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ABSTRACT: The Arctic region is experiencing notable warming
as well as more lightning. Lightning is the dominant source of
upper tropospheric nitrogen oxides (NOx), which are precursors
for ozone and hydroxyl radicals. In this study, we combine the
nitrogen dioxide (NO2) observations from the TROPOspheric
Monitoring Instrument (TROPOMI) with Vaisala Global Light-
ning Dataset 360 to evaluate lightning NO2 (LNO2) production in
the Arctic. By analyzing consecutive TROPOMI NO2 observations,
we determine the lifetime and production efficiency of LNO2
during the summers of 2019−2021. Our results show that the
LNO2 production efficiency over the ocean is ∼6 times higher than
over continental regions. Additionally, we find that a higher LNO2
production efficiency is often correlated with lower lightning rates.
The summertime lightning NOx emission in the Arctic (north of 70° N) is estimated to be 219 ± 116 Mg of N, which is equal to 5%
of anthropogenic NOx emissions. However, for the span of a few hours, the Arctic LNO2 density can even be comparable to
anthropogenic NO2 emissions in the region. These new findings suggest that LNO2 can play an important role in the upper-
troposphere/lower-stratosphere atmospheric chemical processes in the Arctic, particularly during the summer.
KEYWORDS: Arctic, lightning, nitrogen dioxide, satellite measurements, TROPOMI

■ INTRODUCTION
Warming of the climate system is invoking changes in global
lightning.1−3 Many modeling schemes have been developed
over the past 30 years to predict lightning.4−9 Most climate
models predict more lightning in the mid-latitudes,9−12 but
predictions for the tropics are currently diverging.13,14 In the
Arctic, where warming is 4 times faster than the global average,
relatively few studies have been conducted.15 Recently, Chen
et al.16 developed a lightning modeling scheme for the Arctic.
Their study suggested a 74−150% increase in the rate of
lightning in the permafrost region by the end of the century for
a 3.7 °C global mean temperature increase. Ground-based
lightning observations support this conclusion, showing that
the relative fraction of Arctic lightning over global lightning has
tripled from 2010 to 2020.17 In addition, increased summer
moisture convergence in the Arctic is expected to strengthen
convective systems, leading to more lightning.18

Lightning produces nitrogen oxide (NO) through the
dissociation of O2 and N2 at high temperatures.19 NO is
rapidly oxidized to nitrogen dioxide (NO2), and an equilibrium
is established between NO and NO2. NO2 can be detected by
satellite, making it a useful tracer for studying lightning
processes. Global lightning NOx (LNOx) emissions are
estimated to be 5 ± 3 Tg of N year−1 and are the dominant
natural source of NOx in the upper troposphere.20 Lightning
NO2 (LNO2) has a longer lifetime in the upper troposphere

due to the colder temperature and lower reaction rate.21,22 Its
lifetime ranges from 2 to 12 h near the initial convection and
increases to at least 2−3 days downwind of convection,23

leading to more ozone (O3) after several days.24−26 O3 is
known as a significant greenhouse gas;27 thus, LNOx has an
indirect effect on climate forcing. Furthermore, the photolysis
of O3 produces oxygen atoms in a higher-energy state, which
react with water vapor to produce the hydroxyl radical (OH),
an atmospheric oxidant. Greater LNOx emissions shift the
equilibrium between OH and HO2 toward more OH.28

Lightning also directly creates OH through the dissociation of
H2O by visible flashes and subvisible charges.29−32 The
increase in the level of OH will ultimately reduce the levels
of carbon monoxide (CO) and methane (CH4), another
greenhouse gas.33,34 Lightning can also trigger wildfires that
emit carbon dioxide in the Arctic.16 Therefore, a better
understanding of Arctic LNOx emissions is important for
determining trace gas changes in the Arctic.
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Estimating LNOx requires knowledge of lightning counts
and the production efficiency (PE, NOx per lightning). While
there have been several studies on Arctic lightning
counts,16,17,35 the LNOx PE for this region is not well
quantified. Previous laboratory studies, as well as airborne and
satellite-based observations, have estimated that the PE for
individual flashes ranges from ≈5 to >1000 mol of NOx.

