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and comparable humid temperate regions 
Tadas NikonovasA,* , Cristina SantínA,B, Claire M. BelcherC, Gareth D. ClayD, Nicholas KettridgeE,  
Thomas E. L. SmithF and Stefan H. DoerrA  

ABSTRACT 

Background. Fire activity in the UK and comparable regions of northwest Europe is generally out 
of phase with peak fire weather conditions. Aims. Here, we assess the potential effect of 
phenology on fire occurrence patterns for the UK. Methods. We examined fire occurrence 
and vegetation phenology in the UK for 2012–2023, mapped onto the main fire-affected 
vegetation cover types within distinct precipitation regions, allowing the fire occurrence for 
fuels in different phenological phases to be explored across distinct ‘fuel’ types and regions. Key 
results. The UK’s fire regime is characterised by burning in semi-natural grasslands and evergreen 
dwarf shrub ecosystems in early spring when vegetation is still dormant. During the high- 
greenness phase in late spring and summer, fire activity is reduced by a factor of 5–6 despite 
typically elevated fire weather conditions within that period. Conclusions and implications. 
Semi-natural vegetation in the UK is very resistant to burning during the high-greenness phase. 
However, this ‘fire barrier’ is diminished during severe drought episodes, which are predicted to 
become more extreme in the coming decades. Incorporating phenology information into models 
therefore has great potential for improving future fire danger and behaviour predictions in the 
UK and comparable humid temperate regions.  

Keywords: active fire detections, flammability, humid temperate regions, land cover, phenology, 
Suomi-NPP, vegetation fuels, VIIRS, wildfire regimes. 

Introduction 

Vegetation fires are a growing concern in many regions of our changing planet (Jones 
et al. 2022; Santín et al. 2023), with temperate north-west Europe, including the United 
Kingdom (UK) being no exception (Arnell et al. 2021; Perry et al. 2022). The occurrence 
and spread of fires within the semi-natural temperate grasslands, heathlands and moor
lands of this region are governed by the interplay among human-induced ignitions, 
prevailing weather conditions and fuel characteristics. The same vegetation fuels can 
amplify or dampen fire ignition risk and spread depending on the seasonally variable 
state of the ecosystems (Wotton and Beverly 2007; Davies et al. 2010; Cruz et al. 2015;  
Kidnie et al. 2015; Jolly et al. 2016; Sjöström and Granström 2023). The state of 
vegetation structure and physiology can be the primary determinants of fire occurrence 
and behaviour, especially when fire weather – that is, the meteorological conditions 
conducive to fire – is not extreme (Cruz et al. 2022). Research focused on relationships 
between fire weather and fire occurrence in temperate grassland and shrub fuels shows 
that the critical weather thresholds associated with elevated fire activity may vary 
depending on type of fuel and time of year (Beverly and Wotton 2007; Davies and 
Legg 2016; de Jong et al. 2016). These findings underscore the necessity of incorporating 
vegetation physiology into fire prediction systems (Dickman et al. 2023). 

Weather conditions impact the likelihood of ignition, fire spread and intensity of 
wildfires once initiated. Antecedent air temperature, relative humidity, wind speed 
and precipitation control how much water vegetation fuels contain, thereby influencing 
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their flammability, i.e. the ease with which vegetation fuels 
ignite and support combustion at any given time. Weather 
conditions during a fire, particularly wind speed, also 
directly determine fire behaviour, such as flame length 
and rate of spread. Fire danger prediction systems com
monly integrate these meteorological parameters into fire 
weather indices to determine whether conditions are con
ductive for fire occurrence. In the UK, the Met Office Fire 
Severity Index forecasting system for England and Wales 
(MOFSI, Met Office 2023) is derived from the Canadian 
Forest Fire Weather Index System (FWI) (Van Wagner 
1987). The FWI System processes meteorological inputs 
into six components: three codes representing moisture con
tent across different depths of forest ground fuels, and three 
indices indicative of potential fire behaviour. Although fire 
weather is inextricably linked to both fire occurrence 
(Abatzoglou et al. 2018; Grillakis et al. 2022) and fire 
behaviour (Sedano and Randerson 2014; Kidnie and 
Wotton 2015), predictions solely based on fire weather, 
without consideration of information about vegetation phys
iology, do not perform well for temperate fuels (Beverly and 
Wotton 2007; Davies and Legg 2016; de Jong et al. 2016). 

Vegetation in temperate regions undergoes substantial 
structural and physiological changes across seasons in 
response to changing environmental drivers (Jolly and 
Johnson 2018). This rhythmic annual change, also known 
as the phenological cycle, encompasses the spring-time 
emergence of foliage (‘green-up’), more vigorous growth of 
vegetation into the summer months, followed by die-back or 
senescence in autumn, and dormancy state throughout the 
coldest months. During the cycle, both deciduous and ever
green plants experience changes in water (Van Wagner 
1977, Macias Fauria et al. 2011) and carbon (Jolly et al. 
2016) content in live fuels and in the relative proportions of 
live and dead vegetation (i.e. degree of curing in grass fuels) 
(Cruz et al. 2015; Sjöström and Granström 2023), which 
significantly affects flammability of the host ecosystems 
(Dickman et al. 2023). 

