
1. Introduction
Hot plasma in lightning channels causes dissociation of air molecules into atomic nitrogen and oxygen. The 
fast cooling of the plasma contributes to the formation of nitrogen oxides (NOx = NO + NO2) by the Zeldovich 
mechanism (Zeldovich et al., 1947). The NOx produced by lightning (LNOx) in the troposphere plays a signifi-
cant role in the budget of tropospheric ozone and in the oxidizing capacity of the atmosphere (Gordillo-Vázquez 
et  al.,  2019). Lightning contributes about 10% to global NOx emissions and up to nearly 20% in the tropics 
(Schumann & Huntrieser,  2007, and references therein), producing between 2 and 8 Tg N per year globally, 
which corresponds to 100–400 mol NOx per flash. Despite significant advances achieved by aircraft campaigns, 
laboratory measurements and by the improvement of satellites observations during the last decades, reducing the 
uncertainty in the production of NOx by lightning and understanding its variability is still a challenge.

The retrieval of NO2 by nadir-viewing satellites, such as the Ozone Monitoring Instrument (OMI), the SCan-
ning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY), and the Sentinel-5P 
TROPOspheric Monitoring Instrument (TROPOMI), have provided an unprecedented opportunity to system-
atic LNOx Production Efficiency (PE) estimates over different regions (Allen et  al.,  2019; Allen, Pickering, 
Bucsela, et al., 2021; Bucsela et al., 2019; Pickering et al., 2016). Recent LNOx estimates based on satellite instru-
ments suggest that the LNOx PE per flash falls at the lower end of the range of estimations reported in literature 
(100–400 mol NOx per flash) (Beirle et al., 2004; Schumann & Huntrieser, 2007). In particular, LNOx estimates 
based on TROPOMI NO2 retrieval, the most modern global air quality satellite in operation, have produced LNOx 
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PE estimates of 175 ± 100 mol and 120 ± 65 mol NOx per flash in the United States of America (USA) (Allen, 
Pickering, Bucsela, et  al.,  2021) by using lightning measurements from the Geostationary Lightning Mapper 
(GLM) and the Earth Networks Global Lightning Network (ENGLN), respectively, 58 ± 44 mol NOx per flash 
in the Ebro Valley and the Pyrenees (Pérez-Invernón et al., 2022), and 60 ± 33 mol NOx per flash in southeastern 
China (Zhang et al., 2022).

Some studies based on laboratory discharges have reported a positive relationship between the flash energy and 
the production of LNOx (Allen, Pickering, Lamsal, et al., 2021; Schumann & Huntrieser, 2007; Stark et al., 1996; 
Wang et al., 1998). According to literature estimates, the production of NOx per discharge energy ranges between 
1.4 × 10 16 and 30 × 10 16 molecules J −1 (Schumann & Huntrieser, 2007). Several studies using satellite retrieval 
of NO2 have found an inverse relationship between flash rates and LNOx PE per flash (Allen et al., 2019; Allen, 
Pickering, Bucsela, et  al.,  2021; Bucsela et  al.,  2019), while airborne studies suggest that there is a propor-
tional relationship between flash length and LNOx PE per flash (Huntrieser et  al., 2007, 2008; Schumann & 
Huntrieser, 2007; Stith et al., 1999; Wang et al., 1998) ranging between 0.5 × 10 21 and 10 × 10 21 molecules 
NOx m −1. The reported inverse relationship between flash rates and flash size (Bruning & MacGorman, 2013) 
explains the observed correlation between flash rates and LNOx. Rahman et al. (2007) reported the first lightning 
measurements of LNOx produced by rocket-triggered lightning. They found a production of 2.0 × 10 22–2.4 × 10 22 
molecules NOx m −1. Finally, Mecikalski and Carey (2018) reported that the total length and the vertical structure 
of lightning flashes can influence the production of LNOx by using two dimensional (2-D) histogram distribu-
tions of lightning flashes.

Very High Frequency (VHF) Lightning Mapping Arrays (LMAs) can locate the origin and propagation path of 
lightning channels within the cloud at high spatial and temporal resolution. In turn, LMA measurements can 
be used to calculate flash channel lengths for LNOx estimates. In this context, Hansen et al. (2010) proposed to 
use LMA measurements to investigate the vertical distribution of LNOx. The NASA Lightning Nitrogen Oxides 
Model (LNOM) uses LMA data from the North Alabama LMA (NALMA) (Koshak et al., 2014) and the labo-
ratory results of Wang et al. (1998) to parameterize the production of NOx per flash length in air quality models. 
More recently, Bruning and Thomas (2015) developed several models to estimate flash lengths from LMA meas-
urements and discussed the sensitivity of LNOx estimates to flash channel lengths.

