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Abstract

Vegetation browning is the decline in plant biomass and productivity arising from ditaatee, 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, ha=eh shown to change from a sink to a net €drce at the

peak of the growing season. It is crucial to understand the satsdlited signature of browning events

due to the challenging nature of field work in the Arctic and the sporadic nature of &rth.dvis
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 segsamd 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 sabelfitedl signature of browning
events caged by extreme winter weather conditions. This was achieved through examining the
effectiveness of two different MODIS vegetation indices at quantifying thecond ground
observations of vegetation decline in the Norwegian Arctic andh\sttit areas. fie 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 sease8g@tdynber). Moreover,

the average growing season CCIl aB¥/Nwere calculated as well. These calculations were conducted
for three case study sites in northern NorwageNDVI presented a more robust signal compared to
CCI for detecting decreases in the Gross Primary Productivity (GPP) of dwarf shrub vegetason
different Arctic landscapes. This was concluded to be mainly due to the higher spatial resolution of NDVI
(0.25km) compared to that of CCI (1 km). The second research objective of this work was to determine
the main meteorological drivers of satelbased observations of vegetation decline in the Norwegian
Arctic and sufArctic. Currently there is a substantial research gap with regards to the understanding

of relationships between the variability of individual meteorological variables in wictgressummer



NDVI. For this, a regional climate model, the Weather Research and Forecasting Model (WRF), was used
to produce higkresolution (1¢ 10 km) simulations for the winter months Novemhekpril, over the

time period 200@; 2020, fomorthernNog I @ ® ¢ KS RNAGAYy 3 RIGFaSd F2NJ 2w
at reproducing the extreme winter weather conditions, which lead to recorded browning events at the
three case study sites was examinednsidering variables including 2m nearface temperature

snow depth and precipitatioM/RF was able to simulate extreme winter warming and low snow depth
conditionsat the case study sitesfter biascorrections were applied. Following this, correlations
between the different winter montinased meteorologicalariables and mean summer NDVI were
examined. The correlations identified the most important winter meteorological variathaggards

to summer NDVI, for the study area. These variables were used in multivariate regues$ysis

against summer NDVd 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 drive of Arctic browning at the end of this century in the Norwegian Arctic

and subArctic. Therefore, WRF was forced with the Community Earth System Model (CESM1) under
three R@resentativeConcentration Pathways (RCPs) 4.5, 6.0 and 8.5, for@R200. Thefuture

simulations were compared with a historical baseline, 192000, 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 threefgierspective;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 Trgndelag County, based on the strongest increases in frequency
YR AyidSyaariue 2F gAYUSNI g NY¥Ay3d S@SyGas t2¢6 ayz2o
LINE2SOGARZYya | 02dzi AyONBEFaSR SELRAaAdINBE 2F b2NBl &Q
(durationbased), as compared to the inland regionsgeagrwith 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



browning frequency abne 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 evadéex (MDW) in December

and the mean January temperature best explainedviréance in theNDVI. In context of the three
RCPs studied here, major findings with regards to overall impacts on vegetation included projections of
mean December, January anafgh temperatures staying above @or 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 calageiged

under lowsnow conditions, it is concerning that under RCRl8&sverage number afays with snow

depth < 20 cm (SC2@er winter seasons projected toincrease by0-100days, in Trandelag County,
compared with the 199@ 2000 time periodin general, this study predicts large scale vegetation

disturbance in response to changes in the overall winter meteorolagytimern Norway.
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Chapter 1

Climate change and Arctic browning: An Introduction



1.1.Research context and aims

The frequency and magnitude of ecosystimeatening extreme weather events continues to increase

in the Arctic as a result ofimate changéCallaghan et al., 2010; Landrum and Holland, 2@&@eme
gSIHGKSN) S@gSyita Ay GSNya 2F SOz2aeaiSvya OFy oS R
statistically rare or unusual climatic period alters ecosystersirdzNS | Yy RV 2 NJ Fdzy OG A2y
02dzyRa 2F oKI G A& 02y ai RO D110p6685 0N eventd idveyb@eNY | ¢
documented to inflict extensive damage on vegetation across numerous Arctic and bord8ljsites

et al., 2014; Bokhorst et al., 2QIEeharne et al., 2020ror example, in December 2007, anomalous
GAYGSNI GSYLISNY GGdzNBa ++0620S n x/ F2NJ 208SNJ mu Rl ea
vegetation productivity, over an area of 14002kin the following growing seas@Bokhorst et a

20090 ¢ KS GSNIY WI NODGAO ONRgyAYydIQ NBFSNER (2 024K 3
the aforementioned abrupt and sheiérm declines in vegetation productivifiMyersSmith et al.,

2020) Arctic browning has been attributed to climatic, biotic and physical drivers at various locations
ranging fom the Nordic Arctic Region (NAR) to Alaskan coastal sites. Potential-olilazie causes

of vegetation browning include extreme winter warming eveéBiskhorst et al., 2008; Vikhamar

Schuler et al., 201p6heavier and extended sw cover(Bieniek et al., 2015)ainon-snow events (ROS)

(Bjerke et al., 2017)frost drought(Phoenix and Bjerke, 2018¢duced summer warmth indéBhatt

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

thermokarst formationBieniek et al., 201Raynolds and Walker, 201&)jiotic drivers of vegetation

damage couldhclude increased herbivore activity, fungal pests and insect afjghke et al., 2014)

An example of a physical driver of vegetation browning is wildfires in the(Bretielarte 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 fil0% of the total carbon sequestered by land on Earth

(Mcguire et al., 2009A single browning event has been shown to cause up to a 50% decline in the

2



plots-scale carbon absorption capacity of vegetation at a few sites in the Norwegian Arctic and
boreal areagTreharne et al., 2019Moreover, phenological effects of extreme winter weather
events on Arctic vegetation have been outlined in several studies. For example, multiple icing events
caused an 83%eduction inE. nigrunberry production and an earlier leaf emergenc¥ ivitisidaea

(Preece and Phoenix, 201Repeated winter warming events lead to delayed spring bud burst in both

E. hermaphroditumand V. myrtillus 11-75% and 5B5% reduction in berry production d&.
hermaphroditumandV. myrtillusrespectivéy, and compensation growth as a recovery mechanism in

V. myrtillugBokhorst et al., 20110Ithough damaged vegetation recovers after a browning event,
repeated occurrence of such browning events could causecigible damage and the Arctic
ecosystem might not return to its equilibrium sté& Bokhorstt 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 theteng. Therefore, advanced analyses

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

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

\ V] '

Figurel.1l (a, b) Winter warming damage observed for E. Nigrum #A®tib Scandavia (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, 20169619




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., 2@i&ke 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 herdes depend on vegetation for their her(idorstkotte et al., 2017)Alorg 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 browningpeArctic(Phoenix and Bjerke, 2018he

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

Arctic.
¢tKS 2SN NODKAYy3 NBaSINOK ljdzSaidArzy 2F (GKA&a t K5
browning across spatiotemporal scales@®thf A 3K 2F | OKIFy3aAy3 Of AYIl (¢

the following research objectives are addressed within this thesis:

1. To wnderstand the satellitdbased signature of browning events caused by extreme winter weather

conditions.

2.To cetermine the main meteorological drivers of satelbtesed observations of vegetation decline

in the Norwegian Arctic and sélyctic.

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

this century in théNorwegian Arctic and sefrctic.



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.
Tabe 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 Algead.

Tablel.1 Associated climatic drivers of various documented browning events across Norway

Location and year of browning events in Norw Meteorological drivers Research

1. Flatanger 2014 Extreme wintewarming and frost | Bjerke et al. (2017),

drought 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 | Bjerke et al. (2017)
drought

5. Tromsg 2014 Extreme winter warming and/or RO

lead frost drought Bjerke etal. (2017)

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

7. Magergya 2012 Extreme winter warming and/or RO Bjerke et al. (2014)
lead frostdrought

Bjerke et al. (2017),

8. Svalbard 2012 Winter warming and ROS Treharne (2018)




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 analygedsathe different disciplines.
1.3.1 Winter warming

The strongest Arctic warming has been observed over the winter s@sismert and Stroeve, 2015)

The definition of a winter warming event varies significantly across studies. For exznaipéan et al.

(2017 have considered winter warming events as a time duratieen the neassurface (- 2.5 m)

air temperature increases beyomd n x/ X AY GKS 1 NODGAO hOSIFyQa | NBI
the definition of a winter warming event is based primarily on a meteorological threshold or an
ecological context or lth 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 extrertes wisrming

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 detening of plants, followed by a return to freezing
temperatures which then damage any buds and shoots that (duehardiening) 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 conv@dtamasSchuler et al. (2016)

have quantified how frequent and intense winter warming events could get in the Nordic Arctic Region
(NAR) across the 21&entury (2000¢ 2100). The indes 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 ZEsttury, with reference to the 1985



2014 perid, 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 (lbid). WhileafierSchuler et al. (2016) employed
GAYUGSNI 6 N¥Ay3a AYyRAOSA yR 02YYSyid 2y GKSANI LRa

actually link the indices with browning events.

Table 12 Climate indices incorporated by Vikhar®chuler et al. (2016). P stands for total daily
precipitation and T for daily average temperature.

Number Abbreviation Name Description Type
1 WD Warm day T > Toopercentile Frequency
2 MD Melt day T=0C Frequency
3 PDD Positive degree-day sum Z’;m AT =0°C) Intensity
4 MPD Melt and precipitation day T> 0°Cand P > 0mm Frequency
5 MPDgym Precipitation sum for MPDs et (T=0°C and P=0mm) Intensity

Teharne et al. (2020) have also estimated a suite of climatological indices to quantify winter warming
events at study sites in Norway. It is importennote 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 indies include exposure events, where snow déptlqual to zeroand warming duration and
AyiSyaride S@Syidas ¢gKSNBE &adNFIF OS vl &Y LISANENFFIENIBS B SH)
threshold was based on temperature observations during winter warevegts known to have

resulted in browning. Treharne et al. (2020) have explained how these climatological indices were
conceptualised in the context of the physizemical effects that winter warming and/or frost drought

can inflict on plants. For examplthe intensity metric, i.e., air temperature x duration, reflects
GSELRAAINE (2 GSYLISNI GdNBa 2F adzZFFAOASYG o6 NYGK |
and then (b) initiate bud burstand pyel ( dzZNB f 24da 2F TFNB ST 220{p2ATHENI y OS¢
results of Treharne et al. (2028¢monstratedsignificantpositive correlations of the intensity of

warming events and mean snow cover duringuwlemingevent withchange irthe time integrated



INormalized Difference/egetation Index(TENDVI) respectively. These relationships have been

SELX FAYSR Ay GKSAN aGdzRé | a 6022t SNJ ' yR aK2 NI SNJ
greater negative change inff15 + L ¢ 0 ¢ NB K |, N.F) $heibrésults dismduden a negative

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

refer to vegetation being exposed to freezing temperatures following snow melt). This relatisnship
explained as longer lasting exposevents in later winter cause grater negative change-MDM

(Ibid) Based on theeresultsTreharne et al. (202()ave concludedhat vegetation browning on a

regional scale can be walisociated with procedsased 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, YWomka sites were known to have
experienced vegetation browning. Their research concluded that higher than average temperature and
precipitation rates in miavinter 20122012 resulted in lesser snow cover and increased gramend
formation, respectively ausing plant dieback. In this case of vegetation browning, two distinct extreme
climatic phenomena affected the vegetation simultaneously; i.e., winter warming arghfsiow.

Bjerke et al. (2017) were unable to determine which phenomenon caused masjelaoplants.

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 Aeci.e., infield experiments based on simulations of extreme
winter weather events. Though with limited scope across spatiotemporal scaledevplot
experimental setups provide necessary welttrolled and strong evidence of various kinds of plant
damage resulting from simulated extreme weatfBokhorst et al., 2015The recorded observations

from simuétions 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

INDVI is explained ahead in section 1.5



larger scales in the aftermath of an actual extreme event. Morebfimdings 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)Itimately, the information about frequency of extreme climate events derived
through previously known observations of simulation studies in the Arctic could strongly assist in

developimg 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 experimentallgtsanextreme

winter warming event on Arctic vegetation. They analysed the recovery of vegetation exposed to a
sevenday experimental winter warming event in Abisko, Sweden. Additionally, they also analysed the
impacts of an actual 1@ay episode of anontausly high winter temperatures during December 2007

in higher latitudes of Scandinavia. Througfidhl plot scale investigations of both the simulation and

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

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} istaniother important mechanism

of extreme eventriven 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 transpiiah at a time in winter when the soil water is frozen or feazen and
unavailable for plant uptak&akai and Larcher, 198HAjgh winter transpiration rates have been known

to cause plant desiccation and mortality adladscape scale. Overall, it is the swidter thaw which

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

The 20152016 winter was recorded as the warmest since 1950 on #@\pait scaldOverland and
Wang, 2016; Cullaer 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 (Vikh&otarleret al., 2016)Hence one



of the component analyses of this PhD is to detect and quantify potential vegetation browning with

regard to both current (20062020) and future (209§ 2100) winter warming events.