In the UK, most wildfires in semi-natural temperate grass
land and heather-dominated ecosystems occur during March 
and April (de Jong et al. 2016; Forestry Commission 2023). 
This early spring fire activity window coincides with the 
onset of fire-favourable weather and when vegetation is still 
in its dormant phase and is flammable. During this time, an 
abundance of the previous season’s dead leaf litter in grass
lands (Sjöström and Granström 2023) and low moisture 
content in live shrub fuels after the cold months (Davies 
et al. 2010) render ignitions and fire spread more likely after 
a period of dry weather. However, ground fuels often 
remain water-saturated following winter precipitation, 
with fires spreading predominately through surface fine 
litter and/or shrub canopies (Davies et al. 2009). The tran
sition from dormancy to green-up has a large effect on 
flammability in these ecosystems, and fire activity is often 
reduced, despite increasing fire weather forcing during the 

summer months. Flammability of decomposing dead leaf 
diminishes over time (Weir and Limb 2013), while the pro
portion of live fuels in grasslands and moisture content in live 
shrub fuels increases and often exceeds flaming ignition sus
tainability thresholds, effectively serving as an ‘on/off’ fire 
switch (Weise et al. 2005; Davies and Legg 2011; Pimont et al. 
2019; Sjöström and Granström 2023). Live vegetation is also 
more resilient to weather stress and can maintain water con
tent during dry spells (Viegas et al. 2001). 

Summer wildfires, although less frequent than those in 
spring across much of the UK and other temperate, humid 
Atlantic regions, possess the capacity to evolve into severe 
incidents, inflicting prolonged detrimental effects on the 
ecosystems (Maltby et al. 1990; Albertson et al. 2009;  
Davies et al. 2013). This heightened risk is attributed to 
the elevated fire weather conditions prevalent at that time 
of year, coupled with a reduced water content in ground 
fuels, including carbon-rich peat, which may smoulder for 
weeks or months once ignited (Rein et al. 2008). Climate 
model projections indicate a rise in the occurrence of 
extreme fire weather conditions across the UK, particularly 
during the summer months in the south and east of the 
country (Arnell et al. 2021; Jones et al. 2022; Perry et al. 
2022). Consequently, a comprehensive understanding of 
phenological fire controls and their thresholds, which are 
anticipated to be increasingly surpassed in forthcoming dec
ades, is imperative. Previous studies focusing on relation
ships between fire weather indicators and fire activity in the 
UK have found that specific components of the FWI System, 
notably the short-term indicators such as the fine fuel mois
ture code (FFMC) and initial spread index (ISI), have poten
tial for predicting fire occurrence (Davies and Legg 2016; de 
Jong et al. 2016). Nevertheless, these studies also suggest 
that (i) the predictive skill of the FWI System components 
and the critical fire weather thresholds for fire occurrence 
are subject to variability according to season, land cover and 
geographic location within the UK; and (ii) predictions 
based solely on weather and climate data could benefit 
from the incorporation of phenology information. Despite 
growing knowledge of the dynamic nature of live fuels and 
the effect that vegetation physiology has on flammability 
(Davies et al. 2010; Cruz et al. 2015; Parisien et al. 2023), 
current fire severity prediction systems in the UK, such as 
MOFSI, do not integrate vegetation phenology. Efforts to 
implement phenology-driven fire danger assessments have 
demonstrated potential value of such an approach for tem
perate grass fuels (Sjöström and Granström 2023). However, 
it remains unclear whether similar phenological fire controls 
are applicable across a wider range of temperate fuels. 
Presently, there is a paucity of empirical evidence regarding 
the timing of phenological shifts and their impact on fire 
occurrence rates across the UK. This study addresses these 
gaps by (i) presenting an overview of phenological transi
tion dates for land covers that are responsible for the major
ity of wildfires in the UK; and (ii) providing estimates of 
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daily satellite fire detection rates for different vegetation 
phenological phases across the UK during the past decade 
(2012–2023). 

Methods and data 

Our fire occurrence and vegetation phenology analyses are 
based on a decade-long record from the Visible Infrared 
Imaging Radiometer Suite (VIIRS) sensor onboard the 
Suomi National Polar-orbiting Partnership (Suomi-NPP) sat
ellite (2012–2023). We initially determined phenological 
transition dates and estimated the periods when UK vegeta
tion was in different phenological phases. Then, we inte
grated our phenological phase estimates with active fire 
detections data to determine daily fire occurrence rates for 
the fuels during different phenological phases. The estimates 
target eight land cover types as defined by the UK Centre for 
Ecology & Hydrology (UKCEH) classification (Morton et al. 
2020a, 2020b), segregated into nine distinct regions (Fig. 1) 
representative of the Met Office Hadley Centre coherent UK 
precipitation zones (Gregory et al. 1991; Alexander and 
Jones 2000). Finally, we generated seasonal profiles of fire 
weather indices and fuel moisture codes of the Canadian 
Forest Fire System to compare and contrast them with the 

fire activity record. Detailed information regarding the data
sets and processing steps is provided in the sections bellow. 

Vegetation fire activity record 

The active fire detections dataset (VPN14MGML) (Schroeder 
et al. 2014) is derived from imagery collected by the VIIRS 
sensor and provides the central coordinates of sensor pixels 
(375 m at nadir, 450 m average size across the swath) flagged 
as containing an active fire. The satellite passes over at least 
twice every 24 h at approximately 1:30 am and 1:30 pm local 
solar time. At UK latitudes, some areas are observed more 
frequently owing to orbit overlap. The minimum detectable 
fire size depends on apparent fire temperature and back
ground conditions. For instance, the algorithm has an esti
mated 50% probability of detecting ~700°C temperature fires 
as small as ~40 and <10 m2 during the daytime and night- 
time overpasses, respectively (Schroeder et al. 2014). Such 
detection thresholds indicate that the within-pixel area cov
ered by active combustion may be many times smaller than 
the ~200,000 m2 pixel area, and as a result exact active fire 
location is uncertain within the pixel. 

