Review replies for the manuscript entitled ‘“Representing improved
tropospheric ozone distribution over the Northern Hemisphere by
including lightning NOx emissions in CHIMERE” (egusphere-2024-
3087) by Sanhita Ghosh et al.

We sincerely thank the editor and both the reviewers for their constructive feedback and insightful comments on our manuscript.
Below, we address each comment in detail and outline the corresponding revisions made to improve the manuscript.

Reviewer 1
Summary

The authors implement a cloud-height based flash rate scheme into the regional model CHIMERE and then evaluate the impact
of lightning-NOx production on ambient ozone and NO, concentrations, ozone profiles, the tropospheric OH burden, and the
methane lifetime. The magnitude of the lightning-NOx source is biased high, which has implications for the LNOx increment,
OH burden, and CH4 lifetime. Thus, I think the authors need to re-run the simulation with a lower LNOx source, and then
spend more time evaluating the lightning parameterization. As the LNOx scheme is not new, it would help if they modify it to
better simulate the seasonal cycle. Thus, I would suggest rejecting the manuscript — at least for now.

Reply: We thank the reviewer for the valuable comments. As per the suggestions by the reviewer, we have re-run the simulation
with parameterization based on cloud top height (CTH), applying modifications to better align the modelled flash rates over
lands and oceans, to the satellite observations. Additionally, flash rates are computed using an updated ice flux based lightning
scheme (ICEFLUX) for a comparative study. We perform a detailed evaluation of modelled lightning flashes, simulated ozone
(O3) and trace gases, integrating in situ measurements and satellite observations, to critically assess the reliability and appli-
cability of these parameterizations. Simulations with improved model configuration for advection, capture the seasonality in
lightning flashes as observed from satellite-based measurements. We have addressed and resolved most of the issues identified
by the reviewer. The magnitude and spatial distribution of modelled flashes are now improved and the impacts due to inclusion
of lightning-induced NOx emissions (LNOx) on the tropospheric distribution of O3 and nitrogen dioxide (NO3) are thoroughly
studied. Vertical profile of O3 has been evaluated by comparing with measured values obtained from WOUDC ozone-sonde as
well as SHADOZ ozone-sonde. The column densities of O3 and NO- have also been analysed in comparison to the satellite
observations. We also have represented the effects of LNOx on the hydroxyl radicals (OH) burden, which further impact the
atmospheric lifetime of trace gas methane (CHy).

The inclusion of LNOx in chemistry-transport models has been a research topic for several decades. In this study, we build on
previous work by implementing the ICEFLUX scheme in the chemistry-transport model CHIMERE and comparing it with the
CTH scheme. Further, validation and evaluation of lightning parameterizations across different models (global and mesoscale)
are essential for fully assessing their robustness and applicability, highlighting the importance of this study. Therefore, with
the new improved simulations and detailed evaluation of the results, we believe that the scientific values of the manuscript has
been increased to meet the standard of the journal *Atmospheric Chemistry and Physics’.

Point by point replies to the reviewer’s comments are provided below.



Main Comments:

The evaluation of the flash rate scheme needs to be enhanced.

1.L8 1202: 8.82 Tg N yr~! is too high of a production rate for just the Northern Hemisphere. It is consistent with ~15 Tg N
yr—! for the globe, a value that is well outside of the typically cited 2-8 Tg N yr~! range. You need to justify why you chose
that value or choose a lower value.

Reply: We agree with the reviewer that 8.82 Tg N yr—!

sphere (NH), as the LNOx emissions typically range within 2-8 Tg N yr

is a high production rate of LNOx emissions for the Northern Hemi-
—1 as obtained from previous modelling studies.

We have now re-run the simulation with cloud top height (CTH) scheme, with modification in the equations for estimating flash
rates over lands and oceans, to reconcile the estimated flash rates with the satellite-based observations. Additionally, we have
adopted values for NO molecule production per flash by considering flash energies of 3 GJ for cloud-to-ground (CG) flashes
and 0.9 GJ for in-cloud (IC) flashes (Schumann and Huntrieser, 2007). The NO production rate is 14.2 x 10'6 molecules NO
J=1. Using these updated parameters, we obtained an average of 332 moles of NO per flash with a mean IC to CG flash ratio
of 3.09. With these new values, the estimated NOx emissions from lightning (LNOx) over the NH amount to 2.8 Tg N yr—!,
which falls within the range of 2-8 Tg N yr—! reported in earlier studies (Schumann and Huntrieser, 2007; Finney et al., 2016;

Nault et al., 2017).