1.3.2 Rairon-snow (ROS)

As mentioned in séion 1.2, along with winter warming events, ROS events have also been linked with
vegetation browning damage in the Arcfite following sections review Arctic ROS studies in the
overall climatological context, and not necessarily analysing ROS astia diivar of vegetation

browning.

ROS events are one of the many types of extreme climate events in the Arctic. Assessing ROS is
demanding due tddifficulties in quantifying rain and snow in the Arctic and in modelling ROS events
using GCM&ennert et al., 20098enerally, ROS events are linked with steonh warm spells, lasting

for hours to days, in autumn and winfgtansen et al., 2014Though RS 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., E@2 Example, ROS events can lead

to the formation of ice layers within the snowpack through a thaaze cycle of the combiriah of

snow onground 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 animékstween November 2013 and 20{8erreze et al., 2021)
Moreover, groundce causes damage to both vascular plants and licfBjeske, 2011) When
vecetation 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,aat@aulation

(G.K. Phoenix and Lee, 2004lpng with damaging ecological effects, ROS events also have significant
socieeconomic impacts such as sluakalanches 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
201112 winter seasofHansen et al2014yp ! (G SYLISNI G dzNB Fy2YlF & 27F dzLJ
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normal, was recorded at the Svalbard Airport meteorological station. Moreover, 8th February saw the
KAIKSAG CSOoNHzZr NBE GSYLISNI GdzNSE NBO2NR 2 Frat@résl f 6 I NR
GSNBE (KSYy F2ft26SR o6& | mnx [ Lidzy3aSo ' f2y3 gAGK
late Januanearly February 20112, a number of heavy rainfall events were observed as well. The most
extreme rainfall event was recorded on 30#nuary 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 Norwesal| et al. (2019)ave developed a firdime climablogy 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 3smow afater equivalent

(SWE and 5mm of rain. Their variables of interestrevédemperature, precipitationSWE 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. Thecorrelations 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 west@rNW I @ Qa ¢S G KSNJ | YR KS)
winter ROS. The NAO was found to be most strongly correlated with ROS in seagiekorway

areas, up to 68 °N. For their North region, the correlation between the AO and ROS was higher as
compared to the NAO due D KS ! hQad OSYyGNB 2F | OGA2Yy o6SAy3a 20
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 althaughmber 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 winteatiher 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 20shtury and these studies were drawn principally from

the atmospheric literature. There were no studies fourad timk 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 dtéargLiang et al., 2022)Iin order

to provide moreaccurate 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 downscaliagrisd out either dynamically through
Regional Climate Models (RCMs) or by applying Empirical Statistical Downscaling (ESD) methods (lbid).
The output of RCMs, which usually covers a limited area such as country level, offer detailed and high
resolutionmeteorological simulations. Such simulations are generalbsuitdd for robust impact and

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

To address the second and third research objectives of this PhD research (outlined inlsgction
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

AYLR2NIFyYyG G2 dzy RSN lveryNBrway overallaAn [e3aunNgie 20N fdvigu® Sork2

z A ~

running WRF oveMorwayA & { K daddzRe o0& | a WRF|withf ERAO Eeéinalysis ® O H 1
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as the input, at 30 and 10 km horizontal resolutions, for the time period 1961 to EB240 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 stationgMarshall et al., 2018) SA { 1 A f &éluatedf adrange rofnsurface
climatological variables from the WRF output against those from multiple meteorological stations,
ENSEMBLES (Ensemibblased predictions of climate changes and their impacts) models ar¢OERA
Their variables of interest, pripiéation and 2m surface temperature, coincide with two of the primary

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

2wCQa LINBOALMAGEFOGAZ2Y 2@0SN) b2NBIFeQa O2I ahiasas | NBI &
compared to ERAQ. 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 neseasonapositive bias was also observed for northern Norway. A key
YSIF&dzZNBE F2NJ FaasSaaiy3a | Y2RStQa LISNF2NX¥IyOS Aa A
of frequency and the intensifyHeikkila et al., 2011WRF run at 38Bm and especially at a refined-10

km grid, significantly outperformed ER® 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.
I SAT1Af Si Fftd® ovwnmmy S@Ffdad G§SR 2wCcQa aiAtft

tKSe KI @S 02y Of dzR S R loigkhe épastaweEstin rebidS(D)4 bIxigute @.2)2 v |

is well simulated, however is exaggerated for the drier regions (3,10 and 12 in Figure 1.2).
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Precipitation regions (1-13)

Figure 12 Norway precipitation regions, with their respective mean ptatgn in 1961¢ 1990
0{2dz2NOSY | SAT {1 A€ Si It P HAMMO

Ly GKS O2yGSEG 2F 2wcCcQa GSYLISNI (dzNB 2 dzi LIdzd T2 NJ
simulations performed better than the ENSEMBLES models in terms of the mean regional temperature

bias. e 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 @©.B°C over Norway was obsalvior both ERA0 and WRF.
Interestingly, the temperature simulations at thel3@ WRF grid outperformed the 10 km grid across

Fff NBIA2YyEP wS3IFNRAYI SEGNBYS O2ftR (SYLISNI i dzNB
compared to the meteorologicabservations. On the other hand, extremely high temperatures were

found to be well simulated, and the same for the 10 and 30 km grids.

14



Temperature regions (1-6)

Figure 13 Norway temperature regions with their respective mean temperature in(1880
0{2dz2NOSY | SAT {1 A€ Si It P HAMMO

I SAL 1A SG td onnmm0 02y Of dZRSR GKIF{G 2@8SNItf 2w
well even using the default physjgarameterizations. 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 exampleDyrrdal et al. (2011analysed the &nds of freezéhaw events based on
observed daily mean temperature, which were in the radge-mx [/ = 2 @SNJ K& GAYS
2010. The results of their study showed that the highest number of days with-freszesvents

occurred over the coastareas 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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Climatology
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Long-term trends

Figure 14 Freezehaw events in Norway over the time period 18@D10 (Dyrrdal et al., 2@). Neg.
and pos. sign (legend) refers to the statistically significant trends in-fine@zevents. Whereas the
neg.notsign. and pos.notsigefer to the trends which are not statistically significant.

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

ONRPaaSR U(KS

n X

/| GKNB&K2f RT 2y q2f3Kime pgripdihet

F Y R

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

RSGSNI¥AYSR

threshold. In the context of temperature changes in Norway, another studyNassey et al. (2021)

GKS @SN 3IS ydzYoSNI 27
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Their work examined both the historical trends and future projections, in annual and seasonal

frequency of days with zemrossings (DZCs). Their study used theeigblution (1 x 1 km)rglded

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 1974 2016. Interestinglyuture projections of DZCs showed a decrease

for the lowlands and increases otherwise, especially in the northernmost county, Troms og Finnmark.

16

p
[

R



The strongest rise in DZCs is projected for the winter season unddRéyatbsentative Concentration
PathwaysRCPs) 4.5 and 8.5 over 2@72100. RCPs 4.5 and 8.5 represent low and high greenhouse
gas emissions trajectories, respectively, under the Fifth Assessment Reportoy(ARSE)

Intergovernmental Panel on Climate Cha@i§€C).

1.5 Application o$atellite 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 increas
has been attributed to both, warming releasing cold temperature constraints on photosynthetic activity
and growth (including both warming and longer growing seagbessholt et al., 2012nd the C®
fertilization effect(Gustafson et al., 202The Normalized Difference Vegetation Index (NDVI) is the
most widely applied satellite index &ssess Arctic vegetation dynamics I€aglsen et al. (20181ay

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

al. 2014), Epstein et al. (20133amon et al. (2013Bokhorst et al. (2012Rhatt et al. (201Q)and
Tucker et al. (2001)t is commonly incorporated due to its straightforward calculation and historically
available selection of ban@glyersSmith et al., 2020NDVI uses the difference between near infrared
(NIR) and red spectrahnds 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. Kéker, 1979k calculated as,
b5+L I¢ &wOkLW bLw b ~w0X 06KSNB °~ | NB NBT

Satellite NDVI is mainly applied to studgetation phenology and productivity over a typical growing
season (Gamon et al. 1995). While satelidsed analysis of browning events is limited, the few studies
that exist have mainly applied NDVI to investigate the vegetation productivity decreaseedhbsn

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 anakteorological 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, durirdulyidt a 250m spatia
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% reductionJunlyriDVI

for the growing season in 2008, as compared to tlavigng 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 plbxs@Bcm), over which the ratio of live to

dead $10ots 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 andauetused by Bokhorst et al.
(2009) underscores the importance of a mdiiciplinary approach to accurately identify browning
events, examine them and assess the level of damage resulting from such events. Moreover, their work
highlights issues of spdtiacale discrepancies in comparing ground and satellite data related to
vegetation damage; since the-gnound observations were at 60 x 60 cm plots, and one MODIS NDVI
pixel covers 250 x 250 m area. For example, one of the drawbacks of roedits® resaeition 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 applicati 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 shortterm (Gamon et al., 2015NDVI can have other problematic areas as well such as the effect
of under canopy bare soil and saturation from dense vegetation ¢blmte et al., 2002)Hence
research has strongly argued the potential of complementary techniquestegraited or combined
structural and physiological vegetation indices for analysing canopy scale vegetation state and

photosynthetic performancéGamon et al., 2016)
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Lara et al. (2018gxplored the role of landscape characteristics to explain climate vegetation
interactions in detail. Their study is related to vegetation productivity changésskan 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. Exeamf 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 nutstiaffe

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 coasttadra. 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.
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Figure 15 Major geomorphitypes on the Arctic Coastal Plain of northern Alaska (Lara et al., 2018, p.2)

When investigating the biphysical status of vegetation, various researchers have advocated the use
of vegetation indices which are responsive to photosynthetic pigments, asuahlorophyll and

carotenoids in leaves, to detect changes in photosynthetic activity and phe(@wgyer et al., 2011;
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Gamon et al., 2015; Beamish et al., 2018; Wong et al., . A0@Is 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 luteincaeteene, xanthophyll,
(Gamon et al., 2016). The composition of the carotenoid pigment pool varies on a seasonat and sub
seasonal scale depending on various factors such as environmgessors, 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 stage@-ilella et al., 2009%amon et al., 2016). For example, vegetation carotenoid pigments
can increase due to exposure to various stress inducing forces such as extreme temperatures, low soll
moistute levels, and nutrients (Gamon et al., 2015).The photochemical reflectance index (PRI) is linked
with the carotenoid concentrationsand hence has been applied as a reliable indicator of
photosynthetic activity and phenolog@amam et al., 1997; Goerner et al., 200R)has also been used

to estimate stress associated spectral responses of plants (Herr@laeente et al., 2019). PRI

(Gamoret al., 1997)s defined as,
PRI=Z=(R53wpTn0 Vv O6wpomM b wpTtTnus 6w AYRAOFGS&E NBTFT !

Initially PRI was developed to monitor the xanthophyll cycle on a circadian timescale (Gamon et al.,
1997). In the shotterm, the xanthophyll cycle fluctuates as plants dissipate excess light energy from

the photosynthetic complex via the xanthophyll cy@#eng and Gamon, 20k8) ¢ KS 0O& Of SQa | f
influence spectral reflectance at the wavelength 531 nm, thus offering a metric to study how the
photosynthetic lightuse efficiency (LUE) varies in the stiern (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 ratigé-ilella et al., 2009)n the context of a vegetation pigmeiigsed 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 thwdaigl 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&udied the performance of MODBd#grived CCI (1 km spatial resolutimrtyacking
photosynthetic phenology in evergreen conifers, in Canada. They evaluated MODIS CCI against a
number of empirical measurements at the leaf and canopy scale. These inahdeatdrybased
measurements of chlorophyll and carotenoidsfiéid 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 canegmale fluxower 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).
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Figure 16 Measurements of daily GPP (black lines), MODIS CCl{esd AirC 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 pigmentbased approaches for remotely monitoring photosynthetic activity, Wang et

al. (2020) havalso examined the relationship between MODIS CCl and flux tower GPP. In addition to
/1LY GKSe& aiddRASR b5+xLQa LISNF2NXIYOS & 6Stf I
resolution of 1 km. Their study was focused on native praigetagon, comprising of uniform
grasslands, in Southern Alberfdhe main findings of Wang et al. (2020) were that NDVI was more
responsive to leaf emergence early in the growing season. Whereas CCIl was better at capturing the
subtle changes in canopy coto arising from variations in the chlorophyll and carotenoid
concentrations Therefore, CCIl 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 relationshipwhitn@iP

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 pttdity dynamics more accurately at different stages of

the growing season.
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Figure 17 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 andTiEg. sites E3 and E5 are{dmminantly grasslands located within a
working cattle ranch in southern Alberta, Canaldze ope 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 isegsing vegetation productivity, limited research
has been conducted in the context of GB®I relationships of Arctic vegetat{@eamish et gl2020)
Moreover, no studies were found with regards to the application of satbised CCI to examine
impacts of extreme weather events on the productivity of Arctic vegetation. EXxisting studies related to
photosynthetic pigments of Arctic vegetation aresthpbased on #situ reflectance measurements.
Studies that have used sateliierived CCIl have focused on applying the index to study phenological
aspects irevergreenforests in the boreal or Arctic regions, (e.g., Gamon et al., 204guire et al.,

2021) Therefore, application of a satelibased CCI to examine dwarf shrub heathland in the Arctic,
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in the aftermath of extreme weather events, provides a unique appity to explore the potential of

pigmentbased 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 climatgelsgenarios, 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 iArctic vegetation species range and distribution in response to environmental
predictors such as Grtilisation, other nutrients, and climatic variables, is an active area of research.
Vegetation responses to such evolving environmental conditions besare studied using Dynamic
Global Vegetation Models (DGVMs) and Global Vegetation Models (GVMs). In thisfeoeneket al.

