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Future increases in Arctic lightning and fire risk
for permafrost carbon

Yang Chen®'™, David M. Romps?3, Jacob T. Seeley?5, Sander Veraverbeke ©#, William J. Riley ©3,
Zelalem A. Mekonnen®3 and James T. Randerson®

Lightning is an indicator and a driver of climate change. Here, using satellite observations of lightning flash rate and ERA5
reanalysis, we find that the spatial pattern of summer lightning over northern circumpolar regions exhibits a strong positive
relationship with the product of convective available potential energy (CAPE) and precipitation. Applying this relationship to
Climate Model Intercomparison Project Phase 5 climate projections for a high-emissions scenario (RCP8.5) shows an increase
in CAPE (86 + 22%) and precipitation (17 + 2%) in areas underlain by permafrost, causing summer lightning to increase by
112 + 38% by the end of the century (2081-2100). Future flash rates at the northern treeline are comparable to current levels
480 km to the south in boreal forests. We hypothesize that lightning increases may induce a fire-vegetation feedback whereby
more burning in Arctic tundra expedites the northward migration of boreal trees, with the potential to accelerate the positive

feedback associated with permafrost soil carbon release.

bon that is comparable to the total carbon content in the

global atmosphere'~ and considerably higher than the car-
bon stored in aboveground biomass in boreal forests and other
high-northern-latitude terrestrial ecosystems’. Much of the per-
mafrost carbon resides in Arctic tundra ecosystems across Eurasia
and North America and in sparsely forested taiga ecosystems and
peatlands farther south®. Multiple lines of observational evidence
indicate that microbial decomposition of soil organic matter in
permafrost-dominated ecosystems has a high sensitivity to thaw
and increases in soil temperature®. In Earth system models (ESMs)
that represent permafrost processes, warming climate from anthro-
pogenic GHG emissions deepens the active layer and enhances the
decomposition of permafrost carbon, contributing to a positive car-
bon-climate feedback'®'! (although some models indicate that the
concurrent increases in growing season length, nutrient mineraliza-
tion, and CO, fixation by means of photosynthesis and storage may
offset some of the carbon losses from soils'>"?).

While the response of decomposition to permafrost thaw
is thought to be a primary mechanism for carbon release from
the Arctic tundra and northern taiga'’, the impact of climate
change on wildfire is also recognized as an important driver'*".
Lightning-triggered fires in the Arctic tundra, for example, can
emit as much carbon per unit area to the atmosphere as boreal for-
est fires” and may drive the expansion of shrubs during post-fire
successional stages”"*”. Fires in tundra remove moss and surface
organic soil layers, allowing for greater absorption of solar radia-
tion and thus heat flows into deeper soil layers>*. As a result, soil
temperature and active layer depths increase for many years after
fire, contributing to enhanced soil decomposition*. The removal
of surface organic soil layers also influences the plant competitive
balance, with high-severity fires increasing nutrient and moisture
availability in ways that favour the establishment and growth of
deciduous trees*.

Permafrost soils contain a large reservoir of organic car-

Although satellite observations indicate that fire is relatively
rare in the Arctic tundra and northern boreal forests near the
treeline’”, several lines of evidence suggest that climate change
may be increasing fire activity'>". In high-latitude North America,
for example, two recent large fire years were driven by an unusually
high number of lightning ignitions, many of which occurred near or
at the northern treeline”. Since most fires in tundra and taiga eco-
systems are ignition limited, any change in lightning activity has the
potential to considerably modify the fire regime®. In this context,
an improved understanding of the response of lightning to climate
change is needed to better quantify fire threats to ecosystem func-
tion and permafrost carbon.

Lightning occurs frequently in Earth’s atmosphere, with nearly
1.4 billion flashes detected each year globally”’. Because lightning
is strongly linked to the microphysics and dynamics of thunder-
storms®"*, the distribution of lightning around the globe is closely
linked with meteorological controls on convection®>*’. Many obser-
vations and modelling studies have demonstrated that lightning
responds positively to surface temperature, on different temporal
and spatial scales’***. However, this dependence on temperature
does not necessarily lead to predictions of large lightning increases
in response to future climate warming’-*?. Since the charging pro-
cess of lightning is influenced mainly by the motion of ice particles
within a storm, future lightning also depends on the changes in
the vertical temperature profile of the atmosphere and processes
influencing convection. Physically based meteorological proxies
for lightning have recently been developed from observed climate—
lightning relationships and have been used to predict lightning
changes for future emissions pathways***’. These studies show
substantial spatial heterogeneity in lightning projections. Despite
improved understanding of the physical mechanisms controlling
lightning, limited work has explored how the spatial and temporal
patterns of lightning will evolve with climate change at high north-
ern latitudes, as this region is not thought to be lightning rich, as
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Table 1| Contemporary and projected future lightning flash rates and associated climate and land-surface parameters

(a) Present-day mean

Variable Whole circumpolar Arctic tundra Boreal forest Circumpolar mean weighted
high-northern-latitude by permafrost soil carbon
region
All NA EA All NA EA All NA EA All NA EA
CAPE Jkg™) 31.6 24.0 34.8 12.9 14.0 124 42.5 30.6 47.2 24.6 255 24.3
Precip (mmday~") 2.01 1.98 2.01 1.56 1.61 1.54 2.26 2.23 2.28 1.79 1.79 1.79
CAPE X Precip (10*Wm~2) 246 1.88 271 1.03 1.08 1.01 3.30 2.42 3.64 1.93 1.90 193
Flash rate (number per km? 0.23 0.14 0.27 0.07 0.05 0.08 0.33 0.20 0.38 0.18 0.16 0.19
per month)
Permafrost soil carbon 24.6 17.5 28.6 25.6 16.0 30.2 23.8 18.6 271 344 339 34.6
(kgm~2)
Burned area (% yr~") 0.27 0.32 0.24 0.09 0.05 0m 0.37 0.50 0.32 0.28 0.36 0.25
(b) Future change relative to present-day mean (%)
Variable Whole circumpolar Arctic tundra Boreal forest Circumpolar mean weighted by
high-northern-latitude region permafrost soil carbon
All NA EA All NA EA All NA EA All NA EA
CAPE 74+15  63+16  79x16 100x35 72+23 1M4+45 70+13 60+14 74+14 86+22 65+17 93+25
Precip 16+1 17 +1 15+1 20+2 21+2 202 14 +1 15+1 13+1 17+2 18+2 17+2
CAPExPrecip 90+25 78+21 95+29 136+61 98+36 158+82 83+21 74+18  87+24 106+35 80+23 116+43
Flash rate 93+27 82423 99431 149472 105+40 175+99 85+23 76+20 90+25 112+38 84+25 124+48
From CAPE 76+16 64+16 8016 106+£38 72+24 123£50 72x14 61+15 76+14 89+22 66+17 97 +25
change
From Precip 13+1 15+1 13+1 20+3 21+2 20+3 12+1 13+1 12+1 16+2 16+2 16+2
change

