Article

Forest fire size amplifies postfireland

surface warming

https://doi.org/10.1038/s41586-024-07918-8
Received: 6 December 2022

Accepted: 7 August 2024

Jie Zhao'*3'°, Chao Yue***'°*™, Jiaming Wang', Stijn Hantson®, Xianli Wang’, Binbin He?®,
Guangyao Li', Liang Wang? Hongfei Zhao' & Sebastiaan Luyssaert®

Published online: 25 September 2024

Open access

M Check for updates

Climate warming has caused a widespread increase in extreme fire weather, making
forest fires longer-lived and larger' . The average forest fire size in Canada, the USA
and Australia has doubled or even tripled in recent decades**. In return, forest fires
feed back to climate by modulating land-atmospheric carbon, nitrogen, aerosol,

energy and water fluxes® 8. However, the surface climate impacts of increasingly large
fires and their implications for land management remain to be established. Here we
use satellite observations to show that in temperate and boreal forests in the Northern
Hemisphere, fire size persistently amplified decade-long postfire land surface
warming in summer per unit burnt area. Both warming and its amplification with

fire size were found to diminish with anincreasing abundance of broadleaftrees,
consistent with their lower fire vulnerability compared with coniferous species®™.
Fire-size-enhanced warming may affect the success and composition of postfire

stand regeneration'

as well as permafrost degradation®, presenting previously

overlooked, additional feedback effects to future climate and fire dynamics. Given
the projected increase in fire size in northern forests*?, climate-smart forestry
should aim to mitigate the climate risks of large fires, possibly by increasing the
share of broadleaftrees, where appropriate, and avoiding active pyrophytes.

Inrecent decades, large forest fires have become more frequent, with
adoubling to tripling of the mean fire size in the western USA, Canada
and eastern Spain, in response to factors such as climate warming,
fuel management and rural depopulation*>', Larger fires have been
associated with higher burn severity, as measured by greater postfire
decrease in vegetation greenness” or larger combustion of surface
organic carbon'®, suggesting that they result in higher carbon dioxide
(CO,) emissions per unit burnt area and thus have a greater biogeo-
chemical climate warming impact.

Thebiogeochemical effect of CO, emissions represents only about
half of the near-surface climate impact of global forest fires®, with the
remaining half coming from biogeophysical effects due to changesin
the land surface characteristics®. It remains to be established whether
larger fires lead to greater biogeophysical effects that would, in
turn, strengthen their biogeochemical effects, or have smaller bio-
geophysical effects that could (partly) offset their biogeochemical
warming. Given that fire size is projected to increase in response to
future warmingin northern forest ecosystems™", this study aims to
enhance our understanding of the biogeophysical implications of
increasing fire size.

To this end, we combined satellite-based datasets of global wildfire
events for 2003-2016, surface radiometric temperature (7), surface
albedo (a), ecosystem evapotranspiration (ET) and incoming shortwave

radiation, toinvestigate changesin surface energy processes with fire
size for between 1and 14 years after a fire (Methods). Moreover, sat-
ellite observations of fire behaviour, fire radiative power (FRP), leaf
areaindex (LAI) and forest loss were used to investigate changes in fire
intensity and fire severity with fire size (Methods).

Northerntemperate and boreal forests (40° N-70° N) were selected
for our research because (1) pronounced postfire surface warming has
previously been reported there®, suggesting a substantial contribu-
tion of biogeophysical processes in postfire surface climate impacts;
(2) bothfire size and burnt areaare projected toincreasein this region
under future climate warming'?%, potentially making climate feed-
back effects through fire size important; (3) this region has various
forest types with distinct fire regimes”, potentially leading to different
postfire biogeophysical responses to fire size; and (4) wildfires in this
region are mostly driven by climate conditions rather than by direct
human activities®, emphasizing the need for appropriate mitigation
of large fires.

Fire-size-dependent postfire surface warming

The study domainshows extensive fires over the period 0of2003-2016
(Fig.1a). Changes in summer (June-August) surface radiometric tem-
perature (AT) indicate a widespread warming effect one year after
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Fig.1|Postfire surface radiometric warming insummer andits
amplificationby firesize.a, Annualburntareaover2003-2016.b, Surface
radiometric temperature change (AT) in summer (June-August) one year
afterfire. c,d, Slope B,;and R* derived by fitting a linear regression model
(AT =a+ B, x logy[firesize]) inthe grid cells witha minimum of10 fires. The
solid dotsindicate pixels with locally significant regressions (P < 0.05, the
two-tailed t-test), all of which have passed amore rigorous field significance
test corrected for the false-discovery rate (FDR; a;p, = 0.10; Methods). e, Spatial
distribution of forest type composition. The colour opacity indicates the

fire (Fig. 1b), consistent with previous findings®. The effect of fire size
on summer AT was investigated by fitting a linear regression model
(AT =a+ B, x loglfire size]) in each 2° grid cell of the study domain.
Thewidespread positive 8, values, which were statistically significant,
suggest that fire size amplified postfire surface warming (Fig. 1c,d).
High S, values were mostly found in North America and eastern
boreal Asia where evergreen needleleaf forests (ENF) and deciduous
needleleaf forests (DNF) dominate (Fig. 1c,e). By contrast, lower or
statistically insignificant §,,values were found in western, central and
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proportion of forest areatoland area. f, Regional mean postfire summer AT
(inviolet, significantly greater than zero for all years at a = 0.05, one-tailed
t-test, with negligible s.e.m.), and the domain-wide ,,value derived by fitting
asinglelinearregression model (AT =a + B,; % log,[fire size]) across the whole
study domain (inorange; P< 0.05for allyears, Student’s t-test; the shaded areas
show standard errors), both for up to 14 years after fire. All the maps have a 2°
spatial resolution. The light-grey background indicates northern temperate
andboreal forests (40° N-70° N) witha>10% ground coverage. Figure developed
using Python open-source tools.

southeastern Siberia and eastern Europe, which are dominated by
deciduous broadleaf forests (DBF) and mixed forests (MF) (Fig. 1c,e).
This patternsuggests that §,,is modulated by forest type, ahypothesis
analysed later in this study.