(2014 have simulated various types of vegetation responses, at a globaltsdakeyre climate and
carbon dioxide changed/hile Friend et al., have performed their simulations on a global scale, here in
this literature review it is most relevant to fooois the results of Friend et al., related to the Arctic
because this PhD research is focused on the Norwegian Arctic Regitime Arctic region, they have
focused on boreal forests. Their results show a notable increase in the carbon storage &cross th

majority of the boreal forest by 2100.

Niskanen et al. (201%)ave studied how the biogeographical distribution of high latitudetetign

could alter in the time period 2078099, in response to a changing climate, under three CMIP5 based
emissions scenarios. The scenarios wereRiG€s 2.6, 4.5 and 8.5, which represent low, medium and
high greenhouse gas emissions trajectoriespeetively, under the Fifth Assessment Report (BR5)

the Intergovernmental Panel on Climate Chafig€C)Niskanen et al. (2019) have applied a
combination of environmental predictors representing climate, geology and topography at a high

resolution ofL 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 dodeontinue their current range.

In addition to Friend et al. and Niskanen et @ustafson et al. (202have 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 amtbet of ground
vegetation i.e. shrubs and grasses (the focus of this PhD), were that overall for both RCPs 2.5 and 8.5,
CQ fertilisation strongly contributed to higher vegetation productivity (as seen in previous studies as
well), higher air temperatuge 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 vegetatigposition, 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 differeiaepges 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 datted to vegetation characteristics

iii. Infield experimental simulations of extreme weather events affecting vegetation

iv. Landcover typology based vegetation analyses

v. Climatological and/or ecosystem modelling

It has been widely emphasised withiretArctic 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 chafdentsch et al., 2007; Smith, 2011,
Bokhorst et al., 2015T he literature review conducted for this thesis showed that very few studies have
focused on simulating vegetation productivity changes, in the light of potential chamghe
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 systhi@g 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 vibigimed at addressing RGflthis
research Chapter twautlinesthe case study browning evenfgovides the background of the ground

data, related to these events, collected by previous research. This is followed by the hypotheses
construction relatedo satellitebased examination of the browning events. The results of the analysis
in chapter two are presented separately for each studyasitehypothesisvise. The results across the
sitesare subsequently comparet@ihe discussion section of chapter two compares the performance of
the different satellite vegetation indicesin light of the onrground observations, highlights the
challenges faced iemote detection of browning eventand explains the selection of thegetation

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

Chapter three of this theseddresses RO2 of this PhD research. This chapter provides the technical
background of the RCM (i.e., WRF) used to produce the meteorological simuTaimisollowed by
description ofthe various datasets used to produce the simulatidtext,the statistical analysissed

to understand the relationships betwedime vegetation productivity and meteorological variablies
explained The results of chapt three are presented undetwo main themesFirst an assessment of

2w Cdgndulations of extreme weather events asgtond the results of thestatistical relationships
between summer vegetation productivity and winter metdesr the study areaTheserelationships

inform the analysis in chaptéwur.
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Chapter four of this thesis is focused on RO3 of this PhD reskaefiins by providinthe context of

the future occurrence of browning in the lightaimate change. Th&ork present the projectios of
changes ithe frequency and intensity dlifferent winter extreme weather events for northern Norway
under three emissions scenarid$e discussion section of chapter four links the findings of chapters
two and threein that the future projections of changes in vegetatiproductivity, are interpreted
based orthe findings of the satellitebased signal of eground productivity decreasn chapter two

and the statistical relationshifmetween vegetation productivity and winter meteorolagychapter

three.

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

for future research on the topiof 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 (Mye®mith et al.,, 2020). For example, differences in the

O2y OSLJidz- f dzy RSNEGFYRAY3I& 2sBpatictbhipi® geRad agdell a¥ S @S v
within the remote sensing and ecology literaturd4ost of the research related to impactd

vegetation browning resulting from extreme winter weather events in the Aasidbeen conducted

through field measurementsi§ discussed in chapter 1). However, field studies in the Arctic region are
expensive, spatially restricted, challenging and time consu(Bieanish et al., 2020)Therefore,

remote sensindpased 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 (Mtharacterise oground browning events. This is mainly because such events are
comparatively recent, e.g. landscageale browning event reported first in 20(Bokhorst et al.,

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

W{ LSO MIyta SNBESHVi 4 Q KI @S -térs GegreaseS il the/Vedetatioriirklex dhaitK 2 NJi
Oty 0SS FUGdONROdzGSR (G2 | RA&GdzZND I y OS-SniitdaD&., 2024, LIS NI |
p.109). However, very limited research exists on the type of thditgaVI, e.g., structural or pigment

based, most appropriate to quantify an acute decrease in vegetation producliesying the
effectiveness of a pigmeiiased satellite VI to examine browning events is important because in the
ecological context \getation browning has been discussed as an abrupt decline in the
photosyntheticallyactive foliage as a result of vegetation exposure to extreme weather events{Myers

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

of extreme weather events on vegetation using pigmeged 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 umderstand the satellitbased signature of
browning events caused by extreme winter weather conditiofibis chapter is focused on
investigations of browning events observed in low lying Arctic vegetation such as dwarf shrub
heathlands consisting of dominant species sucBrapetrum nigrunand Calluna vulgris ROlwas
achieved through examining the effectiveness of pigrbeised and structuraiaellite VIs at capturing

the vegetation disturbance observed on ground following extreme winter weather events. In doing so
this research also offers-@tepth insghts into the potential of satellite VIs to independently identify
browning events occurring at complex heterogeneous landscapes such as the Arctidviegioner,

this research provides much needed insights on the potential of pigrastsl satellite i 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 researchhés first to provide irdepth satellitebased
understanding of browning events in the Arctic, it was important to select areas where fielddata ha
provided clear evidence of vegetation disturbance because of extreme winter weather events. A
varying percetage 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 sedmahalready occurred following the
browning events at these sites. Mean damage intensity in Table 2.1 rethesrteean fraction of the
dominant vegetation species damaged at each site, relative to neighbouring undamaged vegetation.
Figure 2.1 shows énlocation 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 bigohysical status at the plot level and helps toansthnd the spatial scale of the

field measurements (50 cm x 50 cm plots).

Table 21 RO1 study site characteristics

Study site 2Climatology| Vegetation Extreme | Avg. GPP | Mean Visual indicators
characteristics winter decrease | damage | of vegetation
(Treharne, 2018) weather | for 2016 | intensity | damage
events growing | (Treharne,| (Treharne, 2018)
season 2018)
(Treharne,
2018)
1. Flatanger, | Dfc Evergreen shrubs 2013/14 | 35% 66% Shoot mortality
Trondelag (Subarctic) | (67%): Extreme and browned
County Calluna vulgaris winter leaves
(dominant) Vaccinium | warming
cndnebd species anétrica and frost
69 tetralix. drought
Ground cover (30%):
Hylocomium splendens
andRacomitrium
mosses
Thin to no tree cover
2. Storfjord, ET (Tundra) | Evergreen shrubs 2011/12 | 41% 51% Wilted and
Troms og (79%): Extreme browned leaves
Finnmark Empetrum Nigrum. winter
County warming
Thin and sparse groun| and frost
69.3% bx ™ cover (45%): drought
69 Cladonidichens, and
Polytrichumand
Hylocomium splendens
mosses
3. Lofoten, Cfc Evergreen shrubs 2013/14 | 37% NA Shoot mortality
Nordland (Subpolar (75%): Frost
County oceanic) Calluna vulgariand drought
Empetrum Nigrum
68.16 b X
MO PT Ce S Ground cover: 2015/16 | 23% Heavy
Hylocomium splendeny Extreme anthocyanin
andPleurozium winter pigmentation
schrebermosses warming

No tree canopy

2 For details of the climatology classification Beek et al(2018)
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Location of browning events case study sites on map of Norway

Lofoten

0 250 500 km

Figure 21. Map of Norway showing the point locations of case sti(Ried circleg)nder this research.
The left panel (inset maps) show the local study site characteristics. The insets correspond to (a)
Storfjord (b) Lofoten and (&)latanger This map was produgén QGIS.
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Figure 22 Different leaf biephysical status at the shoot levelcjeand plot scale {g). (a) Green, (b, c) anthocyanin
pigmentation, (d) mortality, (e) plots dominated by grey coloGegllina vulgarigf) Dark red anthocyanin pigmatibn 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 thatkern maritime area of Flatanger experienced
winter warming in December 2013, which resulted in elevateeDm@mber temperatures, rising up

G2 wmn x/ ® ¢KS O2 yzar§ Qalnii tenth&atuires Eatiseddmpletd shavBielt over
three weeks in Bcember 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 (B)de et al., 2014). This has been
attributed to hightemperature variability and frost drought conditions in Decenglilemuary 2011/12

(Ibid).

The Lofoten study site experienced extensive shoot mortality following several episodes of warm
conditions hrough December 2018nd severely dry conditions over Januamarch 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, ROdr@pver, this site also
experienced anomalous warm conditions in December 2015, with mean weekly temperatures of up to
426/ 2 +a O2YLI NBR (RBoh S5KSO6¥NSKI NBEY RAMyOod ¢KSa
wide-spread loss of snow cover, wiwas followed by return to freezing temperatures oviég B

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

Calluna vulgariat various locations across the Lofoten islands (lbid).

It is important to notéhere 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 disarthis chapter

are based on previous research. Chapter 3 of this thesis providegtmanalysis 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 weré\ihiemalized Difference Vegetation Index (NDVI) and the
Chlorophyll Carotenoid Index (CCIl). Both were derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS),-board Aqua and Terra satellites. MODIS is a medium to coarse spatial
resolution atellite (2501000 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 us@Vang et al., 2018)Although the spatial resolution of MODIS is coarser as
compared to sensors such as Landsat and Sentinel, it has beed &ogoe one of the most viable
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satellite data sources for the Arctic regi@€arlsen et al., 2018)t enables the acquisition of higher
amounts of imagery despite these regions being exposed to extensive cloud cover and fog allgear roun
and especially during the growing season (lbid). The NDVI dataset used in this chapter was
MOD13Q1.006, which has a 250 m spatial resolution arthyt@emporal resolution. More details

about this product can be found BP DAAEMOD130Q1 (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 CClI, the surface reflectance datasets were psackto obtain only clouiee 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 resige sen
related to effects arising from sensor view angle, sensor position and solar position. The VZA correction
O2yaraiSR 2F NBY20If AWandedal 202 Thé fedulfing C@l RlgoRthm: V2!
was validated by calibrating values directly against locations and data used in Wang et aD2020).

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

a spatial resolution of 1000 m.

CCl was estimated as,

CCl =BB/B.+B (Gamon et al., 2016)

The CCI observations were then standardized, to be comparable with th@RdbMBanN et al., 2004)

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

Standardized CCI = (CCI+1)/2

Table2.2 MODIS VIs used in thisaarch

Vegetation Index | Dataset Spatial and temporal resolution

NDVI MOD13Q1.006 250 m, 16 day

CCl MYDO9GA.006 1000 m, variable
MYDOCGA.006
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https://lpdaac.usgs.gov/products/mod13q1v006/

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 exampleet al. (20103tudied varying resolutions of MODIS NDVI (.28

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

vegetation changes at a local scale agdl® km resolution for regional and continental scales.

Both the NDVI and the CCI were obtained for the duration of the growing seaswhaif the study
sites. The growing season for this research is considered as Saptember, as per Treharne (2018).

Alldatasets were accessed and processed using Google Earth Engine and RStudio.

