀǎΣ ά{ƘƻǊǘ-term decreases in the vegetation index that 

Ŏŀƴ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ŀ ŘƛǎǘǳǊōŀƴŎŜ ǎǳŎƘ ŀǎ ǇŜǊƳŀŦǊƻǎǘ ǘƘŀǿ ƻǊ Ǉƭŀƴǘ ŘƛŜōŀŎƪέ όaȅŜǊǎ-Smith et al., 2021, 

p.109). However, very limited research exists on the type of the satellite VI, e.g., structural or pigment 

based, most appropriate to quantify an acute decrease in vegetation productivity. Testing the 

effectiveness of a pigment-based satellite VI to examine browning events is important because in the 

ecological context vegetation browning has been discussed as an abrupt decline in the 

photosynthetically-active foliage as a result of vegetation exposure to extreme weather events (Myers-

Smith et al., 2021). This explanation of vegetation browning motivates the examination of the impacts 

of extreme weather events on vegetation using pigment-based VIs, which is undertaken in this chapter.  
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2.1.1  Chapter Aims and Objectives 
 

This chapter addresses RO1 of this PhD, which is to understand the satellite-based signature of 

browning events caused by extreme winter weather conditions. This chapter is focused on 

investigations of browning events observed in low lying Arctic vegetation such as dwarf shrub 

heathlands consisting of dominant species such as Empetrum nigrum and Calluna vulgaris. RO1 was 

achieved through examining the effectiveness of pigment-based and structural satellite VIs at capturing 

the vegetation disturbance observed on ground following extreme winter weather events. In doing so 

this research also offers in-depth insights into the potential of satellite VIs to independently identify 

browning events occurring at complex heterogeneous landscapes such as the Arctic region. Moreover, 

this research provides much needed insights on the potential of pigments-based satellite VIs in 

assessing dwarf shrub vegetation state in the Arctic. 

2.2 Research Methods 

2.2.1 Study sites 
 

The study sites for RO1 make use of previous research on Arctic browning events (Bjerke et al., 2017; 

Treharne et al., 2020). Because this research is the first to provide in-depth satellite-based 

understanding of browning events in the Arctic, it was important to select areas where field data have 

provided clear evidence of vegetation disturbance because of extreme winter weather events. A 

varying percentage of damaged vegetation cover and intensity has been reported at the study sites by 

Treharne (2018). Table 2.1 provides study site details and relevant findings of Treharne (2018).  Their 

observations were made in 2016, after a couple of growing seasons had already occurred following the 

browning events at these sites. Mean damage intensity in Table 2.1 refers to the mean fraction of the 

dominant vegetation species damaged  at each site, relative to neighbouring undamaged vegetation. 

Figure 2.1 shows the location of the case study sites on the map of Norway, and the inset maps provide 

an overview of the landform heterogeneity at the study sites. Figure 2.2 provides an overview of 
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different vegetation bio-physical status at the plot level and helps to understand the spatial scale of the 

field measurements (50 cm × 50 cm plots).  

Table 2.1 RO1 study site characteristics 

 
2 For details of the climatology classification see Beck et al. (2018)  

Study site 2Climatology Vegetation 
characteristics 
(Treharne, 2018) 

Extreme 
winter 
weather 
events 

Avg. GPP 
decrease 
for 2016 
growing 
season 
(Treharne, 
2018) 

Mean 
damage 
intensity 
(Treharne, 
2018) 

Visual indicators 
of vegetation 
damage 
(Treharne, 2018) 

1. Flatanger, 
Trøndelag 
County 
 
спΦпɕbΣ млΦсп 
ɕ9 

Dfc 
(Subarctic) 

Evergreen shrubs 
(67%):  
Calluna vulgaris 
(dominant), Vaccinium 
species and Erica 
tetralix.  
 
Ground cover (30%): 
Hylocomium splendens 
and Racomitrium 
mosses 
 
Thin to no tree cover 

2013/14  
Extreme 
winter 
warming 
and frost 
drought 

35% 66% 
 

Shoot mortality 
and browned 
leaves 

2. Storfjord, 
Troms og 
Finnmark 
County 
 
69.3ɕbΣ мфΦфо 
ɕ9 

ET (Tundra) Evergreen shrubs 
(79%):  
Empetrum Nigrum.  
 
Thin and sparse ground 
cover (45%):  
Cladonia lichens, and 
Polytrichum and 
Hylocomium splendens 
mosses 

2011/12 
Extreme 
winter 
warming 
and frost 
drought  
 

41% 51% Wilted and 
browned leaves 

3. Lofoten, 
Nordland 
County 
 
68.1ɕbΣ 
моΦтсɕ9  

Cfc 
(Subpolar 
oceanic) 

Evergreen shrubs 
(75%): 
Calluna vulgaris  and 
Empetrum Nigrum 
 
Ground cover: 
Hylocomium splendens 
and Pleurozium 
schreberi mosses 
 
No tree canopy 

2013/14  
Frost 
drought 
 
 
2015/16  
Extreme 
winter 
warming 

37% 
 
 
 
 
23% 

NA Shoot mortality 
 
 
 
 
Heavy 
anthocyanin 
pigmentation 
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Figure 2.1. Map of Norway showing the point locations of case studies (Red circles) under this research. 
The left panel (inset maps) show the local study site characteristics. The insets correspond to (a) 
Storfjord, (b) Lofoten and (c) Flatanger. This map was produced in QGIS.  
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Figure 2.2 Different leaf bio-physical  status at the shoot level (a-c) and plot scale (e-g). (a) Green, (b, c) anthocyanin 
pigmentation, (d) mortality, (e) plots dominated by grey coloured Calluna vulgaris, (f) Dark red anthocyanin pigmentation and 
(g) green control plots (Photo adopted from Treharne (2018))  

 

2.2.1.2 Extreme winter weather conditions at the study sites 

 

The three case study sites experienced different extreme winter weather conditions. These anomalous 

meteorological conditions are analysed and discussed in detail ahead in chapter 3 (section 3.3.1). A 

brief description is provided here. Vegetation at the southern maritime area of Flatanger experienced  

winter warming  in December 2013,  which resulted in elevated mid-December temperatures, rising up 

ǘƻ мл х/Φ ¢ƘŜ ŎƻƴǎŜŎǳǘƛǾŜ Řŀȅǎ ƻŦ ŀōƻǾŜ-zero warm temperatures caused complete snowmelt over 

three weeks in December 2013. The snow melt exposed the vegetation at Flatanger to the return of 

freezing temperatures in January. The impacts resulting from such exposure have been discussed in 

chapter 1.  
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Vegetation damage at Storfjord was first observed in Spring 2012 (Bjerke et al., 2014). This has been 

attributed to high-temperature variability and frost drought conditions in December ς January 2011/12 

(Ibid).  

The Lofoten study site experienced extensive shoot mortality following several episodes of warm 

conditions through December 2013 and severely dry conditions over January ς March 2014. These 

conditions lead to desiccation of vegetation over the winter. It is worth noting that vegetation at this 

site made some recovery over the 2014 growing season (Treharne, 2018). Moreover, this site also 

experienced anomalous warm conditions in December 2015, with mean weekly  temperatures of up to 

4.2 ɕ/Σ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ŀ 5ŜŎŜƳōŜǊ ƳŜŀƴ ƻŦ -мΦн ɕ/ ό¢ǊŜƘŀǊƴŜΣ нлмуύΦ ¢ƘŜǎŜ ǿŀǊƳ ŎƻƴŘƛǘƛƻƴǎ ŎŀǳǎŜŘ 

wide-spread loss of snow cover, which was followed by return to freezing temperatures over 1st ς 3rd 

January 2016. These conditions caused strong anthocyanin pigmentation in the dominant species 

Calluna vulgaris at various locations across the Lofoten islands (Ibid).  

It is important to note here that this chapter is focused on understanding the spectral signature of on-

ground vegetation damage, rather than the analysis of the extreme winter weather events which 

caused the damage. The characteristics of the extreme weather conditions described in this chapter 

are based on previous research. Chapter 3 of this thesis provides in-depth analysis of the  characteristics 

of the extreme winter weather conditions at each case study site.  

2.2.2 Data  
 

The satellite  VIs used in this research were the Normalized Difference Vegetation Index (NDVI) and the 

Chlorophyll Carotenoid Index (CCI). Both were derived from the Moderate Resolution Imaging 

Spectroradiometer (MODIS), on-board Aqua and Terra satellites. MODIS is a medium to coarse spatial 

resolution satellite (250-1000 m pixels), offering daily observations on a global scale. All MODIS surface 

reflectance datasets have achieved a stage 3 validation which implies that these datasets are robust 

enough for scientific use (Wang et al., 2018). Although the spatial resolution of MODIS is coarser as 

compared to sensors such as Landsat and Sentinel, it has been argued to be one of the most viable 
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satellite data sources for the Arctic region (Karlsen et al., 2018). It enables the acquisition of higher 

amounts of imagery despite these regions being exposed to extensive cloud cover and fog all year round 

and especially during the growing season (Ibid). The NDVI dataset used in this chapter was 

MOD13Q1.006, which has a 250 m spatial resolution and 16-day temporal resolution. More details 

about this product can be found at LP DAAC - MOD13Q1 (usgs.gov).  

One of the main advantages of using MODIS for this research was that it offers a band width i.e., Band 

11 (526 - 536 nm), precisely centred at one of the wavelengths (531 nm) used in the CCI calculation. 

For CCI, the surface reflectance datasets were processed to obtain only cloud-free days. Following this 

a view zenith angle (VZA) correction was applied as well. This correction rectifies noise introduced by 

the bidirectional reflectance distribution function (BRDF). BRDF is a technical aspect of remote sensing  

related to effects arising from sensor view angle, sensor position and solar position. The VZA correction 

ŎƻƴǎƛǎǘŜŘ ƻŦ ǊŜƳƻǾŀƭ ƻŦ ƻōǎŜǊǾŀǘƛƻƴǎ ǿƛǘƘ ±½! ғ прх (Wang et al., 2020).  The resulting CCI algorithm 

was validated by calibrating values directly against locations and data used in Wang et al. (2020). Due 

to the nature of the wavelengths used (specifically Band 11), the final CCI product was calculated with 

a spatial resolution of 1000 m.  

CCI was estimated as,  

The CCI observations were then standardized, to be comparable with the NDVI (Rahman et al., 2004). 

Hence the range for the CCI is 0 to 1, as is for the NDVI. 

                                                            Standardized CCI = (CCI+1)/2 

Table 2.2 MODIS VIs used in this research 

Vegetation Index Dataset  Spatial and temporal resolution 

NDVI MOD13Q1.006   250 m, 16 day 

CCI MYD09GA.006  

MYDOCGA.006 

 1000 m, variable 

                                                       CCI = B11-B1/B11+B1            (Gamon et al., 2016) 

https://lpdaac.usgs.gov/products/mod13q1v006/


36 
 

 

It is worth noting that the spatial resolution of the NDVI and CCI datasets was different in this research, 

as explained above. The role of spatial resolution of VIs has been widely discussed within the remote 

sensing literature. For example Ji et al. (2010) studied varying resolutions of MODIS NDVI (0.25 ς 10 

km), of vegetation in Alaska, and have recommended NDVI at a 0.25 km resolution for examining 

vegetation changes at a local scale and 5 ς 10  km resolution for regional and continental scales.  

Both the NDVI and the CCI were obtained for the duration of the growing season at each of the study 

sites. The growing season for this research is considered as June ς September, as per Treharne (2018). 

All datasets were accessed and processed using Google Earth Engine and RStudio. 

2.2.3 Methodology 
 

This section describes the steps followed to achieve RO1. This research assesses the effectiveness of 

two satellite VIs in detecting and quantifying on-ground reported vegetation disturbance in the 

aftermath of extreme winter weather events. Based on the findings of previous studies related to the 

impacts of extreme weather events on vegetation in the Arctic and sub-Arctic regions (see section 2.1), 

it was hypothesised that satellite VIs could present the spectral signal of  a browning event in one or 

more of the following ways.   

1. H1: Gross, anomalous changes to the whole growing season 

 

2. H2: Changes to the start of the growing season [assumed that it may begin earlier or end later] 

3. H3: Changes to the timing of peak productivity in a growing season 

4. H4: Changes in photosynthetic activity at the peak of growing season  

5. H5: Changes in productivity at the end of growing season, as a measure of compensation growth 

 To investigate H1, the first step was generating box plots of the NDVI and CCI timeseries for visual 

assessment of the full range of observations, e.g., median, maximum, minimum and outliers, of each 

growing season over 2002-2019, at the study sites. Following visual interpretations of the VI timeseries, 
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the next step in addressing H1 was to determine whether the VI distribution of the browning year-

growing season (referred as BY here onwards), was statistically different from the historic average 

distribution, of the VI at each study site. The browning year here is considered as the year in which 

vegetation damage was observed. The distributions were compared through the Wilcoxon signed-rank 

test, a non-parametric test, used to determine whether the population distributions of two data 

samples, originating from repeated observations of the same subject, are different (Wilks, 2011). For 

the Wilcoxon signed-rank test, the null hypothesis was, H0 = The VI distribution of a BY growing season 

is identical to the mean growing season. If p < 0.05 (the significance level), the null hypothesis is 

rejected.  

With regard of H2 ς H5, the next stages of the analysis consisted of understanding the potential effects 

of the extreme winter weather events on each phase of the penological cycle of the disturbed 

vegetation at the study sites.  Hence each stage of the phenological cycle of a BY was compared with 

that of the other years. For this the CCI and NDVI timeseries were categorized into three stages, Start 

of Season (SOS), Peak of Season (POS) and End of Season (EOS).  Figure 2.3 presents a general depiction 

of distinct stages of the growing season in the Arctic. This temporal characterization is important 

because it helps to better understand the nuanced effects of a changing climate on vegetation 

productivity in context of the very short Arctic growing season. Quantifying the changes in phenology 

ƻŦ ǾŜƎŜǘŀǘƛƻƴ ƛƴ ǘƘŜ !ǊŎǘƛŎ Ƙŀǎ ǇǊƻǾŜŘ ŀƴ ŜŦŦŜŎǘƛǾŜ ǿŀȅ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǾŜƎŜǘŀǘƛƻƴΩǎ ǊŜǎǇƻƴǎŜ ǘƻ ŀ 

changing climate (Wang et al., 2018). Therefore phenological transition dates were extracted separately 

for each case study site since these can significantly vary across different landscapes (Wang et al., 2018). 

The phenology transition dates were determined using TIMESAT, which is a tool widely used for deriving 

phenological parameters from VI timeseries (Jönsson and Eklundh, 2004). Different fitting 

methods/smoothing functions are available to use within the TIMESAT interface to extract phenological 

metrics. These include Asymmetric Gaussian (AG), Double Logistic (DL) and Savitzky-Golay (SG) 

functions. Details about these functions can be found in Eklundh and Jöhnsson (2017). All three 

functions have been found to be spatially consistent (Lara and Gandini, 2016). For this research 
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phenology metrics based on the AG function were selected after evaluating the three functions at one 

of the case study sites (Flatanger). Although the results of the three fitting methods were highly similar, 

the AG fitted timeseries best matched the case study VI. Moreover, a caveat to using the DL function 

was that it does not capture the changes in productivity due to extreme events (Ibid). The AG function 

is a semi-local method, which performs well even for timeseries with inter-annual variations (Eklundh 

and Jöhnsson, 2017).  

 

Figure 2.3 The main  phenological stages in the annual growth cycle of vegetation, as represented by 
satellite VIs (Zhang et al., 2012) 

Following the TIMESAT phenology extraction, mean and standard deviations of both NDVI and CCI, were 

estimated for each stage of the growing season for each study site. These steps helped to quantify the 

spectral signal for on-ground reported vegetation disturbance; and also assisted in characterising the 

shared and unique aspects of NDVI and CCI, which are important to consider in implementing a 

complementary, satellite-based approach to study Arctic browning events.  
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2.3 Results 

This section first presents the results for the Flatanger study site, followed by the results for the 

Storfjord and Lofoten study sites. Next, a comparison of the results across the three sites is presented.  

2.3.1 Flatanger 
 

2.3.1.1 Satellite-based detection of browning events  

 

A strong and clear decrease was seen in both CCI and NDVI for the full growing season observations in 

the browning year, 2014, at Flatanger. 

 

Figure 2.4 (a) Growing season distribution for CCI at the Flatanger study site.  
Boxes show the median and interquartile range, whiskers present minimum and maximum values, and 
the circles denote outliers. 
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Figure 2.4 (b) Growing season distribution for NDVI at the Flatanger study site.  
Boxes show the median and interquartile range, whiskers present minimum and maximum values, and 
the circles denote outliers. 
 
Figure 2.4 (a) and (b) present the growing season distribution of CCI and NDVI respectively, for the 

Flatanger study site. These figures address H1. Visual inspection of the VI timeseries showed a signal 

for the on-ground observed browning event in terms of a sudden, marked decrease in the VI timeseries. 

The box plots showed ǘƘŀǘ ŦƻǊ ōƻǘƘ //L ŀƴŘ b5±LΣ нлмпΩǎ ŜƴǘƛǊŜ ǊŀƴƎŜ ƻŦ ƎǊƻǿƛƴƎ ǎŜŀǎƻƴ ƻōǎŜǊǾŀǘƛƻƴǎ 

were the lowest values over the time period of 2002-19.  

Figure 2.5 presents the average growing season trajectory (2002 ς 19), and the BY (2014) growing 

season trajectory for CCI at the Flatanger study site. Similarly Figure 2.6 presents these for NDVI. These 

diagrams were produced to address H1 of this chapter. Both figures showed that the BY trajectories 

were different from the average growing cycle of the VIs at this site. With regards to the BY CCI a  

distinct peak of the season was not observed as can be in the average trajectory. In context of the BY 

NDVI a steeper rate of growth and decline were observed, as compared to a stable and longer period 

of higher NDVI values of the average growth cycle. This altered pattern of the growth curve reflects 
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how more than 50% of the dominant species which were damaged at this site (Treharne, 2018), 

struggled to attain the normal annual maximum productivity levels.  