The table summarizes the present-day regional mean (a) and percent change by the end of the twenty-first century (b) for lightning flash rate and associated climate and land parameters during summer
(May-August) in circumpolar high-northern-latitude tundra and forest. NA, North America; EA, Eurasia. The present-day climate parameters (CAPE, Precip and CAPE X Precip) are from ERA5 reanalysis
(averaged over 1996-1999). The flash rate, permafrost soil carbon and burned area are from the OTD, Global Fire Emissions Database and Northern Circumpolar Soil Carbon Database, respectively. The
percent changes represent the model simulated changes from a contemporary period (1986-2005) to a century-end period (2081-2100). Mean and one-standard-deviation values from an ensemble of

15 CMIP5 models are reported.

a consequence of low surface air temperatures and relatively high
levels of atmospheric stability.

In this study, we estimated future changes in lightning activ-
ity across the circumpolar Arctic tundra and boreal forest region
in response to global warming during the twenty-first century. We
first analysed the spatial patterns of satellite lightning observations
during boreal summer (taken here as May-August) of a contem-
porary period (1996-1999). We used a lightning flash rate prod-
uct derived from the Optical Transient Detector (OTD)%, a satellite
remote-sensing instrument specifically designed for lightning mea-
surements. On average, the lightning flash rate over the northern
circumpolar region is substantially lower than that recorded over
tropical and temperate terrestrial ecosystems”. The lowest flash
rates occur in Arctic tundra ecosystems (Table 1 and Extended Data
Fig. 1). Contemporary flash rates in these ecosystems are a small
fraction of those in North American and Eurasian boreal forests
farther south. Nevertheless, climate change is accelerating faster in
the Arctic than in other regions, and future changes in the lightning
regime in this biome may trigger unexpected feedback with vegeta-
tion dynamics, soil thermal and active layer dynamics, hydrology,
and soil CO, emissions.

Climate influence on the spatial pattern of summer
lightning

The circumpolar spatial pattern of present-day lightning (Extended
Data Fig. 1) in northern high-latitude regions closely tracks sum-
mer climate (Extended Data Fig. 2), with warmer air and stronger
convection driving more lightning occurrence. By comparing flash
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rate observations with ERA5 reanalysis meteorological indica-
tors during the summers of 1996-1999, we developed a series of
statistical models (Fig. 1) that reproduced the spatial variability
of summer flash rates at high latitudes. We then used these rela-
tionships with changes in climate simulated by 15 Climate Model
Intercomparison Project Phase 5 (CMIP5) models (Supplementary
Table 1) to develop future lightning projections. Different climate
proxies, including cloud top height*’, temperature*, precipitation®,
convective mass flux” and ice flux*, have been used to explain
or model lightning flash rate. Here we followed the relationship
between lightning flashes and the product of convective available
potential energy (CAPE) and precipitation (Precip) developed by
Romps et al.**. To capture the full spectrum of this relationship in
our study domain (that is, north of 55°N), which ranges from cold,
high-latitude regions to relatively warmer boreal forest ecosystems,
we also explored nonlinear regression models (Supplementary
Table 2). Among different regression models that use CAPE X Precip
as a predictor, the estimated flash rates from the non-parametric
model (see Methods for the details) have the highest correlation
with observations, while the power-law-based regressions have the
best overall performance (lower biases and root mean square errors)
over Arctic tundra. An arithmetic average of these models repro-
duces the spatial variations of summertime flash rate in the boreal
forest and Arctic tundra (R*=0.66) (Supplementary Table 2), mak-
ing it a suitable model for estimating future changes of lightning in
northern high-latitude regions.

By the end of the century for the RCP8.5 scenario, CMIP5 mod-
els project an increase in both CAPE and Precip for most areas in
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Fig. 1| Contemporary lightning flash rates across high-northern-latitude
regions are positively correlated with the product of CAPE and Precip.

a, Different statistical models derived from the spatial relationship between
the present-day lightning flash rate and the product of CAPE and Precip
during boreal summer (averaged over May-August of 1996-1999). Each
dot represents the mean flash rate detected by the OTD and CAPE X Precip
derived from the ERAS reanalysis over a 1°x 1° grid cell. b,c, Normalized
probability distributions (Norm. dist.) of CAPE x Precip (b) and flash rate
(c) for the present day (red, 1986-2005) and for the end of this century
(blue, 2081-2100). The histograms of CAPE X Precip were based on the
ensemble mean of 15 CMIP5 model simulations, after applying a scaling
coefficient to each model to account for different CAPE algorithms in the
models and ERA5 reanalysis.

boreal forest and tundra biomes (Fig. 2a,b). CAPE is expected to
increase by 100+ 35% over Arctic tundra and by 70 +13% over
boreal forests from the ensemble of 15 CMIP5 model simulations
(Table 1). Precip is also expected to increase, although with lower
levels of relative change (a 20 +2% increase in Arctic tundra and
a 14 +1% increase in boreal forests). By combining these projec-
tions with the flash rate parameterization derived from contem-
porary measurements, we estimate that the lightning flash rate
will increase by 149+ 72% in Arctic tundra and by 85+23% in
boreal forests. In areas underlain with permafrost, which includes
regions with both Arctic tundra and boreal forest ecosystems,
the lightning flash rate is projected to increase by 112 +38%.
Increases in flash rates are relatively larger in Eurasia than in
North America (Table 1), and the relative increase for Alaska
(80 +22%) is slightly lower than that reported in a recent regional
atmospheric modelling study* using boundary conditions from
two different climate model simulations of future change (103%
and 125%, respectively).