2.2.3 Methodology

This section describes tisteps followed to achieve ROIhis researchssesses the effectiveness of

two satellite VIs in detecting and quantifying-gmound reported vegetation disturbance in the
aftermath of extreme winter weather events. Based on the findings of previous stelditesl to the
impacts of extreme weather events on vegetation in the Arctic and\gtilr 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. HZI 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. HA4: Changes in photosynthetic actiwat 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 raa@f observations, e.g., median, maximum, minimum and outliers, of each

growing season over 202019, 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 distributithre dfrowning 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. @istributions were compared through tNeéilcoxon signedank

test, a nonparametric test, used to determine whether the population distributions of two data
samples, originating from repeated observations of the same subject, are different (WilksF2011).

the Wilcoxon signedank testthe null hypothesis wasoH 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 HZ, H5, the next stges 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 wasdcattipar

that of the other years. For this the CCl 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 depictior
of distinct stages of the growing seasonthe 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

2F @S3ASGrdAz2y Ay (GKS ! NDGAO KFra LINRPGSR |y STFS
changing climat@/Nang et al., 2018 herefore phenological transition dates were extracted separately

for each case study site since these can significantly vary across different lanfis/@eqoest al., 2018)

The phenology transition dates were determined using TIMESAT, which is a tool widely used for deriving
phenological parameters from VI timeseri€donsson and Eklundh, 2004pifferent fitting
methods/smoothing functions are available to use within the TIMESAT interface to extract phenological
metrics. Thesentlude Asymmetric Gaussian (AG), Double Logistic (DL) and Sawitky(SG)

functions. Details about these functions can be foun&kiundh and J6hnsson (201A)l three

functions have been found to be spatially consistgrsira and Gandini, 2016§or 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 fittithgpds 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 semlocal methodwhich performs well even for timeseries with intgmual variation$Eklundh

and Johnsson, 2017)
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Figure 23 The main phenological stages in the annual growth cycle of vegetation, as represented by
satellite VI§Zhang et al., 2012)

Following the TIMESAT phenology extraction, mean and standard deviations of both NDVI and CClI, were
estimated for each stage of the growing season for each study site. These steps helped to quantify the
spectral signal for egroundreported 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, satellitbased 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

2.3.1.1Satellitebased detection of browning events

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

the browning year, 2014, at Flatanger.
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Figure 2 (a) Growing season distribution for CCI at the Flatastyely site.
Boxes show the median and interquartile range, whiskers present minimum and maximum values, and
the circles denote outliers.
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Figure 24 (b) Growing seson 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 Gn@QDVI respectively, for the
Flatanger study site. These figures address H1. Visual inspection of the VI timeseries showed a signal
for the onground observed browning event in terms of a sudden, marked decrease in the VI timeseries.

The box plotsshowed K & F2NJ 620K / /L YR b5+LY HamnQa SyiaA

were the lowest values over the time period of 20@2

Figure 2.5 presents the average growing season trajectory @02, and the BY (2014) growing
season trajectory faCCl 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 Vs at this sitb. rdgards 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 tife 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.

variable

ccl

BY 2014 CCI

0.40 1 Average CCI2002-19

g 30 a5

Week number of year

Figure % Averagegrowing season trajectory (20Q2.9), and the BY (2014) growing season
trajectory for CCI at the Flatanger study site
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Figure 26 Average growing season trajectory (2QX®), and the BY (2014) growing season
trajectory for NDVat the Flatanger study site

Wilcoxon signedank test results

The Wilcoxon signednk test wasalso 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-gii® at the Flatanger study

site. On the other hand, for CCI, only 2014 was significantly different compared with theZX®
average growing season CCI. These results reidfahee earlier visual interpretations of the VI

timeseries in Figures4£¢ 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 related4wfthis chapter. A noticeable decrease was seen

for 2014, which measured the lowest value in both VI timeseries over the time period 202
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Figure 27 Maximum CCI and NDVI of each growing season®@fthe Flatanger study site

Spectral vegation 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 unifopgradual increase in productivity of the damaged vegetation.

LG A& RSWLISYRSydG 2y Ydzt GALIX S FIFOG2NAR adzOK |a GKS
of extreme weather and seasonal scale meteorology during the growing season. One céd¢teaisp

robustly identifying a browning event within a lelegm satellite VI timeseries was to check for a
recovery trend following a sudden sharp decrease. Moreover, given the inherently different algorithms
used for CCl and NDVI, it was hypothesiset ttierecovery 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 20PB16 in terms of gradual increase in the index valbggires 2.4 (a)

and (b))
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the impacts of an extreme winter weather event was stieed, appearing at a seasonal scali¢h no

discernible lowering of productivity in 2015. WhesdNDVI 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 pigmentabased 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 shorterm only. Whereas the impacts on the overall green biomass of the canopy,
arising from such meteorological conditions, are compargtieakier to monitor given that the

structural impacts last longer.

2.3.1.2 Phenology

Figures B¢ 2.10 present a comparison of the different growing season stages of CCl and NDVI in 2014
(BY) with other years, for Flatanger. Figures 2.8, 2.9 and 2fé&sadH2, 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 extacted using TIMESAT. The VI timeseries span in these figuresg4d 2004is is different

O2YLI NBR G2 SFNIASNI FAIdNBA RdzS G2 ¢La9{! ¢Qa LINE

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 CieiBY 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 MaxCCl based on the original CClI timeseries (Figure 2.7). While based
onthe original CCI timeseries, the BY MaxCCl was the lowest far 290Rowever the BY POS CCI of

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

TIMESAT POS CCI could be due to the inherent design of TitdE®fect 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.

Start of Season CCl and NDVI at Flatanger

TYPE
BYCCI
BYNDVI
OTHERCCI
OTHERNDVI
RYCCI

03 RYNDVI

VI

DoY

Figure 28 Start of growing season VI observations for Flatangeef8% to browning year, meaning
the year in which vegetation damage occurred; RY refers to recovery year, following the BY and DoY =
Day of year

Peak of Season CCl and NDVI at Flatanger

0.64

YPE
BYCCI
BYNDVI
OTHERCCI
OTHERNDVI
RYCCI
RYNDVI

Vi

0.4

190 210 230 250

DoY

Figure 2 Peak of growing season VI observations for Flatanger. BY refers to browning year, meaning
the yea in which vegetation damage occurred; RY refers to recovery year, following the BY and DoY =
Day of year
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End of Season CCl and NDVI at Flatanger

0.6

TYPE
BYCCI
BYNDVI
s OTHERCCI
OTHERNDVI
RYCCI
RYNDVI

021

240 250 260 270 280

DoY

Figure 210 End of growing season VI observations for Flatanger. BY refers to browning year, meaning
the year in which vegetation damage occuread RY refers to recovery year, following the BY.

It wasworth notingthat CCkhoweda largevariationin the annualphenologytransitiondates,aswell

asin the observedvaluesat eachstage Onthe other hand,NDVIshowedarathercompactdistribution
of the transiitondatesandvaluesangeat eachstage.Thelargerseasonalariationan CClascompared
to NDVlarereflectiveof / / Ise@sitivityto subtlechangesn the carotenoidandchlorophyllpigments,
and its capacityto track the changesn seasonalGPPmore carefullythan NDVI.Theseobsenations
agreedwith previousresearch.Wanget al. (2020)found that CCimore closelyfollowed a delayin

attainingthe peakphotosyntheticactivityof agrasslandscomparedo NDViandthusshowedamore

dynamicrelationshipwith GPP.

Theresultspreseried herewith regardso NDVidetectingreducedvegetationproductivityat SOSH2),
POS(H3) and EOS(H5), agreedwith (Zhanget al., 2018) in a way that they found NDVIto better

representthe O | Y 2 dvi@aDsiructuralgreennesscrosdifferent sitesin North America.

Visual inspections of the indices in Figureés @2.10 were confirmed by comparing the BY VI

observations against, the loigrm average and standard deviation, estimated for each stagesof th
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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 lowah¢harean, and well outside +1 standard

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

respectively.
0.6-
05-
type
e —*= AVGcci
> —o- AVGndvi
oA * - BYcci
* BYnavi

0.2-
1 1
A B
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o -

Figure 211 Meanand standarddeviationof eachstageof the growingseasonfor Flatangerstudy
site. Theverticalbarsdenote+1 standarddeviation,andthe circleswithin the barsdenotethe mean.

A=Startof growingseasonB=Peakof growingseasorand C=Enaf growingseason
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2.3.2 Storfjord

2.3.2.1 Satellitebased detection of browning events

A robust spectral browning event signal was observed for the vegetation damage at Storfjoritiestudy s

in the BY 2012 in the NDVI, but not in the CClI
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Figure 212 (a) Growing season distribution for CCI at the Storfjord study site respeBibedg.show
the median and interquartile range, whiskers present minimum and maximum values, and the circles
derote outliers

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

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

Figure 2.12 shows the annual growing sea€&l and NDVI range for the Storfjord study site, and

I RRNBaasSa Im dzyRSNJ 6KAA OKFLIISNY ¢KS 2@SNIff NI
stand out as particularly different or decreased. In contrast to CCl, NDVI presented a strdgg, clea

noticeable decrease for 2012.
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Figure 212 (b) Growing season distributidor NDVI at the Storfjord study site respectiv@bxes show
the median and interquartile range, whiskers present minimum and maximum values, and the circles
denoteoutliers.

Figure 2.13 presents the trajectories of the average growing season over 2902nd 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 addressaithis chapter.
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Figure 213 Average growing season trajectory (2@Q0), and the BY (2012) growing season
trajectory for CCI at the Storfjord study site
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Figure 214 Average growing season trajectory (2@Q0), 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 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 didveoalalistinct 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
subseasonal fluctugons 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 producf{ay et al., 2018)The presence of
Hylocomium splendensiosses 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 (lbid). ldgveaamining the role of such factors was

beyond the scope of this research.

Wilcoxon signedank test results

The Wilcoxon signenk 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 (260219) at the Storfjordtudy 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 1.24.

One of the potential reasons for the Bwing 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 cidachic@tion

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 eR@20). 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 CCl at Storfjord.

Figure 2.15 shows the maximum CCI and maximum NDVI vdlighsgenote 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 th@200-period, indicating

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

variable

= ccl

— NDV1

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
YEAR

Figure 215 Maximum CCI and NDVI of each growing seasor®apStorfjord study site

Spectral vegetation recovery trends

As also discussed for Flatanger, oneheffactors in detecting a browning event within a koegn
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 2@BL8me period, a noticeable decrease was
spotted again for 2016. While Treharne (2018) have attribttedegetation 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 208/16 winter was the warmest Arctic winter-oecord and at a regional scale at

that time (Cullather et al., 2016; Overland and Wang, 2006 )verify whether the abrupt decrease in

the NDVI in 2016, was in fact due to an additional extreme wintethereavent 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 thesmeteorological station observations, two winter warming events could have occurred

in March 2016. First was in madl NOKX ¢gKSNB GKS YSIy AN GSYLISNI
02y aSOdziAgdS RI&asx GKSY RNRLILISR {warming éventvaag@®® S NI 1 x /
SYR 2F al NOK gAGK GSYLISNI GdzZNBa adleAy3da Fo20S n;
observations have a time period of missing data betwdeRe®- 9" March. Moreover, this was not

the time period when the winter warming eus 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 grousicing, which is known to cause damage to vegetation. Keeping ahead the
Storford 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 higgmperature episodes 2015/16 winter, and that the vegetation at

this site had actually recovered from the 2011/12 damage.
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Figure 216 Mean air temperature, snow depth and maximum air temperature for November 2015

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.| (Source: Norwegian foeilienate Services)
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2.3.2.2 Phenology

Figure 2.1¢ 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. Figurgs2218 and 2.D 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 ig 2807 his is different compared to

SI NI ASNJ) FTAJdzNBE RdoRthade ¢La9{! ¢Qa LINROS&aaAyd

Start of Season CCl and NDVI
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n
!

TYPE
- BYCCI
BYNDVI
OTHERCCI
OTHERNDVI
RYCCI
RYNDVI

0.501

90 120 150 180 210
DoY
Figure 217 CCl and NDVI at tis¢art of seasonat 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. Tihbdle 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
O2dz RyQi 068 RAFFSNBYGAL (SR Patol, atdrg Sage (iknSegards S | N&
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 theecord 2014 BY at Flatanger. The NDVI
indicated arearlier 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 tbeigg 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.

Peak of Season CCl and NDVI
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BYNDVI
OTHERCCI
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Figure 218 CCl and NDVI at tireak of Seasopat the Storfjord study &it 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
CCl was the lowest for 20Q8, however the BY Maximum CCGhef TIMESAT fitted POS stage was not

the lowest. This was also observed for the Flatanger study site.

End of Season CCl and NDVI
0.2

TYPE

BYCCI
BYMNDVI
OTHERCCI
OTHERMDVI
0.44 RYCCI
RYMDWI

Wl

DoY
Figure 219 CCI and NDVI at tleed of seasqrat the Storfjord study sitBY refers to browning year,

meaning the year in which vegetation damageurred; RY refers to recovery year, following the BY
and DoY = Day of year

With regards to H5, both the EOS NDVI and CCl 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 tiveeled decrease in GPP, by increased

biomass at the EOS.
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Visual interpretation of the indices in Figai217 ¢ 2.19 was reinforced by comparing the BY VI
observations against the mean and standard deviation estimated for each stage respectively. Figur
2.20presents 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 CCl at SOS (H2) was sulgphigjhgr compared to the lorgrm mean CCI

at SO0S. CCI at POS (H3) and EOS (H5) were contained within +1 standard deviation as well as closer to

the mean.
-
A -
Index
-+ jAyg CCI
> 1 - Avg. MOV
- BY CCl
BY MDWI
0 ] *
Season

Figure 20Mean and standard deviation at each stage of the growing season, for the Stitdjord s
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
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2.3.3 Lofoten

2.3.3.1 Satellitebased detection of browning events

A noticeable/anomalous desase 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).
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Figure 21 Growing season distribution for (a) CCl and (b) NDVI at the Lofoten stuglpsittively.
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 frat 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 CCIl and NDVI range for the
Lofoten study site, and address H1 under this chapter. The overall riangin €Cl and NDVI for the

2014 growing season did not visually standout as particularly different or decreased.