 

Figure 2.5 Average growing season trajectory (2002 ς 19), and the BY (2014) growing season 
trajectory for CCI at the Flatanger study site 
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Figure 2.6 Average growing season trajectory (2002 ς 19), and the BY (2014) growing season 
trajectory for NDVI at the Flatanger study site 

 

Wilcoxon signed-rank test results 

 

The Wilcoxon signed-rank test was also conducted to address H1 under this chapter. The results 

showed that the growing season NDVI distribution of both, BY 2014 and the recovery year 2015 were 

significantly different (p < 0.05) from the average growing season (2002-2019) at the Flatanger study 

site. On the other hand, for CCI, only 2014 was significantly different compared with the 2002 ς 2019 

average growing season CCI. These results reinforced the earlier visual interpretations of the VI 

timeseries in Figures 2.4 ς 2.6.  

Figure 2.7 presents the maximum CCI and NDVI for each growing season at Flatanger. Maximum NDVI 

has been widely used for Arctic vegetation assessment as it represents the annual peak photosynthesis 

activity (Bhatt et al., 2018). This figure is related to H4 of this chapter. A noticeable decrease was seen 

for 2014, which measured the lowest value in both VI timeseries over the time period 2002 - 2019.  

Week number of year 
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Figure 2.7 Maximum CCI and NDVI of each growing season 2002-19 at the Flatanger study site 

 

Spectral vegetation recovery trends 

 

Damaged Arctic vegetation, resulting from exposure to extreme winter weather events, has been 

shown to recover over the next couple of growing seasons (Bokhorst et al., 2012). However, the 

recovery trend is not necessarily a uniform, gradual increase in productivity of the damaged vegetation. 

Lǘ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ƳǳƭǘƛǇƭŜ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ǘƘŜ ǎŜǾŜǊƛǘȅ ƻŦ ǘƘŜ ŘŀƳŀƎŜΣ ǾŜƎŜǘŀǘƛƻƴΩǎ ƴŀǘǳǊŀƭ ǘƻƭŜǊŀƴŎŜ 

of extreme weather and seasonal scale meteorology during the growing season. One of the aspects of 

robustly identifying a browning event within a long-term satellite VI timeseries was to check for a 

recovery trend following a sudden sharp decrease. Moreover, given the inherently different algorithms 

used for CCI and NDVI, it was hypothesised that the recovery trend might be different. While CCI 

showed a strong increase for the year following the browning event, i.e., 2015, however, NDVI showed 

a clear recovery trend over 2015-2016 in terms of gradual increase in the index values (Figures 2.4 (a) 

and (b)). 
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¢ƘŜ ±L ǘƛƳŜǎŜǊƛŜǎ ōŜƘŀǾƛƻǳǊ ƛƴ CƛƎǳǊŜ нΦп ǎƘƻǿŜŘ ǘƘŀǘ //LΩǎ ǎǇŜŎǘǊŀƭ ǎƛƎƴŀƭ ǿƛǘƘ ǊŜƎŀǊŘǎ ǘƻ ŎŀǇǘǳǊƛƴƎ 

the impacts of an extreme winter weather event was short-lived, appearing at a seasonal scale, with no 

discernible lowering of productivity in 2015. Whereas NDVI retained the continuing effects of the 2014 

browning event at slightly longer, annual time scale, by being able to measure the lowered productivity 

in 2015.  These results mean that the pigmentation-based response of vegetation to extreme winter 

weather event/s, in this case a combination of winter warming and frost drought conditions, can be 

monitored in the short-term only. Whereas the impacts on the overall green biomass of the canopy, 

arising from such meteorological conditions, are comparatively easier to monitor given that the 

structural impacts last longer.  

2.3.1.2 Phenology 

 

Figures 2.8 ς 2.10 present a comparison of the different growing season stages of CCI and NDVI in 2014 

(BY) with other years, for Flatanger. Figures 2.8, 2.9 and 2.10 address H2, H3 and H4 together, and H5, 

respectively.  The overall objective of these figures was to examine whether the spectral browning 

signature was stronger and clearer at a particular stage of the growing season. The phenological metrics 

here were extracted using TIMESAT. The VI timeseries span in these figures is 2004 ς 17. This is different 

ŎƻƳǇŀǊŜŘ ǘƻ ŜŀǊƭƛŜǊ ŦƛƎǳǊŜǎ ŘǳŜ ǘƻ ¢La9{!¢Ωǎ ǇǊƻŎŜǎǎƛƴƎ ƳŜǘƘƻŘǎΦ 

The BY NDVI was the lowest at every stage of the growing season. Moreover, a clear signal was seen 

for the recovery year (RY) NDVI as well, with its values being very similar to the BY NDVI. On the other 

hand, the BY CCI could not be differentiated from the other years through visual inspection, at any 

stage. In the context of H2, both NDVI and CCI in the BY occurred earlier, implying an earlier start to the 

growing season. With regards to H3 it was interesting to note the difference between TIMESAT 

suggested BY POS CCI and the BY MaxCCI based on the original CCI timeseries (Figure 2.7). While based 

on the original CCI timeseries, the BY MaxCCI was the lowest for 2002 ς 19, however the BY POS CCI of 

the TIMESAT fitted POS stage was not the lowest (Figure 2.9). The difference between MaxCCI and 

TIMESAT POS CCI could be due to the inherent design of TIMESAT to detect seasonality parameters 
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based on accumulated canopy greenness indices such as the NDVI, rather than on a highly dynamic 

measure of photosynthetic activity, such as the CCI.  

 

Figure 2.8 Start of growing season VI observations for Flatanger. BY refers to browning year, meaning 
the year in which vegetation damage occurred; RY refers to recovery year, following the BY and DoY = 
Day of year 

 

Figure 2.9 Peak of growing season VI observations for Flatanger. BY refers to browning year, meaning 
the year in which vegetation damage occurred;  RY refers to recovery year, following the BY and DoY = 
Day of year 
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Figure 2.10 End of growing season VI observations for Flatanger. BY refers to browning year, meaning 
the year in which vegetation damage occurred; and RY refers to recovery year, following the BY.  

 

It was worth noting that CCI showed a large variation in the annual phenology transition dates, as well 

as in the observed values at each stage. On the other hand, NDVI showed a rather compact distribution 

of the transiiton dates and values range at each stage. The larger seasonal variations in CCI, as compared 

to NDVI, are reflective of //LΩǎ sensitivity to subtle changes in the carotenoid and chlorophyll pigments, 

and its capacity to track the changes in seasonal GPP more carefully than NDVI. These observations 

agreed with previous research. Wang et al. (2020) found that CCI more closely followed a delay in 

attaining the peak photosynthetic activity of a grassland as compared to NDVI and thus showed a more 

dynamic relationship with GPP.  

The results presented here with regards to NDVI detecting reduced vegetation productivity at SOS (H2), 

POS (H3) and EOS (H5), agreed with (Zhang et al., 2018) in a way that they found NDVI to better 

represent the ŎŀƴƻǇȅΩǎ overall structural greenness across different sites in North America. 

Visual inspections of the indices in Figures 2.8 ς 2.10 were confirmed by comparing the BY VI 

observations against, the long-term average and standard deviation, estimated for each stage of the 
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growing season, respectively. Figure 2.11 shows the mean and standard deviation estimated for SoS, 

PoS and EoS at Flatanger. These calculations were based on the phenological transition dates extracted 

by TIMESAT. The BY NDVI at each stage was lower than the mean, and well outside ±1 standard 

deviation. Whereas the BY CCI lied within ±1 standard deviation and closer to the mean at each stage 

respectively.  

 

Figure 2.11 Mean and standard deviation of each stage of the growing season, for Flatanger study 
site. The vertical bars denote ±1 standard deviation, and the circles within the bars denote the mean.  

 A=Start of growing season, B= Peak of growing season and C=End of growing season 
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2.3.2 Storfjord 
 

2.3.2.1 Satellite-based detection of browning events 

 

A robust spectral browning event signal was observed for the vegetation damage at Storfjord study site 
in the BY 2012 in the NDVI, but not in the CCI

Figure 2.12 (a) Growing season distribution for CCI at the Storfjord study site respectively. Boxes show 
the median and interquartile range, whiskers present minimum and maximum values, and the circles 
denote outliers 

Vegetation damage was observed at Storfjord after spring snowmelt in May 2012, following severely 

dry and high-temperature variability conditions in December and January 2011/12 (Bjerke et al., 2014). 

Figure 2.12 shows the annual growing season CCI and NDVI range for the Storfjord study site, and 

ŀŘŘǊŜǎǎŜǎ Iм ǳƴŘŜǊ ǘƘƛǎ ŎƘŀǇǘŜǊΦ ¢ƘŜ ƻǾŜǊŀƭƭ ǊŀƴƎŜ ƻŦ //L ŦƻǊ ǘƘŜ нлмн ƎǊƻǿƛƴƎ ǎŜŀǎƻƴ ŘƛŘƴΩǘ Ǿƛǎǳŀƭƭȅ 

stand out as particularly different or decreased. In contrast to CCI, NDVI presented a strong, clearly 

noticeable decrease for 2012.   
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Figure 2.12 (b) Growing season distribution for NDVI at the Storfjord study site respectively. Boxes show 
the median and interquartile range, whiskers present minimum and maximum values, and the circles 
denote outliers. 

 

Figure 2.13 presents the trajectories of the average growing season over 2002 ς 19, and the BY (2012) 

growing season, for CCI at the Storfjord study site. Similarly Figure 2.14 presents these for NDVI. These 

diagrams were produced to address H1 of this chapter.  
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Figure 2.13 Average growing season trajectory (2002 ς 19), and the BY (2012) growing season 
trajectory for CCI at the Storfjord study site 

 

Figure 2.14 Average growing season trajectory (2002 ς 19), and the BY (2012) growing season 
trajectory for NDVI at the Storfjord  study site 
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The BY CCI trajectory was quite similar to the average  growing season cycle at Storfjord, other than a 

sharp decrease early in the season. Although the CCI timeseries were processed to remove cloud and 

low sun angle effects, it is still possible that this decrease might be related to spectral noise. On the 

other hand, the overall BY NDVI trajectory had lower values and did not have a distinct peak productivity 

stage compared to the average growing season trajectory of NDVI. It is worth noting that besides the 

vegetation being damaged at this site, there could be other factors as well associated with the large 

sub-seasonal fluctuations of NDVI in 2012 at Storfjord. These factors can include  changes in 

meteorological conditions at the site level and/or role of the moss communities. Mosses are integral 

components in Arctic understories and community production (May et al., 2018). The presence of 

Hylocomium splendens mosses within the understory at Storfjord could have played a role in the 

seasonal NDVI fluctuations because there is evidence of strong links between rapid changes in moisture 

content of  these species and changes in NDVI (Ibid). However, examining the role of such factors was 

beyond the scope of this research.  

Wilcoxon signed-rank test results 

 

The Wilcoxon signed-rank test was also conducted to address H1 under this chapter. The test results 

showed that the NDVI distribution of 2012 growing season was significantly different (p < 0.05) from 

the average growing season (2002-2019) at the Storfjord study site. However, the 2012 growing season 

measured through CCI was not statistically different compared to the average CCI. This reinforces the 

visual interpretations of the VI timeseries in Figures 2.12 ς 2.14.  

One of the potential reasons for the BY growing season CCI not being statistically different from the 

average at Storfjord, could be due to limited number of observations. The number of observations at a 

site can get reduced significantly as result of corrections applied to account for cloud contamination 

and view zenith angle (VZA) processing, which were applied to the CCI timeseries here, before 

conducting the analysis. MODIS derived CCI timeseries have previously been shown to be reduced by 

up to 46% as a result of VZA filtering (Wang et al., 2020). In the case of Storfjord CCI timeseries, the 
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cloud and VZA combined corrections resulted in removal of 70% of the data. Hence data limitations 

influenced the results of CCI at Storfjord.  

Figure 2.15 shows the maximum CCI and maximum NDVI values, which denote the peak photosynthesis, 

of each growing season, for the Storfjord site. This figure was produced under H4 of this chapter. The 

2012 maximum CCI and maximum NDVI values were the lowest for the 2002-19 time-period, indicating 

that changes in photosynthetic activity at the peak of the growing season are evident in both indices. 

 

Figure 2.15  Maximum CCI and NDVI of  each growing season 2002-19 at Storfjord  study site 

 

Spectral vegetation recovery trends 

 

As also discussed for Flatanger, one of the factors in detecting a browning event within a long-term 

satellite VI timeseries was to examine the recovery trend following an anomalous decrease in the VI 

observations for a growing season. For Storfjord a rather peculiar trend was seen for the NDVI 

timeseries, in the context of a recovery trend. While a strong decrease was seen for 2012 growing 
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season, followed by a continuous recovery over the 2013-15 time period, a noticeable decrease was 

spotted again for 2016. While Treharne (2018) have attributed the vegetation disturbance at Storfjord, 

as studied in 2016, to the extreme winter weather events in 2011/12; the NDVI timeseries in this 

research showed contradicting observations. A review of literature on Arctic extreme weather 

highlighted that the 2015/16 winter was the warmest Arctic winter on-record and at a regional scale at 

that time (Cullather et al., 2016; Overland and Wang, 2016). To verify whether the abrupt decrease in 

the NDVI in 2016, was in fact due to an additional extreme winter weather event and not mainly due 

to the 2011/12 event, mean and maximum air temperature, and snow depth of the nearest 

meteorological station to the Storfjord study site were extracted. These meteorological variables are 

shown in Figure  2.16.  

Based on these meteorological station observations, two winter warming events could have occurred 

in March 2016. First was in mid-aŀǊŎƘΣ ǿƘŜǊŜ ǘƘŜ ƳŜŀƴ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ǎǘŀȅŜŘ ŀōƻǾŜ лх/ ŦƻǊ ŦƛǾŜ 

ŎƻƴǎŜŎǳǘƛǾŜ ŘŀȅǎΣ ǘƘŜƴ ŘǊƻǇǇŜŘ ǘƻ ǿŜƭƭ ǳƴŘŜǊ лх/Φ ¢ƘŜ ǎŜŎƻƴŘ ǇƻǎǎƛōƭŜ ǿƛƴǘŜǊ warming event was at 

ŜƴŘ ƻŦ aŀǊŎƘ ǿƛǘƘ ǘŜƳǇŜǊŀǘǳǊŜǎ ǎǘŀȅƛƴƎ ŀōƻǾŜ лх/ ŦƻǊ ǎŜǾŜƴ ŎƻƴǎŜŎǳǘƛǾŜ ŘŀȅǎΦ ¢ƘŜ ǎƴƻǿ ŘŜǇǘƘ 

observations have a time period of missing data between 9th Feb - 9th March. Moreover, this was not 

the time period when the winter warming events have occurred anyway. The snow depth observations 

in mid and end of March show a variable snow depth and instances of complete snow melt as well. This 

could have caused ground-icing, which is known to cause damage to vegetation. Keeping ahead the 

Storfjord study site NDVI timeseries, meteorological observations of the nearest station and published 

literature regarding the 2015/16 Arctic winter, it is most likely that the damage in 2016 growing season 

was caused by the variable high-temperature episodes in 2015/16 winter, and that the vegetation at 

this site had actually recovered from the 2011/12 damage.  
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Figure 2.16 Mean air temperature, snow depth and maximum air temperature for November 2015 ς 

April 2016; as extracted from the meteorological station nearest to the Storfjord study site. The elevation 

of the station, SN 89350, was 76m a.s.l (Source: Norwegian Centre for Climate Services) 
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2.3.2.2 Phenology 

 

Figure 2.17 ς 2.19 present a comparison of the BY CCI and NDVI with other years, at the three different 

stages of the growing season, for the Storfjord study site. Figures 2.17, 2.18 and 2.19 address H2, H3 

and H4 together, and H5, respectively. These plots were produced based on phenological metrics 

extracted using the TIMESAT tool. The VI timeseries span is 2004 ς 18. This is different compared to 

ŜŀǊƭƛŜǊ ŦƛƎǳǊŜǎ ŘǳŜ ǘƻ ¢La9{!¢Ωǎ ǇǊƻŎŜǎǎƛƴƎ methods.  

 
Figure 2.17 CCI and NDVI at the start of season, at the Storfjord study site. BY refers to the browning 
year, meaning the year in which vegetation damage occurred; RY refers to the recovery year, following 
the BY and DoY= Day of the year. The bubble value with a box outline represents the NDVI of the  
additional browning year 2016.  

The BY NDVI was the lowest at every stage of the growing season. On the other hand, the BY CCI 

ŎƻǳƭŘƴΩǘ ōŜ ŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ŦǊƻƳ ǘƘŜ ƻǘƘŜǊ ȅŜŀǊǎ //L ǘƘǊƻǳƎƘ Ǿƛǎǳŀƭ ƛƴǎpection, at any stage.  With regards 

to H2, it was interesting to note that the behaviour of the SOS NDVI in 2016 (the additional browning 
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year detected in this research) at Storfjord was similar to the on-record 2014 BY at Flatanger. The NDVI 

indicated an earlier start of the growing cycle in 2016 at Storfjord. In the context of H3 and H4, the BY 

(2012) NDVI as well as the 2016 NDVI values were lowest and shared the same occurrence 

timing,  indicating changes to photosynthetic activity at the peak of the growing season. Thus, both the 

SOS and POS NDVI behaviour in 2016 reinforced the earlier interpretation of the results related to 

vegetation damage observed in 2016 at Storfjord.  

 

 
Figure 2.18 CCI and NDVI at the Peak of Season, at the Storfjord study site. BY refers to browning year, 
meaning the year in which vegetation damage occurred; RY refers to recovery year, following the BY 
and DoY = Day of year. The bubble value with a box outline represents the NDVI of the  additional 
browning year 2016.  
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In the context of H4 (Figure 2.18), it was interesting to note the difference between the BY TIMESAT 

POS CCI and the original BY Maximum CCI. While based on the original CCI timeseries, the BY Maximum 

CCI was the lowest for 2002-19, however the BY Maximum CCI of the TIMESAT fitted POS stage was not 

the lowest. This was also observed for the Flatanger study site.   