Changes in both CAPE and Precip contribute to the projected
increase in lightning, although the role of CAPE is about five times
larger because of its stronger response to climate change (Table 1).
CAPE has a nonlinear dependence on surface air temperature that
increases its sensitivity to polar amplification (Extended Data Fig. 3).
Model-to-model differences in projected changes in CAPE and
Precip are considerable in the CMIP5 ensemble (Extended Data
Fig. 4) and contribute more to our uncertainty estimates reported
in Table 1 than does variability introduced by the use of different
statistical models relating flash rate to CAPE X Precip (Extended
Data Fig. 5).
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The lightning flash rate and its future change show important
variations along ecotonal gradients—specifically, across the tran-
sitional area between boreal forest and Arctic tundra ecosystems
(Fig. 3). For regions north of the treeline, low present-day flash rates
were observed by satellite and simulated by CMIP5 climate models.
However, by the end of this century, flash rates will have a twofold to
threefold increase in this region (Fig. 3a). The century-end flash rate
near the treeline is predicted to be about 0.21 flashes per km? per
month, similar to what is now detected about 480km south of the
treeline (where burned area is considerably higher). As expected,
the projected changes in lightning as a function of distance to the
treeline are consistent with projected changes in CAPE and Precip
(Fig. 3b). Relative changes in CAPE and Precip north of the treeline
(where Arctic tundra is the major biome) are substantially higher
than changes south of the treeline (where boreal forest is the major
biome). Modelled convective and large-scale Precip rates show
increasing trends, but the percentage change of convective Precip
in areas north of the treeline is substantially larger in magnitude
(more than twice that for total Precip) (Extended Data Fig. 6), high-
lighting the importance of strengthening atmospheric convection
in the Arctic.

Our results suggest that for every 1°C of global warming (using a
global mean surface temperature increase of 3.7 °C from the RCP8.5
scenario*!), the summer lightning flash rate will increase by 40 +19%
in Arctic tundra, 23 +6% in boreal forest and 25+ 7% in the whole
circumpolar high-northern-latitude region. These sensitivities to
climate warming are substantially higher than the estimates over
the contiguous United States (about 12% per °C) derived using a
similar CAPE X Precip approach®, and globally (5-7% per °C)
as reported by many earlier studies using other lightning prox-
ies**>* Even after adjusting for polar amplification effects on local
summer surface air temperature, our estimates for relative increases
in lightning across Arctic tundra are about three times as large as
the previous estimates for the contiguous United States®, high-
lighting the large changes in atmospheric stability expected at high
northern latitudes.

Finney et al.* recently suggested that a decrease in cloud ice con-
tent under global warming may reduce the ice-graupel collisions
necessary for cloud electrification and the formation of lightning,
more than offsetting the increasing effect due to enhanced con-
vection. This effect explained the predicted decrease in the trop-
ics, yet their approach estimated moderate increases in lightning
in high-northern-latitude regions. Romps® compared these two
schemes (CAPE X Precip and ice flux) and found that they produced
similar changes in lightning over the United States. By analysing ice
water path (IWP) simulated by the CMIP5 models, we find that
IWP in northern high-latitude regions will also decrease in the
future, but by a much smaller amount than the estimate by Finney
et al.*® for the tropics. Specifically, over tundra ecosystems, the
mean relative decrease in IWP is only about 2%, nearly two orders
of magnitude smaller than projected increases in CAPE X Precip
(Extended Data Fig. 7). On the basis of the results here, we conclude
that in the high-northern-latitude regions, the dynamical response
(stronger convection) will dominate the microphysical response
(smaller number of ice particles) in determining lightning changes
in response to future warming.

Implications for terrestrial ecosystems

Despite the rare presence of summer lightning in the present-day
Arctic, the large increase in flash rate in a warming climate may
initiate a series of processes and feedback pathways that amplify the
impacts of climate change in terrestrial ecosystems. We hypothesize
that a major pathway will be through the impact of changing light-
ning on wildfire occurrence. While the majority of global wildfires
are intentionally or accidentally set by humans, lightning is a pre-
dominant source of burning in many boreal and Arctic regions®.
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Fig. 2 | Lightning flash rates in high-northern-latitude terrestrial
ecosystems are projected to increase by 93 + 27%, with a larger increase
(112 + 38%) in areas underlain by permafrost. a-d, Percentage change

in summer CAPE (a), Precip (b), CAPE x Precip (¢) and the lightning flash
rate (d) at the end of this century (2081-2100) relative to a 1986-2005
baseline for land regions north of 55° N. These estimates represent the
mean percent change for the May-August period.