Wilcoxon signedank test results

The Wilcoxon signecnk 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 (2@UD) at the Loten study site. Figure 2.22 presents the average
growing season trajectory (20@219), 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
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trajectories were quite similar to the average behaviour of the Vls 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 2.22.23. The potential reasons fithe 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 thevsitdeterogengy

(seen in Figure 2.1 (b)) played a role here. However, such factors were also present at the Flatanger
and Storfjord study sites.

ccl

‘ variable

Lofoten avg. CCl phenclogy 2002-19
— Browning year 2014 CCI
1

30
Week nb of year

Figure 22 Average growing season trajectory (2@QQ®), and the BY (2014) growing season
trajectory for CCI at the Lofoten study site

60



variable
g Lofoten avg. MDVI phenolegy 2002-19
=

Browning year 2014 NDVI

W-eek nb of year

Figure 23 Average growing season trajectory (2@QQ0), and the BY (2014) growing season
trajectory for NDVI at the Lofotstudy site

Figure 2.24 presents the maximum CCI and maximum NDVI values for the Lofoten study site, which
addresses H4 of this chapt@&oth the 2014 maximum CCI and maximum NDVI values were amongst
the lowest for the 20029 timeperiod. However, thesalid not stand out as anomalously lower in

comparison to the overall maximum values over the study time period (209Q2

Based on the lack of a detection of a spectral browning event signal at Lofoten, further examination of

the 2014 growing season (&sthe cases of Flatanger and Storfjord), was not conducted here.
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Figure 24 Maximum CCI and NDVI of each growing season®@fthe Lofoten study site

2.3.4 Comparison of the spectral browning event detection across the study sites

The spectrabrowning 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%%md the dominant species

were damaged, at the Flatanger and Storfjord study plots respectively, even after two to three growing
aStazyao CtraGlIyasSN) 6SAy3a o6S8t2s GKS 1 NODGAO /[ ANDH
O2YLJ NBR G2 ({,whichFsaBddore linland.cWhiekthe 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. &latasghe

most affected site in terms of damage severity (Treharne, 2018). Hence both the satellite CCl and NDVI,

being more receptive to the vegetation damage at Flatanger was plausible.
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Table 23 A quick comparison of the vegetation damage relatsdli®of fielebased studies and this
research

Avg. GPP | % % Damaged Growing seasons
decrease | Damaged | of Vi significantly different
2016 of overall | dominant from longterm avg.
: vegetation| species in
Study site (Treharne, 2016 (Wilcoxon signedank
2018) test results, p < 0.05)
(Treharne,
2018)
0 [0)
1. Flatanger 35% 43% 66% NDVI | 2014 and 2015
CClI 2014
2. Storfjord 41% 42% 51% NDVI | 2012
CCl 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 wémg 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 vegetatibaakén retrospect

is quite challenging even at the grouledel. 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 Yfhsed spetral browning signal, under this research.

The vegetation composition differed slightly across the three sites. Vegetation at Flatanger comprised
of three types of evergreen shrubs, includ@egluna vulgari@dominant), Vacciniunspecies anérica
tetralix, and two type of mosses. Whereas at Storfjord the dominant shrukmvpstrum nigrumand
it had lichen and two types of mosses. The dominant species at LofoterCalraa vulgarignd

Empetrum nigrumwith ground cover of two types of mosses. Sggcbmposition 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 C@henology 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
FFFSOGa GKS [/ / L Qaluna wuigayigrdwsdtaller hbEnth&runy nigiug{Earkman,

1990) has spherical leaves with +90% &0° inclinations, as compared $oY LJS (i NJzY logigh 3 NHzY Q &
narrow leaves, which are mainly horizont@arkman (1979) in Barkman, 1990)hether
morphological differences, such as increased shrub height ofulgari2 NJ A G Q& LI NI A Odz |
distribution of leaves, contributed to a stronger CCI signal at Flatanger, wasl begacope of this

research. In addition to structural differences between vegetation types, their inherently different
seasonal variability could also have affected the overall VI pafteiltespie et al., 2018Moreover,
understanding the effects of vegetation composition and characteristicspectral 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, i# unclear based on the results here, whether CCI and/or NDVI better

represented damage in a particular species within a 250 m pixel.

CCl is highly sensitive to changes in chlorophyll and carotenoid pigments in plants, on a seasonal and

on a subseasonascale. In general an exponential relationship between CCIl and GPP has been observed

for a number of species and environmental conditigtefuelas et al., 2011However, the variation

AY [/ LQa LISNF2NXI YOS (2 NBY bt ébseeédlGRRIZEIRCticn,KS R A
across the study sites, in this research has demonstrated the need to understand sppedits CCI

GPPihks. For Arctic vegetation, the growth season considered in this researcii' daselto 36
SeptemberEmpetrum nigrunflowers soon after snow melt (Mawne in this region), and being the
R2YAYlFydQa aLISOoASa |G { i @exFaBeadyRrEsenk wihenitie CCIwasSt &
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 kapplied to anthocyanin containing plant tiss(iderzlyak et al., 2003Hence

it is possible that a comparatively large proportion of the anthocyanin pigments in the satellite pixel,

due to the presence of thEmpetrum nigrunflowers, could have interfered with the CCI signal at

Storfjord. Other facte&t RAFFSNBYGALF GAy3a GKS //LQ&a ONBgyAy3d |
Storfjord could be locatichound such as microtopography and landform type. Such factors were
understood to be especially important with regards to the poor spectral detectimegwtation

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

Ad NBO2YYSYRSR GKI G / with regagdRto \edetatiofia coas@iNFeasNdthl y O S

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 inkeatly different spatidemporal scales used within these

analyses. A huge spatial scale mismatch is faced when attempting to compare the field measurements

with the satellited 8 SR L& Ay (KAAa MhBsadSredsiDdmentsivbiddondiicd Qa 31
usinguY E MY LX 204> 6KSNBlI& ah5L{Qa L& Ay {(KAA NB:
1000m CCI. In terms of the temporal scale, it was challenging to compare results of Treharne (2018)

with this research since their observations were condutiesl 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 lager reductions in the fieldased 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 thavéhnell 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 CCIl and NDVI, especially the
maximum values, and the/el A NS 3INB gAYy I &SI az2yQa b5+L RAR 2F7FS
damage at Flatanger and Storfjord, albeit at a pixel level.
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2.3.5 Summary of the findings

The analysis here was aimed at quantitatively determining a spectral signature of @rdetatining,

in the aftermath of extreme winter weather events in the Norwegian Arctic andhstic. The
objective of the analysis was also to develop a definition for identifying spectral browning events in
terms of a thresholdbased reduction in a n 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¢ H5 (section 2.2.3).

H1: Gross, anomalous changes to the whole growing season. The BY NDVI at both Flatanger and
Storfjord were statistidly different, whereas the BY CCIl 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, SQ®VI 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 wasalserved 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 seaseMIMESAT 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 navestigated at Lofoten due to the lack of a signal identified iH4H1
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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 becausbdfd studies are expensive,
challenging and time consumi(®@pkhorst et a).2009; Beamish et al., 2020Qarge scale positive trends

in remotely sensed ViIs for the Arctic are widely understood to be indicators of increasing vegetation
productivity and biomass. However, can the same indices be applied to assess vegetstion str
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 Satellitebased phendalgical 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 teggm 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 COby 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 thé&COnainly been applied to examine
productivity of evergreen forests, and no literature was found regardindylog dwarf vegetation,

which were the prime focus of this studyBeamish et al., (202ave 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 studyestin this research highlights the need for further investigation to understand

satellitederived 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 palgtieetion 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 @creased 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.

CCl is responsive soibtle pigment changes at shorter time intervals, whereas NDVI can capture long
term, annually accumulated canopy greenr®gang et al., 2020Cl in the case of Flatanger was able

to track an earlier onset of the growing season as well as a-tbareaverage SOS photosynthetic
activity. Earlier leaf emergence in an Arctic vegetation sp&tigstisidaea has been reported as one

of the responses to winter icing events (Preece and Phoenix, 2014). Both CCl and NDVI capturing an
earlier SOS at Flatanger implied that this in fact could have been one of the phenological responses to
winter warmirg and frost drought. Hence earlier in the SOS, following the spring snow melt, is
suggested as the optimum growing stage to apply a pigiresed satellite VI for detecting vegetation
damage and/or mortality following extreme winter weather events. Howawee research is required

in this context due to the micrecale spatial heterogeneity of Arctic landform and vegetation

composition(Maguire et al., 2021)

The browning events discussed in this study exhibliféerent 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-gubtic. Whether a particular index significantly excels

at quantifying a specific type of damage could not beciegaly 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 havenkaeffekts on the
ecosystem, de 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 daisiagerom

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 resultimgndige 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.

24.2 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 CClI, this PhD research iipagst 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
Oy +ttaz2 068 6SI1SySR 0680FdzaS I+ aSyaz2Nna LAEST
happening on the ground and as well as by undisturbedthyeaegetation, occurring within the same
pixel(Berner et al., 2020; Myefdmith et al., 20200neof the major reasons that NDVI outperformed

I/ LT G 020K GKS &aiddzRée aArisSaz ¢la o0SOlIdzaS b5xLQ
compared to 1000 m CCI. Applying medium to coarse satellite Vis for the assessment of phenological

processes, ithin 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 fisesigite 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 chidenging 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, wabd@008 growing season, which was
attributed to the winter warming event in December 2007. A large range of 6% reduction in

NDVI was observed for 2008 w.r.t to 2007, across five different sampling sites (Bokhorst et al., 2009).
Such alarge varian in the NDVI decrease, due to the same winter weather event, presents a challenge

in determining a threshold I & S R STAYAGAZ2Y FT2N) WALISOUNIt ONRGSYA
about the understanding of the equivalence of ground damage aalliteatesponse. 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 nasured relative to neighbouring undamaged vegetation, in study

plots ranging from 1 to 60 m (Bokhorst et al., 2009; Treharne, 2018). In terms of niégliusatellite

spatial resolution (250 m MOS0 m Landsat), these nearby undamaged vegetation gmssibly

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 sametrexne winter weather event, could be an indication of how
different vegetation species respond to such events. Different Arctic aréirstit 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-taisdide/|
decrease with field observations of vegetation damage, it is important to remember that the satellite

decrease is representative of different levels an@$ypf onground 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 appaches 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 productivéyastht
phenological patterngGamon et al.,, 2015; Jeong et al.,, 201H&nce this research applied two
conceptually different satellite Vis to study-gmound reported vegetation disturbance. Moreover, it
was hypothesised that ¢hvaried characteristics of vegetation disturbance (as observeuoomd),

might be better represented by different Vls.

CCl and NDVI applied in conjunction has been shown to provide a more accurate interpretation of the
satellite VI and flux toweGPP elationship (Wang et al., 2020). While CCl is overall more dynamic than
NDVI at tracking the GPP fluctuations on a seasonal scale, however, NDVI is more responsive to the
initial canopy greemip (Wang et al., 2018). Issues of seasonal hysteresis in tHeadRB\felationship

Oy 6S YIylFr3aSR o0& FLWIXeAay3d GKS [/ /L &aArydz GFyS2dz
attaining a certain productivity level (Rahman et al., 2004). Hence both the indices complement each
other. It is also worth noting that NMBGPP 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 ViIs at or before the peak of the asdspthe

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 brownigxents.deally comparing the NDVI and CCI

simultaneously with the flutower 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, resultig 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 CCl algorithd. KA f S GKA& NB&SFNOK dzaSR ah5L{Q&a ol
calculating CCI at both study sites, other MODIS bands such as bands 4, 12 and 13, can also be applied
as a reference ban(rolet et al., 2005)The choice of the reference band can significantly influence

/1 LQa NBaLRyasS (2 (Bhibizta,y20R)Site el cBafatteriSids SayfdO &
vegetation type have been shown to play a key role in for example the performance of CCl with regards
to determining the light use efficiency (LW&perner et al., 2011Because limited research using CCI

in the context of Arctic vegetatidras been undertaken, the band that showed promising results across
most of the sites iGoerner et al. (2009yas used as the reference band here. Considering that there

was a difference between the performance of CCl at Flatanger, Storfjord and Lofoten, ittisalikely

CCI estimated with different reference bands might be required for different vegetation cover and
landform types in the Arctic and s#loctic regions. Hence more research is recommended to

determine the optimum band for the application of CCl in a@sg#\rctic 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 ths 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 mediwcnarse spatial resolution gdlite 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 Seiti@ein spatial

resolution) tostudy browning events is that these are not available for the time period (20005)
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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 growingces

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 stgdielated 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 lare ofte
publicly accessible. Meteorological conditions associated with extreme winter weather events such as
winter warming, frost drought and raon-snow, are often represented through climatic indices
(VikhamaiSchuler et al., 2016). Hence to increase thmui@cy 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 satelli¢ 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, thegavgawing season NDVI

is selected as the most suitable satellite VI, based on its better spectral browning detection as compared
to CCIl. Moreover, the average rather than the Maximum NDVI is proposed because the clearest signal
of browning impacts, as sWa 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.table effectiveness of CCl and NDVI was
analysed in detecting the eground 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 desceld under HX H5. Overall, the results of both the indices varied across the three
study sites, highlight the importance of spatial heterogeneity. Both CCl and NDVI exhibited a statistically
significant browning signal at Flatanger in the context of kklwds true for NDVI only at Storfjord.