The domain-wide §,; value was 0.44 + 0.01K (log,,[km?]) (Fig. 1f),
showing that, in summer, for every doubling in fire size, postfire land
surfacebecomes warmerby 0.13 + 0.01K, or 22% of the regional average
warming (0.60 K; Fig. 1f). Both reported summer surface warming (AT)
andits amplification by fire size (8,7), althoughthey decayed over time,
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Fig.2 | Amplification of fire size onbiogeophysical changes after fire.
a-d, Linearregressionmodels, of the formy=a+ B x log,,[fire size], were fitted
in2°grid cells witha minimum of 10 fires, where y stands for the changesin
summer (June-August) surface albedo (Aa) (a), summer ecosystemET (AET) (b),
summer LAI (ALAI) (c) and forest mortality (as a percentage; d), all for one year
after fire. Both solid and empty dots indicate pixels with locally significant

were found to persist for up to 14 years after fire, the longest period
with records available (Fig. If).

Several studies report a moderate omission error in the burnt area
of high-latitude regions by the global-coverage fire patch dataset of
the Global Fire Atlas (GFA) used in this study®. A comparison of boreal
forests of western Canada and Alaska, for which higher-quality fire
patch datasets exist, shows that fire size tends to be underestimated
by the GFA but the reported amplification by fire size in postfire sum-
mer surface warming was robust, with the regional datasets showing
even larger 8,;values and better model fitting than the GFA (Supple-
mentary Note1).

Underlying changes in surface energy process

The size-enhanced summer surface warming was driven by system-
atic changes in land surface energy processes following fire, almost
all of which were amplified by fire size (Fig. 2a,b and Extended Data
Fig.1). As aresult of the removal of the forest canopy and darkening
ofthe ground surface?, surface albedo in summer decreased one year
after firein most areas of the study region (Extended Data Fig. 1e), with
greater reductions associated with larger fires (Fig. 2a). This caused
more shortwave radiation to be absorbed by the land surface as fire
sizeincreases (Extended Data Fig.1g,h). Moreover, decreasing ET with
increasing fire size (Extended Data Fig. 1i and Fig. 2b) implies that less
oftheabsorbedradiative energy was released as latent heat (Extended
DataFig.1k,l), leading to anon-radiative warming effect.

Inline with surface warming, outgoing longwave radiationincreased
after fire, with greater increases following larger fires (Extended Data
Fig.1c,d). The sum of sensible heat and ground heat fluxes, derived
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regressions (P<0.05, two-tailed ¢-test), but the solid dots indicate those
having passed amorerigorous field significance test corrected for the FDR
(appr = 0.10; Methods). Extended Data Figs.1and 7 show the spatial distribution
ofthe mean value of postfire changes for these variables. Figure developed
using Python open-source tools.

by applying energy conservation, also increased after fire, but the
increase with fire size is mostly statistically insignificant (Extended
Data Fig.1m,n), probably because it was calculated as a residual term
inthe energy budget and therefore integrates the uncertainties in the
other variables.

The increase in outgoing longwave radiation following fire due
to surface warming in summer exceeds the increased absorption of
shortwave radiation, leading to surface radiative cooling, which was
also amplified by fire size (Extended DataFig.1o,p). The reported land
surface warming, despite this radiative cooling, hence indicates the
dominance of non-radiative processes, that is, sensible heat, latent heat
and ground heat fluxes, rather than the radiative processes, namely,
incoming and outgoing short- and longwave radiations, in determining
postfire surface temperature change in summer.

Inwinter (December-February), postfire changesin surface energy
fluxes were largely the reverse of those in summer, with the exception
of ET and latent heat flux, which showed almost no change (Extended
DataFig.2). Accordingly, in contrast to summer, ATin winter was domi-
nated by radiative processes, resulting in surface cooling consistent
with anincrease in surface albedo. Both surface cooling and albedo
changes show some dependence on fire size, but this effect is mainly
limited to North America (Supplementary Note 2 discusses the snow
effect on winter cooling).

Ontheannual timescale, for the first four years after fire, the change
in surface radiometric temperature was dominated by the summer
signal, showing size-dependent warming. Afterwards, winter cool-
ing became dominant (Extended Data Figs. 3a and 4a). However, over
timescales of up to 14 years after fire, the surface radiative cooling effect
persisted, largely as aresult of increasing surface albedo in winter over
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Fig.3|Fire vulnerability and the amplification of fire size on biogeophysical
changes after fire, stratified by forest type. The cascade of biogeophysical
drivers of postfire summer (June-August) surface radiometric warming is
showninthe middle of thefigure. a,e, Fire vulnerability is defined as postfire
changein LAl (a) or surface radiometric temperature (AT) (e) averaged over
allfire patches. For all the forest types, the mean value of ALAI (or AT) is
significantly lower (or greater) than zero ata = 0.05 (one-tailed t-test), with
negligible s.e.m. Tukey’s honest significant difference test for multiple
comparisons shows significant differencesin fire vulnerability among forest
types (P<0.05).b-d.f, Multiple linear regression modelsincorporating

time, consistent with previous findings'®* (Extended Data Fig. 3h).
The reported persistent summer surface warming (Fig. 1b), further
supported by field observations?, hence arises from non-radiative pro-
cessesthat outweigh theradiative processes. The observed amplifying
effect of fire size in postfireland surface energy processes, particularly
for summer, mostly holds throughout the entire 14-year trajectory
(Extended Data Fig. 4).

Direct size effect and fire behaviour effect

Size-dependent surface warming is related to postfire landscape het-
erogeneity as a result of the spatial extent of a burnt patch: we term
this the direct size effect. This effect can be understood by thinking of
afixed total burn area: when burnt as several smaller fire patches, the
resulting landscape will be more heterogeneous, leading to greater
surface roughness than that associated with a single large fire. Con-
sequently, the land surface containing small fire patches dissipates
more of the absorbed energy as turbulent heat fluxes, leading to less
surface warming (Extended Data Fig. 5). Similar mechanisms under-
lie previously reported lower magnitudes of land surface warming in
highly fragmented as opposed to large-scale deforestation areas??.
The direct size effect was further corroborated by our additional
analysis using a Canadian dataset of stand-replacing forest fire and
clear-cut harvest in mainly ENF (Supplementary Note 3). Following
harvesting, similar to the situation after fire, the land surface becomes
warmer insummer and the warming magnitude also increases with the
harvest patch size. However, the slope between land surface warming
and disturbance patch size (8,,) was significantly larger for fire than for

Forest type Forest type

log,[firesize], forest type and their interactive effects were fitted to derive the
amplification effect of fire size for different forest types (thatis, the S value: the
slopebetween postfire biogeophysical changes and log,,[fire size]), using the
dependent variables of ALAI(8,,4; b) and AET (B,41; ©), and changesin surface
albedo (B, d) and surface warming (S,; f), all for the summer period one year
after fire. The asterisks show significant regressions (P < 0.05); error bars show
thestandarderrors. All the S values show significant differences (P < 0.05,
Student’s t-test) among the forest types. Figure developed using Python open-
source tools.

harvest, with the difference being 0.16-0.21K (log,,[km?]) " or 31-33%
of the derived S, values for fire. The larger 8, value for fire can be
ascribed to the decreased surface albedo caused by increased surface
charring, whichindicates increasingfire intensity or fire severity with
fire size (Supplementary Note 3).