In this work, we investigate the relationship between LNOx, lightning flash length and lightning flash rate. We used 
the Deutsches Zentrum für Luft- und Raumfahrt (DLR) TROPOMI operational cloud and TROPOMI research 
NO2 products, also known as TROP-DLR (Liu et al., 2021; Loyola et al., 2018; Pérez-Invernón et al., 2022), 
combined with lightning measurements from the Ebro LMA (ELMA) (López et al., 2017; Pineda et al., 2016; 
van der Velde & Montanyà, 2013) and from the ENGLN (Lapierre et al., 2020; Zhu et al., 2017) for 16 cases. 
The ELMA system covers the Ebro Valley and the eastern coast of the Iberian Peninsula, an area with a high 
occurrence of thunderstorms during the end of the summer. During the end of the summer, the Mediterranean 
sea is warm and humid, favoring the development of thunderstorms when westerly frontal systems are passing by 
Pineda et al. (2010). Thunderstorms produced at the end of the summer by this mechanism have particular high 
updrafts and high lightning activity, although winter thunderstorms with high lightning activity in this region are 
not rare.

2. Data Sets and Methods
In this section, we describe the data sets and the methods used to investigate the relationships between LNOx per 
flash, flash rates and flash lengths in the Ebro Valley.

2.1. TROP-DLR Operational and Research Products

The TROPOMI instrument started its operation on 13 October 2017 from a low Earth polar orbit on board the 
European Space Agency Sentinel-5 Precursor satellite. TROPOMI is a passive imaging spectrometer with eight 
spectral bands that provide daily global measurements of cloud properties and several trace gases (Veefkind 
et al., 2012). Among others, the final TROPOMI product includes the Slant Column Density (SCD) of NO2, the 
error of the SCD NO2, the quality assurance (QA) value, the stratospheric Vertical Column Density (VCD) of 
NO2, the stratospheric Air Mass Factor (AMF) of NO2, the Cloud Fraction (CF), Cloud Optical Thickness (COT), 
and the Optical Centroid Pressure (OCP) with a 3.5 km × 7.0 km horizontal resolution at nadir before 6 August 
2019 and 3.5 km × 5.5 km thereafter.
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In this work, we used the TROP-DLR operational cloud and NO2 research products (Liu et al., 2021; Loyola 
et al., 2018), that were recently applied by Pérez-Invernón et al. (2022) for LNOx PE estimates. The TROP-DLR 
NO2 research product is more appropriate for estimating LNOx than the operational TROPOMI NO2 product 
because it produces more reliable cloud properties and NO2 estimates over bright areas, such as thunderclouds. 
The cloud properties are derived by the OCRA/ROCINN algorithms by using the Clouds-As-Layers (CAL) 
model (Loyola et al., 2018). Clouds are treated as optically uniform layers using a more realistic cloud scattering 
model than the Cloud as Reflecting Boundaries (CRB) model implemented in the operational TROPOMI NO2 
product (Van Geffen et al., 2022). In turn, the TROP-DLR NO2 research product uses a Directionally dependent 
STRatospheric Estimation Algorithm from Mainz (DSTREAM) to separate the contribution of the troposphere 
and stratosphere to the NO2 column density (Liu et  al.,  2021) without requiring any input from atmospheric 
models. Following Pérez-Invernón et  al.  (2022), we used TROPOMI pixels with a SCD NO2 error less than 
2 × 10 19 molec m −2. In turn, we define pixels with deep convection as those with an effective cloud fraction 
greater than 0.95 and an OCP less than 534 hPa. We obtain 20,637 pixels with deep convection and a SCD NO2 
error lower than 2 × 10 19 molec m −2. In turn, we get 51 pixels with deep convection and a SCD NO2 error above 
than 2 × 10 19 molec m −2. The total number of pixels with deep convection for each case are presented in Table 
S1 in Supporting Information S1.