The VNP14IMGML record, available since 2012, deter
mines the temporal span of our study (2012–2023). 
Although alternative satellite-based fire-detection products, 
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Fig. 1. Distribution of UKCEH land covers in the UK and meteo-geographical regions of the study. Area plots show monthly VIIRS 
active fire detection counts for the regions and land cover types during the 2012–2023 period. The bottom right panel shows estimates 
combined for all regions.    
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such as those based on MODIS (Moderate Resolution 
Imaging Spectroradiometer) sensor data, offer longer histor
ical records, the VIIRS dataset is better suited for character
ising fire dynamics in the UK owing to its higher spatial 
resolution and enhanced ability to detect smaller fires. 

To distinguish vegetation fires from other, non- 
vegetation heat sources, we clustered individual VIIRS fire 
detections into fire events by grouping any fire detections 
that were located within a 3-km radius and occurring within 
5-day window into single objects. These spatial and tempo
ral proximity thresholds were selected empirically after try
ing a range of combinations. Given that fire ignitions in the 
UK are fairly rare, the clustering algorithm was not sensitive 
to chosen threshold values, and the result event sizes were 
stable across a range of proximity values. 

In the subsequent analysis, we selected only fire events in 
vegetated areas, thus filtering out fires that occurred pri
marily in non-vegetated land covers. To do this, we first 
identified land cover type, as described in the next section, 
for each of the active fire detections within a given fire 
event. Only fire events with more than half of fire detections 
characterised as vegetation fire detections were included for 
further analysis. This step reduced the total count of 
2012–2023 UK fire detections from 87,000 to 23,000, elim
inating detections that were part of fire events that were 
predominantly active over built-up areas (frequent detections 
attributable to industrial activity) and other non-vegetation 
surfaces such as bare land and water. Throughout this work, 
we use the term ‘vegetation fire detections’ to refer to VIIRS 
active fire pixels that were identified as vegetation fires by the 
method outlined above. 

Land cover estimates 

Vegetation fuel types were classified based on the UKCEH 
Land Cover Map raster dataset for the year 2018 (Morton 
et al. 2020a, 2020b). The product is based on Sentinel-2 
sensor data and has a spatial resolution of 20 m. An equiva
lent dataset was not available for all years within the study’s 
timeframe and so we used the 2018 dataset to provide a best 
estimate of the land cover at the midpoint of the study 
period. The UKCEH land cover classes are based on the UK 
Biodiversity Action Plan (BAP) Broad Habitats classification 
system (Jackson 2000). Although not specifically fuels- 
orientated, the UKCEH land covers include categories rep
resentative of the main fire-bearing vegetation types in 
the UK. 

This study focuses on eight key UKCEH land covers that 
collectively account for over 95% of all vegetation fire 
detections. Four of the categories represent semi-natural 
vegetation often found in remote areas, particularly in 
uplands. The semi-natural land covers are dominated by 
deciduous grasses on acid soils (acid grasslands), a combi
nation of evergreen heath family shrubs mixed with gorse 
(heather land cover), a mixture of grasses and dwarf shrub 

species on well-drained soils (heather grasslands) or mixed 
grass- and dwarf shrub-dominated vegetation on deep, 
carbon-rich and waterlogged soils (bog). Two categories 
represent agricultural land, primarily featuring various 
crops (arable land) and grasslands that are intensively 
grazed and/or mowed (improved grasslands). The remain
ing two categories are characterised by primarily planta
tions of Sitka spruce, Scots pine, larch and other conifer 
trees (coniferous woodlands) or predominantly semi- 
natural stands of oak, birch, beech and other broadleaved 
tree species (deciduous woodlands) (see Supplementary 
Table S1 for further detail). 

To generate land cover and region-specific seasonal pro
files of satellite-based vegetation greenness and phenologi
cal phase changes, we selected land areas representing 
homogeneous land covers from the UKCEH dataset. This 
was achieved by performing binary erosion using a five- 
pixel window for each of the land cover classes in the 
UKCEH dataset. Binary erosion is a morphological operation 
that shrinks objects (pixels of a given land cover in this case) 
inwards from the edges and makes holes larger in propor
tion to size of the chosen eroding structure. After this pro
cessing step, only pixels that were located at least 100 m 
inside a homogeneous land cover patch were used in further 
analysis. This was done to adjust for the significant differ
ence in spatial resolutions between the Sentinel-based 
UKCEH dataset (20 m) and the VIIRS sensor-based vegeta
tion dataset (~450 m). From the remaining homogeneous 
areas, we randomly sampled 10,000 pixels to represent each 
land cover within each region of this study. 

Fire weather indices and fuel moisture codes 

We used daily historical fire weather indicators from the 
Canadian Forest FWI System (Van Wagner 1987) to derive 
seasonal fire weather variability in the study regions during 
the 2012–2023 period. Individual FWI System components 
were obtained from the Copernicus Emergency Management 
Service Fire danger indices dataset (Vitolo et al. 2020) 
generated by the Global European Centre for Medium- 
range Weather Forecasting (ECMWF) Fire Forecast (GEFF) 
model. The GEFF FWI indices are based on meteorological 
parameters (air temperature, precipitation, wind speed and 
relative humidity) taken ECMWF’s historical global climate 
reanalysis (ERA5) dataset, produced by the Copernicus 
Climate Change Service (C3S), and provided with a daily 
frequency at a 25-km spatial resolution. 

The FWI System includes three fuel moisture codes and 
three fire behaviour indices. We focused on two fuel mois
ture codes, the FFMC and Duff Moisture Code (DMC), and 
two fire behaviour indices, the ISI and Buildup Index (BUI). 
The FFMC represents dead fuel moisture content in fast- 
drying fine fuels (i.e. cured grass, leaves and small twigs), 
whereas the DMC was designed to gauge moisture content in 
organic material under the forest floor litter, but can also 
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offer insights into moisture stress in live fuels (Ruffault et al. 
2018). The ISI represents potential rate of fire spread. It is a 
function of FFMC and wind speed. Consequently, ISI fluctu
ates rapidly with weather. The BUI is designed to represent 
the potential energy release from larger fuels, serving as an 
indicator of potential drought-driven fire intensity (and thus, 
severity) during the growing season (Van Wagner 1987). 