 

 

Figure 2.19  CCI and NDVI at the end of season, at the Storfjord study site. BY refers to browning year, 
meaning the year in which vegetation damage occurred; RY refers to recovery year, following the BY 
and DoY = Day of year 

 

With regards to H5, both the EOS NDVI and CCI measurements in the BY 2012 were not higher than the 

other years; the NDVI value was the lowest (Figure 2.19). This means that the dominant vegetation 

types at Storfjord did not respond to an extreme winter weather-led decrease in GPP, by increased 

biomass at  the EOS.  
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Visual interpretation of the indices in Figures 2.17 ς 2.19 was reinforced by comparing the BY VI 

observations against the mean and standard deviation estimated for each stage respectively. Figure 

2.20 presents  the mean and standard deviation estimated for each of the three stages of the growing 

season at Storfjord. The BY NDVI at each stage was lower than the mean, and outside  ±1 standard 

deviation. Whereas the BY CCI at SOS (H2) was surprisingly higher compared to the long-term mean CCI 

at S0S. CCI at POS (H3) and EOS (H5) were contained within ±1 standard deviation as well as closer to 

the mean.  

 

Figure 2.20 Mean and standard deviation at each stage of the growing season, for the Storfjord site. 
The vertical bars denote ±1 standard deviation, and the circles within the bars denote the mean.  
A=Start of season, B= Peak of season and C=End of season 

 

 



59 
 

2.3.3 Lofoten 
 

2.3.3.1 Satellite-based detection of browning events 

 

A noticeable/anomalous decrease was not observed for either the CCI or the NDVI for the browning 

year 2014, based on visual examination of the full  growing season values (Figure 2.21).  

Figure 2.21 Growing season distribution for (a) CCI and  (b) NDVI at the Lofoten study site respectively. 
Boxes show the median and interquartile range, whiskers present minimum and maximum values, and 
the circles denote outliers. 

Widespread shoot mortality was observed at Lofoten on a landscape scale in 2014. The damage has 

been attributed to frost drought conditions linked to the unusually warm and dry conditions during the 

2013/14 winter. Figure 2.21 (a) and (b) present the annual growing season CCI and NDVI range for the 

Lofoten study site, and address H1 under this chapter. The overall range of both CCI and NDVI for the 

2014 growing season did not visually standout as particularly different or decreased.  

Wilcoxon signed-rank test results 

The Wilcoxon signed-rank test was conducted to address H1 under this chapter. The results showed 

that both the CCI and NDVI distribution of 2014 growing season was not significantly different (p < 0.05) 

from the average growing season (2002 ς 19) at the Lofoten study site. Figure 2.22 presents the average 

growing season trajectory (2002 ς 19), and the BY (2014) growing season trajectory for CCI at the 

Lofoten study site. Similarly Figure 2.23 presents these for NDVI. Both figures show that the BY 

A noticeable/anomalous decrease was not observed for either CCI or NDVI for the browning year 2014, 

based on visual examination of the growing season values ( shown in Figure 2.14).  

 

 
Figure 2.1 Growing season distribution for (a) CCI and  (b) NDVI at the Lofoten study site respectively. 
Boxes show the median and interquartile range, whiskers present minimum and maximum values, 
and the circles denote outliers. 

A strong and clear decrease was seen in both CCI and NDVI for the browning year, 2014, growing season 

observations at Flatanger. 

 

    

(a) (b) 
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trajectories were quite similar to the average behaviour of the VIs at this site. The Wilcoxon test results 

reinforced the visual interpretation of the absence of a spectral browning event in the VI timeseries 

based on  Figures 2.21 ς 2.23. The potential reasons for the poor detection of a spectral browning signal 

at this site for 2014, despite a 37% reduction in the GPP still evident in 2016 (field measurements by 

Treharne (2018)), are unclear. It is quite likely that spectral noise due to the site-level heterogeneity 

(seen in Figure 2.1 (b)) played a role here. However, such factors were also present at the Flatanger 

and Storfjord study sites. 

 

Figure 2.22 Average growing season trajectory (2002 ς 19), and the BY (2014) growing season 
trajectory for CCI at the Lofoten study site 
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Figure 2.23 Average growing season trajectory (2002 ς 19), and the BY (2014) growing season 
trajectory for NDVI at the Lofoten study site 

 

Figure 2.24 presents the maximum CCI and maximum NDVI values for the Lofoten study site, which 

addresses H4 of this chapter. Both the 2014 maximum CCI and maximum NDVI values were amongst 

the lowest for the 2002-19 time-period. However, these  did not stand out as anomalously lower in 

comparison to the overall maximum values over the study time period (2002 ς 19).  

Based on the lack of a detection of a spectral browning event signal at Lofoten, further examination of 

the 2014 growing season (as in the cases of Flatanger and Storfjord), was not conducted here.  
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Figure 2.24 Maximum CCI and NDVI of  each growing season 2002-19 at the Lofoten study site 

 

2.3.4 Comparison of the spectral browning event detection across the study sites 
 

The spectral browning event signal was stronger and clearer at Flatanger, as compared to Storfjord and 

Lofoten. Field measurements, of the browning events discussed in this chapter, were conducted by 

Treharne (2018) at the peak of season in 2016. These showed 66% and 51% of the dominant species 

were damaged, at the Flatanger and Storfjord study plots respectively, even after two to three growing 

ǎŜŀǎƻƴǎΦ CƭŀǘŀƴƎŜǊ ōŜƛƴƎ ōŜƭƻǿ ǘƘŜ !ǊŎǘƛŎ /ƛǊŎƭŜ ŀǘ спхbΣ ŀƴŘ ŎƻŀǎǘŀƭΣ ƛǎ ŀ ƳƻǊŜ ǇǊƻŘǳŎǘƛǾŜ ǎƛǘŜ 

ŎƻƳǇŀǊŜŘ ǘƻ {ǘƻǊŦƧƻǊŘ ŀǘ сфхb, which is also more inland. While the 41% mean GPP decrease at 

Storfjord was slightly higher than the 35% decrease at Flatanger, it is important to note that these 

reductions were calculated relative to the undamaged vegetation at the study sites. Flatanger was the 

most affected site in terms of damage severity (Treharne, 2018). Hence both the satellite CCI and NDVI, 

being more receptive to the vegetation damage at Flatanger was plausible.   
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Table 2.3 A quick comparison of the vegetation damage related results of field-based studies and this 
research  

Study site 

Avg. GPP 
decrease 
2016 

(Treharne, 
2018) 

% 
Damaged 
of overall 
vegetation 

% Damaged 
of 
dominant 
species in 
2016 

(Treharne, 
2018) 

VI 
Growing seasons 
significantly different 
from long-term avg. 

(Wilcoxon signed-rank 
test results, p < 0.05) 

1. Flatanger 
35% 

 
43% 66%  NDVI 2014 and 2015 

CCI 2014 

2. Storfjord 41% 42% 51% NDVI 2012 

CCI None 

3. Lofoten 
37% NA NA None None 

None None 

 

Although the three case study sites experienced slightly different types and sequence of extreme winter 

weather conditions (as described in section 2.2.1.2, and explored further in Chapter 3, section 3.3.1), 

vegetation damage resulting from both winter warming and frost drought conditions, as well as a 

combination of the two conditions, is more than often similar. It is evident as partial to complete shoot 

mortality (Treharne, 2018). Moreover, determining the exact cause of vegetation die-back in retrospect 

is quite challenging even at the ground-level. Therefore, distinguishing between the vegetation damage 

resulting from different types of extreme winter weather events was not an important factor in the 

interpretation of the results related to VI-based spectral browning signal, under this research.  

The vegetation composition differed slightly across the three sites. Vegetation at Flatanger comprised 

of three types of evergreen shrubs, including Calluna vulgaris (dominant) , Vaccinium species and Erica 

tetralix, and two type of mosses. Whereas at Storfjord the dominant shrub was Empetrum nigrum, and 

it had lichen and two types of mosses. The dominant species at Lofoten were Calluna vulgaris and 

Empetrum nigrum, with ground cover of two types of mosses. Species composition has been shown to 
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affect the productivity patterns at a site level, with the dominant species in the community having a 

major influence on growth timings (Thornton et al., 2009 cited in Wang et al., 2020). In the case of 

Storfjord, the BY CCI phenology not being statistically different from the average CCI growing season, 

might come down to multiple factors, including the differences in species composition and how that 

ŀŦŦŜŎǘǎ ǘƘŜ //LΩǎ ǎƛƎƴŀƭΦ CƻǊ ŜȄŀƳǇƭŜΣ Calluna vulgaris grows taller than Empetrum nigrum (Barkman, 

1990),  has spherical leaves with +90° to - 90° inclinations, as compared to 9ƳǇŜǘǊǳƳ ƴƛƎǊǳƳΩǎ long, 

narrow leaves, which are mainly horizontal (Barkman (1979) in Barkman, 1990). Whether 

morphological differences, such as increased shrub height of C. vulgaris ƻǊ ƛǘΩǎ ǇŀǊǘƛŎǳƭŀǊ ŀƴƎǳƭŀǊ 

distribution of leaves, contributed to a stronger CCI signal at Flatanger, was beyond the scope of this 

research. In addition to structural differences between vegetation types, their inherently different 

seasonal variability could also have affected the overall VI patterns (Gillespie et al., 2018). Moreover, 

understanding the effects of vegetation composition and characteristics  in spectral detection of 

browning events was made more challenging because vegetation composition at Lofoten was not 

drastically different compared with Flatanger and Storfjord; rather it was a mix of the vegetation species 

at both the sites. Therefore, it is unclear based on the results here, whether CCI and/or NDVI better 

represented damage in a particular species within a 250 m pixel.  

CCI is highly sensitive to changes in chlorophyll and carotenoid pigments in plants, on a seasonal and 

on a sub-seasonal scale. In general an exponential relationship between CCI and GPP has been observed 

for a number of species and environmental conditions (Peñuelas et al., 2011). However,  the variation 

ƛƴ //LΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǘƻ ǊŜƳƻǘŜƭȅ ŎŀǇǘǳǊŜ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƭŜǾŜƭǎ ƻŦ ƻƴ-ground observed GPP reduction, 

across the study sites, in this research has demonstrated the need to understand specifies-specific CCI-

GPP links. For Arctic vegetation, the growth season considered in this research was 1st June to 30th 

September. Empetrum nigrum flowers soon after snow melt (May-June in this region), and being the 

ŘƻƳƛƴŀƴǘΩǎ ǎǇŜŎƛŜǎ ŀǘ {ǘƻǊŦƧƻǊŘΣ ƛǘ ƛǎ ƭƛƪŜƭȅ ǘƘŀǘ ƛǘǎ ŦƭƻǿŜǊǎ were already present when the CCI was 

measured for this research. The flowers range from pink to purple colours, and hence would mainly 

comprise of anthocyanins rather than carotenoids. Carotenoids based reflectance indices have not 
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been recommended to be applied to anthocyanin containing plant tissues (Merzlyak et al., 2003). Hence 

it is possible that a comparatively large proportion of the anthocyanin pigments in the satellite pixel, 

due to the presence of the Empetrum nigrum flowers, could have interfered with the CCI signal at 

Storfjord. Other factorǎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƴƎ ǘƘŜ //LΩǎ ōǊƻǿƴƛƴƎ ŘŜǘŜŎǘƛƻƴ ǎƛƎƴŀƭ ōŜǘǿŜŜƴ CƭŀǘŀƴƎŜǊ ŀƴŘ 

Storfjord could be location-bound such as microtopography and landform type. Such  factors were 

understood to be especially important with regards to the poor spectral detection of vegetation 

damage at Lofoten, considering the highly coastal location of the Lofoten islands. Based on the 

differences in spectral detection of vegetation damage at Lofoten compared to the other two sites, it 

ƛǎ ǊŜŎƻƳƳŜƴŘŜŘ ǘƘŀǘ //L ŀƴŘ b5±LΩǎ ǇŜǊŦƻǊƳŀƴŎŜ with regards to vegetation in coastal areas with 

complex orography, should be evaluated in future studies.  

While the spectral browning detection in this research builds upon the field observations of Treharne 

(2018), it is important to remember the inherently different spatio-temporal scales used within these 

analyses. A huge spatial scale mismatch is faced when attempting to compare the field measurements 

with the satellite-ōŀǎŜŘ ±Lǎ ƛƴ ǘƘƛǎ ǊŜǎŜŀǊŎƘΦ ¢ǊŜƘŀǊƴŜΩǎ ƎǊƻǳƴŘ-based measurements were conducted 

using мƳ Ȅ мƳ ǇƭƻǘǎΣ ǿƘŜǊŜŀǎ ah5L{Ωǎ ±Lǎ ƛƴ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǿŜǊŜ нрлƳ Ȅ нрлƳ ǇƛȄŜƭ b5±L ŀƴŘ млллƳ Ȅ 

1000m CCI. In terms of the temporal scale, it was challenging to compare results of Treharne (2018) 

with this research since their observations were conducted two to three years after the browning 

events and hence in some ways reflected the recovery trend of the damaged vegetation rather than 

the immediate productivity decrease following the winter warming events. It is fair then to assume that 

significantly larger reductions in the field-based GPP of damaged vegetation would be observed when 

measurements are conducted at the beginning of the first growing season following the extreme winter 

warming event. Bearing in mind the above factors it can be said that the overall satellite quantification 

of dead, damaged and stressed vegetation, across the study sites was weaker as compared to the 

ground observations. However, despite the spatial discrepancy, the MODIS CCI and NDVI, especially the 

maximum values, and the eƴǘƛǊŜ ƎǊƻǿƛƴƎ ǎŜŀǎƻƴΩǎ b5±L ŘƛŘ ƻŦŦŜǊ ŀ ǊŜƭƛŀōƭŜ ǎƛƎƴŀƭ ƻŦ ǘƘŜ ǾŜƎŜǘŀǘƛƻƴ 

damage at Flatanger and Storfjord, albeit at a pixel level.  



66 
 

2.3.5 Summary of the findings 
 

The analysis here was aimed at quantitatively determining a spectral signature of vegetation browning, 

in the aftermath of extreme winter weather events in the Norwegian Arctic and sub-Arctic. The 

objective of the analysis was also to develop a definition for identifying spectral browning events in 

terms of a threshold-based reduction in a VI, on a pixel scale, which could then be applied at larger, 

landscape scales to monitor Norwegian vegetation.  Based on the findings of previous studies related 

to impacts of extreme weather events on Arctic vegetation (section 2.1), it was hypothesised that 

satellite VIs could present a spectral signal for a browning event in one or more of the ways as described 

with H1 ς H5 (section 2.2.3).  

H1:  Gross, anomalous changes to the whole growing season. The BY NDVI at both Flatanger and 

Storfjord were statistically different, whereas the BY CCI was only at Flatanger. Both the BY CCI and 

NDVI distributions at Lofoten were not different.  

H2: Changes to the start of the growing season. Based on the TIMESAT phenological transitions dates, 

it was found that both, SOS NDVI and SOS CCI in the BY were not only the lowest but occurred earlier 

than the rest of the years as well at Flatanger. Whereas at Storfjord such behaviour was exhibited only 

for 2016 by NDVI. Changes to SOS were not observed for the 2012 growing season.  

H3: Changes to the timing of peak productivity in a growing season and H4: changes in photosynthetic 

activity at the peak of a growing season. In the context of the POS attainment timings being altered due 

to the vegetation damage, a clear signal was not observed for any of the indices at any study sites. 

Whereas for the POS photosynthetic activity, only NDVI showed a clear decreased productivity signal 

for the Flatanger and Storfjord sites. 

H5:  Changes in productivity at the end of a growing season. The TIMESAT based EOS NDVI at both 

Flatanger and Storfjord was lowest as compared to the rest of years, which means that within the BY 

growing season, vegetation did not compensate for reduction in the POS growth by increased  growth 

at the EOS. H5 was not investigated at Lofoten due to the lack of a signal identified in H1-H4. 
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2.4 Discussion 

 

The importance of satellite VIs to detect a browning event and associated changes in vegetation 

phenology for remote regions such as the Arctic is crucial because field-based studies are expensive, 

challenging and time consuming (Bokhorst et al., 2009; Beamish et al., 2020). Large scale positive trends 

in remotely sensed VIs for the Arctic are widely understood to be indicators of increasing vegetation 

productivity and biomass.  However, can the same indices be applied to assess vegetation stress, 

damage and mortality in the aftermath of extreme winter weather events in the Arctic? The results of 

this study have helped to identify the following themes, which are critical for examining browning 

events in the Arctic.  

2.4.1 Satellite-based phenological signature of browning events 
 

This research has helped to reduce uncertainties related to satellite VIs providing indications of a 

browning event in context of the various stages of the short Arctic growing season. Findings of this 

research show that effects of a browning event on vegetation phenology are reflected differently 

depending on the type of satellite VI. While both the CCI and the NDVI showed a noticeable decrease 

in the peak photosynthetic activity at one of the study sites (Flatanger), however overall NDVI 

outperformed CCI by exhibiting a clear and strong signal for decreased productivity at every stage of 

the growing season across two study sites (Flatanger and Storfjord). The CCI related  findings of this 

research are difficult to compare since in the Arctic context the CCI has mainly been applied to examine 

productivity of evergreen forests, and no literature was found regarding low-lying dwarf vegetation, 

which were the prime focus of this study.  Beamish et al., (2020) have similarly noted that 

photosynthetic pigments are one of the least understood characteristics of Arctic vegetation, so this 

research has contributed towards a better understanding of these pigments. While the different CCI 

results across the study sites in this research highlights the need for further investigation to understand 

satellite-derived pigmentation and biochemical impacts of extreme winter weather events. It is equally 
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important to understand what CCI would have signified in case of positive detection of the vegetation 

damage across all sites. Since this index represents seasonal changes in chlorophyll/carotenoid 

pigments and given the definition of browning as a sudden loss in the photosynthetically active foliage, 

it is highly likely that decreased chlorophyll (productivity related) and increased carotenoid (stress 

related) pigments would be measured by CCI right before the start of season before any sort of existing 

vegetation recovery  or new vegetation growth occurs.  