2.2. Lightning Measurements

ELMA is a VHF time-of-arrival network (Rison et al., 1999) consisting of 7 VHF receiver stations during the 
period of study (2018–2020). Table S1 in Supporting Information S1 shows the total number of active ELMA 
stations (5–7) for each case. Lightning sources are located using a minimum of 5 stations. The quality of data is 
a function of the number of active stations, the distance of the lightning activity, the background noise thresh-
old at each station and the lightning direction with regard to the geometry of the network. ELMA produces the 
3-dimensional locations of VHF sources in time. These are first processed by a simple filter to remove scattered 
sources (less than 3 in a grid cell of 3 × 3 × 1 km every 75 ms). Then, the sources are grouped into flashes by a 
source interval criterion of <75 ms. These “first guess” flashes may consist of multiple flashes occurring simul-
taneously in different thunderstorm cells. A second pass identifies flashes from just one or more contiguous clus-
ters of 4 km grid cells. If there are separate groups, the corresponding sources are assigned to separate flashes. 
This usually works well unless a new flash starts at the same location as the previous flash before that one ended 
all leader extension, in which case the new and old flash are counted as one. This, however, occurs rarely in the 
storms in this geographic region. Another exception occurs when the system fails to detect all continuous leader 
activity of a flash, usually those at large distance from the LMA center. We choose 75 ms without sources as the 
criterion used to chop bursts of sources into subsequent flashes. In case the continuous leader activity in a flash 
(e.g., van der Velde and Montanyà (2013)) is not detected well, usually far from the LMA, the flash would be split 
up into two (or more) separate flashes.

We calculated the maximum length following the box counting method (number of boxes times their size) shown 
in Figure 3a of Bruning and Thomas (2015). This is the flash length calculated at the finest scale the LMA is 
capable of resolving. We performed this method for layers 2 km in depth, overlapping by 1 km. The total flash 
volume is calculated by summing the flash length across the depth of the thunderstorm. The result is a measure 
of flash volume that is not as sensitive to data quality as a fixed fine grid would be, as it adapts to decreasing 
resolution at larger distances from the network center. The total number of active ELMA stations for each case 
is shown in Table S2 in Supporting Information S1. It is important to mention that the calculation of the flash 
channel length is independent from the calculation of the LNOx.

As the Detection Efficiency (DE) of ELMA decays with the distance to the cluster of sensors, we used lightning 
measurements from ENGLN to obtain the total lightning in the area and calculate the total LNOx per flash. Then, 
we compared the median and the mean flash channel length with the total LNOx per flash for each case. For the 
calculation of the total LNOx per flash, we took into account that the total DE of ENGLN over the Ebro Valley 
is about 68% (Pérez-Invernón et al., 2022). We refer to Pérez-Invernón et al. (2022) for further details on the 
characteristics of lightning measurements provided by ENGLN in the Ebro Valley. One limitation that can result 
from the inhomogeneity in the DE of ELMA is that it detects fewer sources as lightning events occur at greater 
distances from the sensors, thus influencing the calculation of flash length. This is an inherent limitation in the 
use of LMA, and since there is no other source of information available on flash length, its effect is challenging 

 19448007, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104699 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [11/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

PÉREZ-INVERNÓN ET AL.

10.1029/2023GL104699

4 of 11

to quantify. That's why we focus on a significant number of cases with high lightning activity in the Ebro Valley, 
where the DE of ELMA is higher.

2.3. LNOx PE Estimate

We calculated the LNOx PE per flash for 16 cases by using the TROPOMI LNOx PE method proposed by Allen, 
Pickering, Bucsela, et al. (2021) and later employed by Pérez-Invernón et al. (2022). We limited the studied area 
to the region within the coverage of ELMA (38.4–42.5N latitude and 1.2W-3E longitude). We used the same 
simulation from the ECMWF–Hamburg (ECHAM)/Modular Earth Submodel System (MESSy version 2.54.0) 
Atmospheric Chemistry (EMAC) model (Jöckel et al., 2016) performed by Pérez-Invernón et al. (2022) to extract 
the mean LNO2 and LNOx profiles that are needed to derive the air mass factors (AMFLNOx) used to estimate 
the vertical column density of LNOx from the slant column density of NO2 provided in the TROP-DLR research 
product over pixels with deep convection. We define the deep convective constraint as TROPOMI pixels with 
a cloud fraction greater than 0.95 and OCP value less than 534 hPa. Following Pérez-Invernón et al.  (2022), 
we included in the calculation of LNOx PE only flashes that are reported by ENGLN up to 5 hr prior to the 
TROPOMI overpass of each pixel. The lifetime of NOx in the near field of convection can range between 2 hr and 
2 days (Nault et al., 2017; Pickering et al., 2016). In this work, we assumed that the lifetime of NOx in the near 
field of convection is 5 hr, which is a consensus value in LNOx estimates (Allen, Pickering, Bucsela, et al., 2021; 
Pérez-Invernón et al., 2022).