20 It is
uncertain whether mid-latitude lightning is more efficient at
producing NOx than tropical lightning. Some findings from
individual storms suggest that this may be the case,36−38 but
recent satellite-based observations suggest little difference.39,40

Considering the regional differences and limited work at the
high latitudes, we focus on quantifying the LNO2 PEs in the
Arctic. In this study, we evaluate the NO2 observations from
the TROPOspheric Monitoring Instrument (TROPOMI) with
lightning strokes detected by Vaisala Global Lightning Dataset
360 (GLD360). Using consecutive TROPOMI orbits, we are
able to determine the LNO2 lifetime and PEs in the Arctic for
the first time, providing insight into regional differences in
LNO2 emissions.

■ DATA AND METHODOLOGY
Lightning Data. The GLD360 network has been in

operation since 2009 and consists of very-low-frequency
lightning detection sensors located around the world. These
sensors can detect both cloud-to-ground (CG) and intracloud
(IC) strokes.41−43 The detection efficiencies of CG and IC

strokes over the Arctic ocean are estimated to be 50−60% and
<10%, respectively.44 In the Arctic, the total number of
lightning strokes is adjusted to be 4 times the number of
detected strokes, on the basis of the constant ratio (≈1) of IC
to CG strokes in this region. The constant ratio is calculated
using two factors: the number of strokes per flash (flash
multiplicity) and the mean ratio of IC to CG flashes (also
known as the Z ratio) in the high latitudes. The flash
multiplicity is highly sensitive to both the detection efficiency
and the algorithm used to group strokes into flashes.45−48 The
mean multiplicity value for high-latitude studies is estimated to
be 1.2.49 In addition, the mean Z ratio of high-latitude flashes
is between 1 and 1.3.50−52 To evaluate the sensitivity of the
constant ratio, we have used different values (1:2 and 2:1) in
Table S4 to assess the uncertainty of estimated LNOx
emissions.

To evaluate the lightning distribution changes at high
latitudes, we compare the lightning stroke data from the
GLD360 data (2019−2021) with lightning flashes detected by
the Optical Transient Detector (OTD, 1996−1999).53 The
OTD data product includes only the number of flashes, while
one flash can contain one or more strokes. Because the official
GLD360 product includes only lightning strokes and our
purpose is to investigate changes in lightning distribution, we
do not group strokes into flashes. The GLD360 data cover the
entire high-latitude region (>60° N), while the OTD
instrument observed lightning only south of 75° N. During

Figure 1. Overview of the process for identifying lightning NO2 pixels from TROPOMI orbit 09458 on August 1, 2019. The TROPOMI-detected
NO2 tropospheric columns are overlaid with (a) observed lightning strokes and (b) transported air parcels of lightning NO2 at three pressure levels
[300 hPa (blue), 500 hPa (orange), and 700 hPa (green)]. (c) Parcels are combined into one lightning mask (orange circle), which overlaps with
high NO2 selections (filled pixels). The different pixel colors represent different NO2 selections based on multiple NO2 thresholds. (d) Final
selection (bright colored pixels) of NO2 tropospheric columns affected by lightning NO2 within the mask.
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the summer season (June−August), the fraction of GLD360
strokes occurring north of 75° N is 3% for the period of 2019−
2021 (Figure S2).
NO2 Satellite Measurements. The TROPOMI instru-

ment is on board the Sentinel 5 Precursor (S5P) satellite,
flying in a near-polar, sun-synchronous orbit.54 The nadir pixel
resolution has been enhanced from 7 × 3.5 to 5.5 × 3.5 km2

since August 6, 2019. Its wide swath width (∼2600 km) results
in overlapping ground pixels for high latitudes. For example, a
high-latitude site north of 70° N can have up to seven
overpasses in summer, as the detection is also available during
the descending orbit. This means that Arctic NO2 can be
tracked from space with an interval of 100 min, the period of a
single orbit.