We generated seasonal profiles of the FWI System codes 
and indices spanning 2012 through to 2022 inclusive, by 
calculating percentiles of the values pooled per day of year 
and region. To emphasise seasonal trends, we removed day- 
to-day variability by smoothing the seasonal profiles of the 
FWI System components using a 7-day moving average 
window. 

Enhanced vegetation index 

The two-band Enhanced Vegetation Index 2 (EVI2) product 
VPN13A1 (Didan and Barreto 2018) from VIIRS sensor was 
employed as a proxy for assessing vegetation relative green
ness and health. The product provides best available EVI2 
estimates every 16 days at a 500-m spatial resolution. In 
contrast to the standard EVI, EVI2 is based on near-infrared 
and red bands, omitting the blue wavelengths used in EVI 
(Jiang et al. 2008). This allows the algorithm sensors that do 
not have blue bands for vegetation monitoring. EVI2 is 
expected to become the standard vegetation index for 
VIIRS and other sensors in the future (Didan and Barreto 
2018). EVI2, as with other vegetation greenness-based indi
ces, is sensitive to vegetation photosynthetic activity, and is 
widely used for tracking vegetation dynamics, including 
phenological phase transitions (Zhang et al. 2018). 

The seasonal profiles of the vegetation in our study were 
derived from EVI2 data in two steps. First, we identified 
nearest neighbour pixels in the VPN13A1 product to those 
pixels previously selected as representing homogeneous 
land cover areas (described in the Land cover estimates 
section). Following this, we computed EVI2 percentile val
ues for day-of-year pooling retrievals spanning all years 
between 2012 to 2022. 

Phenological dates 

The determination of phenological transition dates for the 
vegetation fuels and UK regions was based on the yearly 
global land surface phenology metrics dataset VNP22Q2, 
which is also generated from the VIIRS EVI2 retrievals. The 
dataset captures key phenological transition dates for up to 
two phenological cycles per year, although the vegetation 
land covers in this study exhibited only one cycle each year. 
The VNP22Q2 product has 500-m spatial and annual tempo
ral resolutions and has been validated against ground-based 
and higher-resolution satellite-based phenology observa
tions, showing strong agreement (Zhang et al. 2018). 

Utilising the VNP22Q2 product estimates of dates for the 
onset of greenness increase, onset of greenness maximum, 

onset of greenness decrease and onset of greenness minimum 
phases, we were able to estimate the phenological phase of 
fuels at different times of year. We considered that the period 
between the dates of onset of greenness minimum and onset 
of greenness increase as the winter dormancy phase, whereas 
onset of greenness increase date marked the transition to the 
spring green-up phase (e.g. emergence of new foliage and 
stem growth). The onset of greenness maximum was indica
tive of plants reaching their maturity phase, while the onset 
of greenness decrease marked the onset of the plant senes
cence phase (e.g. discolouration and loss of deciduous foli
age). The VNP22Q2 product also estimates the middle of 
greenness increase and the middle of greenness decrease 
dates, which we used to split green-up and senescence phases 
into early and late green-up or senescence phases, respec
tively. Transition dates for different land covers across the 
study regions were estimated by finding nearest pixels in the 
VNP22Q2 product to the location coordinates of the selected 
land cover pixels representing the study’s land covers and 
computing median transition date values. 

Results and discussion 

Fire activity in vegetated land cover types 

The analysis of fire activity within vegetated land cover 
types in the UK reveals significant variability across different 
vegetation fuels and regions (Fig. 1). The eight land covers 
shown in Fig. 1 collectively covered ~86% of the entire UK 
area in 2018 and accounted for 95% of all vegetation fire 
detections during the study period, and thus the analysis is 
focused on these fuel types corresponding to these land cover 
classes. 

Agricultural vegetation classes, specifically improved grass
lands and arable land, covered the largest proportion of the 
UK’s land surface, accounting for 28 and 21% respectively. 
Heather, acid grasslands, heather grasslands and bog land 
covers constituted 4, 9, 6 and 4% respectively. Meanwhile, 
deciduous and coniferous woodlands covered 8 and 6% of the 
UK’s land area, respectively (Supplementary Fig. S1). 

In terms of fire activity, semi-natural grassland and shrub 
land covers (heather, acid grasslands, heather grasslands 
and bogs) collectively accounted for more than half of the 
total fire detections, with respective contributions of 19, 13, 
12 and 10%. Agricultural fires on arable land and improved 
grasslands accounted for an additional 21 and 15% of fire 
detections, respectively, whereas fire detections in decidu
ous and coniferous woodlands comprised only 6 and 4% of 
the total fire count. Semi-natural land covers also exhibited 
higher rates of fire detections per unit area compared with 
woodlands and agricultural land (Supplementary Fig. S2). 

Fire detections in semi-natural land covers (acid grass
lands, heather grasslands, heather and bog areas) exhibited 
a notable peak during March and April (Fig. 1). This pattern 
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varied regionally; for example, fire activity in East Scotland, 
North-east and South-west regions peaked in March, 
whereas in Northern and Southern Scotland regions and 
Northern Ireland, the peak occurred in April. 