We estimated the background-NOx (not produced by lightning) in the troposphere as the 30th and the 10th percen-
tiles of the Vertical Column Density (VCD) tropospheric NOx over non-flashing pixels (pixels where there are not 
reported lightning flashes) satisfying the deep convective constraint that are not affected by the advected LNOx. 
We used the wind velocity and direction averaged between 200 hPa and 500 hPa provided by the European Center 
for Medium-Range Weather Forecasts (ECMWF) ERA5-reanalysis data set (Hersbach et al., 2020) to estimate 
the pixels that are influenced by the advected LNOx Pérez-Invernón et al. (2022). The zonal component of the 
averaged wind is obtained by averaging the zonal component of the wind at all vertical points between the pres-
sure levels 200 hPa and 500 hPa. Similarly, the meridional component of the wind is obtained by averaging the 
meridional component between these levels. The module of the averaged wind velocity and the averaged direction 
are shown in Figure S33 in Supporting Information S1. This method for determining the pixels that may not have 
been affected by the advected LNOx is a rough but valid approach for our purposes. It is a conservative criterion 
to reliably identify which pixels have not been affected by the LNOx.

3. Results and Discussion
3.1. Selected Case Studies

The eastern coast of the Iberian Peninsula comprises several large cities and agricultural areas where high 
anthropogenic emissions of NOx are located (Petetin et al., 2023). Therefore, we only included in our analysis 
thunderstorms producing a considerable high amount of fresh-produced LNOx to ensure that the LNOx signal 
is detectable. For this purpose, we only select cases with more than 1,000 lightning flashes 5  hr before the 
TROPOMI overpass or, alternatively, with more than 250 flashes during 1 hr before the TROPOMI overpass. The 
16 selected cases can be found in the first column of Table S1 in Supporting Information S1 and corresponded 
to cases with active thunderstorms within the ELMA coverage. The second column of Table S1 in Supporting 
Information S1 lists the total number of active ELMA stations for each case.

The upper left panel of Figures S1–S16 in Supporting Information S1 show the SCD NO2 data provided by 
the TROP-DLR research NO2 product. The upper right panel depicts the flashes reported by ENGLN up to 
5 hr before the TROPOMI overpass and the calculated VCD NOx over pixels with deep convection satisfying 
the quality constraint (SCD NO2 error lower than 2 × 10 19 molec m −2) after subtracting the background (10th 
percentiles of the Vertical Column Density (VCD) tropospheric NOx over non-flashing pixels) for the 16 studied 
cases. In the 16 cases, a significant total number of pixels have positive values of VCD NOx in the vicinity of 
lightning flashes. In particular, we obtain 15,240 pixels 5,367 and pixels with positive and negative values of 
VCD NOx, respectively. The total number of pixels with positive and negative values of VCD NOx for each case 
can be seen in Table S1 in Supporting Information S1. In Figures S6–S8, S10, S11, S13, and S14 in Supporting 
Information S1, VCD NOx and the lightning flashes are displaced to each other by a certain distance. This is 
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a consequence of the wind advecting NOx and the existence of non-flashing deep convective pixels that will 
be used to estimate the background-NOx. These panels reveal that, in general, areas with lightning activity and 
also areas in the vicinity of large cities have higher SCD NO2 values. This correlation between lightning flashes 
and SCD NO2 values allows for the distinction between LNOx signals and anthropogenic emissions, with two 
notable exceptions observed on 12 August 2018 and 23 August 2018 (see Figures S2 and S4 in Supporting 
Information S1, respectively). During those days, the TROPOMI overpass coincided with the formation of a 
thundercloud that had developed within the hour before. The OCP value was low, indicating high cloud tops 
that potentially resulted in a reduction of observed SCD NO2 values due to the greater amount of troposphere 
present below the clouds. The reported association between high lightning activity and low OCP values are in 
agreement with Bucsela et al. (2019). Finally, the lower right and left panels of Figures S1–S16 in Supporting 
Information S1 show the cloud fraction and the OCP provided by the TROP-DLR operational cloud product, 
respectively. Lightning flashes take place in pixels with a high cloud fraction and a low OCP value, as expected. 
Figures S17–S32 in Supporting Information S1 show the flashes detected by ELMA that are used to estimate the 
flash channel lengths. In general, there is a good agreement between spatial distribution of the flashes detected 
by ENGLN (second panel of Figures S1–S16 in Supporting Information S1) and by ELMA (Figures S17–S32 
in Supporting Information S1). However, some cases exhibit remarkable differences because the DE of ELMA 
depends on the distance to the sensors. Despite differences in some cases, it is important to note that ELMA 
data is only used to estimate the length of flashes in the studied cases, while ENGLN is used to calculate LNOx 
per flash.