Additionally, we carried out simulations with a lightning parameterization based on the ice flux (ICEFLUX) for a comparative
study. The LNOx emission estimated using ICEFLUX scheme is 3.1 Tg N yr—! over the NH, after applying a correction factor
of 5 to the simulated flash rates. The LNOx emissions from our study align well with the estimates by Luhar et al. (2021),
which ranged from 2.39 to 3.41 Tg N yr—! over the NH, respectively using CTH and a new parameterization developed by
Luhar et al. (2021). These values of LNOx emissions have been incorporated into our study to further assess their impacts on
ozone and other trace gases.

Changes in the manuscript: Please see the lines 364—365, “The estimated annual NO emissions from lightning are 2.8 Tg N
yr~!and 3.1 Tg N yr—! over the NH, respectively from LNOx-CTH and LNOx-ICEFLUX simulations (Table 5).”

Also refer the Subsections 2.2.1 and 2.2.2 in the manuscript for the details of CTH and ICEFLUX schemes, respectively and
Section 2.3 for the estimation of LNOx emissions.

Lines 182-185, “In this study, we adopt flash energies of 3 GJ for CG flashes and 0.9 GJ for IC flashes, along with a NO
production rate of 14.2 x 10 molecules NO J=! (Schumann and Huntrieser, 2007). Using these values, we calculate the NO
production in moles per flash as described in Equation 9, yielding a mean value of 332 moles of NO per flash. This estimation
considers CG flashes as 25% of the total lightning flashes.”

P(CG, NO) = 697.44moles flash ™!,
P(IC, NO) = 199.27moles flash™*

2.L119: I don’t understand why the flash rate you obtain is so high given that you’ve scaled it to match a satellite product. What
satellite data are you comparing to? What is the estimated flash rate of the satellite-based observation? What is the Northern
Hemisphere flash rate after applying the scaling factor?

Reply: As mentioned in the previous reply, we have now re-run the simulation with CTH scheme, applying modifications in the
equations for estimating flash rates over lands and oceans, to reconcile the estimated flash rates with the satellite observations.



We also have carried out simulations with an ice flux based lightning parameterization (ICEFLUX). The flash rates obtained
from Lightning Imaging Sensor on the International Space Station platform (ISS-LIS, domain: £55° latitudes) for the year
2018 has been used for the comparison with simulated flash rates. Additionally, we also have flash rates estimated from the
combined climatology product of satellite observations from the Optical Transient Detector (OTD) and the Lightning Imaging
Sensor (LIS) observation (LIS/OTD) for the period May, 1995 to December, 2014.

The annual flash frequencies over the NH is estimated as 20.7 and 21.6 flashes s~!, respectively from the simulations with

CTH and ICEFLUX schemes, are in alignment to the satellite observations. The flash frequencies are 23.6 and 26.4 flashes
s~ 1, respectively from ISS-LIS and LIS/OTD over NH. The flash frequency estimated with ICEFLUX scheme, is divided by a
factor 5 to reconcile with the satellite-observed frequencies.

Changes in the manuscript: Please see the lines 339-344 in manuscript, “The annual flash frequencies over the NH is es-
timated as 20.7 and 21.6 flashes s~!, respectively from the LNOx-CTH and LNOx-ICEFLUX experiments (Table 5). These
values are consistent with the satellite observations (23.6 and 26.4 flashes s~ !, respectively from ISS-LIS and OTD/LIS obser-
vation over NH) as well as to that obtained in recent model-based studies over NH (Luhar et al., 2021). While no scaling factor
is applied in the estimated flash rates from LNOx-CTH simulation, the flash frequency from LNOx-ICEFLUX is divided by
a factor 5 to reconcile with the satellite-observed frequency. Accordingly, the evaluation of the results from LNOx-ICEFLUX
has been conducted using flash rates adjusted by this factor.”

3. L210: You note that the model does not capture the seasonality of flash rates. Could you compare the monthly model
flashes for 0 to 35 N with OTD/LIS climatology. It would also be interesting to compare the flash rates with the diel OTD/LIS
climatology. Is this a problem with the model’s cloud top heights or with the scheme itself?

Reply: As mentioned previously, we have re-run the simulations. Currently, with improved configurations for advection in
the model, we have conducted the simulations (for the year 2018) to estimate lightning flashes with CTH and ICEFLUX
schemes. We have evaluated monthly flash rates from both the simulations and compared to the satellite observed flash rates
from ISS-LIS (for the year 2018) and LIS/OTD (monthly climatology data for the priod of May, 1995 to December, 2014).

Flash rates from the LNOx-CTH experiment show a clear seasonal cycle, with peaks occurring in May—August over NH and
lands. During the winter months (November—January), flash rates drop significantly, being 57 times lower than the summer
(May—August) peak values. The seasonal variation observed in the LNOx-ICEFLUX experiment and satellite observations
closely aligns with this trend. The modelled monthly averaged flash rates from the simulations exhibit a strong positive cor-
relation with satellite observations (ISS-LIS and OTD/LIS), with correlation coefficients ranging from 0.85 to 0.97. This
agreement is consistent across all latitude bands over the NH and land regions from both the experiments (LNOx-CTH and
LNOx-ICEFLUX). These findings indicate that the simulations successfully capture the seasonal variability of flash rates over
the NH and lands.