The TROPOMI NO2 product is the S5P Product Algorithm
Laboratory (S5P-PAL) reprocessing product, version 2.3.1,
which has improved validity over bright storm scenes
compared to earlier versions.55 To minimize the impact of
boundary layer NO2 and improve the accuracy of estimating
the background, we consider only observations north of 70° N,
where the summertime average NO2 column density is
relatively low [<15 μmol m−2 (Figure 3a)]. We also exclude
pixels with large retrieval errors (processing quality flags >0).
Estimation of Lightning NO2. The LNO2 estimation in

this study involves three main steps: (1) identifying high NO2
columns associated with lightning strokes using wind data, (2)
calculating LNO2 columns using a new algorithm, and (3)
determining the LNO2 production efficiency using consecutive
TROPOMI observations.
Procedure for Lightning Clustering. We cluster lightning

strokes within a 40 km radius of each stroke and a 12 h
period56 before the TROPOMI overpass time using the
Density-Based Spatial Clustering of Applications with Noise
(DBSCAN) algorithm.57,58 Because wildfires can also produce
NO2, the lightning clusters affected by wildfire emissions are
identified and filtered out using the Visible/Infrared Imager/
Radiometer Suite (VIIRS) 375m active fire product. The
VIIRS is on board the Suomi National Polar-orbiting
Partnership (Suomi-NPP), which is in the same orbit but 3.5
min ahead of S5P. We refer to lightning clusters without fires
inside as “clean” clusters.

For each clean lightning cluster, we define air parcels
affected by LNO2 at three pressure levels (300, 500, and 700
hPa) on the basis of the time and location of detected strokes
(Figure 1a). The air parcels containing LNO2 are then
transported by horizontal advection (Figure 1b). To determine
the location of air parcels at the TROPOMI overpass time, we

use the hourly fifth generation of atmospheric reanalysis
(ERA5) wind data.59 The isobaric forward trajectories at the
three pressure levels are used to construct an approximate
LNO2 region. The final locations of air parcels are combined
into one lightning mask (the orange circle in Figure 1c), which
is used to determine the background NO2 and LNO2 pixels.

In this study, we use a watershedding technique to derive the
area of high NO2 vertical column density (VNOd2

, pixels in
Figure 1c). This method treats the pixel values as a
topographic surface and separates them into individual regions
known as catchment basins.60,61 Threshold values ranging from
4 × 1014 to 1 × 1015 molecules cm−2 are applied in steps of 2 ×
1014 molecules cm−2 to detect multiple localized high-NO2
features. These features are used to identify nearby areas with
high VNOd2

values (pixels of different colors in Figure 1c).
Detailed steps of the watershedding process are described by
Heikenfeld et al.61 The lightning cluster containing one or
more high-VNOd2

areas is selected for further analysis of LNO2.
The final LNO2 area (bright colored pixels in Figure 1d) is the
region with a high VNOd2

that is reidentified by the
watershedding method within the lightning mask (see the
Supporting Information for details).

Calculation of the Lightning NO2 Vertical Column. As
discussed by Zhang et al.,28 the official TROPOMI algorithm
does not include the LNO2 in the NO2 retrieval. Thus, we
subtract the background NO2 from the official SNOd2

and
convert the difference to the tropospheric LNO2 vertical
column with an air mass factor (AMF). The algorithm is
expressed as

=V
S S

AMFLNO
NO BG

LNO
2

2

2 (1)

where VLNOd2
is the tropospheric LNO2 vertical column, SNOd2

is
the TROPOMI-measured tropospheric NO2 slant column, and
AMFLNOd2

is a customized lightning air mass factor. Following
Allen et al.,56 the background SNOd2