Locations with more lightning often experience a higher number
of fires. As a consequence of decreasing lightning ignition and
fewer trees in more northern taiga regions near and across the
boreal treeline, historical burned area shows a similar decreasing
pattern (Fig. 3c and Extended Data Fig. 1d), with very few tundra
fires observed during the satellite era'. By analysing observed fire
perimeters for Alaska® and Canada®, we find that the latitudinal
burned area gradient over boreal forests near (within 500 km of) the
treeline is closely associated with decreasing fire number (Extended
Data Fig. 8b,c). Mean fire size, in contrast, shows a more variable
relationship, decreasing towards the treeline in Alaska but showing
a weaker dependency on latitude in Canada. For the contemporary
climate, less than 0.05% of the Arctic tundra area (within 500 km
north of the treeline) burns each year, a level that is about ten times
lower than that observed in dense interior boreal forest regions far-
ther to the south (Fig. 3c). The spatial structure of the fire observa-
tions and the differences between fire number and size as functions
of distance to treeline suggest that lightning-driven fire starts are
a primary limit to annual burned area levels near and across the
treeline, and within Arctic tundra. To estimate burned area from
the changes in flash rate, we computed a ratio of burned area to flash
rate using contemporary burned area and lightning observations.
This ratio is considerably higher in boreal forests and integrates a
series of vegetation and climate controls on fire occurrence and fire
size (Extended Data Fig. 8a). Notably, the low live-fuel moisture of
needles and ladder fuels of black spruce trees (Picea mariana) may
enhance ignition probabilities and fire spread™, yielding a higher
efficacy of lightning strikes to burned area in interior boreal for-
ests. We estimated future changes in burned area assuming that this
ratio will remain the same in each latitude band (referred to as the
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Fig. 3 | By the end of the twenty-first century, projected lightning

flash rates over Arctic tundra are similar to levels now detected over
boreal forests south of the treeline. a, Flash rate distributions in the
present day (red) and for the end of the twenty-first century (blue) as a
function of distance from the northern treeline (positive values indicate
north of the treeline). The lines and shading represent the means and
one-standard-deviation ranges from 15 CMIP5 models and 5 statistical
models relating flash rate to CAPE x Precip. The purple line represents the
percent change in flash rate. b, The percent changes in CAPE, Precip and
their product by the end of this century. ¢, The distributions of present-day
permafrost soil carbon to a depth of 100 cm and present-day annual
burned area. The orange shading indicates the Arctic tundra region within
500 km of the northern treeline.

‘static vegetation” approach), acknowledging that this approach is
overly simplified. We estimated an increase of 158 +96% in burned
area (from 459 to 1,184km*yr™") and CO, emissions (from 0.93
to 2.39TgCyr™") over vulnerable Arctic tundra by the end of the
twenty-first century (Supplementary Table 3).

Lightning-driven increases in fire may trigger a positive fire-veg-
etation—soil feedback that promotes shrub expansion, northward
displacement of the treeline and changes in tree species composi-
tion***"*2, A dynamic vegetation feedback may develop over a lon-
ger timescale than the atmospheric processes that regulate lightning
flash rate and fire ignition. Palaeorecords provide evidence in some
regions that shrub-dominant tundra can sustain a higher fire fre-
quency than what is currently observed during the satellite era™.
With more lightning-driven ignition, we expect more fire occur-
rence in taiga ecosystems at or above the northern treeline by year
2100 (Fig. 4a). Losses of moss and surface duff layers in fire-affected
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areas, in turn, are likely to promote permafrost thaw and the estab-
lishment of more trees (which need access to larger reservoirs of
surface soil moisture and nutrients during the growing season™)
and fire-tolerant shrub species in nearby tundra*"*.

Several important feedback pathways can arise from these veg-
etation changes. First, more shrubs and trees may enhance local
lightning storm development by increasing surface sensible heat
fluxes”. Second, as described above, evergreen conifer forests in
North America provide fuels that are more flammable and thus
more likely to promote crown fires, allowing for higher levels of fuel
continuity and larger fire sizes. Both factors may facilitate increases
in fire occurrence and burned area, which in turn enhances the
establishment of shrubs and trees. At the same time, vapour pres-
sure deficit is expected to increase, and differences between Precip
and evapotranspiration are expected to remain nearly the same
(Extended Data Fig. 9), providing evidence that climate change may
cause drying of dead fine fuels. Vapour pressure deficit is known
to structure fire occurrence, fire size and other aspects of fire
dynamics in contemporary boreal forests™. Together, the vegetation
dynamics and changes in fire weather may contribute to a higher
ratio of burned area to lightning flash rate north of the treeline than
what is currently observed (Extended Data Fig. 8a). After we add
this amplifying effect from a vegetation feedback into our simple
fire model (by assuming that the ratio of burned area to lightning
flash rate in the Arctic tundra will change to the present-day value
in boreal forests 480km south of the treeline, referred to as the
‘dynamic vegetation’ approach), the model predicts a 570 +480%
enhancement in burned area and carbon release by the end of this
century in Arctic tundra.

Increases in burned area within Arctic tundra, in turn, may
increase the vulnerability of the permafrost carbon reservoir in at
least two ways (Fig. 4b). First, more frequent fires have the potential
to damage or remove the surface insulating layer of organic matter in
areas that have moderate or high fire severity™. The loss of this layer
through wildfire combustion will expose the underlying permafrost
to substantial warming and degradation® and lead to thermokarst
development in ice-rich permafrost®’. Permafrost degradation has
begun in some high-northern-latitude regions® and is likely to
accelerate the permafrost-carbon-climate feedback with further
warming®®, increase the probability of abrupt permafrost thaw’ and
potentially alter the trajectory of global climate change. Second, with
the expansion of shrubs and northern forests in fire-disturbed areas,
surface albedo will probably decline in spring and summer, and
the extra energy absorbed by the land surface may further amplify
regional climate warming®. Decreases in surface albedo are expected
from evergreen conifer trees shielding snow-covered surfaces
during spring, from darker foliage (in the case of conifers) reduc-
ing visible and near-infrared reflectance during summer”, and from
the deposition of black carbon on nearby sea ice and land ice sur-
faces®’. Summer evapotranspiration rates may also increase from
increasing forest cover, trapping outgoing longwave radiation®.
Increases in fine root biomass associated with shrub and tree expan-
sion may additionally stimulate the decomposition of permafrost
soil carbon through rhizosphere priming®. Extra warming and pro-
ductivity from a fire-driven northward expansion of forests could
thus accelerate permafrost thaw and decomposition in areas not
currently affected by fire.