Table S3 shows the total number of flashes reported by ENGLN and the relevant parameters derived from the 
TROP-DLR products. The total number of flashes reported by ENGLN for these thunderstorms ranged between 
650 on 23 August 2018 and 39,452 on 17 August 2018. The mean values are 456 hPa for OCP, 1.9 hr for flash 
age, 0.9 × 10 19 molec m −2 for VtropNOx, 8.0 × 10 19 molec m −2 for VstratNO2, 0.63 for AMFLNOx, and −0.33 × 10 19 
molec m −2 and 0.20 × 10 19 molec m −2 for Vtropbck when using the 10th and the 30th percentiles of the VCD tropo-
spheric NOx over non-flashing pixels satisfying the deep convective constraint, respectively. The values presented 
in Table S3 in Supporting Information S1 are comparable to the values derived by Pérez-Invernón et al. (2022) in 
the Ebro Valley and the Pyrenees by using the TROP-DLR products. As previously reported by Allen, Pickering, 
Bucsela, et al. (2021); Pérez-Invernón et al. (2022), negative values of tropospheric NOx indicate that the average 
stratospheric column exceeds the local vertical column or that the tropospheric background exceeds the signal. 
The remarkably low average ages of the flashes on 12 August 2018 and 23 August 2018 suggest that lightning 
activity had just begun to increase at the time of the TROPOMI overpass. As a consequence, the OCP values were 
low (Bucsela et al., 2019) and the measured SCD of NO2 were lower than in other cases. It is important to remark 
that the effect of cloud opacity is introduced in the calculation of the VCD tropospheric LNOx by the calculation 
of the AMFLNOx.

3.2. LNOx Estimate for Each Thunderstorm

The obtained mean flash length, LNOx PE per flash and LNOx PE per channel length are shown in Table 1, 
together with an estimation of their variability by using the standard deviation calculated between the 16 studied 
cases. In addition, the column 3 shows the mean flash frequency calculated during 1 hr centered at the mean 
age of the flashes. The median and the mean flash length ranges between 5 and 47 km and between 11 and 
107 km, respectively. The distribution of channel lengths and total number of flashes for each case are plotted 
in Figures 1a and 1b, respectively. Figure 1a shows that the values of the channel lengths follow a log-normal 
distribution. Interestingly, there is an inverse relationship between flash rate and flash size (Figure  1b), as 
reported previously by Bruning and MacGorman (2013). The LNOx PE per flash by using the 10th and the 30th 
background-NOx methods are 108 ± 82 mol NOx/f and 54 ± 42 mol NOx/f, respectively. These values are similar 
to the values reported by Pérez-Invernón et al. (2022). In turn, the obtained LNOx PE per flash length, calculated 
as the LNOx PE per flash divided by the mean flash length for each case, are 1.6 ± 1.0 × 10 21 molec NOx/m and 
0.8 ± 0.5 × 10 21 molec NOx/m when using the 10th and the 30th background-NOx methods, respectively. The 
LNOx PE per flash length, which falls within the range of 0.3–2.6 molec NOx/m, closely aligns with the results 
obtained in laboratory experiments by Wang et al. (1998) (1.4–5.2 × 10 21 molec (NOx/m)), and from airborne 
measurements by Stith et al. (1999) in Colorado (0.2–10 × 10 21 molec (NOx/m)), by Huntrieser et al. (2002) in 
Germany (0.07–10 × 10 21 molec (NOx/m)), and by Skamarock et al. (2003) in Colorado (1 × 10 21 molec (NOx/m)). 
However, the obtained mean LNOx PE per flash length is slightly below the values reported by other airborne 
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Figure 1. (a): Box plots showing the distribution of channel lengths for each of the 16 thunderstorm cases investigated. The 
green triangles show the mean flash lengths. The orange line indicates the median flash length. Black circles indicate outliers. 
The cases are sorted by increasing median values. (b): Total number of flashes 5 hr before the overpass of TROPOMI 
(N flashes) for each of the cases. We have included a linear regression (dashed line) and the R-squared coefficient of the 
regression model.