(SBG) is defined as the
product of the tropospheric AMF and the 30th percentile of
VNOd2

over low-NO2 pixels within the lightning mask. The low-
NO2 region (gray pixels in Figure 1d) includes all masked
pixels outside of the high-VNOd2

regions identified by the
watershedding technique. AMFLNOd2

is the ratio of the “visible”
LNO2 slant column to the total tropospheric LNO2 vertical
column:
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where f r is the cloud radiance fraction in the NO2 window, psurf
is the surface pressure, pcloud is the cloud pressure, ptp is the
tropopause pressure, wclear and wcloudy are the pressure-
dependent scattering weights from the lookup table62 for
clear and cloudy parts, respectively, and LNO2(p) is a pressure-
dependent tropospheric NO2 profile presented by a modified
Gaussian distribution. The peak width of the Gaussian
distribution is set to 180 hPa following Ott et al.63 and Luo
et al.64 (see the Supporting Information for details), and the

peak level is the highest TROPOMI cloud pressure in the
lightning mask.

The scattering weights used in the calculation of AMFLNOd2

are determined by five parameters: surface pressure, solar
zenith angle, viewing zenith angle, relative azimuth angle, and
albedo. For the cloudy part, the surface pressure and albedo
values used in the lookup table are specific to the clouds
present. The surface pressure is set equal to the cloud pressure,
and the albedo is set equal to the cloud albedo. The cloud
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pressure detected by TROPOMI represents a pressure level
inside the cloud rather than the geometrical cloud top.65,66 It
ranges from 130 to 987 hPa, with the most frequent values in
the 250−300 hPa bin (Figure S3). The assumed LNO2 profile
should be more realistic than the default a priori NO2 profile,
because the high NO2 is inside the cloud and the above-cloud
NO2 is low due to photolysis.67 For high and thick clouds, the
scattering weights are fairly uniform above the clouds, and the
sensitivity of LNO2 is highest around the middle of cloud,
which is close to the cloud pressure detected by TROPOMI.67

This minimizes the effects of possibly wrongly assumed NO2
peak pressures on the retrieval.68 Note that we find some cases
with clouds higher than the tropopause. We dismiss these cases
because the NO2 concentration could be affected by
stratospheric O3.

28,69

Estimation of the Lightning NO2 Production Efficiency. As
mentioned in NO2 Satellite Measurements, TROPOMI
overpasses the same site north of 70° N several times. Thus,
two consecutive orbits can observe the same thunderstorm. To
make it easier to analyze patterns and variations in Arctic
LNO2 cases, we have created an interactive Web site (https://

arctic-lightning-no2.streamlit.app/) that allows users to filter
cases and investigate the relationship among LNO2, cloud
pressure, and lightning interactively.

The relationship between VLNOd2
(moles per square meter) at

two timestamps can be defined as

= +V A V Ae PE e
p

i
T T

p
j

N

T t
LNO

( )/
LNO

( )/

T

i

T

j

k

( 2)

2
2 1

( 1)

2
2

(3)

where p is the number of pixels in the LNO2 area, A is the area
(square meters) of each pixel, T is the TROPOMI overpass
time, t is the lightning occurrence time, τ is the near-
convection LNO2 lifetime, PE is the LNO2 production
efficiency (moles per stroke), and N is the total number of
strokes during the interval between consecutive orbits.
Specifically, the exponential component considers the chemical
loss of NO2. In eq 3, i and j are the pixel indices for the
TROPOMI instrument, Ai and Aj are different LNO2 areas
taking advection into account (Figure S4), T1 and T2 represent
the mean overpass times of the TROPOMI instrument over

Figure 2. (a) Mean OTD lightning flash rate in June−August 1996−1999. (b) Mean GLD360 lightning stroke rate of June−August 2019−2021.
(c) Same as panel b but counting only the lightning inside the TROPOMI swaths during the 3 h period before the TROPOMI overpass time. Grids
with no lightning appear as the light-blue backgrounds in panels a−c. (d) Monthly ratio of panel c to panel b.
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the LNO2 region for two consecutive orbits, and tk represents
the time of the kth lightning stroke (where k ranges from 1 to
N) that occurs between the two orbits.