Our analysis reveals positive linear relationships between fire size
and fire duration (Extended DataFig. 6a), and between fire size and fire
spreadrate (Extended Data Fig. 6¢). Long fire durations are only possi-
ble under prolonged drought conditions, resulting in almost complete
drying of the biomass that fuels the fire”. Lower fuel moisture enables
more complete burning and also means that less energy is required for
adjacent conductive fuel heating, resulting in faster fire propagation,
as more energy is available for convective heating and radiation®,

FRP measures the radiative energy released during combustion,
making it a proxy for fire intensity?. The observed positive relation-
ship between FRP and fire size (Extended Data Fig. 6e), thus, indicates
greater fire intensity with larger fires. At the same time, both the
decrease in change in LAI (ALAI) and drop in forest mortality follow-
ing fire (Extended Data Fig. 7) increased with fire size (Fig. 2¢,d), sug-
gesting increasing fire severity with size, as reported previously”. The
independence of the algorithms used to derive fire size, fire intensity
and fire severity datasets provides robust evidence for the co-varying
fire behaviour effects that contribute to increasing postfire surface
warming with fire size.

The correlation between fire behaviour and fire size implies that
the effects of fire behaviour are implicitly accounted for when using
fire size as the major explanatory variable to examine biogeophysical
responses after fire (Supplementary Note 4).
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column). b-e, Effects of fire size on CO, emissions (b), postfire biogeophysical

Forest type modulates size-dependent warming

As hypothesized above (Fig. 1c), forest type was found to modulate
size-dependent warming. Ingeneral, the amplification strength of fire
sizein postfire biogeophysical responses is consistent with fire vulner-
ability across different forest types (Fig. 3). Postfire decreasein LAl was
the greatest in ENF, slightly lower in DNF and much lower in MF, and
almost negligible in DBF (Fig.3a). The pattern of ALAl across different
forest types was consistent with those of fire size, fire behaviour and
postfire forest mortality (Extended Data Fig. 8).

Accordingly, B, the slope between ALAl and fire size, was also the
highestin ENF and DNF, followed by MF and DBF (Fig. 3b). Differences
in B, , propagate consistently into differencesin S, and §,, (Fig. 3¢,d),
ultimately leading to different size sensitivities to postfire surface
warming (that s, 8,5 Fig. 3f). This pattern is also consistent with that
of surface warming magnitude across different forests, that is, sum-
mer AT is the highest in ENF, followed by DNF and MF, with negligible
warming in DBF (Fig. 3e).
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processes (c), stand regeneration (d) and regional- to global-scale climate
feedback loops (e). Processes linked to fire sizeinband carereportedin this
study, whereas thoseind and e are based on the literature*®°. Figure
developed using Microsoft PowerPoint software.

The above results were confirmed by an alternative analysis based
onthe share of broadleaf-containing forests rather than on a discrete
classification of forest types (Extended Data Fig. 9). The modulation of
forest type onfire size sensitivity of postfire biogeophysical responses
remained for up to a decade after fire (Supplementary Fig. 1). These
findings justify proposing species selection to mitigate the surface
climate impacts of growing forest fire size in boreal forests where
appropriate.

Management implications

Recent decades have seenaworldwide increase in extreme fire weather’,
withitsinfluence already looming intemperate and boreal regions. In
the forests of Canada, the USA and Australia, both mean and extreme
fire size have increased by 65-450% over the past four to six decades,
alongwithanincreaseinburntarea (Extended DataFig.10). Given that
the reported amplified land surface warming by fire size also holds for
the central to western continental USA and Australia (Supplementary



Figs. 2 and 3), the implications of growing fire size on surface climate
may extend beyond northern forests to other regions where climate
warming canincrease large fires (Australia wasincluded in this part of
the analyses only to make this point). Although fire-control spending
has increased in both Canada and the USA (Supplementary Fig. 4),
growing burnt area and fire size there highlight the difficulty of prevent-
ing large fires in sparsely populated areas, which are mostly climate
driven**° and possibly exacerbated by historical fire exclusion®.

Our observation that anincreasing share of broadleaf forests weak-
enssize-dependent postfire surface warming provides additional sup-
port for earlier proposals®? to increase broadleaf species in boreal
forests to mitigate climate warming and forest fires, because passive
pyrophyte broadleaves are less proneto fire and have a higher surface
albedo than needleleaf species. Considering that about two-thirds
of boreal forests, mainly in their warmer and wetter southern areas,
are under human management®, increasing broadleaf species at the
time of stand regeneration seems a practical alternative to active fire
suppression. For example, strips of coniferous forests could, after
being harvested, be replaced by broadleaf trees, which could then
serve as firebreaks toreduce fire spread in an otherwise homogeneous
coniferous landscape'. Moreover, field- and remote-sensing-based
observations have shown that the ongoing intensification of fire regime
inNorth American boreal forests hasled to anincreased abundance of
deciduousbroadleaves®** at the cost of evergreen conifers, resulting
inanatural control on fire frequency®*?.

Nonetheless, given that the fire mitigation effect of broadleaf spe-
ciesis mostly documented for North American crown fire systems'**
and plausible in the Eurasian dark taiga where crown fires dominate®,
the effect of increasing broadleaves on fire frequency in light taiga,
where surface fires dominate, requires further research. Furthermore,
cautionshould be taken—or careful local-scale planningis needed—to
increasethe share of broadleavesin areas where broadleafforestsarea
risk for human-dominated spring fires*°, or where permafrost stability
is partially maintained by the protective thick organic layer beneath
needleleaf forests™.