Discussion and conclusions

These results highlight the need for modelling fire dynamics in
ESMs that simulate coupled biogeochemical cycles at northern high
latitudes”. Lightning has been included in most state-of-the-art
ESMs for the purpose of simulating atmospheric chemistry and fire
ignition®, but responses of lightning to climate change have been
challenging to quantify with existing modelling frameworks. For
example, the lightning parameterizations used in many of these
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Fig. 4 | Future increases in lightning flash rate may initiate a feedback
that amplifies the impacts of climate change in high-northern-latitude
terrestrial ecosystems. a, In a warming climate, lightning increases may
cause more lightning-ignited fires and thereby accelerate forest expansion
and the poleward advance of the treeline. The northern expansion of trees,
in turn, may contribute to additional warming. b, Schematic illustration

of how lightning-induced fire-vegetation interactions may amplify

the permafrost-carbon-climate feedback in taiga and Arctic tundra
ecosystems. The dashed lines highlight the pathways through which

the lightning-fire-vegetation feedback loop influences the permafrost-
carbon-climate feedback loop. While the expansion of forests north of the
treeline may lead to increases in aboveground carbon stocks, losses from
belowground pools are expected to be much larger, yielding a net loss of
carbon from the ecosystem. The lightning-driven increases in forest area at
the treeline shown in a are expected to amplify warming from albedo and
land surface fluxes’®.

models*** were derived from temperate and tropical observa-
tions and may not be applicable to high-latitude regions. Lightning
occurrence in the Arctic is a small contributor to global patterns
and is thus prone to biases in global-scale parameterizations, which
in turn could notably influence the simulation of tundra fires in cur-
rent ESMs™*%. Because lightning is currently rare in Arctic tundra
ecosystems, the large projected changes we identify here have the
potential to considerably modify vegetation dynamics and the car-
bon balance of Arctic ecosystems. Future experiments with climate
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models need to include these responses and feedback pathways to
improve the analysis of vulnerability, impacts and adaptation and
to reduce uncertainties in future projections of other aspects of the
Earth system.

Modern advances in remote-sensing technology have provided
unprecedented opportunities to precisely locate lightning occur-
rences in tropical and temperate regions®. Previous lightning
detections in the Arctic, however, seem inadequate for long-term
trend detection. The OTD measurements used in this study pro-
vided an internally consistent set of estimates that are relatively
insensitive to sampling issues associated with ground-based
detector networks. However, the OTD instrument was retired
two decades ago, and no satellite replacement is currently avail-
able in a low Earth orbit. Follow-up lightning missions, including
Lightning Imaging Sensors (LIS; onboard the Tropical Rainfall
Measuring Mission and the International Space Station) and
Global Lightning Mapper (onboard GOES-16), despite their
higher sensitivity and temporal coverage, primarily detect light-
ning in tropical and midlatitude regions. Surface-based lightning
observation networks, such as the North American Lightning
Detection Network™, World Wide Lightning Location Network”
and Global Lightning Dataset’, have expanded in coverage and
sensitivity, yet the evolution of detectors and network structure
may pose challenges for long-term trend analysis. Since future
warming in the Arctic is expected to be higher than the global
mean’”, the accurate projection of future lightning changes will
need consistent high-quality lightning observations from space
and ground-based networks. Such measurements are essential for
quantitatively understanding both the drivers and the impacts of
a changing lightning regime in the Arctic.

Climate warming and polar amplification™ contribute to the
thawing permafrost and the decomposition of ancient soil organic
material. These changes increase the probability of abrupt thaw
and collapse” and a positive feedback with atmospheric CO,. In
this study, we describe a lightning-fire-vegetation feedback path-
way that may interact with and accelerate the permafrost-carbon-
climate feedback. We show that climate change may significantly
increase lightning density in northern circumpolar regions, leading
to a shift in fire regimes and vegetation composition, as well as addi-
tional warming. Given the large amount of permafrost soil carbon
stored in northern ecosystems, this analysis highlights the impor-
tance of improving lightning monitoring in the Arctic and the need
to develop better models of lightning, fire dynamics and feedback
with vegetation and soils.
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Methods

Study region and land cover types. In this study, we focused on circumpolar
boreal land north of 55°N, excluding areas that are bare or permanently covered
in ice or snow. We used the Moderate Resolution Imaging Spectroradiometer
(MODIS) land cover type climate modelling grid product (MCD12Cl, https://
Ipdaac.usgs.gov/products/mcd12c1v006/)” to calculate the vegetation cover
fraction (VCF) and tree cover fraction (TCF) in each 1° grid cell by summing

the cover fractions at the native resolution (0.05°). All natural vegetation types
(classes 1-10 in the International Geosphere-Biosphere Programme classification,
excluding human-influenced land cover types such as croplands and urban area)
were used to compute VCE, and all forest types (classes 1-5) were used to derive
TCE. Within vegetated land area (VCF>20%), we defined areas with TCF greater
than 1% as boreal forest and areas with TCF less than 1% as Arctic tundra. We
further separated the study region into two continental-scale regions: North
America and Eurasia.

Lightning data. Space-borne optical lightning sensors provide a global coverage of
lightning climatology in recent decades’”’”*. The OTD on the MicroLab-1 satellite
(later renamed to OV-1) was a space-based instrument specifically designed to
detect and locate lightning, day and night””. The 70° inclination low Earth orbit of
OV-1 enabled the OTD to record lightning activity over northern high latitudes
(up to 75°N). Over its nearly five-year mission (May 1995 to March 2000), the
OTD monitored the occurrence of lightning and measured the radiant energy at a
10km spatial resolution and a 2 ms temporal resolution.