NDVI performed notably better than CCI with regards tq H2 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 im Second CCl is more sensitive to subtle changes in the pigment levels hence the browning
signal is shoftived. The reasons for an absolute lack of detection of a spectral browning signal at
Lofoten is unclear. Therefore, more research is recommendagketermine 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 ontground decreae in GPP. Despite this it is highly challenging to apply medanse satellite VIs
independently to detect browning events in sparsely vegetated areas in the Arctic. Therefore, it is
proposed to consider meteorological information about browning cauwesitrgme 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 climatesummer NDVI relationships
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3.1 Introduction

The Arctic is currently undergoing rapid climate change (AMAP, 2017). As discussed id.8ection
extreme winter climatic events such as severe winter warmingsadRggmow (ROS) and frost drought
have been linked with various vegetation browning evenhtautiple Arctic and sulrctic 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 growig 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., 2021Although recent work shows that simple climatological indices can explain
the observed decrease in vegetatiproductivityrelated 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 raasis 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 byfreharne 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 betwaater extreme weather related
indices and both satellite and fidbkdisedNDVI, their analysis is based on a short time period (2011

15) and only two meteorological parameters (temperature and snow depth). This PhD research aims
to advance such analyseby 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 helpg &bof this

PhD, which is to determine the main meteorological drivers of safefited observations of
vegetation decline in the Norwegian Arctic and -8uttic. Subsequently, the statistical model

developed through this analysis, will assist to mfand 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 Arctiorowning linkages.

3.2 Methodology

3.2.1 Study area

Numerous browning events central and northern Norway have been reported previously (Bjerke et
al., 2017). Hence the study area for RO2 was selected to include the Norweghaatsulnd Arctic
NEIA2ya 0602@0SNRAyYy3 €I GAGdzZRSE FNRBY casestutly brovihing H e b 0 ®

AGSa Fa RA&aOdzAaSR Ay [/ KFELWGSNI o 5S4l Aft& | o2dz

Q)¢

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 brfaldiynder 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 modelsking the changes in vegetation NDVI to variations indéRrved
meteorological parameters. WRF was run to produce regional high resolutidnh kih) climate
parameters, because output from global climate models (GCMs), and reanalysis products gre usuall
too coarse (30 to 100 km horizontal resolution) to understand and analyse thesoesghysical and
atmospheric processes significant to Norwegian landscape and climate (NCC3J28)188 explained

in Section 3.1, RO3 of this PhD builds upon thisstal 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 usedor 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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Thefollowing sections, 3.283.2.6 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 mo@etsvers et al., 201y7)
encompassing interdisciplinary research, such as hydrological, atmospheric and climate change
simulations, anaperational weather prediction servicéSadian et al., 2018}t is equipped for use

across a varied range of scales i.e., metres to thousands of kilometres, offers various physical

parametrization schemes and has 45 vertical pressure levels, with the top level at 50 mb.

Running WRF consists of two major components, first is the WRFoPessing System (WPS) and
second, the Advanced Research WRF (ARW) dynamic Bloésgogram flowfor 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 g@ v4/v4.0/contents.html

External Data

Sources WRF Preprocessing System WRF Model
Static
Geographical i
Data — > 9e00re \
Gridded
Meteorological —_— ungrib
Data

Figure 3L Flow diagram of the steps to rtme WRF model

WRF enables simulations at varying horizontatrggdlutions. This is carried out through the nesting
procedure. Utilising the nasg technique in an NWP model means to run higesolution domain/s

located within a larger domain, termed the parent domain, which is usually configured to run at a
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coarser resolution. The nesting options in WRF consist eivapeind tweway nesting, ad a moving

nest. During onevay 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 feearits calculations back to the parent
domain. Within the twewvay 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
usng 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 stu@dyraospheric process or event. At the

end it is a tradeff between model stability, computation resources and time, and the depth of analysis

in context of the inneputer nest dynamicé&Skamarock et al., 2019)

3.2.3.2 WRF compilation on the HPC

{AYdzE I GA2yad F2N) 0KA& tK5 $SNB NHzy dzaAy3ad { KSTFA
Hence WRF was first compiled on Bessemer. Several trial simulations at varying horizontal grid
resolutions, 130 km, were run for estimating the feasibility ofrgputation 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).

2 wCQa O2 Yitldad HPAC arid 2lhthe Bimulations, trial and actual ones combined, took about 1.5

years to complete. Conventionally, the ppsbcessing tool for WRF output has been the National

Center for Atmospheric Research (NCAR) Command Language (NCL). Howenas, iRgteasingly

being used for the pogirocessing and analysis of WRF output. As WRF related Python resources are
aGAtt Ay (GKS LINRPOSaa 27T R SpbSebshgdf tfieNRF bulpiit WS gre a  dzd S

of the challenges in this PhD.
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Al WRF simulations were run using the default physics parametrizations of WRF, which include the
cloud microphysical scheme known as theldds scheme, the Kahmitsch option for convective
processes, the Yonsei University planetary boundary layer scttemdpninObukhov surface layer
parameterization and the-lyer Noah land surface scheme. The output was produced on a daily
temporal resolution. The-Way nesting procedure was incorporated for the simulations throughout,
because it helps keep compuitat times lowel(Hawbeckr, 2013) is the more widely used approach

in climatological studies, and ensures greater model stability comparesv&y 2esting, which has

been known to cause WRF destabilisafldeikkila et al., 201Jonventionally, finer resolution, nested
R2YlAya Ay b2t Y2RSftax |NB Nlzy F2ff2¢Ay3d GKS LI
enables simultaneous execution of several nests, allowing dynamic ititarreachange between
domains for every timestep, hence fewer spurious artefacts are generated over the inner domain

boundarieqSkamarock et al., 2019)

NWP models usually require a certain tipggiod to attain their own climatology, and thus reduce th
STFFSOGa 2F GUKS AyAlAlLf O2yRAGAZ2Yya 2y (GHSm&2RSt Q&
(Skamarock, 2004WVRF typically requires dl@& hour spirup time, which is quite economic, and thus

the driving models for WRF mainly provided the lateral boundary conditions and no artefacts were

AYUNRRdAzZOSR GKI (i O2rteRal fatia@ily. Ay Ff dzZSy OSR 2 wCQ
3.2.4 WRF validation simulations

Model validation is an important step when running meteorological simulations. Hence WRF was
validated over a recent timgeriod 19962000, 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 differencAhough it has a vast network of
meteorological stations, they have been operational for quite different time petio@sA({ { A € Si

2011) As a consequence, the meteorological stations selected for validation did not share a common
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operational timepS NA&A 2 R ®-m2swf&@ @mperaturand 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, tonote, validation was conducted of WRF simulations with two different driving datasets. These
were TheEuropean Centre for MeditlRange Weather ForecaslSCMWF) ERA5 reanalysis and
Community Earth System Model version 1 (CESM1) GCM, respectively \ERASKFE (BVRF herein
onwards) was validated becauseéMRF 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 WRFVRF here onwards) wasquired as WRF was driven with CESM simulations for

the future climate , under RO3 (discussed in Chapter 5 ahead).

Table 31 WRF validation simulations

Time period Driving mode| Domain resolution (km

19902000 | CESM1 do1 30, d02 10

19902000 | ERAS5 d0130, 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 ReporC@PAR5Bruyere et al., 2018) 2 wCQa &aAYdz | GA2Yy &
I 9{ aQa WY-sofrexted twentioth dedtury af 2 NOA v 3 Wiak 0sedffar miokleét yaklation

over the time period 199Q 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 providedt 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 CESML1 driven WRF simulations were downloaded from thdypatdidable NCAR research

data archive alnttps://rda.ucar.edu/datasets/ds316.{UCAR, 2022).

3.2.4.2 ERAS background

ERAS 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 statiMarshall et al., 2018)ERASserves as an
advanced representation of weather conditions in retrospective, as notétetspach et al. (2020,
p.1999)a ¢ KA & yS¢ NBI Yy tlritedirh @anaiySid fpiniaySLa79 ankasds) viidh was

started in 2006. ERAS5 is based on the Integrated Forecasting System (IFS) Cy41r2 which was operational
in 2016. ERAS thus benefits from a decade of developments in model physics, core dynamics and data
F&aAYAf I Aaxpatakres@utidn pf 3Kkmand consists of 137 pressure levels up tBdr Pa.

all the ERAS driven WRF simulations within this PhD, the HRWHB\6single levels and pressure levels

data were downloaded using the Climate Data Store (CDS, 2021).

3.24.3 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 (FigurEnd.2nalyses in

chapers three and four (ahead) mainly uses the 16r&solution simulations, if not stated otherwise.

82


https://rda.ucar.edu/datasets/ds316.1/
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Figure 3 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 nuadefdill have systematic biases
(Mcdonnelletal., 2018 Ly (KS O2yGSEG 2F Of AYIl (idefinstaRi®et 4> 4!
systematic difference between a simulated climate statistic and the correspardivgorid climate

& 0 I (Mardui, D46, p.211Biases in models occur predominantly from errors in the qicatiifn

of energy flows at the land surface and atmosphere boundary (Sgéathe Jr. et al., 200Biases 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(Medonnell 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.

¢tKS 0AlFl&d Ay 2wCQ& UGSYLISNYGdzZNB FyR ay2¢ F3AFAyad v
the model validation process, together with the RMSE. The RMSE helps determine the overall error in
model simulatig 8 ¢ KA OK O2dzZ R KIF @S 06SSy AYyUNRRdAzZOSR o6& gl
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 calculati®BF variables were extracted at the nearest meteorological station
locations. Thameteorological observations of temperature and snow data were downloaded from
b2N¥I &Qa LlzfAO0fte F00SaaAroftsS OtAYIF(GS RI (ddol asS 6:
for the winter months Novembekpril 19962000.

¢-rofSad8 odH YR odo LINBaASYyild GKS wa{9 IyR o6Ala Sa&ai

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 N{dedkila et al., 201 Hiso had an overall cool

bias, ranging from 0@ ®y x/ ® . 243K /2wC FyR 92wC O2yiGFAySR Iy
across the nine meteorological stationsdfi2 andd ®c n x / = NB & t3brprisingdhstthe @ L G ¢
EWRF simulations had a smaller bias and RMSE compared to the CWRF simulations, because the driving

model for EWRF, ERAS, is a reanalysis product constrained by real meteorological observations.
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Table 3 RMSE and biastimates for WRF 2 m surface temperature against meteorological stations

Meteorological CWRF and statioff CWRF and statiol EWRF and EWRF and statio
Station number | T2 RMSE ¢H OAl & |stationT2RMSH¢H OALl &
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 abdwe RMSE values for CWRF snow depth,
ranged from 21 to 123.6 and the bias ranged fror3 to 83 cm. Whereas the RMSE values for EWRF
ranged from 9.7 to 83.6, and the bias ranged fr@r to 76.5 cm. The highest bias values observed for
CWRF and EWRF watdlifferent stations. For CWRF the highest bias was observed at comparatively

, A

42dzi KSNY adldArzy oFd cpon xbor 6KSNBFa F2NJ 92 wcC
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Table 33 RMSE and bias estimates for WRF snow depth against metgcaibstations

Meteorological CWRF and CWRF and EWRF and EWRF and statiof
Station number station snow station snow station snow snow bias (cm)
RMSE bias RMSE
(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

0 ®H ®p reprad@iilty of meteorological conditions leading to past browning events

3.2.5.1 Model domain setup

¢ KNBS

203 SNWSR

ONRoyAy3d S@Syia

g SNB

A = 7

extreme weather conditions, which lead to vegetatitamage at the three different locations (Bjerke

etal., 2017; Treharne, 2018). Here, WRF was forced with ERAS5 as currently ERAS is the latest reanalysis

product and offers a robust representation of past meteorological conditions (Serreze et al.TR621).

browning event simulations are here onwards referred to as EB¥Rfor ease. Because these

SELISNAYSYGa
events, and spanned a shorter time period, i.e., a singleewisgason for each site, it was

computationally affordable to run these at a very high resolutieh kin, as compared to the other

6 SNB

FAYSR |

[j

GSNARFeAy3

2 wCQa

LIS NJF 2 |

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 spatiaksolution 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 thre$adiition case

study simulations was during the pgebcessing of WRF outputrfthe Storfjord study site. The d03 1

km WREF 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
simulationsTable 3.5 summarizefid meteorological conditions attributed to the extreme winter

weather events at the three case study sites (Treharne, 2018).