Note that if there is no lightning between two consecutive
orbits, eq 3 can be simplified as

=V A V Ae
p

i
T T

p
jLNO

( )/
LNO

T

i

T

j

( 2)

2
2 1

( 1)

2

(4)

We calculate the value of τ as 3 ± 1 h by analyzing the data
from specific cases with high LNO2 but no lightning between
orbits (Table S2 and Figure S4). We then substitute the 3 h τ
in eq 3 to calculate the LNO2 PEs for the remaining lightning
cases.

Previous studies have implemented three other methods to
estimate LNO2 production in tropical and mid-latitude regions,
including (1) using linear regression to correlate background
NO2 plus LNO2 (LNO2*) with lightning,39,70,71 (2) deriving
LNO2 directly using customized air mass factors,28,67,72 and
(3) deriving LNO2* and subtracting background NO2 derived
from aircraft observations70,73 or average NO2 over non-
lightning pixels.38,40,56 However, the linear regression method
is not suitable for our study due to variations in background
NO2 with solar zenith angle. The second approach requires
detailed LNO2 simulation with lightning parametrization,
which is still quite uncertain,13,14,16 particularly in the Arctic
where lightning data are limited.17 Additionally, obtaining
mean background NO2 data sets for each grid cell (i.e., 1° ×
1°) in the Arctic is difficult, as TROPOMI detects only a few
nonlightning convection cases north of 70° N (not shown).

■ RESULTS
Lightning Distributions. Figure 2 compares the spatial

distribution of summer (June−August) lightning at high
latitudes using satellite and ground-based lightning observa-
tions. Both data sets show higher rates over the Siberia and
Alaska permafrost [60−65° N (Figure 2a,b)], which is the

main Arctic fire regime.74 The average OTD lightning flash
rate and GLD360 stroke rate are 0.22 and 0.61 km−2 month−1,
respectively. However, OTD records less lightning near the
Chukchi Sea and more over the Irminger Sea, which is likely
due to interannual variations in Arctic precipitation linked to
poleward moisture transport.18

To determine if LNO2 can be detected by TROPOMI, we
count the number of GLD360 lightning strokes within
TROPOMI swaths during a 3 h period [i.e., the near-
convection LNO2 lifetime (see Estimation of the Lightning
NO2 Production Efficiency)] before each overpass. TROPO-
MI does not continuously measure the Arctic, but it covers
large parts of the region in summer with 14 overlapping orbits
per day. The number of within-swath lightning strokes (Figure
2c) is ∼9% of the total counts and follows the same
geographical pattern as the total strokes (Figure 2b). The
proportion of within-swath lightning strokes increases with
latitude from <10% (60−70° N) to 10−25% (70−80° N) and
40−100% [80−90° N (Figure 2d)] due to increased overlap of
swaths at higher latitudes. Thus, the TROPOMI NO2
observations are powerful for analyzing LNO2 in the Arctic,
where ground-based75 and aircraft-based76 NO2 observations
are limited. We choose to focus on the region north of 70° N
for LNO2 analysis due to the greater TROPOMI coverage and
fewer NO2 emissions from other sources (e.g., wildfires or gas
production). The number of summer strokes detected by
GLD360 is 1.2 × 106 (2019), 1.6 × 106 (2020), and 9.8 × 105

(2021) north of 70° N (Table S1). In the region with the
highest TROPOMI coverage (80−90° N), the number of
strokes in 2021 is ∼2.9 × 104, nearly twice as many as the total
number recorded over the previous nine years.77 The
northernmost lightning stroke reaches 89.5° N, which was
also reported (89.6° N) by the World Wide Lightning
Location Network (WWLLN).17

Anthropogenic versus Lightning NO2. Figure 3a shows
the mean NO2 column densities as measured by TROPOMI at
high latitudes from June to August 2019−2021. While the