CCI is responsive to subtle pigment changes at shorter time intervals, whereas NDVI can capture long-

term, annually accumulated canopy greenness (Wang et al., 2020). CCI in the case of Flatanger was able 

to track an earlier onset of the growing season as well as a lower-than-average SOS photosynthetic 

activity. Earlier leaf emergence in an Arctic vegetation species, V. vistis-idaea, has been reported as one 

of the responses to winter icing events (Preece and Phoenix, 2014). Both CCI and NDVI capturing an 

earlier SOS at Flatanger implied that this in fact could have been one of the phenological responses to 

winter warming and frost drought. Hence earlier in the SOS, following the spring snow melt, is 

suggested as the optimum growing stage to apply a pigment-based satellite VI for detecting vegetation 

damage and/or mortality following extreme winter weather events. However more research is required 

in this context due to the micro-scale spatial heterogeneity of Arctic landform and vegetation 

composition (Maguire et al., 2021) 

The browning events discussed in this study exhibited different signs of vegetation damage and stress. 

These ranged from shoot mortality, wilted, browned and greyed leaves, to anthocyanin pigmentation 

in leaves. The focus of the analysis in this chapter was understanding how different satellite VIs exhibit 

a spectral browning event to capture the reduced vegetation productivity caused by extreme winter 

weather events in the Norwegian Arctic and sub-Arctic. Whether a particular index significantly excels 

at quantifying a specific type of damage could not be concretely concluded from this research. Non-

obvious physiological effects such as reduced flowering and berry production can also not be captured 

by satellite indices such as NDVI and CCI, although such effects still have knock-on effects on the 

ecosystem, due to wild berries being a food source for wildlife in the Arctic. 
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As this PhD research is focused on the role of extreme weather events in Arctic browning, therefore, 

the case studies used here for evaluating the spectral signal, were of vegetation damage arising from 

climatic drivers. However, browning events caused by biological drivers such as defoliating insect 

outbreaks must also be considered for determining a holistic remote sensing approach to study on-

ground vegetation disturbance. The resulting damage from insect outbreaks could be slightly different 

as compared to that from climatic drivers such as winter warming or frost drought. Vegetation damage 

from defoliating insects, in the form of loss of entire leaves and or reduced leaf area, is more 

structural/morphological as compared to climatic drivers induced effects such as anthocyanin 

pigmentation and the loss of photosynthetic capacity in dead leaves and shoots which are still physically 

intact and attached to the plants.  

2.4.2 The role of scale 
 

Examination of different types of vegetation disturbance (damaged, dead, stressed; as shown in Figure 

2.2) is a challenging process, even at the plant shoot level (Treharne, 2018). By incorporating a pigment-

based index, the CCI, this PhD research investigated the different types of disturbance on a landscape 

scale (1 km). The findings show that, as may be expected, the satellite detection of vegetation 

disturbance was weaker as compared to plot level ground observations. This is attributed to the fact 

that browning is occurring unevenly and at finer scales (Phoenix and Bjerke, 2016). The browning signal 

Ŏŀƴ ŀƭǎƻ ōŜ ǿŜŀƪŜƴŜŘ ōŜŎŀǳǎŜ ŀ ǎŜƴǎƻǊΩǎ ǇƛȄŜƭ ƛǎ ŀƴ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ ǾŀǊƛƻǳǎ ŜŎƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ 

happening on the ground and as well as by undisturbed, healthy vegetation, occurring within the same 

pixel (Berner et al., 2020; Myers-Smith et al., 2020). One of the major reasons that NDVI outperformed 

//LΣ ŀǘ ōƻǘƘ ǘƘŜ ǎǘǳŘȅ ǎƛǘŜǎΣ ǿŀǎ ōŜŎŀǳǎŜ b5±LΩǎ ǎǇŀǘƛŀƭ ǊŜǎƻƭǳǘƛƻƴ ǿŀǎ ƘƛƎƘŜǊ ǘƘŀƴ //LΣ нрл Ƴ b5±L 

compared to 1000 m CCI. Applying medium to coarse satellite VIs for the assessment of phenological 

processes, within the compact growing season in the Arctic, is a challenging task in itself (Wang et al., 

2018), let alone applying these indices to study the sporadic damage in scattered vegetation cover at 
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complex landscapes such as the Norwegian coast and fjords. Despite these challenges, signals were 

detected, and useful insights and understanding of the browning signature at each site were obtained. 

Defining a spectral browning event in terms of a threshold decrease, relative to a baseline average is 

made more challenging by the large variation in VI percent decrease across different locations, although 

the decrease results from the same winter warming event. For example, the largest reported browning 

event in the Scandinavian Arctic, in terms of land area, was for the 2008 growing season, which was 

attributed to the winter warming event in December 2007. A large range of 16% - 91% reduction in 

NDVI was observed for 2008 w.r.t to 2007, across five different sampling sites (Bokhorst et al., 2009). 

Such a large variation in the NDVI decrease, due to the same winter weather event, presents a challenge 

in determining a threshold-ōŀǎŜŘ ŘŜŦƛƴƛǘƛƻƴ ŦƻǊ ΨǎǇŜŎǘǊŀƭ ōǊƻǿƴƛƴƎ ŜǾŜƴǘǎΩΦ ¢ƘŜǊŜ ƛǎ ŀƭƳƻǎǘ ƴƻ ŜǾƛŘŜƴŎŜ 

about the understanding of the equivalence of ground damage and satellite response. Across these five 

sites in Bokhorst et al. (2009), the field measurements showed that shoot growth had decreased by 

87% in damaged plots as compared to nearby undamaged plots. The % decrease in vegetation 

productivity on ground is often measured relative to neighbouring undamaged vegetation, in study 

plots ranging from 1 to 60 m (Bokhorst et al., 2009; Treharne, 2018). In terms of medium-high satellite 

spatial resolution (250 m MODIS ς 30 m Landsat), these nearby undamaged vegetation could possibly 

lie within the same pixel; hence it is difficult to translate % damage on ground to decrease in satellite 

VI.  

Moreover, large variations in the damage intensity of vegetation such as shown in Bokhorst et al. 

(2009), and resulting from the same extreme winter weather event, could be an indication of how 

different vegetation species respond to such events. Different Arctic and sub-Arctic vegetation types 

have showed different responses to extreme winter weather events (Bokhorst et al., 2008). Field 

measurements of browning events enable vegetation classification. When comparing satellite-based VI 

decrease with field observations of vegetation damage, it is important to remember that the satellite 

decrease is representative of different levels and types of on-ground damage. Hence more research is 
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needed to develop a  definition of spectral browning events which is representative of how extreme 

winter weather events can affect the dominant vegetation species in the Arctic. Such analyses can help 

identify vegetation species most at risk in the light of projections of increased frequency and intensity 

of extreme winter weather events, and thus lead to developing conservation strategies aimed at 

regionally dominant vegetation species.  

2.4.3 Synergistic approaches to study Arctic browning events using remote sensing data 
 

Complementary remote sensing approaches, which are based on joint application of two or more 

satellite VIs, can significantly help to improve the assessments of vegetation productivity status and 

phenological patterns (Gamon et al., 2015; Jeong et al., 2017). Hence this research applied two 

conceptually different satellite VIs to study on-ground reported vegetation disturbance. Moreover, it 

was hypothesised that the varied characteristics of vegetation disturbance (as observed on-ground), 

might be better represented by different VIs.  

CCI and NDVI applied in conjunction has been shown to provide a more accurate interpretation of the 

satellite-VI and flux tower-GPP relationship (Wang et al., 2020). While CCI is overall more dynamic than 

NDVI at tracking the GPP fluctuations on a seasonal scale, however, NDVI is more responsive to the 

initial canopy green-up (Wang et al., 2018). Issues of seasonal hysteresis in the NDVI-GPP relationship 

Ŏŀƴ ōŜ ƳŀƴŀƎŜŘ ōȅ ŀǇǇƭȅƛƴƎ ǘƘŜ //L ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ǎƛƴŎŜ ƛǘ ŘƻŜǎƴΩǘ ŦŀŎŜ ǎŀǘǳǊŀǘƛƻƴ ŘŜŦŜŎǘǎ ŀŦǘŜǊ 

attaining a certain productivity level (Rahman et al., 2004). Hence both the indices complement each 

other. It is also worth noting that NDVI-GPP hysteresis occurs once the peak NDVI within the growing 

season is attained. However, vegetation damage resulting from exposure to extreme winter weather 

events is more likely to be picked up by the satellite VIs at or before the peak of the season; as by the 

end of the season the vegetation might have recovered by a certain level, although that is strongly 

dependent on the severity of the damage. Hence NDVI related hysteresis issues should not be an 

impeding factor in applying it to examine browning events. Ideally comparing the NDVI and CCI 

simultaneously with the flux-tower GPP near a damaged vegetation site would best help to assess the 
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effectiveness of a complementary approach for studying effects such as, reduced peak season 

productivity, resulting from extreme winter weather events. However, such analyses was beyond the 

scope of this research due to time limitations.  

Another factor to note for future application of CCI to study vegetation damage in the Arctic and sub-

Arctic is the CCI algorithm. ²ƘƛƭŜ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǳǎŜŘ ah5L{Ωǎ ōŀƴŘ м ŀǎ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ōŀƴŘ ŦƻǊ 

calculating CCI at both study sites, other MODIS bands such as bands 4, 12 and 13, can also be applied 

as a reference band (Drolet et al., 2005). The choice of the reference band can significantly influence 

//LΩǎ ǊŜǎǇƻƴǎŜ ǘƻ ǇƘƻǘƻǎȅƴǘƘŜǘƛŎ ŜŦŦƛŎƛŜƴŎȅ (Rossini et al., 2012). Site level characteristics and 

vegetation type have been shown to play a key role in for example the performance of CCI with regards 

to determining the light use efficiency (LUE) (Goerner et al., 2011). Because limited research using CCI 

in the context of Arctic vegetation has been undertaken, the band that showed promising results across 

most of the sites in Goerner et al. (2009) was used as the reference band here. Considering that there 

was a difference between the performance of CCI at Flatanger, Storfjord and Lofoten, it is likely that 

CCI estimated with different reference bands might be required for different vegetation cover and 

landform types in the Arctic and sub-Arctic regions. Hence more research is recommended to 

determine the optimum band for the application of CCI in assessing Arctic vegetation damage.  

A way forward 

 

The spatial setting of the Arctic browning events studied here, and their climatic drivers were known 

through previous research (Treharne et al., 2020). Despite this knowledge, the analysis performed 

during this research has shown how meticulous analysis is required to understand the spectral 

signature of various types of vegetation disturbance, and that so at a pixel scale. Hence it could be quite 

a tedious process to apply medium-coarse spatial resolution satellite VIs on their own, independently, 

to detect patchy damage in sparse, dwarf vegetation, at a landscape scale in the Arctic. On the other 

hand, a key challenge in applying higher resolution satellite data such as Sentinel-2 (10 m spatial 

resolution) to study browning events is that these are not available for the time period (2000 ς 2015) 
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of the browning events reported here. Moreover, this means a lack of baseline for comparisons of the 

vegetation productivity in a browning year with normal growing seasons.  

To facilitate and advance the approach taken in this research, it is suggested that meteorological data 

be incorporated to validate any NDVI and CCI decrease within a timeseries which is beyond the mean 

and/or ± 1 standard deviation. Previous studies related to Arctic browning events e.g., Bokhorst et al. 

(2009), Bokhorst et al. (2010) and Treharne et al. (2020), have as well linked both spectral and field 

measurements of vegetation damage, to meteorological observations. Meteorological data are often 

publicly accessible. Meteorological conditions associated with extreme winter weather events such as 

winter warming, frost drought and rain-on-snow, are often represented through climatic indices 

(Vikhamar-Schuler et al., 2016).  Hence to increase the accuracy of spectral detection of browning 

events on a landscape scale, it is recommended that meteorological information be integrated with 

satellite VIs. The next chapter of this PhD research is thus aimed at understanding the relationship 

between satellite VIs and extreme winter weather conditions and events. Based on this understanding 

the analysis then progresses to project future occurrences of vegetation browning events under 

different climate change scenarios. With regards to the work ahead, the average growing season NDVI 

is selected as the most suitable satellite VI, based on its better spectral browning detection as compared 

to CCI. Moreover, the average rather than the Maximum NDVI is proposed because the clearest signal 

of browning impacts, as shown at Flatanger, consisted of changes to the full growing season trajectory. 

Additionally, the maximum NDVI is not always truly representative of vegetation peak productivity in 

the Arctic due to missed observations resulting from cloud cover processing.  
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2.5 Conclusion 

This research is the first comprehensive application of satellite VIs to detect spectral browning events 

in the Arctic, and it has shown the complexities of the task. The effectiveness of CCI and NDVI was 

analysed in detecting the on-ground GPP decrease in the aftermath of extreme winter weather 

conditions. It was hypothesized that the spectral signal for browning events could be evident in one or 

more ways as described under  H1 ς H5. Overall, the results of both the indices varied across the three 

study sites, highlight the importance of spatial heterogeneity. Both CCI and NDVI exhibited a statistically 

significant browning signal at Flatanger in the context of H1.This was true for NDVI only at Storfjord. 

NDVI performed notably better than CCI with regards to H2 ς H5 both at Flatanger and Storfjord. This 

was attributed to two main factors; first NDVI had a  higher spatial  resolution (250 m) as compared to 

CCI (1000 m). Second CCI is more sensitive to subtle changes in the pigment levels hence the browning 

signal is short-lived. The reasons for an  absolute lack of detection of a spectral browning signal at 

Lofoten is unclear. Therefore, more research is recommended to determine the effectiveness of 

satellite VIs in assessing browning events, in dwarf shrub heathlands over complex landforms such as 

the Norwegian Arctic. Based on the results of this research it was concluded that NDVI better captured 

the on-ground decrease in GPP. Despite this it is highly challenging to apply medium-coarse satellite VIs 

independently to detect browning events in sparsely vegetated areas in the Arctic. Therefore, it is 

proposed to consider meteorological information about browning causing extreme winter weather 

events alongside NDVI to accurately detect the occurrence of browning events at a landscape scale.  
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Chapter 3 

Understanding winter climate - summer NDVI relationships 
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3.1 Introduction 

The Arctic is currently undergoing rapid climate change (AMAP, 2017). As discussed in section 1.3, 

extreme winter climatic events such as severe winter warming, Rain-on-Snow (ROS) and frost drought 

have been linked with various vegetation browning events at multiple Arctic and sub-Arctic locations 

(Bjerke et al., 2017; Treharne et al., 2020). Along with winter extreme weather events, the overall 

winter climatology plays an important role in determining Arctic vegetation productivity in the 

subsequent growing season (Bokhorst et al., 2012). Moreover, the timing and duration of extreme 

weather events can determine their overall impacts on the functioning of Arctic ecosystems 

(Christensen et al., 2021). Although recent work shows that simple climatological indices can explain 

the observed decrease in vegetation productivity related indices, such as NDVI, in the aftermath of a 

browning event (Treharne et al., 2020); the current understanding of the lagged relationship between 

individual meteorological parameters, at different times during the winter season, and summer NDVI 

of Arctic vegetation is quite limited. One of the reasons is that extreme events responsible for browning, 

such as winter warming and ROS, are a construction of multiple interacting meteorological parameters, 

and hence are very complex to quantify, compare or predict (Phoenix and Bjerke, 2016). 

Recent work by Treharne et al. (2020) has discussed how mid to late winter warming events could be 

more damaging to vegetation as compared to early winter warming events. While their work is the first 

of its kind in understanding and quantifying the relationships between winter extreme weather related 

indices and both satellite and field-based NDVI, their analysis is based on a short time period (2011 ς 

15 ) and only two meteorological parameters (temperature and snow depth). This PhD research aims 

to advance such analyses by understanding the relationship of monthly winter meteorological 

parameters with summer NDVI, based on longer NDVI and climate datasets spanning the time period 

2000 - 2020, and also by incorporating precipitation. Hence, this new analysis helps achieve RO2 of this 

PhD, which is to determine the main meteorological drivers of satellite-based observations of 

vegetation decline in the Norwegian Arctic and sub-Arctic. Subsequently, the statistical model 

developed through this analysis, will assist to inform and produce future browning projections (set out 
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in chapter 5). Thus, this analysis links RO2 and RO3 of this PhD, which is, to explore future extreme 

winter events and Arctic browning linkages.  

3.2 Methodology 

3.2.1 Study area 
 

Numerous browning events in central and northern Norway have been reported previously (Bjerke et 

al., 2017). Hence the study area for RO2 was selected to include the Norwegian sub-Arctic and Arctic 

ǊŜƎƛƻƴǎ όŎƻǾŜǊƛƴƎ ƭŀǘƛǘǳŘŜǎ ŦǊƻƳ соɕb ǘƻ тнɕbύΦ ¢Ƙƛǎ ŀǊŜŀ ŀƭǎƻ ƛƴŎƭǳŘŜǎ ǘƘŜ ǘƘǊŜŜ case-study browning 

ǎƛǘŜǎ ŀǎ ŘƛǎŎǳǎǎŜŘ ƛƴ /ƘŀǇǘŜǊ нΦ 5Ŝǘŀƛƭǎ ŀōƻǳǘ bƻǊǿŀȅΩǎ ƻǾŜǊŀƭƭ ŎƭƛƳŀǘƻƭƻƎȅ ŀƴŘ ƭŀƴŘŦƻǊƳǎ ƘŀǾŜ 

previously been described in Chapter 2 section 2.2.1 

3.2.2. Methods 
 

To achieve RO2 of this PhD, multiple steps were followed, which broadly fall under three main 

categories; first, initialization and validation of the Weather Research and Forecasting Model (WRF); 

second, using WRF to reproduce past extreme weather events that lead to browning; and third, the 

development of statistical models linking the changes in vegetation NDVI to variations in WRF-derived 

meteorological parameters. WRF was run to produce regional high resolution (1-10 km) climate 

parameters, because output from global climate models (GCMs), and reanalysis products are usually 

too coarse (30 to 100 km horizontal resolution) to understand and analyse the meso-scale physical and 

atmospheric processes significant to Norwegian landscape and climate (NCCS, 2017). Also, as explained 

in Section 3.1, RO3 of this PhD builds upon the statistical model developed through RO2. For robust 

future browning projections under RO3, the statistical model developed between the meteorological 

parameters and the NDVI had to be based upon meteorological parameters simulated through WRF, 

which is used for the future projections as well (in Chapter 4). Therefore, to explore the relationship 

between meteorological parameters and satellite NDVI across Northern Norway, WRF was run on 

historical data to provide high resolution climatological variables.  
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The following sections, 3.2.3 ς 3.2.6 explain in detail all the steps followed under RO2.  