Feedback to future climate and fire activity

The increasing fire size and the associated biogeophysical responses
reported in this study have a range of implications for future climate
dynamics and fire activity (Fig. 4). Onthelocal scale, the individual den-
sity and species assembly of postfire recruitment depend on propagule
dispersal distance™*, which further depends on fire size**. Enhanced
soil warming? following large fires may differentially alter seedling
growth of different tree species, leading to transitionsin forest species
composition™. Lower soil moisture** following fire, combined with
surface warming, can even render complete regeneration failure**®.
These processes influencing stand regeneration may affect the local
fire cycle for decades (Fig. 4d).

The reported enhanced surface warming following larger fires was
alsofoundto occur over nearby unburnt forests (Supplementary Fig. 5),
contributingto regional surface warming. The decade-long persistent
warming after fire, combined with reduced ET, might reduce the cloud
cover? and facilitate the development of droughts and heatwaves,
thereby elevating fire risk on a regional scale (Fig. 4e).

Onthe global scale, higher fire intensity and forest mortality asso-
ciated with larger fires imply greater CO, emissions either through
direct combustion (Fig.4b) orindirectly through postfire dead-wood
decomposition*®* (Fig. 4c). In boreal regions, postfire soil warming
alsoimplies enhanced permafrost thaw and soil organic carbon decom-
position*® (Fig. 4e). Both processes contribute to global atmospheric
CO, growth and the resultant climate change, promoting positive
climate-fire feedback.

However, postfire surface radiative cooling and atmospheric radia-
tive cooling induced by fire-emitted aerosols also cool the climate’,

adding complexity to the overall impact of growing fire size on cli-
mate change. Nonetheless, a projected increase in the occurrence of
large fires under future climate warming'*% in forests in the Northern
Hemisphere might push these fire-related biophysical and climate
processes out of their historical boundaries, making the prevention
of large fires and the mitigation of their climate risks imperative to
forest management.
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Methods

Datasets of forest fire, land surface characteristics, surface
energy and water fluxes

Fire events. Information on individual fire events was obtained from
the GFA database® for the period 0f 2003-2016. This dataset was con-
structed using the daily 500 m MODIS Collection 6 MCD64Alburnt area
product®?. The GFA dataset has been validated against fire event data
derived using medium-resolution (30 m) satelliteimages and forestry
agency statistics for the continental USA®. Fire size, fire duration and
fire spread rate are provided in the GFA and have been reported to be
largely inagreement with the validation data, although with aslight un-
derestimation®. The GFA has a minimum fire size of 0.25 km”but to avoid
observational uncertainties associated with small fire patches, only
fires larger than 1km? (roughly four burnt pixels in the 500 m MODIS
dataset) were included in our analysis, ultimately leaving 84,510 fires.

A global, systematic evaluation of the MCD64A1 burnt area data
showed that over the boreal forest, the product has an omission error
of27%, whichis roughly compensated for by acommission error of 24%,
butintemperate forest, it omits alarge proportion of fires*>. Additional
studies show that over boreal Eurasia and over Canada and Alaska,
MCD64A1 underestimated the burnt area by about 20% (refs. 21,54).
Given that our research domain (40° N-70° N) is mostly covered by
boreal forest and that our focus is on how postfire biogeophysical
processes respond to changesin fire size rather than changes in burnt
area, the mapping accuracy of MCD64A1 was considered acceptable.
Moreover, to the best of our knowledge, the GFA is the only openly
available fire patch dataset spanning multiple years and covering the
entire spatial domain of our research area, simultaneously providing
information on fire duration and fire spread rate—all these features
make it a suitable product for this study. The spread rate for a given
fire patch was calculated as the mean value of the spread rates for all
the underlying 500 m burnt pixels of a given patch®.

Nonetheless, the omission of the burnt area by MCD61Al in boreal
regions probably leads to the underestimation of fire size, which is
confirmed by comparing the GFA with three regional fire patch data-
sets of higher quality than the GFA for Canadian and Alaskan boreal
forests (Supplementary Note 1). The first two regional datasets
cover both Canadian and Alaskan forests and were generated by the
Arctic-Boreal Vulnerability Experiment (ABoVE) project by combining
fire perimeter information from the Alaskan Interagency Coordina-
tion Center and Natural Resources Canada with either burn severity
information derived from Landsatimages (ABoVE-Landsat) or with the
burn dateinformation from the MODIS MCD14ML active fire product
(ABoVE-MODIS). The third dataset covers Alaska only and was obtained
fromthe Monitoring Trends in Burn Severity (MTBS) project, whichis
based on Landsat images. These three datasets are not subject to the
omission/commission errors associated with MCD64A1. The major
conclusion of this study—that the forest fire size amplifies postfire sur-
face warming—was tested using these high-quality fire patch datasets
and found to be robust (Supplementary Note 1).

The GFAisalso knownto erroneously divide asingle fire patch span-
ning two MODIS tiles (each tile covering a10° x 10° region) into two
patches. However, our analysis revealed that fire patches subject to
this error accounted for negligible percentages of the total number
of fires and total burnt area (Supplementary Note 5). The analysis in
this study was complemented by a comparison of the results based
on the GFA with those based on another MCD64A1-based fire patch
dataset (GlobFire), whichis free of tiling error. This comparison showed
consistent results derived using the two datasets, confirming the neg-
ligible influence of the tiling error in the GFA on our key findings (Sup-
plementary Note 5).

Fire intensity. FRP for 2003-2016 was obtained from the MCD14ML
active fire product®, which contains the geographical coordinates

of individual pixels with a nominal resolution of 1 km, where ongoing
active burning is detected. FRP denotes the radiative energy emitted
per unit time during burning over the area of the observed active fire
pixel and has been widely used as a proxy for fire intensity®. An active
fire pixelis considered to belong toafire eventifits centreislocatedin
a500 mbuffer zone of the event perimeter and ifits detection date lies
between the start and end dates of the concerned fire event.