Here we used the LIS/OTD merged gridded lightning climatology data
product (https://lightning.nsstc.nasa.gov/data/data_lis-otd-climatology.html)
provided by the NASA Global Hydrology Resource Center*. On the basis of the
0.5° high-resolution monthly climatology dataset, we derived a climatological
mean (representing the years of 1996-1999) of total lightning flash rate for the
boreal summer (May-August) for each 1° grid cell. Previous observations provided
evidence of a strong diurnal variation in lightning activity over land**”. Due to its
near-polar orbit, the OTD detected lightning at different local times, with a full
sampling of the diurnal cycle in 55 days*>*". Our use of the whole-summer data
over a four-month period minimizes the bias caused by the different overpass
times in different places and in different years.

By comparing the OTD data with lightning flash rates reported by the Alaskan
Lightning Detection Network (ALDN) (https://fire.ak.blm.gov/predsvcs/maps.php)
during the same period, we found that the spatial patterns from the satellite and
the ground network agree well in Alaska (Extended Data Fig. 10). The difference in
magnitude was probably due to the fact that ALDN detects only cloud-to-ground
lightning strikes; in addition, ALDN had lower detection efficiency and accuracy
before the system upgrade in 2000 (ref. ).

Meteorological data. To derive a statistical model between meteorological
variables and the observed lightning flash rate, we used the ERA5 global reanalysis
dataset (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5)"
provided by the European Centre for Medium-Range Weather Forecasts. We
extracted hourly meteorological fields, including the total Precip and CAPE,

at 1° X 1° resolution during boreal summers (May-August) of 1996-1999

from the original ERA5 data. We calculated the product of CAPE and Precip
(CAPE X Precip) at hourly intervals and then averaged the data over summer
months in each grid cell.

To create projections of lightning changes for the twenty-first century, we
analysed meteorological output from 15 global climate models (GCMs) that
participated in CMIP5 (https://cmip.llnl.gov/cmip5)®. A full list of CMIP5 models
used in this study is shown in Supplementary Table 1. We extracted monthly
Precip, the convective Precip, evapotranspiration, surface temperature, surface
relative humidity and IWP from these models. We derived the vapour pressure
deficit and Precip minus evapotranspiration from these monthly CMIP5 outputs.

We also diagnosed convective instability and calculated CAPE from each GCM
at six-hour intervals. At the same time, we extracted Precip for the three-hour
periods immediately following the six-hourly CAPE snapshots recorded at 0:00,
6:00, 12:00 and 18:00 utc®. We then calculated CAPE X Precip at these subdaily
time steps and used the high-resolution time series to estimate monthly mean
values. In a final step, we converted all of the CMIP5 model datasets to the spatial
resolution of 1°X 1° grid cells using linear interpolation.

During the four summers with valid OTD flash rate observations (1996-1999),
CAPE X Precip from the CMIP5 models has a similar spatial pattern to that from
the ERA5 reanalysis (Extended Data Fig. 2c). However, since different approaches
were used to calculate CAPE (ERA5 used a maximum-unstable, pseudo-adiabatic,
liquid-only algorithm, while our method of estimating CAPE from the CMIP5
models was surface-based, adiabatic and included both liquid and ice phases), the
absolute values of CAPE X Precip from these two data sources were different. Using
the ERA5 and CMIP5 data in northern high-latitude regions during the summers
of 1996-1999, we derived a single scaling coefficient (y) for each model, so that
CAPE X Precip from each model during the historical period matched the ERA5
reanalysis.

CMIP5 model estimates of climate provided a consistent pathway for
predicting future change by combining information from historical and future

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

simulations. On the basis of monthly data from each CMIP5 model, we calculated
a boreal summer (May-August) mean meteorology for two periods: a present-day
period used to estimate a climatology of contemporary lightning (1986-2005)
and a future period at the end of the twenty-first century (2081-2100). The future
projections in our analysis were based on RCP8.5, a business-as-usual pathway
of future GHG concentrations*. By averaging data over 20-year periods for the
present-day and future time intervals, we attempted to minimize the influence of
internal climate variability (and climate modes) on lightning variability on shorter
timescales (including, for example, linkages between the lightning occurrence and
El Nino/Southern Oscillation)**. We also analysed future changes in summer
Precip, convective Precip, CAPE, surface air temperature and vapour pressure
deficit to identify the relative importance of these different drivers for changes
in lightning flash rate and for a broader assessment of changes in atmospheric
stability and surface climate.

All meteorological data were extracted for individual CMIP5 models first,
and they were then used to calculate the mean and variance for the multimodel
ensemble.

Statistical models of lightning flash rate. Using mean values (averaged for the
summers of 1996-1999) in 1°X 1° grid cells of northern high-latitude regions,
we explored several different linear and nonlinear statistical regression models
(Supplementary Table 2) between the satellite-detected lightning flash rate (FR)
and CAPE X Precip from the ERA5 reanalysis.

The first model (hereafter ‘power law’) was a power law regression:
FR=a(CAPE X Precip)", with the parameters a and b derived from the
optimization at the log-log scale (that is, a linear regression between logarithmic
values of flash rate and CAPE X Precip were performed in practice). Similar to
Romps et al.”, this model assumed that the lightning flash rate depends on the
product of CAPE and Precip. The coefficient b allows nonlinear impacts to be
represented in this form. The second model (‘power law (linear opt)’) is a variation
of the power law model, but with the least squares optimization obtained without
alogarithmic transformation. The third model (‘scale’) we used was the original
scaling approach proposed by Romps et al.*: FR=a(CAPE X Precip). In the fourth
model (‘linear’), we slightly modified the scaling approach by allowing a negative
intercept: FR =a(CAPE X Precip) 4+ b—that is, positive flash rate was simulated only
when CAPE X Precip was greater than a threshold. In addition to these parametric
approaches, we derived a non-parametric regression model (‘non-parametric’)
that includes a lookup table of flash rate as a function of CAPE X Precip within the
range of contemporary observations. The modelled flash rate value in each bin
was derived using the arithmetic means of the observed flash rate in all grid cells
associated with the corresponding ranges of CAPE X Precip. A linear extrapolation
was used to extend the model to cover CAPE X Precip values outside of the
observational range. We recorded the ensemble means from these five regression
models (‘mean’) as our reference model for flash rate estimation.