Figure 3. (a) Mean 4 km × 4 km TROPOMI tropospheric NO2 column density in the local afternoon during June−August 2019−2021. The
mining and oil and gas stations are shown as gray and red circles, respectively. (b) Comparisons of NO2 among four sources: lightning, mining, oil
and gas, and wildfire. The lightning bar represents the maximum NO2 values over pixels for each lightning case, while the wildfire, mining, and oil
and gas bars are the daily maximum NO2 values at typical locations. The box plots indicate the median (black line) and mean (red line) values; the
lower and upper boundaries represent the 25th and 75th percentiles, respectively, and the lower and upper error lines are the 10th and 90th
percentiles, respectively.
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averaged LNO2 disappears into the background, NO2
enhancements can still be observed over urban, industrial,
and wildfire regions. For example, NO2 correlated with mining
operations (17 ± 2 μmol m−2) in Alaska, Norway, and Russia
is clearly visible. Other sources of NO2 include oil and gas
activities associated with the Mackenzie Valley in Arctic
Canada, Prudhoe Bay/Kuparuk in North Alaska, and Yamal
gas pipeline/Urengoy gas fields in Russia.78 The NO2 spikes
along the Greenland coast may be false signals caused by
retrieval complications due to the complicated topography of
the region.79 Contrary to NO2 pollution, TROPOMI
observations north of 70° N show low background NO2 (4.4
± 1.3 μmol m−2), which is 45% lower than the mean NO2
between 60° N and 65° N.

By comparing the highest LNO2 column (61 ± 50 μmol
m−2) of all cases with typical anthropogenic and wildfire NO2
at high latitudes (Figure 3b), we find that the median LNO2
column density is triple, although the time scale of emission is
on the order of hours. One particularly notable event is the
deep convection occurring over the Laptev Sea (Figure S5),
where the maximum LNO2 is 246 μmol m−2, comparable to
the highest NO2 column density (234 μmol m−2) in the
United States.80 Given the significant contribution of LNO2 for
a few hours, it is important to calculate LNO2 emissions in the
Arctic.
Lightning NO2 Production Efficiency and Emission.

LNO2 emission is the product of stroke counts and LNO2 PEs
(LNO2 per stroke). It is impossible to derive the LNO2 PE

Figure 4. (a) Sum of GLD360 lightning strokes for selected cases per 0.5° × 0.5° grid. (b) Sum of lightning NO2 derived from TROPOMI
observations for selected cases per 0.5° × 0.5° grid.

Figure 5. (a) Comparison of lightning NO2 (LNO2) production efficiency (brown) and stroke rate (blue) for three regions: coast, land, and ocean.
The coast region is defined as a 500 m radius around the coastline. The box plots indicate the median values; the lower and upper boundaries
represent the 25th and 75th percentiles, respectively, and the lower and upper error lines are the 10th and 90th percentiles, respectively. (b) LNO2
production efficiency vs stroke rate, with histograms of case fractions in each 5 × 10−9 m−2 h−1 stroke rate bin overlaid.
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directly on the basis of data from a single orbit, because the
LNO2 detected by TROPOMI includes both production and
depletion, and a second orbit is needed for a time dimension.
Here we utilize the LNO2 from consecutive orbits to estimate
the LNO2 PEs (see Estimation of the Lightning NO2
Production Efficiency for details). On the basis of the
screening of LNO2 and lightning strokes, we choose 43 case
studies with a total of 115 orbits. Cases between 60° W and
180° W are excluded due to insufficient LNO2 or a lack of
observations. Most cases are located between 60° E and 180° E
(Figure 4a). By comparing the lightning distribution (Figure
4a) with the summed LNO2 within a 0.5° × 0.5° grid box
(Figure 4b), we find that the LNO2 observed by TROPOMI
has been transported away from the lightning source. For
instance, although there is no lightning over the Kara Sea (77−
80° N, 65−105° E), the LNO2 in the region is ∼5.1 × 106 mol
in total. This arises from the upper tropospheric wind
transporting LNO2 in the dominant downwind direction
toward the east, highlighting the importance of matching
lightning and NO2.