Although fire activity in March was also high in the 
North-west region, the highest number of heather and grass
lands fire detections here occurred in June. Similar increases 
in summertime fire activity were also observed in the South- 
west region and Northern Ireland; however, overall, such 
events were an exception rather than the norm (Fig. 1). In 
the Central and South-east regions, fire activity primarily 
occurred in agricultural land covers (arable land and 
improved grasslands) and deciduous woodlands. Such a 
distinct pattern reflects the different proportions of land 
covers between regions of the UK. Semi-natural grassland 
and heather-dominated land covers comprised <1% of the 
area in Central and South-east regions, whereas agricultural 
vegetation covered approximately 76 and 61% of their total 
area respectively (Supplementary Fig. S1). The temporal 
pattern of fire activity here was also different when com
pared with regions dominated by fires in semi-natural land 
covers, with peak burning observed from July through 
September and fire activity more evenly distributed across 
the seasons. The Central region recorded only a few fires 
recorded in non-agricultural land covers. The relatively 
small number of heather fires detected in South-east 
England displayed a peak in March and July, mirroring 
the temporal patterns observed in other dwarf shrub- 
dominated regions. 

The timing of fire occurrence in the UK is governed by a 
range of factors. Natural ignitions by lightning are exceed
ingly rare. Instead, the vast majority of vegetation fires 
result from human actions – whether for land management 
purposes, through arson, or by accident (Gazzard et al. 
2016). It is important to clarify that many early-season 
fires are associated with prescribed burns, which are part 
of regulated land management practices. Prescribed fires in 
the UK are primarily used to modify the structure and age of 
Calluna vulgaris stands on red grouse game shooting estates 
and to manage semi-natural pastures dominated by Molinia 
grass (Harper et al. 2018). Such fires are authorised from 
October or November until the end of March or April 
(depending on the region and site elevation) and do not 
generally pose a significant risk. This period of sanctioned 
burning very likely contributes substantially towards the 
early-season fire detection counts across most regions, and 
also may explain the observed spikes in fire activity within 
heather-dominated land covers during October in East 
Scotland and the North-east region (Fig. 1). The proportion 
of total fire detection counts of this study that are attributa
ble to prescribed fires could not be determined from the 
datasets employed herein and should be the focus of more 
region-specific future studies. Wildfire statistics for England 
(Forestry Commission 2023) covering 2009–2021 show that 
area burned in semi-natural grasslands, mountain, heath 

and bog land covers peaks in April, rather than March as 
reported in this study. This temporal discrepancy is likely 
caused by prescribed fires that are recorded by VIIRS sensor 
(but are generally not reported by Fire and Rescue Services as 
wildfire incidents). However, fire incident records also indi
cate elevated burning activity in March across many regions 
of the UK (de Jong et al. 2016; Forestry Commission 2023), 
suggesting that the early-season fire activity peak reported in 
the present study cannot be solely attributed to managed 
burns. Accidental ignitions and arson fires also contribute to 
driving fire detection counts at this time of year. 

The seasonal profiles of fuel moisture codes (Fig. 2) and 
fire behaviour indices (Supplementary Fig. S3) exhibit large 
inter- and intra-annual variability, highlighting considerable 
disparities in the timing of peak values among the codes 
themselves and between the different regions of the UK. The 
FFMC, which is sensitive to relative humidity, is more vari
able on a daily basis but changes less between seasons when 
compared with drought-driven DMC (Fig. 2). The ISI, driven 
by wind speed and FFMC also reaches maximum values 
much earlier in the year. In the Scottish regions, North- 
East and Northern Ireland, the FFMC is at or near peak 
values in April and May, whereas in the North-West, 
Central, South-West and South-East regions, it remains ele
vated from April through September. In contrast, the DMC 
typically peaks during the summer months across all regions 
and exhibits a much higher seasonal variability. 

Fire weather is an important piece of the highly variable 
fire activity puzzle. However, the highest values of fuel 
moisture codes and fire weather indices are typically 
recorded in summer months (Fig. 2), when fire activity is 
generally low (Fig. 1). If fire weather was the dominant 
factor at this time of year, then it could be expected that 
favourable weather conditions coupled with accidental igni
tions caused by increasing number of visitors to the UK’s 
open spaces in the summer months (Albertson et al. 2009) 
would be associated with significant increase in fire activity. 
The discrepancy between the seasonal patterns of peak fire 
activity and fire weather components illustrated in Figs 1 
and 2 indicates that other factors, such as plant phenology, 
exert a profound effect on fire activity here. 

Phenological climatology of UK fuels 

The humid temperate ecosystems of the UK undergo signifi
cant changes in greenness over the course of a year. 
Although all land covers of this study experienced a single 
phenological cycle each year, the timing and amplitude of 
this cycle was distinct between the land covers and different 
regions (Figs 3 and 4). During the study’s period, the great
est variations in vegetation greenness according to EVI2 
values were observed in agricultural land (arable and 
improved grasslands), acid grasslands and deciduous wood
lands. In contrast, the phenological cycle’s amplitude was 
more subdued in heather land covers dominated by 
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evergreen dwarf shrubs (i.e. Calluna vulgaris, Erica tetralix, 
Ulex minor) and conifer woodlands (Fig. 3). This finding 
aligns with expectations based on plant phenology. The 
annual shedding of leaves by deciduous trees and die-back 
in grasslands (Salim et al. 1988) were reflected by larger 
amplitude of EVI2 cycles when compared with land covers 
representing evergreen species. The seasonal profile of the 
vegetation index for heather grasslands, as expected, falls 
somewhere in between the curves recorded for acid grass
land and heather land covers in terms of amplitude (Fig. 3), 
yet exhibits significant regional variability within the UK 
(Fig. 4). Bog land cover also represents mixed vegetation 
ecosystems, containing both evergreen dwarf shrub vegeta
tion and deciduous purple moor-grass (Jackson 2000), and 
EVI2 seasonal amplitude of bog areas is more akin to 
heather than to heather grassland (Fig. 3). 