3.2.3 WRF model compilation  
 

3.2.3.1 WRF background 

 

WRF is developed and maintained by the National Center for Atmospheric Research (NCAR). WRF is 

one of the most widely used climate and weather prediction models (Powers et al., 2017), 

encompassing interdisciplinary research, such as hydrological, atmospheric and climate change 

simulations, and operational weather prediction services (Gadian et al., 2018). It is equipped for use 

across a varied range of scales i.e., metres to thousands of kilometres, offers various physical 

parameterization schemes and has 45 vertical pressure levels, with the top level at 50 mb.  

Running WRF consists of two major components, first is the WRF Pre-processing System (WPS) and 

second, the Advanced Research WRF (ARW) dynamic solver. The program flow for WPS and WRF 

dynamic solver is shown in Figure 3.1. The details of each step can be found in the user guide of WRF 

(https://www2.mmm.ucar.edu/wrf/users/docs/user_guide_v4/v4.0/contents.html).  

 

Figure 3.1 Flow diagram of the steps to run the WRF model 

WRF enables simulations at varying horizontal grid-resolutions. This is carried out through the nesting 

procedure. Utilising the nesting technique in an NWP model means to run higher-resolution domain/s 

located within a larger domain, termed the parent domain, which is usually configured to run at a 

https://www2.mmm.ucar.edu/wrf/users/docs/user_guide_v4/v4.0/contents.html
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coarser resolution. The nesting options in WRF consist of one-way and two-way nesting, and a moving 

nest. During one-way nesting, several domains, at varying grid resolutions, can be forced 

simultaneously but only the parent domain communicates with the nest (inner domain), providing 

boundary observations for the nest. The nest does not transfer its calculations back to the parent 

domain. Within the two-way nesting method, the inner domains feed their calculations back to their 

parent domains.  

Both nesting methods have been used extensively within atmospheric and weather prediction studies 

using WRF. The selection of a nesting option is dependent on the research objective. For example, 

whether the objective is to methodologically evaluate WRF's performance and computational economy 

based on different settings or applying WRF to mainly study an atmospheric process or event. At the 

end it is a trade-off between model stability, computation resources and time, and the depth of analysis 

in context of the inner-outer nest dynamics (Skamarock et al., 2019). 

3.2.3.2 WRF compilation on the HPC 

 

{ƛƳǳƭŀǘƛƻƴǎ ŦƻǊ ǘƘƛǎ tƘ5 ǿŜǊŜ Ǌǳƴ ǳǎƛƴƎ {ƘŜŦŦƛŜƭŘΩǎ IƛƎƘ tŜǊŦƻǊƳŀƴŎŜ /ƻƳǇǳǘŜǊ όIt/ύΣ .ŜǎǎŜƳŜǊΦ 

Hence WRF was first compiled on Bessemer. Several trial simulations at varying horizontal grid 

resolutions, 1-30 km, were run for estimating the feasibility of computation resources before running 

the actual simulations. Thus, the spatial and temporal resolutions for the simulations were decided 

based on the estimates of model simulation times and model output storage capacities (Appendix 3.1). 

²wCΩǎ ŎƻƳǇƛƭŀǘƛƻƴ ƻn the HPC and all the simulations, trial and actual ones combined, took about 1.5 

years to complete. Conventionally, the post-processing tool for WRF output has been the National 

Center for Atmospheric Research (NCAR) Command Language (NCL). However, Python is increasingly 

being used for the post-processing and analysis of WRF output. As WRF related Python resources are 

ǎǘƛƭƭ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ŘŜǾŜƭƻǇƛƴƎΣ tȅǘƘƻƴΩǎ ǳǎŜ ŀǎ ŀ ǘƻƻƭ ŦƻǊ Ǉƻǎǘ-processing of the WRF output was one 

of the challenges in this PhD.  
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All WRF simulations were run using the default physics parametrizations of WRF, which include the 

cloud microphysical scheme known as the 3-class scheme, the Kain-Fritsch option for convective 

processes, the Yonsei University planetary boundary layer scheme, the Monin-Obukhov surface layer 

parameterization and the 4-layer Noah land surface scheme. The output was produced on a daily 

temporal resolution. The 1-way nesting procedure was incorporated for the simulations throughout,  

because it helps keep computation times lower (Hawbecker, 2013), is the more widely used approach 

in climatological studies, and ensures greater model stability compared to 2-way nesting, which has 

been known to cause WRF destabilisation (Heikkilä et al., 2011).Conventionally, finer resolution, nested 

ŘƻƳŀƛƴǎ ƛƴ b²t ƳƻŘŜƭǎΣ ŀǊŜ Ǌǳƴ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǇŀǊŜƴǘκƻǳǘŜǊ ŘƻƳŀƛƴΩǎ ŎƻƳǇƭŜǘƛƻƴΦ IƻǿŜǾŜǊΣ ²wC 

enables simultaneous execution of several nests, allowing dynamic information exchange between 

domains for every timestep, hence fewer spurious artefacts are generated over the inner domain 

boundaries (Skamarock et al., 2019). 

NWP models usually require a certain time-period to attain their own climatology, and thus reduce the 

ŜŦŦŜŎǘǎ ƻŦ ǘƘŜ ƛƴƛǘƛŀƭ ŎƻƴŘƛǘƛƻƴǎ ƻƴ ǘƘŜ ƳƻŘŜƭΩǎ ƛƴǘŜǊƴŀƭ ǾŀǊƛŀōƛƭƛǘȅΦ ¢Ƙƛǎ ǘƛƳŜ ƛǎ ŎŀƭƭŜŘ ƳƻŘŜƭ ǎǇƛƴ-up time 

(Skamarock, 2004). WRF typically requires a 6-12 hour spin-up time, which is quite economic, and thus 

the driving models for WRF mainly provided the lateral boundary conditions and no artefacts were 

ƛƴǘǊƻŘǳŎŜŘ ǘƘŀǘ ŎƻǳƭŘ ƘŀǾŜ ƛƴŦƭǳŜƴŎŜŘ ²wCΩs internal variability.  

3.2.4 WRF validation simulations 
 

Model validation is an important step when running meteorological simulations. Hence WRF was 

validated over a recent time-period 1990-2000, against meteorological station observations. WRF 

output was validated against observational data from 10 meteorological stations, with the objective of 

covering the spatial breadth of various simulation domains. This is due to Norway being a very long 

country with significant regional climatological differences. Although it has a vast network of 

meteorological stations, they have been operational for quite different time periods (IŜƛƪƪƛƭ  Ŝǘ ŀƭΦΣ 

2011). As a consequence, the meteorological stations selected for validation did not share a common 
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operational time-pŜǊƛƻŘΦ ²wCΩǎ н-m surface temperature and snow depth were extracted for the grid 

point nearest to the meteorological station locations. Bias and root mean square error (RMSE) 

measures were utilised to compare WRF output against the observed climate 

Also, to note, validation was conducted of WRF simulations with two different driving datasets. These 

were The European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis and 

Community Earth System Model version 1 (CESM1) GCM, respectively. ERA5 driven WRF (E-WRF herein 

onwards) was validated because E-WRF simulations were used to examine the relationship of 

meteorological parameters and satellite NDVI over the recent period (Table 3.1). Whereas validation of 

CESM driven WRF (C-WRF here onwards) was required as WRF was driven with CESM simulations for 

the future climate , under RO3 (discussed in Chapter 5 ahead). 

Table 3.1 WRF validation simulations 

Time period Driving model Domain resolution (km) 

1990-2000 CESM1 d01 30, d02 10 

1990-2000 ERA5 d01 30, d02 10  

 

3.2.4.1 CESM background 

 

CESM is developed and maintained by NCAR. It formed part of phase 5 of the Coupled Model 

Intercomparison Experiment project (CMIP5), supporting the Intergovernmental Panel on Climate 

Change Fifth Assessment Report (IPCC AR5) (Bruyere et al., 2015)Φ ²wCΩǎ ǎƛƳǳƭŀǘƛƻƴǎ ŦƻǊŎŜŘ ǿƛǘƘ 

/9{aΩǎ ΨƎƭƻōŀƭ ōƛŀǎ-corrected twentieth century all-ŦƻǊŎƛƴƎ ǎƛƳǳƭŀǘƛƻƴΩ was used for model validation 

over the time period 1990 ς 2000. CESM1 provides the entire set of variables required for the initial 

and boundary conditions for WRF simulations at a spatial resolution of 111 km and 26 pressure levels. 

The data are provided at six hourly frequency, which is also required by WRF. The CESM dataset is in 

the Intermediate File Format, a specialised format for quicker and more efficient WRF simulations. Data 
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for all the CESM1 driven WRF simulations were downloaded from the publicly available NCAR research 

data archive at https://rda.ucar.edu/datasets/ds316.1/ (UCAR, 2022).  

3.2.4.2 ERA5 background 

 

ERA5 is one of the latest atmospheric reanalysis products (Serreze et al., 2021). Reanalyses datasets 

assimilate atmospheric observations into an NWP model, based on a variety of sources including 

satellite data, radiosondes and meteorological stations (Marshall et al., 2018). ERA5 serves as an 

advanced representation of weather conditions in retrospective, as noted by Hersbach et al. (2020, 

p.1999) ά¢Ƙƛǎ ƴŜǿ ǊŜŀƴŀƭȅǎƛǎ ǊŜǇƭŀŎŜǎ ǘƘŜ 9w!-Interim reanalysis (spanning 1979 onwards) which was 

started in 2006. ERA5 is based on the Integrated Forecasting System (IFS) Cy41r2 which was operational 

in 2016. ERA5 thus benefits from a decade of developments in model physics, core dynamics and data 

ŀǎǎƛƳƛƭŀǘƛƻƴΦέ 9w!р Ƙŀǎ a spatial resolution of 31 km and consists of 137 pressure levels up to 1 Pa. For 

all the ERA5 driven WRF simulations within this PhD, the ERA5 6-hourly single levels and pressure levels 

data were downloaded using the Climate Data Store (CDS, 2021).  

3.2.4.3 Model domain setup for validation simulations 

 

Domain setup for the WRF validation simulations consisted of one outer (parent) domain, d01, at a 30 

km grid, and an inner domain (nest) d02, at a higher 10 km resolution (Figure 3.2). The analyses in 

chapters three and four (ahead) mainly uses the 10 km-resolution simulations, if not stated otherwise. 

https://rda.ucar.edu/datasets/ds316.1/
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Figure 3.2 Domain setup for WRF validation simulations 

 

3.2.4.4 Model bias and RMSE calculation 

 

NWP predictions have significantly improved over the past two decades due to the development of 

computational resources, higher model grid resolutions and better representation of land surface-

atmosphere dynamics within models. Despite such advances models can still have systematic biases 

(Mcdonnell et al., 2018)Φ Lƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ŎƭƛƳŀǘŜ ƳƻŘŜƭǎΣ ά! ŎƭƛƳŀǘŜ ƳƻŘŜƭ ōƛŀǎ Ŏŀƴ ōŜ defined as the 

systematic difference between a simulated climate statistic and the corresponding real-world climate 

ǎǘŀǘƛǎǘƛŎέ (Maraun, 2016, p.211). Biases in models occur predominantly from errors in the quantification 

of energy flows at the land surface and atmosphere boundary layer (Salathe Jr. et al., 2008). Biases in 

NWP models are also introduced due to model grid design, that is an assimilated value of a 

meteorological parameter being equivalent of the parameter over an area (Mcdonnell et al., 2018). 

These grid box integrated values are validated against observations from meteorological stations . 
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Potential biases may come from the driving model as well; however, for the purposes of this research, 

the source of the bias is not important. 

¢ƘŜ ōƛŀǎ ƛƴ ²wCΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǎƴƻǿ ŀƎŀƛƴǎǘ ƳŜǘŜƻǊƻƭƻƎƛŎŀƭ ƻōǎŜǊǾŀǘƛƻƴǎ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ǇŀǊǘ ƻŦ 

the model validation process, together with the RMSE. The RMSE helps determine the overall error in 

model simulatioƴǎ ǿƘƛŎƘ ŎƻǳƭŘ ƘŀǾŜ ōŜŜƴ ƛƴǘǊƻŘǳŎŜŘ ōȅ ǾŀǊƛƻǳǎ ǎƻǳǊŎŜǎΣ ŜΦƎΦΣ ŦǊƻƳ ²wCΩǎ ƛƴƛǘƛŀƭ ŀƴŘ 

boundary conditions and the inherent errors in the datasets used to force the model, such as those 

arising from interpolation methods.  

For the bias and RMSE calculations, WRF variables were extracted at the nearest meteorological station 

locations. The meteorological observations of temperature and snow data were downloaded from 

bƻǊǿŀȅΩǎ ǇǳōƭƛŎƭȅ ŀŎŎŜǎǎƛōƭŜ ŎƭƛƳŀǘŜ ŘŀǘŀōŀǎŜ όǎŜƪƭƛƳŀΦƳŜǘΦƴƻύΦ .ƻǘƘ ōƛŀǎ ŀƴŘ wa{9 ǿŜǊŜ ŎŀƭŎǳƭŀted 

for the winter months November-April 1990-2000. 

¢ŀōƭŜǎ оΦн ŀƴŘ оΦо ǇǊŜǎŜƴǘ ǘƘŜ wa{9 ŀƴŘ ōƛŀǎ ŜǎǘƛƳŀǘŜǎ ƻŦ ²wCΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǎƴƻǿ ŘŜǇǘƘ ŀƎŀƛƴǎǘ 

the meteorological station observations, respectively. 

 

a. Temperature 

 

Overall, a cold bias was observed for both CWRF and EWRF simulations, as compared to the 

meteorological station observations.  

Previous WRF simulations driven by ERA40 over Norway (Heikkilä et al., 2011) also had an overall cool 

bias, ranging from 0.7-лΦу х/Φ .ƻǘƘ /²wC ŀƴŘ 9²wC ŎƻƴǘŀƛƴŜŘ ŀƴ ƻǾŜǊŀƭƭ ŎƻƭŘ ōƛŀǎΣ ǿƛǘƘ ŀǾŜǊŀƎŜ ǾŀƭǳŜǎ 

across the nine meteorological stations of -4.12 and -нΦсл х/Σ ǊŜǎǇŜŎǘƛǾŜƭȅΦ Lǘ ǿŀǎ ƴƻt surprising that the 

EWRF simulations had a smaller bias and RMSE compared to the CWRF simulations, because the driving 

model for EWRF, ERA5, is a reanalysis product constrained by real meteorological observations.  
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Table 3.2 RMSE and bias estimates for WRF 2 m surface temperature against meteorological stations 

Meteorological 
Station number 

CWRF and station 
T2 RMSE 

CWRF and station 
¢н ōƛŀǎ όх/ύ 

EWRF and 
station T2 RMSE 

EWRF and station 
¢н ōƛŀǎ όх/ύ 

71990 7.10  -4.06 3.85 -2.5 

72100 7.92 -3.6 3.96 -2.5 

80700 8.94 -6.8 6.78 -6.23 

87350  5.93 -2.8 3.32 2.05 

88920 7.65 -2.44 4.03 -1.93 

89350 8.14  -1.86 4.70 -1.41 

91370 8.78 -5 5.72 -4.59 

92350 5.57  -2 3.6 2.21 

98400 11.17 -8.5 9.45 -8.28 

 

 

 

b. Snow depth 

 

Both sets of WRF simulations overestimated the snow depth at the majority of the meteorological 

stations. The CWRF simulated snow depth had slightly higher RMSE and bias values compared to the 

EWRF snow depth, fitting with the cold bias identified above. The RMSE values for CWRF snow depth, 

ranged from 21 to 123.6 and the bias ranged from -0.03 to 83 cm. Whereas the RMSE values for EWRF 

ranged from 9.7 to 83.6, and the bias ranged from -0.5 to 76.5 cm. The highest bias values observed for 

CWRF and EWRF were at different stations. For CWRF the highest bias was observed at comparatively 

ǎƻǳǘƘŜǊƴ ǎǘŀǘƛƻƴ όŀǘ срΦп хbύΣ ǿƘŜǊŜŀǎ ŦƻǊ 9²wC ƛǘ ǿŀǎ ŀǘ ŀ ǎǘŀǘƛƻƴ ŀōƻǾŜ ǘƘŜ !ǊŎǘƛŎ /ƛǊŎƭŜ ŀǘ сф хbΦ  
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Table 3.3 RMSE and bias estimates for WRF snow depth against meteorological stations 

Meteorological 
Station number 

CWRF and 
station snow 
RMSE 

CWRF and 
station snow 
bias 
(cm) 

EWRF and 
station snow 
RMSE 

EWRF and station 
snow bias (cm) 

71810 52.26 -16.65  43.39 -26.11 

71900 46.26 10.22 60.97 19.5 

75020  20.93 -0.04 9.73  -0.55 

77290 123.65 83.02 77.88  67.17 

91110 55.97 31.84 52.75 47.22 

97250 25.58 15.02 29.18 24.67 

85410  43.94 11.45 18.92 8.5 

85540 66.74 49.3 77.2 22.3 

89800 79.12 66.19 83.55 76.53 

76380  81.22 48.35 50.60 37.97 

 

оΦнΦр ²wCΩǎ reproducibility of meteorological conditions leading to past browning events 
 

3.2.5.1 Model domain setup 

 

¢ƘǊŜŜ ƻōǎŜǊǾŜŘ ōǊƻǿƴƛƴƎ ŜǾŜƴǘǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŀǎ ŎŀǎŜ ǎǘǳŘƛŜǎ ǘƻ ǾŀƭƛŘŀǘŜ ²wCΩǎ ǊŜǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ 

extreme weather conditions, which lead to vegetation damage at the three different locations (Bjerke 

et al., 2017; Treharne,  2018). Here, WRF was forced with ERA5 as currently ERA5 is the latest reanalysis 

product and offers a robust representation of past meteorological conditions (Serreze et al., 2021). The 

browning event simulations are here onwards referred to as EWRF-BE for ease. Because these 

ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŀƛƳŜŘ ŀǘ ǾŜǊƛŦȅƛƴƎ ²wCΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǎƛƳǳƭŀǘƛƴƎ ŀŎǘǳŀƭ ŜȄǘǊŜƳŜ 

events, and spanned a shorter time period, i.e., a single winter season for each site, it was 

computationally affordable to run these at a very high resolution, 1-3 km, as compared to the other 

decadal scale simulations (run at 10 km). While the initial aim was to run all the three browning sites at 
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the same spatial resolution i.e., 1 km, due to WRF becoming unstable at the Flatanger site when run at 

1 km, it was forced at a lower 3 km spatial resolution here. Another issue with the high-resolution case-

study simulations was during the post-processing of WRF output for the Storfjord study site. The d03 1 

km WRF files turned out to be corrupted, and, therefore, the d02 (5km) simulations were assessed. 