Case

F F Mean Mean/median LNOx PE LNOx PE
Mean/median  

LNOx PE
Mean/median  

LNOx PE

ENGLN ELMA
Flash  

Frequency
Flash  

Length
Vtropbck  
10th

Vtropbck  
30th

Vtropbck  
10th

Vtropbck  
30th

(N flashes) (N flashes) (F/h) (km) (mol NOx/f) (mol NOx/f) (×10 21 molec NOx/m) (×10 21 molec NOx/m)

9 August 2018 28,523 20,483 12,747 27/11 39 30 0.9/2.1 0.7/1.6

12 August 2018 2,904 471 2,490 15/9 9 3 0.4/0.6 0.1/0.2

17 August 2018 39,452 4,030 7,565 24/9 75 55 1.9/5.0 1.4/3.7

23 August 2018 650 676 355 29/15 130 91 2.7/5.2 1.9/3.7

3 September 2018 7,473 6,057 2,623 70/25 36 13 0.3/0.9 0.1/0.3

5 September 2018 10,183 5,452 3,474 16/6 46 19 1.7/4.6 0.7/1.9

6 September 2018 16,673 1,816 3,629 11/5 19 9 1.0/2.3 0.5/1.1

15 September 2018 6,610 3,804 1,196 75/32 180 81 1.4/3.4 0.7/1.5

14 October 2018 3,149 219 1,734 35/23 118 53 2.0/3.1 0.9/1.4

19 October 2018 5,339 4,321 1,238 107/47 161 85 0.9/2.1 0.5/1.1

15 November 2018 3,688 1,094 814 76/18 161 75 1.3/5.4 0.6/2.5

26 July 2019 1,639 428 385 51/27 132 66 1.6/2.9 0.8/1.5

21 September 2019 12,845 3,710 1,720 18/6 25 6 0.8/2.5 0.2/0.6

22 October 2019 33,540 2,591 (*) 8,574 35/15 68 33 1.2/2.7 0.6/1.3

21 January 2020 5,126 432 1,171 65/45 316 166 2.9/4.2 1.5/2.2

10 August 2020 2,414 971 260 32/21 216 86 4.1/6.2 1.6/2.5

Mean ± σ 108 ± 82 54 ± 42 1.6 ± 1.0/3.3 ± 1.6 0.8 ± 0.5/1.7 ± 1.0

Note. (*: ELMA was not in operation before 11:30 hr on 22 October 2019, causing that older flashes are missing).

Table 1 
Results for the 16 Studied Cases Using the TROP-DLR Products and Lightning Measurements in the Region 38.4–42.5N/1.2W–3E and Using the 10th and the 30th 
Percentile of the VtropNOx Over Non-Flashing Pixels With Deep Convection to Estimate Vtropbck
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measurements in Germany (see Schumann and Huntrieser (2007) for more 
comparisons) and in rocket-triggered lightning (2.0 × 10 22–2.4 × 10 22 mole-
cules NOx m −1) (Rahman et al., 2007).

3.3. LNOx PE Estimate and Flash Channel Length

We examine the correlation between the LNOx PE estimate and the flash 
length reported by ELMA. We used the LNOx PE estimate averaged by 
considering the 30th and the 10th percentile of the vertical column density of 
tropospheric NOx (VtropNOx) to estimate the vertical column density of back-
ground NOx (Vtropbck) (columns 6 and 9 in Table 1). The results by considering 
separately the 30th and the 10th percentile of the vertical column density of 
tropospheric NOx (VtropNOx) to estimate the vertical column density of back-
ground NOx are plotted in Figure S34 in Supporting Information  S1 and 
confirm the conclusions from Figure 2. We plot in Figures 2a and 2b the 
LNOx PE estimate versus the median and the mean flash channel length for 
the 16 studied thunderstorms, respectively. We calculated the Pearson corre-
lation coefficient (R) between the LNOx PE and the median and mean flash 
channel length, obtaining R = 0.77 and R = 0.56 and p − values of 0.0005 
and 0.0243, respectively. Figure S35 in Supporting Information S1 exhibits 
the plot identical to that of Figure 2, but with the y-axis shown on a logarith-
mic scale.