The estimated onset of the green-up phase differed 
between fuels and regions of the study (Fig. 4). Transition 
from dormancy to the growing phase occurred the earliest 
(by far) in agricultural land, whereas in semi-natural 

habitats, the greening was, on average, becoming apparent 
several weeks later. In Northern Scotland, heather land 
cover commenced green-up approximately 1–2 weeks after 
the South-west and South-east regions. The latitudinal dis
parity in green-up onset dates was most pronounced in acid 
grasslands, with up to a 1-month difference between 
Northern Scotland and South-east regions (Fig. 4). The 
north–south gradients in phenological timings and fire 
detections for acid grasslands of this study align well with 
fire activity studies of grass fuels in Sweden (Sjöström and 
Granström 2023). Notably, the phenological transition dates 
differ between the regions for the onset of greenness 
increase phase, but less so for the onset of the greenness 
decrease phase. 

Transitions between phenological phases do not coincide 
with calendar seasons. This is a critical factor that empha
sises the importance of a phenology-based framing when 
defining seasonally variable fuels in the UK. For example, 
the onset of greenness increase occurs sometime during 
calendar spring in most fuels across the UK; however, 
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there are substantial differences when comparing regions 
and land covers (Fig. 4). The rapid increase in EVI2 observed 
during the green-up phase indicates that fuels change dramat
ically between March and May, and hence they cannot be 
characterised by a single broad umbrella term of ‘spring fuels.’ 
At the same time, grasslands in their phenological dormancy 
phase are similar between late winter and early spring in 
terms of degree of curing, and any increases in fire occurrence 
in early spring are likely to be driven by more favourable fire 
weather, rather than changes in the fuels themselves. 

Although the estimated phenological transition dates and 
amplitudes of greening for different regions of the study 
broadly correspond with the earlier arrival of spring in 
lower latitudes, there are some notable irregularities. These 
are likely due to the lack of altitudinal stratification in this 
study, and from uncertainties in the phenological dates in 
the VNP22Q2 product, which are particularly high in regions 
with frequent snow and cloud cover (Zhang et al. 2018), 
such as the Scottish Highlands. Further work, for example, is 
needed to investigate phenological climatology patterns for 
lowland versus highland ecosystems, as altitudinal gradients 
can be of similar magnitude to the latitudinal differences in 
phenological dates presented in this study. 

Phenology and fire occurrence 

The analysis integrating fire detection data with phenological 
transition dates reveals that the majority of fires in the UK 
occur when host ecosystems are in their dormant, early green- 

up, or senescent phases (Fig. 5). This trend is particularly 
pronounced in semi-natural land covers dominated by grass
lands and dwarf shrubs, and, to a lesser extent, in conifer 
woodlands. Over arable lands, fire activity also showed small 
differences across phenological phases. In contrast, fire detec
tion rates in deciduous woodlands and improved grasslands 
did not differ nearly as much between the phenological sea
sons when compared with the semi-natural land covers. 

Fire activity in acid grasslands and heather grasslands 
exhibited large differences between the phenological phases 
during the study period, with fire detection rates five and six 
times higher during dormancy when compared with the 
phenological maximum phase respectively (Fig. 5). This is 
an expected result for deciduous vegetation with a low 
proportion of coarse fuels. A common example of these 
fuels is the deciduous perennial purple moor-grass (Molinia 
caerulea), which sheds leaves late in autumn and regrows 
during the spring months (Salim et al. 1988). During the 
dormant and early greening phases, grasslands contain a 
high load of dead blades and litter, which react rapidly to 
weather changes and are easily ignitable (Wotton 2009; Cruz 
et al. 2015; Kidnie and Wotton 2015). When grasslands 
transition to the growing phase and approach phenological 
maturity, these ecosystems become more resistant to ignition 
and fire spread (Sjöström and Granström 2023). While dead 
litter is still present, new growth live matter with high 
moisture content tends to supress ignition and fire spread. 

Fire detection rates for the heather land cover areas were 
nearly four times higher in the dormant phase compared 
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with the greenness maximum phase, whereas in bogs, this 
difference reached eightfold (Fig. 5). Notably, the highest 
fire detection rates for bog areas were observed during the 
late green-up phenological phase rather than dormancy or 
early green-up. Whereas the overall patterns resemble those 
of areas dominated by grass fuels, the underlying mecha
nisms are likely to be different. In contrast to acid grass
lands, the ratio between live and dead fuels does not differ 
as much between dormant and high-greenness phases in 
evergreen dwarf shrub ecosystems that dominate heather 
and bog land covers. Although moisture content in dead 
fuels is an important factor controlling flammability in 
dwarf shrub ecosystems (Davies and Legg 2011; Santana 
and Marrs 2014), seasonal FFMC cycles shown in Fig. 2 

indicate that variability in dead fuel moisture content does 
not explain the observed reduction in daily fire occurrence 
rates during the greenness maximum phase. Phenologically 
driven changes in moisture content in live fuels, however, 
offer a more plausible explanation for the large contrast in 
fire rates between the seasons (Davies et al. 2009, Davies and 
Legg 2011). In winter and early spring months, live heather 
fuels in the dormancy phase have a low moisture content 
when compared with the greenness maximum phase owing 
to cold weather-driven desiccation (Davies et al. 2010). 
Other changes in physiology and chemistry may play a role 
as well, and further field-based research is needed to under
stand factors affecting flammability and fire behaviour in 
dwarf shrub ecosystems (Vandvik et al. 2014). 
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In woodland and agricultural land covers, the contrast 
between fire detection rates observed during different phe
nological phases was more subtle when compared with 
grassland and dwarf shrub-dominated habitats. In conifer
ous and deciduous woodlands, fire activity peaked during 
the early green-up phase, when it was higher by a factor of 
three and 40% compared with estimates for greenness max
imum phase respectively. In contrast to other vegetation 
fuels, daily fire detection rates over arable land peaked 
later in the season and were twice as high during the late 
senescence phase compared with other phases. Over 
improved grasslands, the differences between the phases 
were very small. We note that the absence of substantial 
differences in fire occurrence rates between the phases does 
not necessarily indicate an absence of phenological fire 
controls. If fire weather was the only factor governing fire 
occurrence, then we would expect to see elevated fire activ
ity during the late increase in greenness and greenness 
maximum phenological phases when fire weather indicators 
are generally at their highest values (Fig. 2). However, this 
is not the case. The agricultural land covers of arable land 
and improved grasslands are intensively managed through 
crop rotation, harvesting and grazing, and thus fire activity 
is likely to be more strongly driven by human activity rather 
than climatic and phenology factors. In addition, Fig. 3 
indicates that the phenological phase transition dates of 