Table 3.4 and Figure 3.3 summarise and show the domain setup and locations for these 

simulations. Table 3.5 summarizes the meteorological conditions attributed to the extreme winter 

weather events at the three case study sites (Treharne, 2018).  

Table 3.4 Summary of the EWRF-BE simulations setup 

Browning site Time period Driving model Domain resolution (km) 

Flatanger  Nov 2013-Apr 2014 ERA5 d01 30, d02 10, d03 3  

Lofoten Nov 2013-Apr 2014 ERA5 d01 25, d02 5, d03 1 

Storfjord Nov 2011-Apr 2012 ERA5 d01 25, d02 5, d03 1 
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Figure 3.3 (a) WRF domain setup for the case study Flatanger 
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Figure 3.3 (b) WRF domain setup for the case study Lofoten 
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Figure 3.3 (c) WRF domain setup for the case study Storfjord 
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Table 3. 5 Summary of extreme winter weather conditions for the case study browning events 

Study site 3Climatology (Fig 3.4) Meteorological conditions during the extreme weather 
event (Treharne, 2018) 

Flatanger, 
Trøndelag 
 

Dfc (Subarctic) 2013/14 winter 
Extreme winter warming and frost drought conditions 
Å Mid-5ŜŎŜƳōŜǊ млɕ/ ǘŜƳǇŜǊŀǘǳǊŜǎ 
Å 3 Dec weeks, complete snowmelt 
Å ммΦфɕ/ ǘŜƳǇŜǊŀǘǳǊŜ Ŧŀƭƭ ǿƛǘƘƛƴ нп ƘƻǳǊǎ ƛƴ ŜŀǊƭȅ 

January 

Lofoten, Nordland 
 
 

Cfc (Subpolar 
oceanic) 

2013/14 winter 
Frost drought 

¶ Anomalous mild December,  

¶ Severely dry conditions caused vegetation 
desiccation in January, February and early March 
2014 

 

Storfjord, Troms 
og Finnmark 

ET (Tundra) 2011/12 winter 
Extreme winter warming and frost drought conditions 

¶ Extremely dry winter 

¶ Snow depth < 5cm or absent 

¶ Unusually large variations in temperature 
 

 

 

Figure 3.4 Map of Norway with the Köppen climatic zones (Beck et al., 2018). 

 
3 For the climatology classification see Beck et al. (2018) 
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3.2.5.2 Climate indices for quantifying extreme winter weather at browning sites 

 

Extreme weather events described by simple climate indices have been shown to explain vegetation 

browning induced change in both plot and satellite based NDVI in the subsequent growing seasons 

(Treharne et al., 2020). ¢ƻ ŀǎǎŜǎǎ ²wCΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǿƛǘƘ ǊŜƎŀǊŘ ǘƻ ǊŜǇroducing the extreme 

meteorological conditions which lead to vegetation browning at Flatanger, Lofoten and Storfjord, 

different indices related to extreme winter weather were estimated for each site. The indices are 

summarised in Table 3.6. 

Table 3.6 Summary of climatological indices used within RO2 

Extreme weather event index Definition 

a. Warm event frequency (WWE) 5ŀƛƭȅ ƳŜŀƴ ¢н Ҕ н х/Σ о ŎƻƴǎŜŎǳǘƛǾŜ Řŀȅǎ 

b. Maximum duration warm event (MDW) aŀȄƛƳǳƳ Řŀȅǎ ǿƘŜǊŜ ¢н Ҕ н х/ 

c. ROS Liquid prec. > 1 mm, snow depth > 1 cm 

d. Snow count (SC10) Snow depth < 10 cm day count  

e. Snow count (SC20) Snow depth < 20 cm day count  

 

The above indices were selected based on the literature review of past studies related to extreme 

winter weather events in the Arctic, presented in section 3.2. For example, ROS is known to damage 

Arctic vegetation through ice-encapsulation mechanisms (Bjerke et al., 2011). Liquid precipitation for 

ŜǎǘƛƳŀǘƛƴƎ ǘƘŜ wh{ ƛƴŘŜȄ ǿŀǎ ƻōǘŀƛƴŜŘ ōȅ ŀǇǇƭȅƛƴƎ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ǘƘǊŜǎƘƻƭŘ ƻŦ мΦрх / ǘƻ ǘƘŜ ²wC 

precipitation output. This temperature threshold was applied to distinguish between snow and rain, as 

explained in detail by Jennings et al. (2018). Moreover, because this research strongly builds upon 

previous Arctic browning related studies, especially the field work conducted by Treharne (2018), who 

have defined winter warming in relevance to how it damages vegetation, this PhD research 
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ƛƴŎƻǊǇƻǊŀǘŜǎ ǘƘŜƛǊ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ŀ ǿƛƴǘŜǊ ǿŀǊƳƛƴƎ ŜǾŜƴǘ ƛΦŜΦΣ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ǎǘŀȅǎ ŀōƻǾŜ нх/ for at 

least 3 consecutive days.  

¢ƻ ŦǳǊǘƘŜǊ ǾŀƭƛŘŀǘŜ ²wCΩǎ ǎƪƛƭƭ ƛƴ ǊŜǇǊƻŘǳŎƛƴƎ ǘƘŜ ŀŎǘǳŀƭ ŜȄǘǊŜƳŜ ǿŜŀǘƘŜǊ ŜǾŜƴǘǎ ǿƘƛŎƘ ŎŀǳǎŜŘ 

ōǊƻǿƴƛƴƎΣ ²wCΩǎ ǎƛƳǳƭŀǘŜŘ ƴŜŀǊ-surface temperature was compared against the nearest 

meteorological station observations for each browning site. For this, meteorological station 

ǘŜƳǇŜǊŀǘǳǊŜ Řŀǘŀ ǿŀǎ ŘƻǿƴƭƻŀŘŜŘ ŦǊƻƳ bƻǊǿŀȅΩǎ ǇǳōƭƛŎƭȅ ŀŎŎŜǎǎƛōƭŜ ŎƭƛƳŀǘŜ ŘŀǘŀōŀǎŜ 

(seklima.met.no). WRF-temperature timeseries were extracted at the nearest grid-point to a 

meteorological station location for each case study site, respectively. Bias and RMSE between WRF-

ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǎǘŀǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ǘƘŜƴ ŎŀƭŎǳƭŀǘŜŘΦ Lƴ ŀǎǎŜǎǎƛƴƎ ²wCΩǎ ǊŜǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ 

real extreme winter weather conditions at the three case study sites, a simple bias correction was 

applied to the snow and temperature parameters. For example, in case of a cold bias in WRF 

temperature, the calculated bias figure was simply added to the WRF temperature.  

3.2.6 Analysing winter meteorological variables and satellite NDVI relationships 
 

As discussed in earlier sections, RO2 of this PhD is aimed at determining the most important winter 

meteorological parameters related to vegetation browning. This is done through understanding the 

relationship between satellite NDVI and winter climate. This understanding would then help achieve 

RO3 as well, which is focused on obtaining projections of future occurrence of browning events under 

different climate change scenarios. 

3.2.6.1 WRF setup and data pre-processing  

 

WRF was run to produce winter season, November-April, simulations for the time-period 2000-2020. 

The selection of the 2000-2020 time interval for the analysis was based on the availability of MODIS 

NDVI data. ERA5 reanalysis provided the input to drive WRF here. The domain setup for these 

simulations consisted of an outer domain at 30 km and the inner at 10 km grid. Figure 3.5 shows the 

domain setup for these simulations. 
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Figure 3.5 Domain setup for WRF winter simulations 2000-2020 

 

The analysis conducted in Chapter 2 of this thesis provided evidence of MODIS NDVI being the most 

suitable satellite-based index to quantify on-ground observed vegetation damage in Norwegian Arctic 

and sub-Arctic areas. Therefore, the mean of the  growing season MODIS NDVI was selected. The NDVI 

product used here is MOD13Q1, which has also been discussed and used in chapter 2. The NDVI product 

was pre-processed before carrying out the statistical analysis. The pre-processing steps for the NDVI 

consisted of estimating the average growing season NDVI for each year (2001-2020) and then 

ǊŜǇǊƻƧŜŎǘƛƴƎ ǘƘŜ b5±L ǘƛƳŜǎŜǊƛŜǎ ƻƴǘƻ ²wCΩǎ ǇǊƻƧŜŎǘƛƻƴ ǎȅǎǘŜƳ ŀƴŘ ǎƛƳǳƭŀǘƛƻƴ ǊŜǎƻƭǳǘƛƻƴΦ ¢ƘŜǎŜ ǇǊŜ-

processing steps were performed in Google Earth Engine Code Editor and Python.  

3.2.6.2 Statistical Analysis 

 

The objective of the statistical analysis was to understand how different stages of the preceding winter 

climate impact the subsequent summer NDVI. Since the resolution of the NDVI dataset was 16 days and 

²wCΩ{ ƻǳǘǇǳǘ ǿŀǎ ƻƴ a daily interval, both the datasets were aggregated before performing the 

analysis. WRF variables were averaged (or summed for the indices in Table 3.6) for each winter month. 

This helped in producing an equal timeseries, i.e., 20-timesteps, for each climatological variable, for 

each winter month spanning 2000-2020, and 20-timesteps as well for NDVI, on a seasonal basis, 
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spanning 2001-2020. So, for example, mean November 2m surface temperature for each year starting 

2000 up to 2019, is 20 time steps, correlated with each June ς September averaged NDVI starting 2001 

up to 2020, another 20 time steps. The significance of the correlations between climatological variables 

in different months and seasonal NDVI was tested at two significance values, p<0.05 and p<0.01. The 

calculation of the meteorological indices, monthly means and the correlations was on the model grid 

box scale (10 x 10 km), along the time dimension, unless stated otherwise.  

The correlation analysis was followed by multivariate regression analysis. The objective of the 

multivariate regression analysis was to understand the role of different winter meteorological 

parameters in explaining the summer NDVI. The analysis was conducted separately for three case study 

sites, Flatanger, Lofoten and Storfjord. These are the same study sites as used for the high-resolution 

WRF simulations under section 3.2.5, as well as in chapter 2 for the remote sensing based analysis of 

actual browning events. The three study sites fall under three different counties of Norway, Trøndelag, 

Nordland and Troms og Finnmark (location shown in Chapter 2, Figure 2.1). The predictor variables 

used within the multivariate regression analysis at each site were based on the results of the correlation 

analysis. The winter meteorological parameters/indices which had shown significant correlations with 

summer NDVI at the county level were input to step-wise multivariate regressions.  

Broadly it was assumed here that meteorological variables in their raw form, i.e., temperature, 

precipitŀǘƛƻƴ ŀƴŘ ǎƴƻǿ ŘŜǇǘƘΣ ǿŜǊŜ ƭƛƪŜƭȅ ǘƻ ōŜ ǊŜƭŀǘŜŘ ǘƻ ΨǘǊŜƴŘ ōǊƻǿƴƛƴƎΣΩ ǿƘŜǊŜŀǎ ǘƘŜ ƛƴŘƛŎŜǎ ǿƘƛŎƘ 

ǊŜŦƭŜŎǘ ŜȄǘǊŜƳŜ ǿƛƴǘŜǊ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ŜǾŜƴǘǎ ǿŜǊŜ ƳƻǊŜ ƭƛƪŜƭȅ ǘƻ ōŜ ƭƛƴƪŜŘ ǿƛǘƘ ΨŜǾŜƴǘ ōǊƻǿƴƛƴƎΩ 

(Personal conversation with Prof. Gareth Phoenix, 2022). 

 The predictor variables for the regressions were tested for multicollinearity before conducting the 

analysis, using the Variance Inflation Factor test (Wilks, 2015). The analysis here was performed in 

Python and RStudio. Table 3.7 provides details of the variables used in the statistical analysis.  
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Table 3.7 Inputs for the climatological variables-NDVI analysis 

Variables  Time period Spatial resolution 
processing  

Temporal resolution 
processing 

 
Growing season NDVI 
(MOD13Q1) 
 

 
June ς September 

 
250m to 10 km 

 
16 days to seasonal 
average 

 
WRF meteorological 
parameters 

 
Preceding November - April 

 
10 km 

 
Daily to monthly  
Averaged and/or 
frequency 
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3.3 Results 

оΦоΦм ²wCΩǎ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻŦ ŎƭƛƳŀǘƛŎ ŎƻƴŘƛǘƛƻƴǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǊŜŀƭ browning events  
 

3.3.1.1 Extreme winter warming event at Flatanger 2013/14 

 

¢Ƙƛǎ ǎŜŎǘƛƻƴ ǇǊŜǎŜƴǘǎ ǊŜǎǳƭǘǎ ƻŦ ²wCΩǎ ƘƛƎƘ-resolution, 3 km, simulations for reproducing the on-record 

December 2013 winter warming event at Flatanger, Norway (Treharne, 2018). Figure 3.6 shows (a) 

winter warming event frequency (WWE) and (b) maximum duration winter warming event (MDW) 

indices respectively, for Flatanger.  

²wCΩǎ ǎƛƳǳƭŀǘƛƻƴǎ ǎƘƻǿŜŘ ŀǘ ƭŜŀǎǘ ƻƴŜ ǿŀǊƳƛƴƎ ŜǾŜƴǘ ƘŀŘ ƻŎŎǳǊǊŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŘƻƳŀƛƴ ŀǊŜŀΣ 

whereas the areas nearest to the coast experienced more than two warming events during December 

2013. With regards to duration of the warming events, Figure 3.6 (b) shows a noticeable variation over 

the domain for duration of the longest lasting warming event at each grid box. For example, the areas 

closest to the coast consisted of the longest warming events of 10-12 days, whereas at the more inland 

areas the longest warming event was of 2-6 days. 

Comparing the two figures, it is evident that for most of the domain, although a single warming event 

had occurred, the duration was different for several 3x3 km grid boxes; thus, highlighting the 

significance of micro-scale meteorology that can influence vegetation exposure to damaging climatic 

events.  

Plant responses to anomalous winter warming events have been shown to be both species dependent 

and event dependent (Bokhorst et al., 2011). Thus, because vegetation in the Arctic is quite 

heterogeneous there could be varied plant responses at a micro-scale to the varying duration and 

intensity of winter warming events at a 3x3 km grid. Therefore, there are resultant difficulties in 

predicting a browning event in terms of a homogenous, mean reduction in vegetation NDVI, at a 

regional scale.  
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Figure 3.6 (a) Winter warming event frequency (WWE) index and (b) Maximum duration winter 
warming event (MDW) index for December 2013 at Flatanger, Norway (спΦпɕ bΣ млΦсɕ 9ύ. Indices were 
estimated from the WRF high resolution (3km) simulations.  

 
 

Figure 3.7 WRF daily 2m near-surface temperature and nearest meteorological station (Buholmråsa 
Fyr, 71900) air temperature for November 2013 ς April 2014 at the Flatanger study site 

 

 

 

    
 
Figure 3.1 (a) Winter warming event frequency index and (b) Maximum duration winter warming event index for December 
2013 at Flatanger, Norway. Indices were estimated from the WRF high resolution (3km) output.  

(a) (b) 



99 
 

Figure 3.7 shows the daily mean air temperature observations of the meteorological station nearest to 

the Flatanger browning site and 2m surface temperature simulated by WRF at the study site. The station 

ƻōǎŜǊǾŀǘƛƻƴǎ ǎƘƻǿŜŘ ǘƘŀǘ 5ŜŎŜƳōŜǊ нлмо ŜȄǇŜǊƛŜƴŎŜŘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀōƻǾŜ рх/ ŦƻǊ ǉǳƛǘŜ ŀ ŦŜǿ 

consecutive days. This was anomalous for DeŎŜƳōŜǊΣ ǿƘŜƴ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀǊŜ ǳǎǳŀƭƭȅ ǿŜƭƭ ǳƴŘŜǊ лх/ 

(Hanssen-Bauer et al., 2017). It should be noted that although the temperature kept fluctuating above 

лх/ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƻǘƘŜǊ ǿƛƴǘŜǊ ƳƻƴǘƘǎΣ ƛǘ ŘƛŘ ƴƻǘ ǎǘŀȅ ŎƻƴǎŜŎǳǘƛǾŜƭȅ ŀǎ ǿŀǊƳ όŀōƻǾŜ рх/ύΣ ŦƻǊ ŀǎ ƭƻƴg 

ŀǎ ƛƴ 5ŜŎŜƳōŜǊΦ !ƭǘƘƻǳƎƘ ²wCΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǎƛƳǳƭŀǘƛƻƴǎ ŀǘ ǘƘƛǎ ǎƛǘŜ ƘŀŘ ŀ ŎƻƭŘ ōƛŀǎ ƻŦ рΦт х/Σ ƻǾŜǊŀƭƭΣ 

it followed the trajectory of the station temperature for most of the 2013/14 winter, with WRF 

capturing the timing of the temperature increases and decreases. 

Comparing the WWE and MDW indices with the meteorological station observations, it can be 

concluded that WRF was able to reproduce a winter warming event signal for December 2013. It is 

ƛƳǇƻǊǘŀƴǘ ǘƻ ƴƻǘŜ ǘƘŀǘ ŘǳŜ ǘƻ ²wCΩǎ ŎƻƭŘ ōƛŀǎ ƻŦ ǘƘŜ ƴŜŀǊ-surface temperature simulations over 

Norway, as explained in section 3.2.4.4 (a), the warming indices estimated here were quite likely 

underestimated.  