Figure  2c displays the LNOx PE versus the mean flash frequency, while 
Figure 2d shows the mean flash channel length versus mean flash frequency. 
In turn, we have fitted the dependence of LNOx PE (in mol NOx per flash) on 
lightning frequency and the mean flash channel length versus the mean flash 
frequency using exponential decays according to

𝐿𝐿𝐿𝐿𝐿𝐿𝑥𝑥𝑃𝑃𝑃𝑃 = 𝑎𝑎 × exp(−𝑏𝑏 × 𝐹𝐹𝑓𝑓 ) + 𝑐𝑐𝑐 (1)

and

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑀𝑀′ × exp
(

−𝑏𝑏′ × 𝐹𝐹𝑀𝑀

)

+ 𝑐𝑐′, (2)

respectively, where Ff is the mean flash frequency in units of kfl/h and 
the coefficients of the fitting are a = 139.34, b = 0.61 and c = 30.35 and 
a′ = 38.20, b′ = 0.28 and c′ = 21.81, respectively. Figures 2c and 2dalso 
indicate the covariance of the fitting coefficients, indicating the goodness of 
the fit. Despite the low total number of thunderstorms analyzed in compar-
ison with Bucsela et  al.  (2019), the obtained results are consistent with 
Bucsela et al. (2019, Figure 11c). These results indicate that thunderstorms 
with higher flash frequency produce shorter lightning channels and a lower 
amount of LNOx per flash.

3.4. Discussion

The obtained positive relationship between the LNOx PE per flash and the flash channel length is influenced by 
the vertical structure of lightning flashes, that is, how the branches of the flash are distributed at different alti-
tudes as a function of the total flash length. As shown in Figure 3a, the vertical distribution of lightning flashes 
below a given total length (colored lines) and the LNOx mass distribution (dashed line), which is introduced in 
the EMAC simulation to calculate the AMFLNOx, exhibit some interesting features. The layer with the highest 
proportion of the total lightning channel is located at an altitude of 10 km. However, for longer lightning flashes, 
the channel occupies a greater horizontal area at lower altitudes. This is more clearly observed in Figure 3b, 
which shows the percentage of the lightning channel above 10 km altitude depending on the total flash channel 
length. Thus, longer flashes could release more LNOx at lower altitudes than shorter flashes. Additionally, low 

Figure 2. LNOx PE versus the median (a) and the mean (b) flash channel 
length, LNOx PE versus the mean flash frequency (c) and mean flash channel 
length (d) versus mean flash frequency for 16 cases. We have included the 
linear regression (dashed line), the Pearson correlation coefficient (R) and 
the corresponding p-value in panels (a), (b), as well as a fit to an exponential 
decay in panels (c), (d).
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altitude flashes are more likely to produce cloud-to-ground flashes. Extensive stratiform flashes usually produce 
positive CG flashes that can trigger sprites (e.g., van der Velde et al. (2014)) and its associated currents and faster 
leaders (typically at 5–8 km altitude) may produce more NOx. However, the EMAC simulation used to extract 
the a priori LNOx vertical profile for calculating the AMFLNOx factors (dashed lines in Figures  3a and  3b) 
does not account for variations in the LNOx profile with lightning channel length. The AMFLNOx factors are 
then used to estimate the VCD of LNOx from the reported SCD of NO2 in the upper atmosphere. Consequently, 
shorter lightning flashes could inject a higher proportion of LNOx into the upper atmosphere compared to longer 
flashes. Therefore, the a priori profiles used to estimate the AMFLNOx factors may overestimate the LNOx in the 
lower atmosphere and, consequently, the LNOx PE per channel length for shorter lightning flashes. In particular, 
Figure 3b suggests that the imposed LNOx mass vertical profile could overestimate the LNOx per flash for light-
ning flashes with a total channel length below 65 km, which represents the 91% of the flashes detected by ELMA 
in this study. To reduce this limitation, simulations using a cloud-resolved atmospheric model with an adaptive 
vertical profile of the LNOx mass would be needed.

Another contributing factor to the overestimation of LNOx produced by shorter lightning flashes is the low OCP 
typically associated with these flashes. Since shorter lightning flashes tend to occur in thunderstorms with high 
flash frequencies, they may tend to occur in pixels with lower OCP values. Pixels with lower OCP have larger 
portion of the atmosphere below clouds where NO2 is invisible to TROPOMI. As a consequence, low SCD of 
NO2 are reported by TROPOMI (see Figures S1 and S4 in Supporting Information S1). This means that the VCD 

Figure 3. (a): Vertical distribution of lightning flashes below a given total length (colored lines) and LNOx mass distribution 
(dashed line), which is introduced in the EMAC simulation to calculate the AMFLNOx factors. (b): Percentage of the 
lightning channel above 10 km altitude depending on the total flash channel length. These profiles have been calculated from 
the mean profiles of 16 cases.
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LNOx estimate is more influenced by the calculated AMFLNOx, which can exacerbate the overestimation of 
LNOx PE per flash for shorter lightning flashes.