Changes in the manuscript: Please see the lines 314-331 in manuscript, “Figure 2 compares the monthly averaged lightning
flash rates accross different latitude bands in the NH, over land and ocean regions. The figure incorporates satellite observations
(ISS-LIS and LIS/OTD) and results from two simulation experiments (LNOx-CTH and LNOx-ICEFLUX). Flash rates from
the LNOx-CTH experiment show a clear seasonal cycle, with peaks occurring in May—August over NH and lands. During
the winter months (November—January), flash rates drop significantly, being 5-7 times lower than the summer (May—August)
peak values. The seasonal variation observed in the LNOx-ICEFLUX experiment and satellite observations closely align with
this trend. Over land, both observations and simulations indicate high flash rates, particularly in the tropics, followed by mid-
latitudes for all the months. Peak lightning activity over lands occurs during late spring and early summer (May—August),
corresponding to enhanced convective activity (Holle et al., 2016; Ghosh et al., 2023). In contrast, flash rates over oceans
are consistently lower over all latitude bands. The tropical ocean shows an uniform flash rates throughout the year, without
any prominent seasonality. The delay in the seasonal peak of flash rates over NH with CTH, and particularly with ICEFLUX,
as noted by Finney et al. (2014), is not seen in our simulations. Therefore, using near-real-time, high spatially and tempo-



rally resolved meteorological data from ECMWEF-IFS with continuous updates and improved configuration for advection in
CHIMERE, we achieve an improved seasonal distribution that match well the satellite measurements.

The modelled monthly averaged flash rates from the simulations exhibit a strong positive correlation with satellite observations
(ISS-LIS and OTD/LIS), with correlation coefficients ranging from 0.85 to 0.97 (Table 4). This agreement is consistent across
all latitude bands over the NH, land regions, and the polar ocean region from both the experiments (LNOx-CTH and LNOx-
ICEFLUX). These findings indicate that the simulations successfully capture the seasonal variability of flash rates.”

4. L125: Typically, the “land-based” parameterization is used for grid boxes near land as well, i.e. continental convection
extends a few grid boxes downwind of land.

Reply: Yes, but in our simulations for each grid-cell, the relative fraction of sea (Xs¢,) is determined using the land-sea mask
from the land use database and fraction of land is estimated with (1 — X4, ). This method accounts for the influence of both
land and sea in a grid-cell, on parameterized processes such as convection and lightning, providing more realistic simulations
in coastal and near-land regions.

Changes in the manuscript: No changes are made.
5. L132: Could you give values of Hy for 0, 30, and 60 N.

Reply: The cold cloud depth (H, from 0°C to cloud top) values at 0°, 30°N and 60°N latitudes are 7.5, 7.46 and 7.15 km,
respectively. It is to be noted that Hy (in km) in this study, is calculated with the temperature profile in the model, estimating
the freezing temperature height or the freezing level. The modelled H¢ from our study varies from 6.9 to 7.76 km. The freezing
level (0°C temperature), estimated in model, varies from 1 to 4.9 km, being the highest at tropics and decreasing with higher
latitudes. The flashes from freezing level to the cloud top height is considered as "in cloud (IC)’ flashes and from freezing level
to ground as ’cloud-to-ground (CG)’ flashes. We have now added the details of estimated H in the manuscript.

Changes in the manuscript: The details are now added in our manuscript. Please see the lines 151-158, “In this study Hy (in
km) is calculated with the temperature profile in the model, estimating the freezing temperature height or the freezing level.
The modelled Hy from our study varies from 6.9 to 7.76 km. The freezing level (0°C temperature), estimated in model, varies
from 1 to 4.9 km, being the highest at tropics and decreasing with higher latitudes. The flashes from freezing level to the cloud
top height is considered as ’in cloud (IC)’ flashes and from freezing level to ground as CG flashes.”

6. L135: What is the ratio of CG to IC flashes that you obtain over the NH with this parameterization?

Reply: The mean ratio of IC to CG flash rates (5 = IC/CG) is estimated as 3.09 in our model, varying within a range of 1.6—4.7.
3 is estimated with the empirical equation developed by Price and Rind (1993) based on cold cloud depth (Hf). Here Hy in
this study, is estimated with the temperature profile in the model. The value of 3 estimated in our study is comparable to that
obtaibed in recent modelling studies (Luhar et al., 2021; Gordillo-Vazquez et al., 2019). Wu et al. (2023) estimates the values
of 3 as 2.94-3.70 with a lightning nitrogen oxides (LNOx) emissions model using satellite-observed lightning optical energy.
Further experiments conducted with satellite- and ground-based observations over different parts of the world also produce a
[ value in the range of 2.64-2.94 (£+1.1-1.3) over US (Boccippio et al., 2001), 3—4 over India and China (Ghosh et al., 2023;
Ren et al., 2024). 3 obtained in our study again shows consistency with the above mentioned results.