Despite the transport of LNO2, the comparison between the
distribution of lightning and LNO2 reveals a strong spatial
correlation between the two phenomena. As a result, we
estimate the LNO2 PE for each case study. The median LNO2
PEs are 2.0 (25th to 75th percentile, 1.3−3.1) mol stroke−1,
3.5 (25th to 75th percentile, 1.1−13.0) mol stroke−1, and 11.5
(25th to 75th percentile, 1.3−29.9) mol stroke−1 over land,
coast, and ocean, respectively (Figure 5a). In addition to these
median values, we also measure the top 10 highest LNO2 PEs,
which range from 27 to 612 mol stroke−1 (Table S3). These
highest values are all found in oceanic or coastal areas. Due to
the limited number of cases, it is not possible to determine if
there is a statistically significant difference in LNO2 PEs
between ocean and land. However, the 2-fold larger LNO2 PE
in marine locations than in continents has also been found in
the tropics and mid-latitudes39,40,81 due to the higher flash
energy of ocean-based lightning.82,83

Recent studies suggest that LNO2 PE is related to flash size,
with larger flashes producing more LNO2.

36,81 Furthermore,
stronger updrafts are associated with smaller flashes and higher
lightning rates.84−86 Therefore, we calculate the stroke rate,
which is the number of lightning strokes per unit LNO2 area
per unit time. It ranges from 2.3 × 10−10 to 4.1 × 10−6 m−2 h−1,

with the continental stroke rate (6.2 × 10−7 m−2 h−1) being
∼11 times higher than over the ocean (5.2 × 10−8 m−2 h−1).
We find an approximate power law relationship between the
stroke rate and LNO2 PE (Figure 5b). When the stroke rate
decreases by 2 orders of magnitude, LNO2 PE increases by a
factor of 10, which is consistent with mid-latitude studies.40,72

Because the area applied in the stroke rate calculation
depends on the LNO2 selection from TROPOMI, we multiply
the number of lightning strokes in each of the three regions by
the median PEs of these regions and sum the results to obtain
the total Arctic LNO2 emissions [>70° N (Table S1)]. In
2020, LNO2 emission is 109 Mg of N, which is 31% higher
than the mean LNO2 emission of 83 Mg of N in 2019 and
2021. The dominant contributor to this increase is the
enhanced emission (35%) between 70° N and 80° N, where
the mean convective available potential energy (CAPE) is 32%
higher in 2020 (Table S1 and Figure S8). Note that LNO2
emission (4.3 Mg of N) near the pole (80−90° N) increases by
353% in 2021 due to an increase in lightning activity (Table
S1). Overall, we estimate the summer LNO2 emission in the
Arctic as 30 ± 16 Mg of N month−1 considering the
uncertainties [53% (Table S4)].

Assuming the ratio of NOx to NO2 as 2.4,
87 we estimate the

LNOx emission to be 73 Mg of N month−1 and compare it
with the anthropogenic and soil NOx emissions in the Arctic
during the summer (Figure 6). We find that soil emissions,
totaling 2670 Mg of N month−1, dominate NOx over the Arctic
land, while anthropogenic NOx emissions of 350 Mg of N
month−1 over land are roughly the same in magnitude as
wildfire emissions of 430 Mg of N month−1. Ship emissions,
totaling 1160 Mg of N month−1, are the primary source of NOx
over the Arctic ocean. However, the LNOx contributes 93% of
NOx in the northeastern region of the Arctic ocean (90−180°
E, 80−90° N). It is important to note that the lifetime of upper
tropospheric NO2 away from thunderstorms is ∼0.5−8 days
due to low temperatures;20,23 therefore, further studies are
needed to evaluate how LNO2 affects O3, CO, and CH4 in the
Arctic.