Although an active fire pixel has a nominal area of 1 km?, its actual
areaincreases as the satellite sensor view moves away from the nadir.
Hence, the view angleinformation was used to calculate theactual area
of agiven active fire pixel, over which the given FRP was measured.
More specifically, the area of an active fire pixel was calculated as the
product of the along-scan (image-scanning direction) pixel length
and the along-track (satellite movement direction) pixel length, as
described previously™*®. The mean FRP per area (MW km™) of a fire
event was finally obtained by dividing the total FRP of all the active
fire pixelsin afire patch by their total area.

Forest type. The spatial distribution of forest type was derived from the
300 mgloballand cover maps for 2002-2015 produced by the European
Space Agency (ESA) Climate Change Initiative (CCI) land cover pro-
ject. Tomatchtheresolution of the GFA dataset, the 300 mland cover
maps were resampled to 500 m resolution using the nearest-neighbour
method. Alltheland cover types belonging to the ‘tree cover’ typeinthe
original classification system were treated as a forest. On the basis of
theresampled 500 m ESA CClland cover data, the annual proportions
offorestareatototalland area (includingall the land cover types except
for water bodies) were calculated for each 2° grid cell for 2003-2016,
followed by the calculation of the multiannual mean proportion (shown
as colour opacity in Fig. 1e). Four types of forest were distinguished:
ENF, DNF, DBF and MF (a mixture of broadleaf and needleleaf). The
relative proportions of ENF, DNF and MF + DBF to forest area over each
2° grid cell were calculated to show the spatial pattern of forest type
composition across the study domain (Fig. 1e).

The dominant forest type for each fire event was determined as fol-
lows: for an event to be classified as dominated by ENF, DNF or DBF, at
least 50% of its 500 m burnt area pixels must be covered by that specific
foresttype.Ifthe proportion of any forest type s less than 50%, but the
total areaof all the forest types covers more than 50% of fire event area,
then the event is classified as MF.

Forest mortality. The Global Forest Change dataset (version 1.6) was
used to obtain forest mortality following fire. This dataset provides
annual forest loss information derived using Landsat dataata30 m
resolution for2003-2018 (ref. 58). Ratios of the number of 30 m Landsat
pixels undergoing forestloss to the total number of 30 m forest pixels
(defined as those with a tree cover of >15% for 2000, also provided
in the Global Forest Change dataset) of each individual 500 m burnt
pixel were calculated, and were further averaged to obtain the forest
mortality for each fire event.

Extended tree mortality, occurring up to ten years after fire, has
beenreportedinfield observations from temperate and boreal forest
biomes** ¢, but most mortality events occur in the first three years
after fire. Satellite-based forest mortality derivation must account for
such extended mortality events. However, salvage logging might lead
to the false attribution of forest loss to fires. To balance the omission
error due to neglecting long-term tree mortality and the commission
error of potentially including salvage logging events, fire-induced
forest mortality was defined as including forest deaths in the year
of fire and one year after fire (a two-year time window). Although a
three-year time window, that is, including forest deaths up to two
years after fire and in the year of fire, was used in a previous study?,
we found using three- or two-year time windows yielded negligible
differences in the derived forest mortality, but accounting for forest
lossonlyinthe year of fire occurrence reduced the estimated mortality
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by a half (Supplementary Figs. 6 and 7). Nonetheless, all the mortality
rates derived using the time windows of different lengths significantly
increase with fire size (Supplementary Figs. 6 and 7).

LAI. The MODIS Collection 6 MOD15A2H LAl product witha 500 m
spatial resolution and an 8-day time step for 2002-2017 was used. All
the observations available at the 8-day time step were used, with no
gap filling for the missing data. The quality of this dataset has previ-
ously been assessed using ground-based LAl measurements and by
comparisonwith other LAl products®*,

Land surface radiometric temperature. The 8-day MOD11A2 Collec-
tion 6 daytime (10:30) and night-time (22:30) land surface radiometric
temperature (LST) product for 2002-2017 was used. This product
was derived from the MODIS sensor onboard the Terra satellite and
has a spatial resolution of 1 km. Only the available observations with
areported error less than 2 K were used, with no gap filling for the
missing data. The dataset was resampled to 500 m resolution using
the nearest-neighbour method to match the 500 m spatial resolu-
tion of the MCD64A1 burnt area data underlying the GFA fire event
dataset. The observed daytime and night-time surface temperatures
were averaged to obtain daily surface temperature (the equivalents
of Fig. 1b-d but for daytime and night-time LST are shown in Supple-
mentary Fig. 28).

Surface albedo. The MODIS Collection 6 MCD43A3 surface albedo
product at a 500 m resolution for 2002-2017 was used. The 16-day
temporal resolution of this dataset provides an appropriate trade-off
between the availability of sufficient angular samples and the temporal
stability of the surface albedo®*®. All the observations available at the
16-day time step were used, with no gap filling for the missing data.
White-sky albedo, derived by integrating a bidirectional reflectance
distribution function over both incoming and outgoing hemispheres
andindependent of illumination or atmospheric conditions*, was used
inthis study. Specifically, the white-sky albedo for the total shortwave
spectrum (0.3-5.0 pm) was used.

Shortwave radiation. Incoming shortwave solar radiation was used
to calculate changes in absorbed shortwave radiation by the land
surface due to postfire changes in surface albedo. Monthly gridded
shortwave radiation (SW,,) at 1° spatial resolution for 2003-2016 from
the global surface radiative flux data of CERES_EBAF_Edition4.1 was
used. This dataset was obtained from the NASA Clouds and the Earth’s
Radiant Energy System (CERES). The coarse resolution of the short-
waveradiation datais consistent with our research aim of examining
the local biogeophysical effects of fires while ignoring fire-induced
cloud-regime changes and their associated effects onincoming short-
wave radiation.

Ecosystem ET. The MODIS Collection 6 MOD16A2 ET product (2002-
2017) with a 500 m resolution and an 8-day time step was used. This
productisbased onthe Penman-Monteith equation and uses meteoro-
logical reanalysis data (for example, surface air temperature, surface air
pressure, humidity, radiation and fraction of photosynthetically active
radiation) and land surface characteristics (for example, land cover, LAl
and albedo) from MODIS products as inputs®. ET was defined as the
total water loss to the atmosphere as anintegration of soil evaporation,
wet canopy evaporation and plant transpiration®®.