Future projections of lightning. We combined the statistical regression models
described above with gridded CAPE X Precip values from different CMIP5 GCMs
to estimate the changes in summertime lightning flash rate during the twenty-first
century. The mean CAPE X Precip values for a contemporary period (1986-2005)
and a future period (2081-2100) were first adjusted using the scaling coefficient
(y) derived from the 1996-1999 data (‘Meteorological data’). We derived lightning
flash rate estimates for each CMIP5 model by applying the different statistical
models described in ‘Statistical models of lightning flash rate’ to the adjusted
CAPE X Precip estimates described in ‘Meteorological data. We reported the
ensemble mean flash rate from all model estimates for both the contemporary and
future periods, as well as the changes during the twenty-first century. We estimated
uncertainties for our flash rate projections by combining information about
model-to-model differences in projections of future climate with information
regarding the use of different statistical models to relate CAPE X Precip to flash
rate. This was done by separately computing the change in future flash rate
predicted by each of the 15 separate CMIP5 models and by each of the 5 statistical
models. This analysis yielded a set of 75 estimates, and we report the standard
deviation of this set of simulations as our uncertainty estimate.

To separate contributions of CAPE and Precip to future lightning changes, we
performed two additional calculations in which CAPE or Precip was assumed to be
the same during the contemporary and future periods. In these two experiments,
the projected lightning flash rate for the future period (2081-2100) was determined
either only by the CAPE change or only by the Precip change.

Fire data. The mean annual burned area (in % per year) for each grid cell in

the circumpolar boreal region was estimated from version 4s of the Global Fire
Emissions Database (GFED4s, http://www.globalfiredata.org/)***. GFED4s burned
area after August 2000 was based on the surface reflectance and thermal anomaly
observations by MODIS aboard the Terra and Aqua satellites. This burned area
estimate was then extended to the pre-MODIS era using statistical relationships®
developed between MODIS burned area and active fire detections from the
European Space Agency Advanced Along Track Scanning Radiometer. The
climatological averages for all years during the GFED period (1996-2016) were
used to represent the present-day mean fire state.
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In addition to burned area, we calculated the number of fires and mean fire size
in each 1° grid cell in the Alaskan and Canadian parts of the circumpolar boreal
region. In Alaska, we used historical fire information from the Alaska Interagency
Coordination Center (https://fire.ak.blm.gov), which provides data on the annual
total burned area and number of fires. Fire number and size information in Canada
was from the Canadian National Fire Database in the Canadian Wildland Fire
Information System (http://cwfis.cfs.nrcan.gc.ca/). Because data from earlier years
may suffer from lower quality and incomplete coverage, we used both datasets
for the years 2000-2016 to represent the present-day ecosystem state. Fires were
binned in 1°x 1° grid cells on the basis of their centroid locations.

Future projection of burned area and fire emissions. Since lightning is the

major source of ignition in the boreal region, we expect that the future increase of
lightning flash rate will lead to more fires and larger areas burned annually. On the
basis of different assumptions of fire response to lightning ignition, we explored
two approaches to estimate burn area distribution in the circumpolar boreal region
in the future warming climate. In the first approach (static vegetation), we assumed
that the burned area associated with each flash varies as a function of the distance
to the northern treeline, and that the burned-area-to-flash-rate ratio remains
unchanged in each location under global warming. On the basis of present-day
observations, we calculated the ratio of burned area to lightning flash rate () for
each grid cell and derived a parameterization of r as a function of distance north
of the treeline (d): r=£(d). We then used the estimated future lightning flash rate
(FRy) to project the future distribution of burned area (BAy): BA;=FR; X f(d).

In the second approach (dynamic vegetation), we assumed that the northern
treeline will have a northward displacement in future climate, and therefore the
sensitivity of burned area to lightning will also shift north as a consequence of
vegetation and climate feedback. Figure 3a shows that the future flash rates at
the present northern treeline in 2100 will be comparable to contemporary levels
occurring 480 km to the south. Here we assume that the profile of parameterized r
will shift north by 480km along the distance north of the treeline at the end of this
century: r=f(d — 480 km) (Extended Data Fig. 8). The revised r profile was used to
provide future burned area estimation in the dynamic vegetation approach.

The amount of soil carbon loss per unit area of tundra burning is substantially
influenced by the fire severity and the depth of the surface organic layer. Mack
et al.” studied a large tundra wildfire near the Anaktuvuk River of Alaska during
the summer of 2007 and reported that tundra ecosystems currently lose about
2.0kg C per m? of burned area. While a complete dataset in the whole Arctic tundra
biome is not presently available, here we applied the scaler from the Anaktuvuk
data to the burned area estimates described above, and we derived a first-order
estimation of changes in total carbon emissions.

Other data. Several surface maps from high-northern-latitude regions were used
to further study the response of vegetation dynamics and the carbon cycle to the
projected changes in lightning. The location of the northern treeline was defined
using the Circumpolar Arctic Coastline and Treeline Boundary dataset from the
Circumpolar Arctic Vegetation Map (http://www.arcticatlas.org/maps/themes/cp/
cpcoast)®.

The Northern Circumpolar Soil Carbon Database version 2 (https://bolin.su.se/
data/ncscd/) provided gridded information on the fractional coverage of different
soil types and storage of soil organic carbon’. Here we defined the permafrost soil
carbon as the total storage of carbon between 0 and 100 cm deep from this dataset.

Data availability

The LIS/OTD lightning data products are from the NASA Global Hydrology
Resource Center website (https://lightning.nsstc.nasa.gov/data/data_
lis-otd-climatology.html), the CMIP5 meteorological data are from the Earth
System Grid Federation (https://esgf-node.llnl.gov/search/cmip5/) and the
burned-area data are from the Global Fire Emissions Database (http://www.
globalfiredata.org/), the Alaska Interagency Coordination Center (https://fire.
ak.blm.gov) and the Canadian Wildland Fire Information System (http://cwfis.cfs.
nrcan.ge.ca/). Other data supporting the findings of this study are available within
the paper and its supplementary information files. Source data are provided with
this paper.