The EMAC LNOx profile plays a crucial role in influencing the calculation of the VCD LNOx due to its direct 
impact on the determination of AMFLNOx. Both background-NOx and LNOx calculations are dependent on the 
VCD LNOx, which means that the EMAC LNOx profiles can have an effect on the estimation of background-NOx. 
However, it is important to note that the primary factor influencing background-NOx is the difference in VCD 
NOx between pixels with and without flashes, as highlighted in Pérez-Invernón et al. (2022).

4. Conclusions
Estimates of lightning produced NOx (LNOx) Production Efficiency (PE) by different methods suggest a high 
variability of LNOx PE and flash characteristics. The use of a Lightning Mapping Array (LMA) has proven to 
be a powerful tool to estimate some flash characteristics, such as the flash length. We have combined the TROP-
Ospheric Monitoring Instrument (TROPOMI) Deutsches Zentrum für Luft- und Raumfahrt (DLR) TROP-DLR 
operational cloud and NO2 research products with lightning measurements from the Ebro LMA (ELMA) to inves-
tigate the relationship between LNOx PE, flash rate and flash length using 16 thunderstorm cases observed over 
the eastern coast of the Iberian Peninsula. To the best of our knowledge, the results presented in this work are the 
first satellite-based study to demonstrate that LNOx per flash is proportional to flash length by using LMA-based 
estimates of LNOx and, in turn, the first that employs LMA measurements to estimate LNOx in Europe. Our 
results demonstrate that the combination of satellite-based retrievals of NO2 with LMA systems is an innovative 
and promising approach to understand the variability in the production of LNOx per flash in active thunderstorms. 
The main conclusions of this work are:

1.  TROP-DLR retrieval of NO2 together with LMA lightning measurements are useful to investigate the relation-
ships between the production of LNOx per flash and the flash characteristics.

2.  TROP-DLR data suggest an inverse relationship between LNOx PE and flash rate, previously found by Bucsela 
et al. (2019); Allen et al. (2019); Allen, Pickering, Bucsela, et al. (2021) and, in turn, a positive relationship 
between LNOx PE and flash length.

3.  Space-based observations of mean LNOx per flash length obtained in this work vary between 0.3 × 10 21 molec 
NOx/m and 2.6 × 10 21 molec NOx/m and fall at the lower end of the range of previous estimations (Beirle 
et al., 2004; Pickering et al., 2016; Rahman et al., 2007; Schumann & Huntrieser, 2007; Stith et al., 1999; 
Wang et al., 1998). In turn, the mean LNOx PE per flash estimate ranges between 42 mol NOx/f and 108 mol 
NOx/f.

The Meteosat Third Generation (MTG) Imaging (launched in Dec 2022) and Sounding (expected by Q3 2024) 
satellites (Holmlund et al., 2021) will notably contribute to reduce the uncertainty in the LNOx estimates over 
Europe. The MTG Lightning Imager (LI) (Dobber & Grandell, 2014) reports the occurrence of total lightning 
flashes from space every 1 ms, complementing the lightning data provided by ground-based lightning networks. 
More significantly, the MTG high-resolution Sentinel-4 (or Ultraviolet-Visible-Near-Infrared UVN) sounder will 
provide for the first time continuous (1-hourly) NO2 estimates from space over Europe. The NO2 measurements 
of MTG-UVN will enable us to calculate the temporal evolution of the LNOx PE over particular thunderstorms 
during long-lived mesoscale convective systems (MCS) and will be useful to estimate the background-NOx before 
the inception of lightning.

Data Availability Statement
The official TROPOMI data are available via ESA's public data hub after registration (https://s5phub.coperni-
cus.eu/dhus, last access: 25 May 2023). The ERA5 meteorological data are freely accessible through the global 
climate from the Copernicus Climate Change Service Climate Data Store (Hersbach et al., 2023). ELMA light-
ning data are available from UPC Lightning Research Group (https://elma.upc.edu, last access: 25 May 2023) by 
e-mail to a member of the group (https://elma.upc.edu/contacto, last access: 15 Sep 2023). ENGLN lightning data 
are available upon request from Earth Networks (https://www.earthnetworks.com, last access: 25 May 2023) by 
e-mail to info@earthnetworks.com.
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