In the context of the winter warming event at Flatanger, Treharne et al. (2018) have also discussed how 

the complete snowmelt that occurred over three weeks in December 2013, as a result of the winter 

ǿŀǊƳƛƴƎΣ ŜȄǇƻǎŜŘ ǾŜƎŜǘŀǘƛƻƴ ǘƻ ŦǊŜŜȊƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛƴ WŀƴǳŀǊȅΦ IŜƴŎŜ ǘƻ ŦǳǊǘƘŜǊ ǾŀƭƛŘŀǘŜ ²wCΩǎ 

reproducibility of the 2013/14 winter warming event, mean snow depth maps were produced for early, 

mid and late December 2013. Figures 3.8 (a), (b) and (c) show the mean snow depth at various stages 

in December. Figure 3.8 (b) shows that mid-December average snow depth across the study area was 

lower as compared to the early December mean snow depth. 
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Figure 3.8 WRF mean snow depth for the Flatanger study site (спΦпɕ bΣ млΦсɕ 9ύ and surrounding areas  
(a) 1-10th December (b) 11th-20th December (c) 21st-31st December 2013 respectively 

This mostly agrees with snow depth observations obtained from the nearest meteorological station, 

shown in figure 3.9. The meteorological observations show the absence of snow cover starting in mid-

December 2013. However, very few grid boxes showed completely snow-free days, compared to the 

met station observations for December, 2013. This is because WRF tends to overestimate snow depth, 

as explained in section 3.2.4.4 (b).  

 
Figure 3.9 Daily mean snow depth observation from the meteorological station (71900) nearest to the 
Flatanger study area. 

To summarise the findings of the Flatanger study site, the analysis conducted here showed that despite 

²wCΩǎ ǘŜƴŘŜƴŎȅ ǘƻ ǳƴŘŜǊŜǎǘƛƳŀǘŜ ǘŜƳǇŜǊŀǘǳǊŜ όŎƻƭŘ ōƛŀǎύ ŀƴŘ ƻǾŜǊŜǎǘƛƳŀǘŜ ǎƴƻǿ ŘŜǇǘƘ ŀŎǊƻǎǎ 

Norway, it was able to reproduce the extreme winter warming event that led to snowmelt at this site. 

The WWE and MDW indices were able to show the extreme winter warming events at Flatanger. 

(a) (b) (c) 
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3.3.1.2 Frost drought conditions at Storfjord 2011/12  

 

This section presents results of the analysis conducted to ŜǾŀƭǳŀǘŜ ²wCΩǎ ŎŀǇŀōƛƭƛǘȅ of reproducing the 

2011/12 extreme winter weather conditions at the Storfjord study site. Previous research (Bjerke et al., 

2014) has attributed the vegetation damage observed at this site in Spring 2012 to high-temperature 

variability and frost drought conditions in December - January 2011/12.  

Frost drought conditions can be damaging to vegetation. These usually consist of extreme cold spells 

with low or absent snow cover in winter, which can expose vegetation to freezing temperatures, wind 

and solar irradiance. Moreover, mid-winter thaw is also a typical and common feature of frost drought 

ŀǎ ǿŜƭƭ ŀǎ ǿƛƴǘŜǊ ǿŀǊƳƛƴƎ ŜǾŜƴǘǎ ό.ƧŜǊƪŜ Ŝǘ ŀƭΦΣ нлмпύΦ ²wCΩǎ ƻǾŜǊŀƭƭ ŀōƛƭƛǘȅ ǘƻ ǎƛƳǳƭŀǘŜ ŦǊƻǎǘ ŘǊƻǳƎƘǘ 

conditions was examined based on both snow depth and surface temperature parameters.  

Figure 3.10 presents the maps of count of days where snow depth < 5cm, at each model grid-box of 

the Storfjord study site, for December 2011 and January 2012. ¢ƘŜǎŜ ƳŀǇǎ ǿŜǊŜ ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ ²wCΩǎ 

5km grid-resolution simulations and bias-corrected snow depth.  

 

Figure 3.10 Maps showing the day count where snow depth < 5 cm at the Storfjord study site (69.3ɕbΣ 
мфΦф ɕ9ύ for (a) December 2011 and (b) January 2012. Maps were produced using WRF simulations at a 
grid resolution of 5 km and daily time step.  

 

Figures 3.10 (a) and (b) showed that in both December and January there were several days where the 

snow depth < 5cm. The count of such days ranged from 5 to more than 20 per month, across the study 

  

CƛƎǳǊŜǎ Χ ǎƘƻǿŜŘ ǘƘŀǘ ōƻǘƘ 5ŜŎ ŀƴŘ Wŀƴ ŎƻƴǎƛǎǘŜŘ ƻŦ ǎŜǾŜǊŀƭ Řŀȅǎ ǿƘŜǊŜ ǎƴƻǿ ŘŜǇǘƘ ғ рŎƳΦ ¢ƘŜ Ŏƻǳƴǘ 

of such days ranged from 5 to more than 20 per month, across the study  

(a) (b) 
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domain. Interestingly, the higher count of low snow depth days occurred at lower elevation areas. This 

is because the higher elevation and mountainous regions in Norway still continue to have winters with 

ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜƭƭ ōŜƭƻǿ л х/Σ ŘŜǎǇƛǘŜ ǊŜŎŜƴǘ ǿŀǊƳƛƴƎ ǘǊŜƴŘǎ ƻǾŜǊ Ƴƻǎǘ ƻŦ bƻǊǿŀȅ (Dyrrdal et al., 

2013). Hence, snowfall accumulated in such areas is deeper compared to the low-lying areas and does 

not melt as quickly.  

In the context of mid-winter thaw, which is a common feature of frost drought conditions, January was 

considered as the peak mid-winter month to analyse any snow melt events which could have 

occurred. CƛƎǳǊŜ оΦмм ǇǊŜǎŜƴǘǎ ǘƘŜ ǎƴƻǿ ŘŜǇǘƘ ƻŦ ǘƘŜ ƴŜŀǊŜǎǘ ƳŜǘŜƻǊƻƭƻƎƛŎŀƭ ǎǘŀǘƛƻƴ ŀƴŘ ²wCΩǎ ǎƴƻǿ 

depth (5km resolution) at the Storfjord study site for January 2012. The general trend of the WRF snow 

depth was found to be similar to that at the nearest meteorological station, other than that WRF 

overestimated the snow depth throughout January, despite the bias correction. Both WRF and 

ƻōǎŜǊǾŀǘƛƻƴǎ ǎƘƻǿŜŘ ǘƘŀǘ ǎƴƻǿ ŎƻǾŜǊ ǿŀǎ ǳƴǎǘŀōƭŜ ǘƘǊƻǳƎƘƻǳǘ WŀƴǳŀǊȅ нлмнΣ ǿƛǘƘ ²wCΩǎ ǎƴƻǿ ŘŜǇǘƘ 

simulations fluctuating more than those at the station. The WRF mean snow depth for January 2012 

was 7.8 cm, slightly higher than the meteorological station, which was 5.8 cm (Table 3.8). Both means 

were significantly lower than the 1990 ς 2020 January average, which was 34.7 cm. Overall, WRF was 

able to simulate the variable and reduced snow cover at the Storfjord site. Table 3.8 presents the mean 

and standard deviation of December and January snow depth, calculated from the nearest 

meteorological station observations. 

Table 3.8 Standard deviation and mean of snow depth observations from the nearest meteorological 
station to the Storfjord site 

Snow depth (cm) 
Met station (Bardufoss 89350) 

Standard deviation 
(cm) 

Mean 
(cm) 

December 1990-2020 15.5 22.6 

December 2011 5 6.8 

January 1990-2020 20.17 34.7  

January 2012 3.4 5.8 
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Figure 3.11 WRF and the nearest meteorological station (Bardufoss 89350) snow depth for January 
2012 at the Storfjord study site 

 

In combination with low snow cover, winter warming events can also lead to frost drought conditions 

(Bjerke et al., 2017). Therefore, following the analysis of snow depth at Storfjord, this section presents 

ǊŜǎǳƭǘǎ ƻŦ ²wCΩǎ ŎŀǇŀŎƛǘȅ ǘƻ ǊŜǇǊƻŘǳŎŜ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜƭŀǘŜŘ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ ŎƻǳƭŘ ƘŜƭǇ ŜȄǇƭŀƛƴ 

whether winter warming events had a role in creating the frost drought conditions at Storfjord. 
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Figure 3.12 WRF-based WWE index for the Storfjord site (69.3ɕbΣ мфΦфо ɕ9ύ  for the time period 
December 2011 ς WŀƴǳŀǊȅ нлмнΦ ²wCΩǎ ƎǊƛŘ ǊŜǎƻƭǳǘƛƻƴ ǿŀǎ р ƪƳΦ  

 
Figure 3.12 shows the WWE index map for December 2011 - January 2012. The WRF simulations did 

not show a winter warming event over this time period at the Storfjord study site, in agreement with 

the nearest meteorological station temperature observations, which also showed an absence of winter 

warming events in both December 2011 and January 2012. Figure 3.13 presents the nearest 

ƳŜǘŜƻǊƻƭƻƎƛŎŀƭ ǎǘŀǘƛƻƴΩǎ ƳŜŀƴΣ ƳŀȄƛƳǳƳ ŀƴŘ minimum near-surface air temperature, and the snow 

depth observations for the 2011/12 winter. These show that the mean surface temperature stayed 

under zero throughout December and January. For February the temperature increased slightly above 

л х/ ŦƻǊ ŀ Řay or two, however that did not qualify as a winter warming event as defined in Table 3.6. 
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Figure 3.13 Mean, maximum and minimum near-surface air temperature, snow depth (Meteorological 
station Bardufoss), mean wind speed and maximum wind gust observations (Meteorological station 
Skibotn), (top to bottom), from the meteorological stations nearest to the Storfjord study site, for the 
2011/12 winter.  
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Thinner initial snow depth results in more snow removed by warming events, high wind speed and ROS 

(Semenchuk et al., 2013). In the case of the Storfjord study site, the snow depth was quite low at the 

onset of winter in November 2011 (as shown in Figure 3.13). It is worth noting that the snow depth 

varied during late December and early January, although the mean air temperature stayeŘ ǳƴŘŜǊ л х/Φ 

Therefore, the wind speed observations of the nearest meteorological station were checked for 

potential wind redistribution of the snowpack at this site. In addition to the temperature and snow 

depth observations, Figure 3.13 shows the mean wind speed and maximum wind gust of the nearest 

ǎǘŀǘƛƻƴ ŀǘ {ǘƻǊŦƧƻǊŘ ǎǘǳŘȅ ǎƛǘŜΦ ¢ƘŜ ǎǘŀǘƛƻƴΩǎ ŜƭŜǾŀǘƛƻƴ ǿŀǎ нл Ƴ ŀΦǎΦƭΦ hƴ ŀǾŜǊŀƎŜΣ ŘǊȅ ǎƴƻǿ Ŏŀƴ ōŜ ōƭƻǿƴ 

away by a wind speed of 7.7 m/s (Li and Pomeroy, 1997). The wind charts showed that at the end of 

December/start of January, this area experienced mean wind speeds of above 5 m/s, which could have 

caused snow redistribution and thus, potentially, the snow depth to decrease at this time. Hence this 

evidence suggested that in cases where the existing snow cover was shallow, wind speed could be an 

important meteorological parameter in predicting vegetation damage resulting from exposure to 

freezing temperatures in low snow conditions.  

 

In addition to low snow cover and winter warming events (as discussed above), high temperature 

variability in December and January 2011-12 has also been discussed as one of the possible 

meteorological conditions leading to the frost drought at Storfjord (Treharne, 2018). The analysis here, 

however, showed that the temperature variability for December 2011 and January 2012 was actually 

lower than the mean climatological variability observed for these months over the past 30 years, as 

shown in Table 3.9, which provides the standard deviation of daily temperature for December and 

January over the time period 1990 ς 2020 and December and January 2011/12, based on the nearest 

meteorological station to the Storfjord study site.  
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Table 3.9 Standard deviation and mean of temperature observations from the nearest meteorological 
station (Bardufoss 89350) to the Storfjord site 

Time period Standard deviation of near 
surface air temperature (oC)  

Mean near surface air 
temperature (oC) 

December 1990-2020 7.6 -6.8 

December 2011 5.3 -5.1 

January 1990-2020 8.0 -8.4 

January 2012 6.4 -10.4 

 

{ǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƳŀǇǎ ƻŦ ²wCΩǎ Řŀƛƭȅ ƳŜŀƴ ǘŜƳǇŜǊŀǘǳǊŜ ǿŜǊŜ ǇǊƻŘǳŎŜŘ ŦƻǊ ǘƘŜ ŜƴǘƛǊŜ ŘƻƳŀƛƴ ŀǎ 

well, for December 2011 and January 2012, as a measure of daily temperature variability (Figure 

3.14). WRF did well in reproducing the variability in daily temperature at a few inland and coastal areas; 

however, it underestimated the variability across the majority of the Storfjord study domain grid boxes. 

The WRF standard deviation range at such grid boxes was 2.0 - оΦр х/ ŦƻǊ ōƻǘƘ 5ŜŎŜƳōŜǊ ŀƴŘ WŀƴǳŀǊȅΣ 

whereas the meteorological station values were 5.3 and 6.4 for December and January, respectively 

(Table 3.9). 

 

 
Figure 3.14 {ǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƳŀǇǎ ƻŦ ²wCΩǎ Řŀƛƭȅ ƳŜŀƴ ǘŜƳǇŜǊŀǘǳǊŜ for December 2011 and 
January 2012 at the Storfjord study site (69.3ɕbΣ мфΦф ɕ9ύ . The WRF simulations were run at a 5 km 
grid resolution here.  

 

 

 

²wCΩǎ ǎƛƳǳƭŀǘŜŘ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ ƳƛŘ-winter, January, at  the vegetation damage site, was  
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²wCΩǎ ǎƛƳǳƭŀǘŜŘ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ ƳƛŘ-winter, January, at the vegetation damage site, was compared 

ǘƻ ǘƘŜ ƳŜǘŜƻǊƻƭƻƎƛŎŀƭ ǎǘŀǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜΣ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ оΦмрΦ !ƭǘƘƻǳƎƘ ²wCΩǎ ǎƛƳǳƭŀǘŜŘ 

temperature at Storfjord had a mean cold bias of 2.6 o C with regard to the nearest meteorological 

ǎǘŀǘƛƻƴΣ ƛƴ ƎŜƴŜǊŀƭΣ ²wCΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǘǊŀƧŜŎǘƻǊȅ ƻǾŜǊ WŀƴǳŀǊȅ нлмн ŀƎǊŜŜŘ ǿƛǘƘ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴǎΦ 

!ƭǘƘƻǳƎƘ ŘƛŦŦŜǊŜƴŎŜǎ ƻŦ ǳǇ ǘƻ мл х/ ǿŜǊŜ ƻōǎŜǊǾŜŘ ŦƻǊ ǎƻƳŜ Řŀtes at the beginning and end of January, 

despite the bias correction.  

 

Figure 3.15 WRF daily 2m near-surface air temperature and nearest meteorological station (Bardufoss 
89350) air temperature for January 2012 at the Storfjord study site. 

To summarise the findings of the Storfjord site, the analysis conducted here showed that it was a 

combination of severely low snow conditions in early to mid-winter, and consequent exposure to 

freezing mid-winter temperatures, which caused the vegetation damage at this site. 
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3.3.1.3 Winter warming and frost drought conditions at Lofoten 2013/14 

 

Vegetation damage and mortality at Lofoten was reported for the 2014 growing season. The 

disturbance has been attributed to winter warming events and frost drought conditions (Bjerke et al., 

2014; Treharne, 2018). Results of the analysis conducted in this chapter mostly corroborates previous 

research.  

Temperature observations from the nearest meteorological station showed that during the 2013/14 

winter the Lofoten study site experienced recurring episodes of warm temperatures, ranging from 0 ς 

р х/Σ ǿƛǘƘ ƛƴǘŜǊƳƛǘǘŜƴǘ ǊŜǘǳǊƴ ǘƻ ŦǊŜŜȊƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ όƳƛƴƛƳǳƳ ƻŦ -5.0 to -тΦр х/ύΣ ōŜǘǿŜŜƴ ǘƘŜ 

winter warming events. Surface temperatures from the nearest meteorological station (85560) and 

ŦǊƻƳ ²wC ǎƛƳǳƭŀǘƛƻƴǎ ŀǘ ǘƘŜ ǎǘǳŘȅ ǎƛǘŜΣ ŀǊŜ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ оΦмсΦ ²wCΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǎƛƳǳƭŀǘƛƻƴǎ ƘŀŘ 

ŀ ŎƻƭŘ ōƛŀǎ ƻŦ пΦт х/ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƳŜǘ ǎǘŀǘƛƻƴΦ ¢ƘŜ ōƛŀǎ-corrected WRF temperature closely 

followed the meteorological station temperature for most of the 2013/14 winter. 

 

Figure 3.16 WRF 2m daily near-surface air temperature and nearest meteorological station near-
surface air temperature for November 2013-April 2014 at the Lofoten study site 
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Table 3.10 Mean temperature during the 2013/14 extreme winter season at the meteorological 
station closest to the Lofoten study site 

Winter month Meteorological station (85560)  
mean temperature (oC) 2004 - 20 

Met station (85560)  
mean temperature (oC) 2013/14 

December  1.25 2.10 

January -0.17 -1.50 

February -0.50 2.17 

March 0.19 1.73 

 

 

¢ƻ ǾŜǊƛŦȅ ²wCΩǎ ǊŜǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ǿƛƴǘŜǊ ǿŀǊƳƛƴƎ ŜǾŜƴǘǎ ŀǘ [ƻŦƻǘŜƴΣ ƳŀǇǎ ƻŦ ǘƘŜ ²²9 ŀƴŘ a5² 

indices were generated for the study domain. These maps are shown in Figure 3.17. The indices maps 

present the number of warming events and maximum duration warming event at each grid box, 

spanning December - March 2013/14. These are produced from the WRF simulations at a 1 km grid 

resolution. Figure 3.17 (a) shows that the majority of the land area experienced up to 8-12 warming 

ŜǾŜƴǘǎ ŘǳǊƛƴƎ 5ŜŎŜƳōŜǊ ǘƻ aŀǊŎƘΣ ǿƘŜǊŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ǎǘŀȅŜŘ ŀōƻǾŜ нх/ ŦƻǊ ŀǘ ƭŜŀǎǘ ǘƘǊŜŜ ŎƻƴǎŜŎǳǘƛǾŜ 

days. Figure 3.17 (b) shows that the longest warming event was in the range of 5-15 days across much 

of the study domain. 