Table 3 Summary of the EWHIE simulations setup

Browning sitg Time period Driving mode| Domain resolution (km
Flatanger Nov 2013Apr 2014| ERA5S do1 30, d02 10, d03 3
Lofoten Nov 2013Apr 2014 ERA5 do1 25, d02 5, d03 1
Storfjord Nov 2011Apr 2012 ERA5S do1 25, d02 5, d03 1
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Figure 3 (a) WRF domain setup for the case sththtanger
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WPS Domain Configuration
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Figure 3 (b) WRF domain setup for the casedstlofoten
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Figure 3 (c)WRF domain setup for the casedst8torfjord

90



Table 35 Summary of extreme winter weather conditions for the case study browning events

Study site 3Climatology (Fig 3.4 Meteorological conditions during the extreme weathe
event (Treharne, 2018)

Flatanger, Dfc (Subarctic) 2013/14 winter

Trondelag Extreme winter warming and frost drought conditions

A Mid5SOSYOSNI mne/ GSYLISN
A 3 Dec weeks, complete snowmelt
A Mmdpe/ GSYLISNI G dzNB T

January
Lofoten, Nordland Cfc (Subpolar 2013/14 winter
oceanic) Frost drought

1 Anomalous mild December,
1 Severely dry conditions caused vegetat
desiccation in January, February and early M

2014
Storfjord, Troms | ET (Tundra) 2011/12 winter
og Finnmark Extreme winter warming and frost drought conditions

1 Extremely drgvinter
1 Snow depth < 5cm or absent
1 Unusually large variations in temperature

Koppen climate types of Norway

Koppen climate type

[ ET (Tundra) I cfc (Subpolar oceanic)

I ofc (Subarctic) 2 cfb (Oceanic)

I ofb (Warm-summer humid continental) I csc (Cold-summer mediterranean)
I Dsc (Ory-summer subarctic) | Csb (Warm-summer mediterranean)

I osb (v

limate types

Figure 24 Map of Norway with thedppen climatic zones (Beck et al., 2018).

3 For the climatology classification dgeck et al(2018)
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3.2.5.2 Climate indices for quantifying extreme winter weather at browning sites

Extremeweather 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., 2020.2 | 44S&aa8 2wCQa&a LISNJF 2rotcing BS exterhdl K NB 3
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 36 Summay of climatological indices used within RO2

Extreme weather event index Definition

a. Warm event frequency (WWE) 51 Afe& YSIFYy ¢H B H

b. Maximum duration warm event (MD a I EA YdzY Rl &€& 6KSN

c. ROS Liquid prec. > 1 mm, sna¥epth > 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 ieencapsulation mechanisms (Bje et al., 2011). Liquid precipitation for
SatAYrFiAy3 GKS wh{ AyRSE 4+& 200G AySR o0& I LI} &A
precipitation output. This temperature threshold was applied to distinguish between snow and rain, as
explained in d&il by Jennings et al. (2018Moreover, because this research strongly builds upon
previous Arctic browning relatedudies, 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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AYO2NLI2ZNFGSa GKSANI RSTFAYAGAZ2Y 2F | gAYy (OGS 61 NYAY

least 3 consecutive days.

¢2 FdZNIKSNI @FfARIFIGS 2wcQa aiAitft Ay NBLNRRdAzOAyY 3
ONRBGYAY AT 2 wCQasurfaiel ¥ngiedatirS Rvas ye&ip&ddd against the nearest
meteorological station observations for eadmowning site. For this, meteorological station
GSYLISNI GdzZNB  RI G 61 & R2oyf 21 RSR FTNRY Db2NBl &Q
(seklima.met.no). WREmMperature timeseries were extracted at the nearest godht to a
meteorological station locatiorof each case study site, respectively. Bias and RMSE between WRF
GSYLISNI Gdz2NB ' yR &adldAaz2zy GSYLISNF Gd2NBa gSNBE GKSy
real extreme winter weather conditions at the three case study sites, a simple bias corveasio

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 relg®nsh

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 climdikis 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 ym@cessing

WRF was run to produce winteeason, Novembehpril, simulations for the timperiod 20062020.

The selection of the 2062020 time interval for the analysis was based on the availability of MODIS
NDVI data. ERAS5 reanalysis provided the input to drive WRF here. The domain setepefor th
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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WPS Domain Configuration

Figure 3 Domain setup for WRF winter simulations 22020

The analysis conducted in Chapter 2 of this thesis provided evidence of MODIS NDVI being the most
suitable satellitdbased index to quantify eground observed vegetation damage in Norwegian Arctic

and subArctic areas. Therefore, teean of thegrowingseason 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 preprocessed before carrying out the statistical analysis. Thprpoessing steps for the NDVI

consisted ofestimating the average growing season NDVI for each year-2020) and then
NELINRE2SOGAY3a GKS b5xL GAYSASNASAE 2yi2 2wGQa LINP:

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
2 wCQ{ 2 dzi Laddily idténdl, batly 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.etin28steps, for each clin@ogical variable, for

each winter month spanning 20@020, and 2@imesteps as well for NDVI, on a seasonal basis,
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spanning 2002020. So, for example, mean November 2m surface temperature for each year starting
2000 up to 2019, is 20 time steps, caatel with each JuneSeptember 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.@hdTe0
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 isnalyge 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 Sjorfl. These are the same study sites as used for theréggtution

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 countkswéy, Trgndelag,
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 meteorologl parameters/indices which had shown significant correlations with

summer NDVI at the county level were input to stépe multivariate regressions.

Broadly it was assumed here that meteorological variables in their raw form, i.e., temperature,

precipit G A2y FyR ady2¢ RSLIIKZT 6SNB tA18te 2 NBf I

(@]
oy

NEFt SO0 SEGNBYS gAy(iSNI O2yRAGAZYa FyR S@Syida 68

(Personal conversation with Prof. Gareth Phoenix, 2022).

The pedictor 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 \vegiabéd in the statistical analysis.
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Table 37 Inputs for the climatological variabiBVI analysis

Variables Time period Spatial resolution| Temporal resolution
processing processing
Growing season NDVI Junec September 250mto 10 km |16 days to seasoni

(MOD13Q1)

average

WRF meteorological
parameters

Preceding NovemberApril

10 km

Daily to monthly
Averaged and/or
frequency
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3.3Results

ododmM 2wCQaA NBLINRPRdAzOAO AT AlG& Brawnidyfedents 0 A O O2 Yy R

3.3.1.1 Extreme winter warming event at Flatanger 2013/14

¢tKAa aSOGA2Y LINB a Segdiution, 8§ siniulations foffreproducing herdodrdd K
December 2013 winter warming event at Flatandgéorway(Treharne, 2018)gure 3.6 shows (a)

winter warming event frequency (WWE) and (b) maximum duration winter warming event (MDW)
indices respectively, for Flatanger.

2wCQa aAvdZ FdAz2ya akK2gSR |G fSrFrald 2yS 6FN¥YAy3a S
whereas the aremnearest 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 eactbgridFor example, the areas
closest to the coast consisted of the longest warming events-b2 Hays, whereas at the more inland
areas the longest warming event was f days.

Comparing the two figures, it is evident that for most of the domain, @@ single warming event

had occurred, the duration was different for several 3x3 km grid boxes; thus, highlighting the
significance of micrscale meteorology that can influence vegetation exposure to damaging climatic
events.

Plant responses to anonoals 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 +sdale to the varying duraticand
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 (a) Winter warming event frequency (WWE) index and (b) Maximum duration winter
warming event (MDW) index for December 2013 at Flatanger, Neway(n ¢ b. bhdiceswere ¢ 9 0
estimated from the WRF high resolution (3km) simulations.

N
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Time

Figure 37 WRF daily 2m neaurfacetemperature and nearest meteorological station (Buholmrasa
Fyr, 71900) air temperature fhlovembe2013¢ April 2014at the Flatanger study site
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Figure 3.7 shows the daily mean air temperature observations of the meteorofbgiicad nearest to

the Flatanger browning site and 2m surface temperature simulated by WRF at the study site. The station
20aASNBI GA2ya aK2¢6SR GKFGd 5SOSYOSNI nnmo SELISNRSYy
consecutive days. This was anomalous f@®Be&y 6 SNE ¢ KSy (GSYLISNI GdzZNBa | NB
(HansserBauer et al., 2017). It should be noted that although the temperature kept fluctuating above

nx/ GKNRdAK2dzi GKS 20KSNJ gAYy(iSN)I Y2y(GKaZ Agi RAR
Fda Ay 5SOSYOSNY !fiK2dz3K 2wCQa GSYLISNI G§dzNE &A Ydz
it followed the trajectory of the station temperature for most of the 2013/14 wintgth WRF

capturing the timing of the temperature increases andrdases.

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
AYLRNIEFYy G G2 y234S GKIFG Rds8facd emperat@eQsimulddiéng &ero A | &
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

g NYAy3Is SELRASR @S3asSialidrazy G2 FTNBSTAy3I GSYLISNI
reproducibility of the 2013/14 winter warming event, mean sneptd 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-D&tember average snow depth across the study area was

lower as compared to thearly December mean snow depth.
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Figure 3 WRF mean snow depth for the Flatanger studysite ¢ n ¢ b and surrodnding aréas
(a) 110" December (b) 120" December (c) 24315 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, vegwf grid boxes showed completely snfree days, compared to the

met station observations for December, 2013. This is because WRF tends to overestimate snow depth,

as explained in sectidh2.4.4 (b).

Snow depth
20cm
10 cm
0Ocm | I | “‘”
Nov '13 Dec'13 Jan'14 Feb'14 Mar '14 Apr'14

Figure 3 Daily mean snow depth observation fromiieteorological station (71900) nearest to the
Flatanger study area.

To summarise the findings of the Flatanger study site, the analysis conducted here showed that despite
2wCQa G(SyRSyOe (2 dzyRSNBAGAYIGS GSYLISNI (dNB 6 0:
Norway, it was able to reproduce the extreme winter warmirenethat led to snowmelt at this site.

The WWE and MDW indices were able to show the extreme winter warming events at Flatanger.
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3.3.1.2 Frost drought conditions at Storfjord 2011/12

This section presents results of the analysis conduct8dd@d- £ dz G S 2 volr&peodubrigltide 6 A £ A i &
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-terhjmgrature

variahlity and frost drought conditions in Decembdanuary 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 téunpgravind

and solar irradiance. Moreover, midnter thaw is also a typical and common feature of frost drought

Fa ¢Sttt +ta oAYGSNI g N¥Ay3d S@Syda o6.2SN)yS Si to
conditions was examined based on bstiow depth and surface temperature parameters.

Figure 3.10 presents the maps of count of days where snow depth < 5cm, at each meut®t gfid

the Storfjord study site, for December 2011 daduary 2012t KS &S YI LJA 6 SNB LINE RdzOS

5km gridresolution simulations and biasorrected snow depth.

10

16E IBIE IEEIE 22IE 16E 13E 20E 22E

Figure 310 Maps showing the day count where snow depth < 5 cm at the Storfjord stu@9.Sitel( =
M b @ dor (@) Pecember 2011 and (b) January 2012. Maps were produced using WRiBrsmtika
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

show depth < 5cm. The count of such days ranged from 5 to more than 20 per month, across the study
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domain. Interestingly, the higher count of low snow degaiis occurred at lower elevation areas. This

is because the higher elevation and mountainous regions in Norway still continue to have winters with
GSYLISNI dzNBa ¢Sttt o0St2¢ n x/ T RS&LANDyBdaNBaOSYy G 4t
2013) Hence, snowfall accumulated in such areas is deeper cethfmathe lowlying areas and does

not melt as quickly.

In the context of mieinter thaw, which is a common feature of frost drought conditions, January was
considered as the peak midnter month to analyse any snow melt events which could have
occurrad. CA 3dzNB o dmm LINBaSyida GKS ay2¢g RSLIK 2F (KS
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 metemgimal station, other than that WRF
overestimated the snow depth throughout January, despite the bias correction. Both WRF and
20aSNDIFA2ya aK26SR GKIG ayz2¢ O2@GSNJ gl & dzyaidl of ¢
simulations fluctuating more thahose 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 199¢®020 January average, which was 34.7@werall WRF was

able to simulate theariable and reduced snow cover at the Storfjord Sidvle 3.8 presents the mean

and standard deviation of December and January snow depth, calculated from the nearest
meteorological station observations.