Code availability
The code used for the lightning and burned area analysis is available from the
corresponding author upon request.
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Extended Data Fig. 1| Circumpolar observations of present-day lightning flash rate, tree cover fraction, permafrost soil carbon, and burned area.
a, lightning flash rate (# km=2 mo~', from OTD, averaged over May-August of 1996-1999); b, tree cover fraction (%, based on MODIS observations in 2012);
¢, permafrost soil carbon at depth of 0-100 cm (kg C m=2, from NCSCDv2); and d, burned area (% yr~, from GFED4s, averaged over 1996-2016) in high

northern latitude regions (north of 55°N).
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Extended Data Fig. 2 | Circumpolar observations of meteorological parameters. Maps of a, CAPE (J kg™"); b, precipitation (Precip, mm day™); ¢, CAPE x

Precip (W m=2); and d, surface air temperature (°C) in high northern latitude regions of 55°N, representing the mean of summers (May-August) during
1996-1999. All meteorological parameters are from the ERA5 global reanalysis dataset.
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Extended Data Fig. 3 | Scatter plot relationships and probability distribution functions for meteorological variables known to be important for lightning
flash rate prediction. The surface air temperature (T) is in °C, CAPE is in J kg™, precipitation (Precip) is in mm day~', and CAPE x Precip is in 103W m.
Each point represents a different spatial location (at a 1°x1° resolution) north of 55°N. Diagonal panels show the spatial probability distribution for each
variable, created by taking the mean at each point during summers (May-August) of 1996-1999. All meteorological parameters are from the ERAS global
reanalysis dataset.
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Extended Data Fig. 4 | Future (2081-2100) to the present day (1986-2005) ratios of CAPE, precipitation, and lightning flash rate in Arctic tundra for
different CMIP5 models. The mean flash rate values calculated from 5 regression formula (see Supplementary Table 2) are shown for each CMIP5 model.
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Extended Data Fig. 5 | Sources of uncertainty for estimated lightning flash rates, burned area and carbon emissions. The flash rates were averaged
over the Arctic tundra region. The burned area and carbon emissions were averaged over the Arctic tundra region within 500 km of northern treeline

as indicated in Fig. 3. Left panels show uncertainties due to the use of CAPE x Precipitation from the use of multiple CMIP5 model simulations. Right
panels show uncertainties related to the use of statistical models relating flash rate and CAPE X Precipitation. SV and DV represents future burned area
estimations using the 'static vegetation’ and 'dynamic vegetation’ approaches (see Methods and Supplementary Table 3 for detail). Note the burned area
and carbon emissions have same data distribution but with different units and scales.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

ARTICLES NATURE CLIMATE CHANGE

a — ATP
ACP

(o2}
o
1

D
o
1

N
o
1

—’_——/___’_/_\/\

Precipitation change (%)

0 T T T T T T
-800 -600 -400 -200 0 200 400
3.0 b
—— TP present day CP present day
2.5 et e TP future CP future

Precipitation rate (mm day 1)
o
o

-800 -600 400 -200 0 200 400

100

A CP/ATP (%)
B [} @®
e 2 °

N
o
1

0 T T T T T T
-800 -600 -400 -200 0 200 400
Distance north of treeline (km)

Extended Data Fig. 6 | Present day and future estimates of total precipitation (TP) and convective precipitation (CP) as a function of distance from
northern treeline. a, TP and CP percent changes from present day to the future. b, TP and CP values for the present day and future. ¢, The fraction of TP
change that is due to CP change. The orange shade indicates the Arctic tundra region 0-500 km north of treeline. All data are based on the ensemble
means of 15 CMIP5 model simulations over 1986-2005 and 2081-2100.
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Extended Data Fig. 7 | Distributions of surface temperature, CAPE X Precip, and the ice water path as a function of distance north of treeline. a, surface
temperature (T2m), b, the product of CAPE and precipitation (CAPE X Precip) and ¢, the ice water path (IWP) were calculated during summers for a
contemporary period (1986-2005) and a future period (2081-2100). The percent changes are relative to the mean values during the contemporary period.
The orange shade indicates the Arctic tundra region 0-500 km north of treeline. All data are based on the ensemble means of 15 CMIP5 model simulations
over 1986-2005 and 2081-2100.
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Extended Data Fig. 8 | Contemporary lightning and wildfire properties as a function of distance from northern treeline. a, The ratio of burned area

(BA) to lightning flash rate (FR). Black dashed line represents parameterized step function (‘static vegetation’). Purple dashed line shows the shifted step
function used for future burned area estimation (‘dynamic vegetation’). b, Fire number and mean fire size in Alaska, as reported by Alaska Interagency
Coordination Center for the period of 2000 to 2016. ¢, Fire number and mean fire size in Canada, as reported by Canadian Wildland Fire Information
System during the same period. The orange shade denotes the Arctic tundra region that may be vulnerable to future changes in lightning, burned area, and
vegetation dynamics (0-500 km north of treeline).
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Extended Data Fig. 9 | Vapor pressure deficit (VPD) and the difference between precipitation and evapotranspiration (P-E) as a function of distance
from northern treeline. The VPD and P-E values are derived from the ensemble mean meteorology of 15 CMIP5 model simulations over 1986-2005 and

2081-2100.
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Extended Data Fig. 10 | Comparison of lightning flash rates measured by satellite and a surface network in Alaska during summers of 1996-1999.

a, Flash rate (# deg™ mo™) recorded by the Optical Transient Detector (OTD), b, Flash rate (# deg™ mo™") from the Alaskan Lightning Detection Network
(ALDN), ¢, Spatial correlation between the flash rates from OTD and ALDN. Each dot represents the mean summer value in a 1°x1° grid cell in Alaska.
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