 

 

Figure 3.17 Maps of the Lofoten study site (68.1ɕbΣ моΦтɕ9ύ showing, (a) WWE and (b) MDW indices for 
December 2013 ς March 2014. The indices were calculated using WRF simulations at a grid resolution 
of 1 km and daily time step.  

longest warming event was in the range of 5 -15 days for much of the study domain  

 

(a) (b) 
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!ŦǘŜǊ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ǘƘŜ ōƛŀǎ ŎƻǊǊŜŎǘƛƻƴ όŀŘŘƛƴƎ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ōƛŀǎΣ ƛΦŜΦΣ пΦтх / ǘƻ ǘƘŜ ²wC 

temperature simulations), the WRF simulations captured the general temperature evolution and 

ǾŀǊƛŀōƛƭƛǘȅ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǘƛƳŜ ǇŜǊƛƻŘΣ ǿƛǘƘ ŀ нΦо х/ wa{9 ǾŀƭǳŜΦ hǾŜǊŀƭƭΣ ²wCΩǎ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻŦ ǘƘŜ 

mild temperature conditions in 2013/14 was good at a 1 km grid resolution. However, ideally the WRF 

simulations over this study domain should be validated against multiple meteorological stations located 

in this area so a more accurate assessment of the simulations could be carried out. Secondly, these 

high-resolution (1 km) simulations should be compared with coarser resolution simulations (10 km), to 

understand whether a higher resolution resulted in a significant reduction of model error in this region 

of Norway. However, such analyses were not possible given the time constraints of this PhD.  

In addition to winter warming events, low and absent snow cover has also been attributed as a climatic 

driver that led to frost ŘǊƻǳƎƘǘ ŎƻƴŘƛǘƛƻƴǎ ŀǘ [ƻŦƻǘŜƴ ό¢ǊŜƘŀǊƴŜΣ нлмуύΦ ¢ƘŜǊŜŦƻǊŜΣ ²wCΩǎ ǎƴƻǿ ŘŜǇǘƘ 

simulations were compared with snow depth observations from the two nearest meteorological 

stations (87750 and 85540). Figure 3.18 presents bias corrected WRF snow depth and meteorological 

station snow depth at the Lofoten study site, for the 2013/14 winter. The WRF snow depth had a 9 cm 

bias (w.r.t Meteorological station (87750), which is not large given the general uncertainty of NWP snow 

depth simulations. While WRF did reasonably well in capturing the overall trend of November - January 

snow depth, substantial differences were found between the WRF and observed snow depth values for 

the late winter months of March and April, even after the bias correction. WRF strongly overestimated 

the snow depth from mid-February to April. 
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Figure 3.18 WRF and nearest meteorological stations snow depth for Nov 2013 ς April 2014 at the 
Lofoten study site. WRF simulations were run at a 1km grid resolution here. Meteorological stations (a) 
and (b) refer to the 87750 and 85540 stations.  

 

 

Table 3.11 presents the 30-year mean snow depth of different winter months and 2013/14 monthly 

mean snow depth at station 87750. While the December 2013 mean snow depth was significantly 

higher than the 30-year average, the mean values for February and especially March 2014, were much 

lower compared to the 30-year mean values. Although complete snowmelt did not occur in any month 

other than March for meteorological station (87750); another nearby station (85540) did show a 

complete snow melt time period starting mid-December up to mid-March, which is quite anomalous 

for a high Arctic region during winter months. The difference between the observations of these two 

meteorological stations highlights the substantial spatial variability of snow cover in coastal regions of 

Norway (Bokhorst et al., 2012). This implies that vegetation can get damaged even when snow melt 

occurs at a patch scale: for example, due to the influence of local temperature changes (Dyrrdal et al., 
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2013) and that snow melt does not necessarily have to occur at a landscape scale (Bjerke et al., 2012) 

to cause vegetation disturbance. 

Table 3.11 Mean snow depth during the 2013/14 extreme winter season at the meteorological station 
closest to the Lofoten study site 

Winter month Meteorological station (87750) mean 
snow depth (cm) 1990 ς 2020 

Meteorological station mean (87750) 
snow depth (cm) 2013/14 

December  20.78 43.8 

January 37 29 

February 50 18.8 

March 53.6 3.4 

 

 

 

Another possible mechanism for vegetation damage at Lofoten could have been through ice-

encapsulation of plants (Gareth K. Phoenix and Lee, 2004). The temperature and snow depth 

observations considered together i.e., the partial snow melt caused in mid-December due to winter 

warming, as indicated by meteorological station (a), and the return to freezing temperatures during 

January, suggest it is highly possible that ice layers would have formed within the snowpack, wherever 

snow still existed. One of the ways to estimate melted snow which exists as refrozen water (ice layers) 

could be through the snow water equivalent variable (SWE). An increase in SWE value after snowmelt 

could mean that either rainfall has been retained within the snowpack or melted snow has been 

refrozen. It can help explain the increase/decrease of water content within the snowpack (Dyrrdal et 

al., 2013). However due to time limitations of this PhD research, such analysis could not be conducted 

here.  

In addition to the snow depth time series at the browning site, maps were produced of the total day 

count when snow depth < 5cm for the 1 km grid WRF domain over the Lofoten area. These maps were 

produced for different winter months and are shown in Figure 3.19. 
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Figure 3.19 Maps showing the total day count where snow depth < 5cm, for the 1 km grid WRF 
domain over the Lofoten area. The maps show the months (a) December 2013 (b) January 2014 (c) 
February 2014 and (d) March 2014.  

 

As discussed earlier, snow cover in coastal areas of Norway is highly variable (Bokhorst et al., 2012). 

²wCΩǎ ǎƛƳǳƭŀǘƛƻƴǎ ŦƻǊ ǘƘŜ [ƻŦƻǘŜƴ ƛǎƭŀƴŘǎΣ ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ ŀƭǎƻ ǎƘƻǿŜŘ ƴƻǘƛŎŜŀōƭŜ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ǎƴƻǿ 

depth within this comparatively small but highly dissected land area. The few grid boxes which 

experienced zero days where the snow depth < 5cm were predominantly the mountain peaks. In 

contrast, model grid boxes located over areas of lower elevation and the base of the mountains, had 

up to 15 - 20 such days in each winter month. Since low lying, dwarf vegetation tends to be at the 

foothills at many places across the Lofoten mountain range, this means that in the occurrence of snow-

 
Figure 3.1 Maps showing the total day count where snow depth < 5cm, for the 1 km grid WRF domain over the Lofoten area. 
The maps show the months (a) December 2013  (b) January 2014 (c) February 2014 and (d) March 2014.  

   
 

    
 

4.3.2 Understanding winter climatology and growing season-NDVI relationships 

(a) (b) 

(c) (d) 

(c) (d) 
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melt, a lot of vegetation would be susceptible to the damaging effects of such events, as also reported 

for the 2013-14 growing season at Lofoten (Treharne, 2018).  

In summary, the analysis of the Lofoten study site showed that the combination of recurring warming 

events with freezing winter temperatures occurring between the warming events, sporadic snow melt 

albeit at a landscape scale and potential ice-layer formation within the snowpack, caused vegetation 

ŘŀƳŀƎŜ ŀƴŘ ƳƻǊǘŀƭƛǘȅ ŀǘ ǘƘƛǎ ǎǘǳŘȅ ǎƛǘŜΦ hǾŜǊŀƭƭΣ ōŀǎŜŘ ƻƴ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ²wCΩǎ ǎƛƳǳƭŀǘŜŘ ǘŜƳǇŜǊŀǘǳǊŜ 

and snow depth, it is concluded that bias-corrected WRF simulations were able to capture the 

anomalous winter conditions which led to vegetation damage at the Lofoten study site.  

 

3.3.2 Understanding winter climatology and growing season-NDVI relationships 
 

This section presents the results of correlation analysis between various climatological parameters, 

climatological indices and the NDVI. The correlations were calculated for the winter months (November 

ς April) over the time period 2000 ς 2020. The climatological variables included 2m near-surface 

temperature, winter warming event frequency (WWE), Maximum duration warming event (MDW), 

snow depth, rainfall and Rain-on-Snow (ROS) (as defined in Table 3.6). The parameters represent the 

mean/sum, estimated for each winter month, respectively. The NDVI here represents the average NDVI 

of each growing season (as explained in section 3.2.6.1). For the sake of conciseness, the results 

presented here are for three of the six winter months, those with the highest number of statistically 

significant correlation grid boxes over the study domain. 

3.3.2.1 Temperature and NDVI 

 

Temperature and NDVI were found to be moderately correlated (r = 0.4 - 0.8, -0.4 - -0.6) over most of 

the study area (Figures 3.20 (a)-(c)). Interestingly, the correlation varied depending on the winter 

month. While large homogenous areas of positive correlations were observed for NDVI with 

temperature, at both the start and end of winter i.e., November and April, for mid-winter temperatures 

in March, NDVI was negatively correlated across most of the study domain. 
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Figure 3.20 (a) Maps showing correlations of mean summer NDVI with the mean temperature of 
November.  
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Figure 3.20 (b) Maps showing correlations of mean summer NDVI with the mean temperature of 
March  
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Figure 3.20 (c) Maps showing correlations of mean summer NDVI with the mean temperature of April  

 

The correlation was significant (p < 0.05) at several locations and varied latitude-wise as Norway has 

high regional temperature variability (IŜƛƪƪƛƭ  Ŝǘ ŀƭΦΣ нлммύΦ NDVI in the northernmost county, Troms og 

Finnmark, was most strongly correlated with surface temperature in late winter, April, as compared to 

November, which is just the beginning of the winter season in Norway. However, NDVI in Nordland, 

ōŜǘǿŜŜƴ ср ŀƴŘ су хbΣ ǿŀǎ Ƴƻǎǘ ǎǘǊƻƴƎƭȅ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ aŀǊŎƘΦ  
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Vegetation located in the maritime areas of Norway, such as Flatanger, is generally more productive 

due to the milder winters in this region. Moreover, the vegetation in these areas also experiences 

comparatively longer growing seasons as compared to the northernmost areas of Norway, for example 

ŀōƻǾŜ сухbΦ ¢ƘŜǊŜŦƻǊŜΣ ǿƛǘƘƛƴ ǘƘŜǎŜ ƳŀǊitime areas, November temperature and summer NDVI being 

significantly positively correlated, could mean that processes such as nutrient cycling are still on-going 

in November. This is especially likely during the years with delayed summer peak productivity and 

warmer than usual autumn temperatures. 

Winter warming events cause vegetation damage due to the loss of freeze tolerance when subsequent 

severe cold temperatures return, and snow cover is absent. November is typically the beginning of 

winter in Norway, and hence it does not yet have the thickest snow cover. The vegetation is usually still 

undergoing freeze hardening processes during this time of the year. Hence winter warming events 

ƻŎŎǳǊǊƛƴƎ ƛƴ bƻǾŜƳōŜǊ ƳƛƎƘǘ ƴƻǘ ǎŜǾŜǊŜƭȅ ƛƳǇŀŎǘ ǘƘŜ ǾŜƎŜǘŀǘƛƻƴΩǎ ǊŜǎƛƭience to colder temperatures 

ahead as the freeze tolerance process is still occurring. This is one of the plausible explanations for 

positive correlations between November temperatures and summer NDVI. 

One of the possible reasons for positive correlations between April temperature and summer NDVI in 

ǘƘŜ ƴƻǊǘƘŜǊƴƳƻǎǘ ǊŜƎƛƻƴ ƻŦ bƻǊǿŀȅ όŀōƻǾŜ су хbύ ƛǎ ǘƘŀǘ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛƴ !ǇǊƛƭ ŎƻǳƭŘ ōŜƴŜŦƛǘ ǘƘŜ 

vegetation in these areas that have a thicker snow layer as compared to lower latitudes regions with a 

thinner snowpack. Spring snowmelt timing is a crucial environmental control of vegetation productivity, 

for many plant species, in higher snowfall regions of Norway because the melted snow provides 

essential nutrients right at the beginning of spring when days are starting to get longer and there is light 

for plants to utilize. If not for these warmer temperatures in April, the spring snow melt would be 

delayed resulting in a shorter growing season.  

 

3.3.2.2 Winter warming event (WWE) and NDVI 
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WWE and NDVI correlations were of weak to moderate strength (r= -0.2 to -0.6, 0.2 to 0.6) (Figure 3.21 

(a)-(c)). The correlations were mostly negative for the early and mid-winter months (indicating a 

decrease in NDVI with an increase in WWE), and positive for the late winter month of April. For 

December a clear negative correlation occurred for the entire study domain and vice versa for April.  

The correlations were significant (p <0.05) at a few model grid boxes. A distinct spatial pattern was 

observed for December and April. For December, several clusters of the significant correlation grid 

ōƻȄŜǎ ǿŜǊŜ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ƴƻǊǘƘŜǊƴ ŀǊŜŀǎ ƻŦ bƻǊǿŀȅ όŀōƻǾŜ су хbύΣ ǿƘŜǊŜŀǎ ŦƻǊ !ǇǊƛƭ ǘƘŜǎŜ ǿŜǊŜ ƛƴ ǘƘŜ 

southern county of Trøndelag.  

   
Figure 3.21 (a) Maps showing correlations of mean summer NDVI with the WWE index for December 
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Figure 3.21 (b) Maps showing correlations of mean summer NDVI with the WWE index for March  
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Figure 3.21 (c) Maps showing correlations of mean summer NDVI with the WWE index for April 

 

Since the WWE index was constrained by the temperature parameter, it was interesting to note the 

differences in the spatial patterns of WWE-NDVI correlations and temperature-NDVI correlations, 

especially for April. Although NDVI was positively correlated with both temperature and WWE, most of 

the significant temperature-NDVI correlation grid boxes were in the northern areas and for WWE-NDVI 

these were in the southern areas. The most likely reason for this difference may be a lower frequency 

of winter warming events in the northern areas of Norway. Figure 3.22 presents the total number of 

the WWE, for April 2001-2020. The highest number of winter warming events, 35-45, was observed to 
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be in the south-western maritime areas and over the Lofoten Islands. Whereas the northern Troms og 

CƛƴƴƳŀǊƪ Ŏƻǳƴǘȅ όŀōƻǾŜ су хbύ ŜȄǇŜǊƛŜƴŎŜŘ Ƨǳǎǘ ŀ ŦŜǿ όм-5) winter warming events, in April over 2001-

2020.  

 

 

 
Figure 3.22 The total WWE for April 2001-2020. 

 

3.3.2.3 Maximum Duration Warming event (MDW) and NDVI 

 

The correlations between winter MDW and growing season NDVI varied on a monthly basis as well as 

across the study area, as shown in Figure 3.23 (a-c). 

While a predominantly negative relationship was observed for December across the study area, it was 

mixed for January and mainly positive for April. The strength of these relationships were weak to 

moderate; IrI= 0.4 ς 0.6. The highest number of model grid boxes with significant correlations (p<0.05) 

were observed to be for December, which were spread out over the study domain. 
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Figure 3.23 (a) Maps showing correlations of mean summer NDVI with the MDW index for December 
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Figure 3.23 (b) Maps showing correlations of mean summer NDVI with the MDW index for January 
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Figure 3.23 (c) Maps showing correlations of mean summer NDVI with the MDW index for April.  

 

3.3.2.4 Snow depth and NDVI 

 

The correlations between snow depth and summer NDVI varied across the study area (Figure 3.24(a)-

(c)). The highest number of significant correlations were observed for mid and late winter months, i.e., 

January, February and April. While a clear pattern could not be observed for the Trøndelag, negative 

correlations were found over Nordland, across the winter months. Interestingly for the northernmost 

county, Troms og Finnmark, the nature of the NDVI and snow depth correlations varied depending on 

the month. The general variation in correlations across the study domain is likely due to a close 
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relationship between snow cover and vegetation species type (Evans et al.,1989, cited in Callaghan et 

al., 2011, p.35).  

The NDVI-ǎƴƻǿ ŘŜǇǘƘ ŎƻǊǊŜƭŀǘƛƻƴǎ ǿŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘ όǇ ғ лΦлрύ ŀǘ ŀ ŦŜǿ ƭƻŎŀǘƛƻƴǎΣ Ƴŀƛƴƭȅ ŀōƻǾŜ срхbΣ ƛƴ 

the Nordland and Troms og Finnmark. Somewhat expected, most of the significant correlations, were 

for the eastern, mainland Norway. The correlations over these areas were mostly of a negative nature. 

For January and February, the negative correlations were found over the Scandinavian mountains, 

indicating lower summer NDVI with higher snow depth in these months. This is likely due to heavy 

snowfall in these areas taking longer to melt during spring and thus reducing the length of the growing 

season in the mountainous areas. 

  
 

Figure 3.24 (a) Maps showing correlations of mean summer NDVI with the mean snow depth of 
January 
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Figure 3.24 (b) Maps showing correlations of mean summer NDVI with the mean snow depth of 
February  
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Figure 3.24 (c) Maps showing correlations of mean summer NDVI with the mean snow depth of April  

It is worth noting that vegetation productivity in the coastal areas below the Arctic Circle, is generally 

comparatively higher than in the northern regions. Despite this the absence of significant correlations 

around these areas is likelȅ ŘǳŜ ǘƻ ŜƛǘƘŜǊΣ ǘƘŜ ƭƻŎŀƭ ǾŜƎŜǘŀǘƛƻƴΩǎ ŀŘŀǇǘŀōƛƭƛǘȅ ŀƴŘ ǊŜǎƛƭƛŜƴŎŜ ǘƻ ōƻǘƘ ǎƴƻǿ 

depth fluctuations and time periods of absent snow cover; or a non-linear relationship between the 

mean monthly snow depth in winter and summer NDVI. A caveat to the first explanation of the absence 

of significant correlations is that vegetation at Flatanger was damaged in the 2013/14 winter due to 

snow melt in early winter (December) and exposure to freezing temperatures in mid-winter due to the 

absence of snow cover. Thus, implying that the vegetation at Flatanger was not adapted to the level of 

variability in snow depth as was observed in the 2013/14 winter at this site. Therefore, it is not straight 




























































































































































