Table 3 Standarddeviation and mean of snow depth observations from the nearest meteorological
station to the Storfjord site

Snow depth (cm) Standard deviation | Mean
Met station (Bardufoss 89350, (cm) (cm)
December 1992020 155 22.6
December 2011 5 6.8
January1 9902020 20.17 34.7
January 2012 3.4 5.8
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Figure 311 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., 2017T.herefore, following the analysis of snow depth at Storfjord, this section presents

NEBadzZ G6a 2F 2wcCcQa OF LI OAGe G2 NBLNRRAOS (K uSYL.

whether winter warming events had a role in creating the frost droughdittons at Storfjord.
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Figure 312 WRFbased WWE index for the Storfijord $i@.%& b = ™ dicb theotime Sriod
December 2014 WI Yy dzl NB HAMH® 2wCQa IAINRR NBazftdziazy &l a

Figure 3.12 shows the WWE index map for December 20drduary 2012. The WRF simulations did

not show a winter warming event over this time period at the Storfjord sitelyin 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
YSGS2NRt 23A0t &l (wigigutdeasudce/air teMperatard; dnd thé sAdv
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

n x/ ay @& twb, how&er that did not qualify as a winter warming event as defined in Table 3.6.
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Figure 3L3 Mean, maximum and minimum nesuirface 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 dno®d 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., 2013h thecase 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 temperatufe stdgg RS NJ n x /
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 meamdwgpeed and maximum wind gust of the nearest
adrdaz2y G {G2NF22NR adGdzReé aAdSe ¢KS adldrzyqQa S
away by a wind speed of 7.7 nfls and Pomeroy, 1997)he 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
causa 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 vegetatdamage 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 2QP1has also been discussed as one haf possible
meteorological conditions leading to the frost drought at Storfjord (Treharne, 203analysis here,
however, showed that the temperature variability for December 2011 and January 2012 was actually
lower than the mean climatological variiiobserved 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 199@020 and December and January 2011/12, based on the nearest

meteorlogical station to the Storfjord study site.
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Table 3 Standard deviation and mean of temperature observations from the nearest meteorological
station (Bardufoss 89350) to the Storfjord site

Time period Standard deviation of near | Mean near surface air
surface air temperaturéC) temperature {C)

December 1992020 7.6 -6.8

December 2011 5.3 5.1

January 1992020 8.0 -8.4

January 2012 6.4 -10.4

{GFYRIFENR RS@GAIFGAZ2Y YI LA 2F 2wCQa RIAfe YSIy GSY
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 tenajpee 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 boxeswas 2@ x/ F2NJ 023K 5S0SYo
whereas he meteorological station values were 5.3 and 6.4 for December and January, respectively

(Table 3.9).
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January 2012 at the Storfjord study s@@.8 b = wm.dpldeddVRE €ndulations were run ata 5 km
grid resolution here.
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2 wCQ&a& aAyYdz I GSR -wingl Jatuhy, dtdziBetaffod dlmaga $te, was compared
G2 GKS YSGiS2NRt23AO0Itf adlidAazy GSYLISNY Gd2NBX &K?2
temperature at Storfjord had a mean cold bias of°Z6with regard to the nearest meteorological
adraAazys Ay 3ISYySNIfs 2wcQa GSYLISNI GdNB NI 25040 2
lf K2dZAAK RAFTFSNBYyOSa 27F dzitds at the bmgnning and gndl diBanuary,a S NIJ S

despite the bias correction.
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2 Surface temperature
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Figure IL15 WRF daily 2m neaurface air temperature and nearest meteorological station (Bardufoss
89350) air temperature for January 2012 at the Storfjord study site.

To summarisehte findings of the Storfjord site, the analysis conducted here showed that it was a
combination of severely low snow conditions in early to-mider, and consequent exposure to

freezing miewinter temperatures, which caused the vegetation damage asitieis
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3.3.1.3Winter 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 draxagiditions (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 &udy site experienced recurring episodes of warm temperatures, ranging fcom 0

p x/ 3 GAGK AYGSNNYAGGSY(d NIBGdzN3O tdi2dpfF NS/SH 2 yasS iisys
winter warming events. Surface temperatures from the nearest meteorologitains{85560) and

FNRBY 2wC aAvdzZ FrdAzya i GKS addmRe arxdSI NB aK2c¢
I O2fR O0Al & 2F ndt x/ | & Cdréddd MBRtempéatutefclBselyy S a i

followed the meteorological station temgure for most of the 2013/14 winter.

01 variable
Met station T
— WRFT
Bias corrected WRF T

2m Surface temperature

MNovember December January February March April May
Time

Figure 3L6 WRF 2m daily nemurface air temperature and nearest meteorological station-near
surfaceair temperature for November 20¥8oril 2014 at the Lofoten study site
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Table 310 Mean temperature during the 28/14 extreme winter season at theeteorological
station closest to theofoten study site

Winter month | Meteorological station (85560) Met station (85560)
mean temperature®C) 2004 20 meantemperature {C) 2013/14
December 1.25 2.10
January -0.17 -1.50
February -0.50 2.17
March 0.19 1.73

¢2 OSNATE 2wCQa NBLNRBRAzOGAZ2Y 2F (GKS GAYUGSNI g1 NY
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 DecemberMarch 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 arezrierped up to 82 warming

SOSyiGa RdNAYy3 5SOSYOSNI G2 al NOKZ gKSNB (SYLISNI (d
days. Figure 3.17 (b) shows that the longest warming event was in the ranjg d&s across much

of the study domain.

@ (b)
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Figure 317 Maps of the Lofoten study si@8(1c b ~ ~vsho®ings (&) WWE and (b) MDW indices for
December 2018 March 2014. The indices were calculated using WRF simulations at a grid resolution
of 1 km and daily time step.
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' FGSNI AYO2NLIR2NFGA2Y 2F (GKS o0Allad O2NNBOGAZ2Y O R
temperature simulations), the WRF simulations captured the general temperature evolution and

G NAFOAfAGE GKNRdAAK2dzi GKS GENEt LIENA@RRAE 6 NB KINE Re
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 s@ 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 significantctemuof 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
driverthatled to frosRNR dz3 K{i O2y RAGA2ya |4 [2F20Sy O6¢NBKI Ny
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 anologéteb

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 reasdpatell in capturing the overall trend of Novembéanuary

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 oetesbstim

the snow depth from midrebruary to April.
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Figure L8 WRF and nearest meteorological stations snow depth for Now 2048 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 3@ar 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 3§ear arerage, the mean values for February and especially March 2014, were much
lower compared to the 3@ear mean values. Although complete snowmelt did not occur in any month
other than March for meteorological station (87750); another nearby station (853%d®hdw a
complete snow melt time period starting rillecember up to middarch, which is quite anomalous

for a high Arctic region during winter months. The difference between the observations of these two
meteorological stations highlights the substargztial 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 311 Mean snow depth during the 2013/14 extreme winter seastiveaheteorological station
closest to thé.ofoen study site

Winter month | Meteorological station (87750) med Meteorological station mean (8775
snow depth (cm) 19902020 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 plant¢Gareth K. Phoenix and Lee, 200#he temperature and snow depth
observations considered together i.e., the partial snow melt caused iDecember due to winter
warming, as indicated by meteorological station (agl #re 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 contigin 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 sow 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.

113



66.0N {1 20 660N 20
15 15
10 10
B5.5N - -5 BSSN T L5
L1 L,
V_D '-\‘,.--I]I
140E 1456 1S0E  155E
(d)
66.0N {1 20 esON| i 0
15 15
10 10
B5.5N L5 ES5N T L5
L, -1
. . \.-"_I} . . "\."'_D
14.0E 1456 15.0E  155E 40E 1458 150 155E

Figure 319 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 coasedsaof Norway is highly variable (Bokhorst et al., 2012).
2wCQa aAyvydzZ FGA2ya FT2NJ GKS [2F20Sy AaftlyRaz Ay
depth within this comparatively small but highly dissected land area. The few grid boxes whic
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 lylngyf vegetation tends to be at the

foothills at many places across the Lofoten mountain range, this means that in the occurrence of snow
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melt, a lot of vegetation would be susceptible to the damaging effects of such events, as also reported

for the 201314 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 alandscape scale and potential -legrer formation within the snowpack, caused vegetation
RFEYlF3S FyR Y2NIFfAGe Fd GKAA addzRRe aAiSd h@SNIf ¢
and snow depth, it is concluded that bmmrected WRF simulans 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 se&Ho¥| relationships

This section presents the results of correlation analydigdss various climatological parameters,
climatological indices and the NDVI. The correlations were calculated for the winter months (November
¢ April) over the time period 2006 2020. The climatological variables included 2m -sedace
temperature, witer warming event frequency (WWE), Maximum duration warming event (MDW),
snow depth, rainfall and Raim-Snow (ROS) (as defined in Table 3.6). The parameters represent the
mean/sum, estimated for each winter month, respectively. The NDVI here représeat@tage 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 owbe study domain.

3.3.2.1 Temperature and NDVI

Temperature and NDVI were found to be moderately correlated (r=0084-0.4- -0.6) over most of

the study area (Figures 3.20-(a)). 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, foewmigr temperatures

in March, NDVI was negatively correlated across most of the stagiro
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Figure 20 (a) Maps showing correlations of mean summer NDVI with the mean temperature of
November.
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Figure 20 (b) Maps showing correlations of mean summer NDVI with the mean temperature of
March
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Figure 30(c) Maps showing correlations of mean summer NDVI with the mean temperaipré of

The correlation was significant (p < 0.05) at seVecationsand varied latitude-wiseasNorway has

high regional temperature variability S A { 1 A f NB\I inlthe WpEherammost eoGndy, 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,

0Sis6SSY cp YR cy xbX gla Yz2ald adaNery3Iteée O2NNBf I
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Vegetation located in the maritime areas of Norway, such as Flatanger, isllganera 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
F62@0S cyxbd ¢KSNEBtme &g Nogeinbek tergperatieSaadSunmivierMDVI being
significantly positively correlated, could mean that processes such as nutrient cycling argaitigon

in November. This is especially likely during the years with delayed summer peak prog@unctivity

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 Norwayand 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
200dzNNAY3I AY b2@SYOSNI YAIK( yiegnte tacBldebtbtipératures Y LI Ol
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 correlatlgtsveen April temperature and summer NDVI in

0KS y2NIKSNYyyY2ad NBIA2Y 2F b2NBIeEe 010620S cy xbbo
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 deg/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 strengi®.240-0.6, 0.2 to 0.6) (Figure 3.21

(a}(c)). The correlations were mostly negative for the early andwinigr months (indicating a

decrease in NDVI with an increase in WWE), and pofitiihe late winter month of April. For

December a clear negative correlation occurred for the entire study domaincndersdor April.

The correlations were significant (p <0.05) at a few model grid boxes. A distinct spatial pattern was

observed fo December and April. For December, several clusters of the significant correlation grid

02ESa 6SNB t20F0SR Ay (KS y2NIKSNYy

southern county of Trgndelag.
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Figure 31 (a) Mapsshowing correlations of mean summer NDVI with the WWE index for December
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Figure 21 (b) Maps showing correlations of mean summer NDVI with the WWE index for March
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Figure 31 (c)Maps showing correlations of mean summer NDVI with the WWE indexifo

Since the WWE index was constrained by the temperature parameter, it was interesting to note the
differences in the spatial patterns of WMWBVI correlations and temperatuNDVI correlations,
especially for April. Although NDVI was positiveketaded with both temperature and WWE, most of

the significant temperatur®DVI correlation grid boxes were in the northern areas and for-\WINE

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 2002020. The highest number of winter warming events435was observed to
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be in the southwestern maritime areas and over the Lofoten IstamMihereas the northern Troms og
CAYYYFEN)] O2dzyie o6 0o2@S -b)wintarwarmirfy EveiSsNa Ayl V& ROOB dza i |

2020.
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Figure 32 The total WWE for April 20€2D20.

3.3.2.3 Maximum Duration Warming event (MDW) and NDVI

Thecorrelations between winter MDW and growing season NDVI varied on a monthly basis as well as
across the study area, as shown in Figure 323 (a

While a predominantly negative relationship was observed for December across the study area, it was
mixed forJanuary and mainly positive for April. The strength of these relationships were weak to
moderate; Irl= 0.4 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 oeesttidy domain.
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Figure 33 (a) Maps showing correlations of mean summer NDVI with the MDW index for December

124



Correlation MDW and NDVI

5E 10F 15E 20F 5E

TON -t

B5N |-

5E 10F 15E 20F BE

January

08

JON 4
L 0.4

-0.0

BSM -

09

07

05

F03

FOl

- 0.0

08

04

00

—0.4

Figure 23 (b) Maps showing correlations of mean summer NDVI with the MDW index for January
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Figure 23(c) Maps showing correlationmean 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 midtamwdnter months, i.e.,
January, February and April. While a clear pattern could not be observed Towtigelag, negative
correlations were found over Nordland, across the winter momtistestingly for the northernmost
county, Troms og Finnmarket 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, Cataghan et

al., 2011, p.35)

TheNDVy 26 RSLIGK O2NNBflFGA2ya 6SNB aA3IyATFTAOLy
the Nordland and Troms og Finnmark. Somewhat expected, mthet 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 summeRDVI 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.

Correlation Snow depth and NDVI

Correlations at P-val <0.05

Figure 24 (a) Maps showingorrelations of mean summer NDVI with the mean snow depth of

January
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Figure 24 (b) Maps showing correlations of mean summer NDVI with the mean snow depth of
February
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Figure 34 (c) Maps showing correlations of mean summer NDVI with the meardspth 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
aroundthese areasisliRel RdzS (2 SAGKSNE (GKS 20t @S3aASGFrdAz2yc
depth fluctuations and time periods of absent snow cover; or alinear relationship between the

mean monthly snow depth in winter and summer NDVI. A caveat to the filshatipn of the absence

of significant correlations is that vegetation at Flatanger was damaged in the 2013/14 winter due to

snhow melt in early winter (December) and exposure to freezing temperatures-imimbéd due to the

absence of snow cover. Thusplging 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
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