Snow cover. The daily MODIS Collection 6 MOD10A1snow cover prod-
uctata500 mresolutionfor2004-2017 was used to explore the effect
of snow on postfire biogeophysical changesin winter (Supplementary
Note2).Snow cover was detected using the normalized difference snow
index. All the observations available at the daily time step were used,
with no gap filling for the missing data.

Analysis of postfire biogeophysical responses to fire size
Thisstudy quantified theimpacts of forest fire on biogeophysical vari-
ables staring from1year to up to 14 years after fire, in summer (June-
August), winter (December-February) and on annual timescales. The
mean values for summer, winter and the annual value of these variables
were first calculated by averaging the observations with the respec-
tive time steps of different variables, over the corresponding time
lengths of summer, winter and all year round (annual), followed by
the application of the space-and-time approach to derive fireimpacts
(described below).

Quantifying postfire biogeophysical responses. Fireimpacts on vari-
ous biogeophysical variables (namely, LAI, LST, surface albedoand ET)
were quantified as the change in variable the year after fire compared
withthe year before fire. The MCD64Alburnt area data underlying the
GFA dataset were used to derive postfire biogeophysical impacts for
each 500 mburnt pixel. A space-and-time approach was used toisolate
fire impacts by subtracting the background variation from the gross
change over time. This method has been demonstrated to be effective
in quantifying changes in land surface temperature due to fire distur-
bance or forest cover change® %,

Taking LST as an example, the space-and-time approach assumes
thatforagivenburnt pixel, the gross change in LST between the years
after and before fire (AT, is the sum of the LST change induced by
fire (AT) and aresidual change (AT,,) caused by interannual large-scale
climate variations (equation (1)):

AT,

gross — AT+ AT (6]

It, therefore, follows that

AT= ATgross_ ATes. (2)

Inequation (2), AT, can be readily obtained for aburnt pixel, and
AT, can be approximated as the mean AT, of the unburnt control
pixels and neighbouring pixels, and is considered comparable to the
burnt pixel. Theidentification of an unburnt control pixel requires the
following four conditions to be satisfied.

First, the candidate control pixel needs tobe inan area of 50 x 25 km?
(over agrid of longitude x latitude, corresponding approximately to
100 x 50 pixel?in the 500 m MODIS dataset) surrounding the target
burnt pixel. Second, the candidate control pixel must not have been
burntduring the same year as the target burnt pixel nor in the following
year. Third, it must be covered with the same forest type as the burnt
pixel. Fourth, to exclude potential impacts on AT, by disturbances
other than fire, for example, harvest or wind damage, the cumulative
tree cover loss (as a percentage) of the candidate control pixel during
the year when the target pixel burnt and the following year cannot
exceed 20%.

The size of the local window (50 x 25 km?) used above was determined
following several previous studies that used a similar approach to
quantify surface radiometric temperature change following forest
cover change or fire disturbance (for example, awindow of 50 x 50 km?
was used in ref. 68; awindow of 50 x 28 km?was used inref. 8; and a
window of 25 x 25 km?was used in ref. 70). Alternative search windows
of 25 x 25 km?and 50 x 50 km?were also used to quantify the linear
relationship between postfire summer surface warming and log,,[fire
size]. The derived slopes were almost identical for the different window
sizes (Supplementary Fig. 8), indicating that our results are robust
across afourfold change in search window size.

Fire-induced LST change at fire event level is defined as the average
of the AT values of all the burnt pixels for a given event. Fire effects
on LAI (ALAI), albedo (Aa) and ET (AET) were calculated following a
similar approach.



Resolving changes in land surface energy fluxes after fire. Changes
in surface radiometric temperature following fire are the outcome
of changesin the surface energy balance, which can be expressed as

AR, = ASW,,—~ ASW,, + ALW,, - ALW, . = ALE+A(H+G),  (3)

where AR, is the change in net radiation that measures the surface
radiative impact of fires; ASW,,, ASW,,, ALW,,and ALW,. are changesin
theincomingand outgoing shortwave and longwave radiation, respec-
tively. ALE and A(H + G) are changes in latent heat flux and changes in
the sum of sensible heat flux and ground heat flux, respectively. The
change in the energy storage of the land surface was not included.

This analysis considered only local effects on surface temperature
due to forest fires by comparing burnt pixels with their surround-
ing unburnt pixels. Hence, feedback effects such as fire-induced
cloud-regime changes (which mainly occur beyond local scales) were
not considered. This simplification leads to the assumption that no
changes occurredin SW;, or LW, duetofire, and therefore, the change
innetradiation can be expressed as

AR, =~ ASW,, — ALW, .. (4)

ASW,,.canbe derived by combining the surface albedo change (Aa)
and SW,;:

ASW,, = At x SW,, (5)

Asfireinfluences surface temperature, outgoing longwave radiation
also changes. LW, can be calculated from the surface radiometric
temperature (7) and emissivity (¢) using the Stefan-Boltzmann law:

LW, =£0T*, (6)

where gis the Stefan-Boltzmann constant (5.67 x 10°* W m2K™).

The MOD11C3 product provides surface emissivity estimates for the
middle and thermal infrared bands that can be used to obtain £ using
an empirical equation™

£=0.2122¢,9+ 0.3859¢5, + 0.4029¢,,, (7)

where £,, £ and g5, represent the surface emissivity for MODIS bands 29
(8,400-8,700 nm), 31(10,780-11,280 nm) and 32 (11,770-12,270 nm),
respectively.

ALW,, can then be approximated by the first-order differential of
equation (6). But given its strong nonlinearity, a distinction is made
between changes in daytime and night-time LST:

1
AI-wout = 50[(TéayAg + 4£TgayA7ziay) + (T:ightAs + 4"‘:Ts’lightATnight)]' (8)

where ATy,,, AT, and Ac refer to postfire changes in daytime and
night-time surface temperatures and surface emissivity, respectively.
Asingle value of Ae was used for both daytime and night-time because
only a daily valueis provided in the MOD11C3 product.

The latent heat flux (LE; unit: W m™2) can be derived from ET (unit:
mm day™) as

LE=pL, X ET, C)

where pis the density of water (a constant value of 1.0 x 10° kg m>was
used) and L, is the latent heat of vapourization for water (a constant
value of 2.5 x 10°J kg was used). The conversion coefficient between
ET (mmday™) and LE (W m™) can be calculated using equation (9) as
28.94 W m? (mm day™) . Therefore, the change inlatent heat flux (ALE)
is given by

ALE=AET x28.94 Wm™2 (mmday )7, (10)
Finally, changesin the sum of the sensible heat flux and ground heat
flux can be derived as

A(H+G) =~ ASW, .~ ALW,,— ALE. (11)

Note that all the terms on the right side of the above equation
have their associated observation errors that we have not explicitly
addressed here, which are then included in the term on the left side.