■ DISCUSSION
In this study, we estimate both the LNO2 lifetime and the
production efficiency in the Arctic based on consecutive
TROPOMI NO2 observations. Our results indicate that the 3

Figure 6. Monthly NOx emissions in the Arctic from June to August. (a) Anthropogenic emissions including ship emissions, (b) soil emissions, and
(c) lightning emissions. The lightning NOx emissions are the mean values from 2019 to 2021, while the other emissions are from the 2018
Copernicus Atmosphere Monitoring Service (CAMS) global emission inventories.
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h LNO2 lifetime is similar to that previously reported in the
United States.23 The continental LNO2 production efficiency
[2.0 (1.3−3.1) mol stroke−1] is also comparable to that
observed over the United States (1.6 ± 0.1 mol stroke−1).71

Additionally, our findings suggest that oceanic lightning in the
Arctic can produce 6 times higher NO2 than continental
lightning. As a result, when the amount of lightning increases
by the same amount over the Arctic ocean and land, the
oceanic lightning will produce more LNO2. Overall, the mean
LNOx emissions (219 Mg of N) in summer (June−August) are
equal to 5% of anthropogenic NOx emissions in the Arctic.

One limitation of our study is that we derive the LNO2
column density without retrieving LNO2 vertical profiles. To
obtain these profiles, techniques such as cloud slicing can be
used,88,89 but they require a large sample size to reduce noise.
Future aircraft observations, like the Deep Convective Clouds
and Chemistry (DC3) project,90 could provide more detailed
LNO2 profiles and improve our understanding of LNOx and air
pollution in the Arctic.75,91

Accurate observations, simulations, and validations of Arctic
lightning are crucial for understanding its impact on LNO2 and
other atmospheric processes, as global warming is expected to
lead to an increase in its occurrence. However, the detection
efficiency of ground-based lightning networks in the Arctic is
still low due to the large areas of ocean and ice coverage in the
region.44 Additionally, current parametrizations of Arctic
lightning tend to focus on land-based processes, particularly
permafrost.16 To address these challenges, consistent satellite
observations, such as those provided by OTD, are essential.
Note that the Lightning Imaging Sensors (LIS) on board the
Tropical Rainfall Measuring Mission (TRMM)92 and the
International Space Station (ISS)93 are primarily designed to
detect tropical and mid-latitude lightning, with TRMM LIS
covering low latitudes (±38°) and ISS LIS extending coverage
to higher latitudes (up to ±55°). The range of latitudes that
can be detected by future planned lightning sensors is currently
unknown. However, carrying these sensors, such as the
Geostationary Lightning Mapper (GLM) or the Lightning
Mapping Instrument (LMI),94,95 on hydrometeorological
satellites like Arktika-M96 could greatly benefit Arctic lightning
studies by providing more comprehensive coverage of this
region.

■ ASSOCIATED CONTENT
Data Availability Statement
The retrieval algorithm is available at https://github.com/
zxdawn/S5P-LNO2.97 The relevant data and analysis code are
hosted at https://github.com/zxdawn/S5P-LNO2-
Notebook.98,99 We also established a Web site (https://
arctic-lightning-no2.streamlit.app/) to provide an interactive
interface for exploring Arctic lightning NO2 cases. The data
supporting the findings of this study are openly available: S5P-
PAL TROPOMI data (https://data-portal.s5p-pal.com),
NASA FIRMS VIIRS active fire product (https://earthdata.
nasa.gov/firms), LIS/OTD 0.5 Degree High Resolution
Monthly Climatology data set (10.5067/LIS/LIS-OTD/
DATA303), ERA5 reanalysis data (10.24381/cds.bd0915c6),
CAMS global emission inventories (https://ads.atmosphere.
copernicus.eu/cdsapp#!/dataset/cams-global-emission-
inventories), and global biomass burning emissions based on
fire radiative power (GFAS, https://ads.atmosphere.
copernicus.eu/cdsapp#!/dataset/cams-global-fire-emissions-
gfas). The VAISALA GLD360 data are available upon request

from VAISALA (https://www.vaisala.com/en/products/
systems/lightning/gld360).
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