the VNP22Q2 product may perform less well over agricul
tural land when compared with semi-natural grassland and 
areas dominated by dwarf shrubs. This is particularly notice
able over improved grasslands. Thus, fire detection rate 
estimates for different phenological phases may be less reli
able here. 

Overall, the date for the middle of green-up phase aligned 
best with the reduction in the rate of fire detections for both 
grassland- and dwarf shrub-dominated landscapes (Figs 5 
and 6), indicating that this phenological transition could be 
utilised in fire risk prediction and for formulating seasonal 
fuel models. The high rates in bog land cover type observed 
during the late green-up phase do not contradict this pattern 
but require further scrutiny to explain. 

Drought and fire weather-driven fire activity 

During the 2012–2023 period, there were several seasons 
characterised by unusually dry conditions and/or extreme 
fire weather. Fire detection counts for high and low vegeta
tion greenness phases aggregated by year (Fig. 6) illustrate 
the stand-out nature of fire activity during the high- 
greenness phenological phase of 2018 in semi-natural land 
covers. The very dry summer of 2018 was associated with 
extreme fire activity in the UK (Forestry Commission 2023) 
and across north-west Europe (Kelly et al. 2021). Detections 
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for this year comprised between approximately half and 
three quarters of total high-greenness phase active fire 
observations during the study period in grassland- and 
dwarf shrub-dominated ecosystems. Critically, this indicates 
that the differences in fire detection rate estimates between 
the phenological phases shown in Fig. 5 were, in fact, much 
greater during years when weather conditions were less 
than extreme. 

A severe drought in 2018 caused widespread drying in 
peatlands across the UK and elsewhere in north-west Europe 
(Lees et al. 2021), and low water table depths (Lees et al. 
2021), increasing the likelihood of combustion in deep peat 
soils. Indeed, a substantial fraction of the high greenness 
detections in 2018 were attributable to a few very large 
individual fires over peatlands. The Saddleworth Moor and 
Winter Hill wildfires were two such events that started in 
late June 2018 and smouldering fires in peat were active for 
several weeks. They were the largest and fourth largest 
UK events respectively in terms of VIIRS fire detection 
counts in the record at the time of writing, and collectively 
accounted for over 90% of total bog and over 30% of total 
heather fire detections during the high-greenness phase of 
that year (Fig. 6). 

Although fire observation counts for the high-greenness 
phase in 2018 were also elevated over agricultural land and 
woodlands, the differences were smaller, when compared 
with estimates for the same phenological phase in other 
years, and interannual variability in fire detection counts 
was lower when compared with semi-natural ecosystems. 
Such a pattern suggests a higher and relatively constant 
number of ignitions in agricultural landscapes across the 
study years when compared with semi-natural land covers. 
Although fires on arable land and improved grasslands did 
not develop into very large events in terms of satellite 
detection counts even during the extreme fire weather sea
sons, some of the events that occurred during the high- 
greenness phase were nonetheless damaging and difficult 
to suppress. For example, multiple grassland fire events 
broke out on 19 July 2022, during the peak of an 
unprecedented heatwave in the UK (Yule et al. 2023). 
Exacerbated by high wind speeds, these grassland fires on 
the edge of built-up and densely populated areas caused 
unparalleled property damage in the UK context and put 
immense strain on Fire and Rescue Services. 

The above results suggest that there are at least two 
distinct modes of fire activity in the UK. One activity peak 
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primarily occurs in early spring when vegetation is still in 
dormancy or at an early stage of the growth phase, coincid
ing with more conductive fire weather conditions. During 
this period, peak ignitions and fire spread are driven by fuel 
factors: abundant dead grass fuels and low moisture content 
in live shrub fuels (Davies et al. 2010). Such ‘flashy’ fuels 
react rapidly and become easily flammable even under 
moderate fire weather conditions (Wotton 2009). Fire activ
ity during this fire mode has been shown to correlate better 
with the fuel moisture and fire behaviour indicators that 
change rapidly and have a short-term memory, namely 
FFMC and ISI (de Jong et al., 2016; Davies and Legg 
2016). Some fires during dormancy phase occur in autumn 
as well, but they are relatively rare in comparison with the 
early spring dormancy/transition to growing periods (Fig. 5). 

The second mode of fire occurs when vegetation is 
approaching, or has reached, the phenological maturity 
stage, but is stressed by severe drought and extreme fire 
weather. In temperate north-west Europe, grasslands and 
shrublands are very resilient to fire during high-greenness 
phases owing to the high ratio of live-to-dead fuels and high 
moisture content in live fuels. This phenological fire control 
is particularly strong in ecosystems dominated by grasses. 
Experimental data from Swedish grasslands (Sjöström and 
Granström 2023) suggest that during the green-up phase, 
fire season is effectively over when live grass fraction 
exceeds 10–20% of the total fuel load. However, the normal 
functioning and phenological development of the ecosys
tems can be disrupted by persistent extreme fire weather, 
which drives live fuel moisture content below the combus
tion thresholds (Davies and Legg 2011; Cruz et al. 2015). 
Under such conditions, both above- and below-surface fuels 
are dry, and combustion of underground peat is possible, 
which can result in substantial emissions and loss of long- 
term landscape carbon stores. Fire occurrence during this 
activity mode has been shown to correlate with elevated 
levels of longer-term fire weather components that charac
terise moisture content in larger fuels (DMC) and potential 
release of energy from fuels (BUI) (de Jong et al. 2016). 