Linear relationships between biogeophysical changes and fire
size. Simple linear regressions of the form y = a +  x log,[fire size],
between postfire biogeophysical responses (ALAI, Aa, AET and ALST)
and changesinland surface energy fluxes and fire size, were conducted
to detect theimpact of fire size on postfire biogeophysical processes.
The derived regression slope of fire size is defined as fire size sensitivity
(the Bvalue). Following the observation that fire size fits alog-normal
distributionin different ecosystems around the globe™, log,,[fire size]
was used as theindependent variable. Such alogarithmic transforma-
tion of fire size or burnt area is widely used in forest fire studies%7,
The minimum fire size required for a fire event to be included in the
regression was set at 1 km? (that is, four 500 m MODIS burnt pixels),
toremove possible observational uncertainties associated with small
fire patches.

Furthermore, simple linear regressions between fire size and fire
behaviour variables (fire duration and fire spread rate), and between
fire intensity, forest mortality and fire size, were also performed to
examine changes in fire behaviour and fire severity with fire size.

For all the above variables, linear regressions with log;,[fire size]
were fitted in each 2° cell with a minimum of 10 fires to display the
spatial pattern of the S value and the possible influence of forest type
(Figs.1c,d and 2, Extended Data Fig. 6 and Supplementary Fig. 7). Moreo-
ver, we applied a more rigorous field significance test corrected for
the FDR (a;pg = 0.1) following ref. 74. For observations showing mod-
erate to strong spatial autocorrelation, the global significance level
(@giopa = 0.05) is about half that of a;p, (ref. 74). The test corrected for
FDRwas carried out using the stats.multitest module in the statsmodels
Python package based on the Benjamini-Hochberg method. Pixels with
locally significant regressions (P < 0.05) and those passing the field
significance test corrected for FDR are shown in our results.

For changesin LST and land surface energy fluxes after fire, asingle
linear regression with fire size, including all fires in the study domain,
was also performed to obtain the domain-wide B values (Fig. 1f and
Extended DataFig.4). Amultiple linear regression model with interac-
tion terms between fire size and forest type was used to test whether
significant differences existinthe fvalues among different forest types
(Fig. 3). The forest type was treated as a categorical variable with its
values being ENF, DNF, MF or DBF. A two-tailed ¢-test for the interac-
tiontermwas used to examine whether significant differences existed
in the regression slopes (namely, 8 values) among the forest types
(P<0.05). The values of the determination coefficient (R?) of multiple
linear regressions are as follows: ALAI=0.23, AET =0.12, Aa = 0.20
and AT=0.31.

Multiple linear regression models using postfire change in LST as
the dependent variable, and log,,[fire size], ALAI, fire intensity (FRP)
and forest mortality as independent variables, were conducted both
in each 2° grid cell and by including all fires in the study domain, to
examine the direct size impact after accounting for co-varying fire
behaviour variables with size (Supplementary Note 4.1 and Supple-
mentary Fig. 23a).

Fire vulnerability was defined in terms of the mean values of postfire
changesin LAland LST, and forest mortality of all fires. The Tukey’s hon-
est significant difference test for multiple comparisons was used to test
significant difference in fire vulnerability among forest types (Fig. 3).
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We examine the impact of the edge effect, where alinear relationship
between postfire surface warming and fire size would be potentially
driven by a decreasing fraction of the patcharealocated nearitsedge
asits size increases. This analysis shows that the reported enhanced
postfire surface warming (and other biogeophysical variables) with
firesizeis unlikely tobe anartefact of the edge effect (Supplementary
Note 6).

Long-term biogeophysical responses after fire and their changes
with fire size. The space-and-time method used to quantify biogeo-
physical and surface energy flux changes one year after fire (that is,
AT, AET, Aaand changesin surface energy fluxes) and the linear regres-
sions of these variables with log,,[fire size], as described above, were
extended for up to 14 years after fire—the longest period with records
available. Control pixels that were used to derive the residual chang-
es (namely, AT, in equation (2) and for other similar variables) were
limited to neighbouring pixels with the same forest type that did not
experience any burningand had acumulative forest cover loss of <20%
for the period from the year of fire occurrence up to the analysis year.

Recent trends in fire size and burnt area

Historical datafor forest burnt areas and the number of fires for Canada,
the USA and Australia were collated from a variety of sources (Sup-
plementary Table 1).

For Canada, the fire event dataset consisted of point data retrieved
from the Canadian National Fire Database (NFDB). This datasetincludes
the location and size of each individual fire event for 1960-2020. The
NFDB, maintained by Natural Resources Canada, is derived fromvarious
Canadian fire management agencies including provinces, territories
and Parks Canada. This dataset has been widely used in the analysis of
long-term fire regime changes in Canada*”.

For the USA, the burnt perimeter dataset for 1984-2020 from the
MTBS project was used. The MTBS project mapped the fire extent and
size of alllarge fires (thatis, greater than 1,000 acres or 4.05 km?in the
west and greater than 500 acres or 2.02 km?in the east) over the con-
terminous USA, Alaska and Hawaii’®. This dataset has been previously
used to analyse historical trends of large fires in the USA®.

Weincluded Australiain our analysis, despiteitslocationinthe South-
ernHemisphere, becauseits forests are prone to fireand canbe largely
classified as temperate. For Australia, polygon datasets of wildfire
events (excluding prescribed fires) for 19981-2020 were obtained from
the government agencies of land management and fire suppression
for New South Wales, Western Australia, South Australia, Victoria,
Queensland and Tasmania (Supplementary Table 1). These datasets
have been extensively used in studies addressing the response of fire
regimes to climate change in Australia’’®. The vegetation type for each
fire polygon was determined based on the location of its centroid and
its associated EAS CCl land cover type for 2001 to ensure that only
forest fires were included.