Under current climatic conditions, fire regimes in the UK 
are dominated by fuel factors, whereas extreme drought- 
and fire weather-driven flare-ups in fire activity are rare. 
However, future climate projections indicate an increase in 
the frequency and severity of summer droughts across the 
UK, in particular for regions in the south of the country 
(Arnell et al. 2021). As a result, vegetation that is typically 
fire-resilient during the phenological maturity phase can be 
expected to become flammable more often owing to 
increased water stress. Indeed, drought-driven summer fire 
events may become the dominant mode of burning in the UK 
in the coming decades. This may already be the case for 
Central and South-east regions with the highest summer- 
time values of DMC (Fig. 2) and BUI (Supplementary 
Fig. S3). However, a longer record is needed to draw firmer 
conclusions. Transition to this mode of burning in UK 

regions further west and north could have profound impli
cations for carbon emissions and the health of ecosystems. 
Furthermore, more frequent extreme summer fires have 
potential to exceed the resources of emergency responders 
and fire professionals. This was most recently seen during 
July 2022 when 14 Fire and Rescue Services across England 
declared major incidents due to wildfire during the record- 
breaking extreme heat. 

Although this study focuses on fire regimes in the UK, 
analogous fire activity patterns are observed in other regions 
of north-west Europe with similar climates. An early season 
peak in fire activity has been documented in The Netherlands, 
Belgium, Ireland, Norway and Sweden (San-Miguel-Ayanz et al. 
2022; Cardíl et al. 2023; Sjöström and Granström 2023), par
ticularly in areas dominated by temperate grasslands and 
shrubs. Importantly, there is also evidence of a summertime 
surge in burning activity that is, like in the UK, driven by 
extreme drought conditions (Stoof et al. 2024). Further 
research is urgently needed to determine drought severity 
thresholds for different vegetation fuels and regions across 
the UK, and more widely across temperate north-west 
Europe, to enable updating, and integrating plant phenology 
into, operational fire danger and behaviour prediction systems. 

Conclusion 

Our analysis of active fire observations and vegetation phe
nological transition dates for the UK for the 2012–2023 
period demonstrate that seasonal fire occurrence patterns 
in the semi-natural temperate grasslands and dwarf shrub- 
dominated ecosystems of the UK are generally out of phase 
with fire weather components. Large differences were found 
in fire occurrence between vegetation phenological phases, 
with fire activity being five to six times higher during 
dormant and early green-up phases, when compared with 
the late green-up and phenological maturity phases in the 
grassland- and dwarf shrub-dominated habitats that repre
sent the most fire-prone land covers in the UK. The differ
ences in fire occurrence rates were larger during years 
with less than extreme fire weather. A similar but less 
pronounced pattern was observed over the region’s wood
lands. In contrast, on agricultural lands, fire detection rates 
were elevated during the senescence phenological phase, 
but with small differences between phases. 

During the past decade, the UKs fire regime appears to 
have been strongly modulated by fuel phenology. The UK’s 
main fire-prone land covers remain highly resistant to burn
ing when vegetation is in late green-up and phenological 
maturity phases, despite elevated fire weather forcing dur
ing the summer months. However, there was also evidence 
that the phenological fire barrier was diminished over large 
parts of the UK, particularly during the summer months of 
2018. Fire activity flare-up during severe drought and heat
wave episodes illustrates the switch from a fire regime 
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dominated by fuels factors to a regime where fire occurrence 
and behaviour are driven by extreme fire weather. 

Drought conditions conductive to burning during the 
high-greenness phenological phases are predicted to occur 
more often and cover larger parts of the UK, as well as other 
temperate Atlantic regions in the coming decades. As a 
result, severe summer-time fire events are likely to become 
more frequent owing to more extreme fire weather and a 
longer fire season, inevitably increasing pressure on emer
gency services and resource managers. These projections 
emphasise the importance and urgency of establishing phe
nological state indicators and vegetation stress thresholds 
for fuels in the region and utilising them, as well as fire 
weather variables, for predictions of fire occurrence and 
behaviour. Such a holistic approach could inform fire man
agement strategies and help to mitigate the impact of vege
tation fires in the UK and more widely in regions with 
similar humid temperate climates. 

Supplementary material 

Supplementary material is available online. 
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Data availability. All datasets used in the study are publicly available. The VIIRS Suomi-NPP active fire detection dataset VNP14IMGML is available at: 
https://firms.modaps.eosdis.nasa.gov/active_fire/. UK Centre for Ecology & Hydrology (UKCEH) land cover for 2018 is available at https://www.ceh.ac.uk/ 
data/ukceh-land-cover-maps. VIIRS vegetation product VPN13A1, which includes EVI2, can be downloaded from: https://developers.google.com/earth- 
engine/datasets/catalog/NOAA_VIIRS_001_VNP13A1. The phenological dates dataset VNP22Q2 is available at: https://developers.google.com/earth- 
engine/datasets/catalog/NOAA_VIIRS_001_VNP22Q2. The Global ECMWF Fire Forecast (GEFF) model Copernicus Emergency Management Service Fire danger 
indices dataset is available at: https://cds.climate.copernicus.eu. 
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