Although the Canadian fire event data (NFDB) contain very detailed
firerecordsincluding small fires (<2 km?), in some agencies, the report-
ing of such fires only started at around 1980 (ref. 4). Moreover, previ-
ous studies have shown that smallfires, although numerous, make up
only a small fraction of the total area burnt”. To ensure consistency,
only forest fires larger than 2 km?for Canada, USA and Australia were
includedin our analysis of temporal trends for fire size and burnt area.

Temporal trends in annual mean fire size, extreme fire size (95th
percentile) and burnt area (Canada, 1960-2020; USA,1984-2020; Aus-
tralia, 1981-2020) were calculated using the Mann-Kendall test for
trend and the Theil-Sen slope estimator (Extended Data Fig.10), both
of which are robust to potential observation outliers'. The predicted
values for the start and end years were obtained from the fitted Theil-
Senregression. The relative change (%) in mean fire size and extreme
fire size was calculated as the differencein the predicted value between
theend andstart years divided by the predicted value for the start year.

Further details are available in the Supplementary Information and
refs. 80-86.

Data availability

All data supporting our results are publicly available. AllMODIS data
are available at https://Ipdaac.usgs.gov/. GFA data are available at
http://www.globalfiredata.org. GlobFire data are available at https://
gwis.jrc.ec.europa.eu/. FireCCILT11 dataare available at ftp://anon-ftp.
ceda.ac.uk/neodc/esacci/fire/data/burned_area/AVHRR-LTDR/pixel/
v1.1/. FireCCI51 data are available at ftp://anon-ftp.ceda.ac.uk/neodc/
esacci/fire/data/burned_area/MODIS/pixel/v5.1/. Global Forest
Change dataare available at http://earthenginepartners.appspot.com/
science-2013-global-forest/download_v1.6.html. CERES_EBAF-Edition4.1
dataareavailable at https://asdc.larc.nasa.gov/project/CERES/CERES _
EBAF _Edition4.1. The ESA CClgloballand cover products are available
athttp://maps.elie.ucl.ac.be/CCl/viewer/index.php. The open-source
Python package cartopy, available on GitHub at https://github.com/
SciTools/cartopy.git, was used for plotting all the maps. The datasets
used to generate all the figures in the Article and its Supplementary
Information are publicly available at Figshare (https://doi.org/10.6084/
mo9.figshare.21443799).

Code availability

Thescriptsused to generate all the figuresinthe Article andits Supple-
mentary Informationare available at Figshare (https://doi.org/10.6084/
mo.figshare.21443799).
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Extended DataFig.1|Biogeophysical and surface energy flux changesin
summer (June-August) one year after fire and their amplification by fire
size over northernforests (40°N-70°N). The first and third columns show the
mean values of postfire changesinland surface temperature (AT, a), outgoing
longwave radiation (ALW,,,, ¢), surface albedo (A, e), reflected shortwave
radiation (ASW,,, g), ecosystem evapotranspiration (AET, i), latent heat flux
(ALE, k), the sum of sensible and ground heat fluxes (A(H + G), m) and net
radiation (AR,, n) by averaging all fires within each 2° grid cell. The second

and fourth columns show linear regression slopes (B) derived by fitting alinear
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regressionmodel (y=a + 3 xlog,(fire size)) for each 2° grid cell with more than
10fires.Intheregression model, y stands for AT (b), ALW,, (d), Ax (f), ASW,, (h),
AET (j), ALE(I), A(H + G) (n), and AR, (p). Both solid and empty dots indicate
pixels withlocally significant regressions (p < 0.05, the two-tailed t-test), but
solid dotsindicate those having passed a morerigorous field significance test
corrected for the false discovery rate (a;pr = 0.10, see Methods). The light grey
backgroundinallmapsindicates northernforests witha>10%ground coverage.
Figure developed using the Python open-source tools.
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Panels (b) and (c) show the regression slope (B) and the coefficient of
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those having passed a more rigorous field significance test corrected for the
false discoveryrate (a;pr = 0.10, see Methods). The light grey background in
allmapsindicates northern forests with a >10% ground coverage. Figure
developed using the Python open-source tools.
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Extended DataFig. 9 |Firesize, fire vulnerability and the fire size effect on surfacealbedo (B, d) and surface radiometric temperature (B,, f) in summer

biogeophysical changes one year after fire, ordered by increasing share oneyear after fire. Boxplots are shown for fire size (g), fire vulnerability (a, e, h)
of mixed forests and deciduous broadleafforests for northern forests and fire size effect on biogeophysical changes (b, ¢, d, f) using samples of 2°
(40°N-70°N). Fire vulnerability is defined as the change in LAI (ALAI, a) and grid cells falling in different bins of DBF and MF forest coverage (in10% intervals).
surfaceradiometric temperature (AT, e) after fire, and fire-induced forest The numberabove eachboxindicates the number of 2° grid cellsin each bin.
mortality (h). Simplelinear regression models (y =a + 3 x log,,(fire size)) were The center line of the boxplots represents the median value, with box limits
fitted foreach2°grid cellwith more than 10 fires to derive the fie size effect () indicating upper and lower quartiles and whiskers showing 1.5 x interquartile

on postfire changesin LAI (B, 4, b), ecosystem evapotranspiration (B, ©),

range. Figure developed using the Python open-source tools.
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Extended DataFig.10 | Temporal trendsin the meanfire size, extreme

fire size (95" fire size), and total burned areafor all forestsin Canada, USA,
and Australia. The first, second and third rows correspond to Canada (a-c),
USA (d-f), and Australia (g-i), respectively. Thefirst, second and third
columns present mean fire size, extreme fire size, and total burned area,
respectively. Significance testing for temporal trends was carried out using the
Mann-Kendall test (for Canada, n = 61; for USA n =37; for Australia, n = 40), with

T T T T
1980 1985 1990 1995 2000 2005 2010 2015 2020

T
1980 1985 1990 1995 2000 2005 2010 2015 2020

Year Year

allregressions being significant (p < 0.05). B values representing the temporal
trends were determined using the Theil-Sen estimator. The numbersin
bracketsrepresent the 95th confidence intervals for the derived slopes. The
relative growthin the mean (extreme) fire size was quantified as follows: 88%
(65%) for Canadaover1960-2020, 448% (317%) for the USA over 1984-2020,
and 124% (135%) for Australia over 1981-2020. Figure developed using the
Python open-source tools.
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