Changes in the manuscript: The details are now added in our manuscript. Please see the lines 159—170, “The mean ratio of
IC to CG flash rates (8 = IC/CG) is estimated as 3.09 from model estimates. (3, in this study, is estimated with the empirical
equation (Equation 1) by Price and Rind (1993), which is frequently used in several modelling studies (Luhar et al., 2021;
Gordillo-Vazquez et al., 2019). The empirical relationship between 3 and the cold cloud depth (Hy) was developed by Price
and Rind (1993) based on data collected for 139 individual thunderstorms over the western United States (US) during summer.
Several studies support the fact that Price and Rind (1993) parameterization successfully estimate the distribution of CG and



IC flashes in global as well as in mesoscale models (Pickering et al., 1998; Fehr et al., 2004). Theoretically, 5 varies between
1 to 50 for H varying between 5.5 to 14 km to prevent unrealistic values. The value of 3 estimated in our study is comparable
to that obtaibed in recent modelling studies (Luhar et al., 2021; Gordillo-Vazquez et al., 2019). Wu et al. (2023) estimates the
values of § as 2.94-3.70 with a lightning nitrogen oxides (LNOXx) emissions model using satellite-observed lightning optical
energy. Further experiments conducted with satellite- and ground-based observations over different parts of the world also
produce a /3 value in the range of 2.64-2.94 (£1.1-1.3) over US (Boccippio et al., 2001), 3—4 over India and China (Ghosh
et al., 2023; Ren et al., 2024). /3 obtained in our study again shows consistency with the above mentioned results.”

B=0.021H; —0.648H} + 7.49H} — 36.54H s + 63.09 (1

7. L140: Include a plot showing the percent of CG and IC LNOx emissions input into each 1-km layer for land and water over
the tropics and midlatitudes.

Reply: We thank the reviewer for suggesting the plot. The total LNOx emissions for each model level are available in our
model output. The LNOx emissions as percentage mass per km are plotted for tropical and mid-latitudinal land and ocean
(please see the Figure 3b—3e in manuscript).

Changes in the manuscript: We have added a section describing the Figures 3b—3e and providing the details. Please see the
lines 379-396, “The Figures 3b—3e represent the vertical distribution of LNOx emissions as percentage of LNOx mass per
km. The distribution shows the maximum of LNOx mass lies between the altitude range of 4—7 km at all regimes from both
the simulations, showing the typical backward C-shape’ (Ott et al., 2010). 60-65% of LNOx mass is injected at this altitude
range. Here it is to be mentioned that annually 1.85 and 1.9 Tg N LNOx are being generated over tropical land as obtained
from LNOx-CTH and LNOx-ICEFLUX simulations, respectively, being almost 63%—-66% of total annual LNOx over NH. The
amounts are 0.55 (0.76), 0.15 (0.09) and 0.07 (0.03) Tg N for mid-latitudinal land, tropical ocean and mid-latitudinal ocean
respectively, from LNOx-CTH (LNOx-ICEFLUX) simulation. Therefore, the mid-tropospheric region (4—8 km) contributes the
maximum of the LNOx mass, specially over the tropical land region. The vertical profiles available from previous studies reveal
a similar shape of all the profiles but contributing maximum at upper tropospheric region (within 2—4 km of the tropopause)
rather than mid-troposphere. However, the study by Pickering et al. (1998) represents a high emission near surface due to strong
downdraft, where the distribution is low and almost uniform up to 5-6 km as observed from the studies by Ott et al. (2010);
Lubhar et al. (2021). Nevertheless, the profile over mid-latitude lands from our study matches well with that from the study by
Ott et al. (2010), with a maximum at 5 km. In our study, 13%—-19% of total LNOx mass is estimated from surface to up to 2
km over tropical and mid-latitude lands and tropical oceans. LNOx production is suggested to be proportional to atmospheric
pressure by Goldenbaum and Dickerson (1993); Pickering et al. (1998). Notably, a simple vertical structure of the emissions
is adopted in this study, considering the emissions to be evenly distributed over an altitude range. The vertical distribution of
LNOx mass can be improved by replacing the simple distribution currently used, with the more detailed scheme developed by
Pickering et al. (1998).”

8. L187: By what metric is the flash rate in agreement with the ISS-LIS data set? How was the ISS-LIS May-August “cli-
matology” obtained? What years were used? Was there a correction for viewing time? Was there a correction for detection
efficiency? How many total flashes are there during May-August (and the year) for ISS-LIS and the model. How do the flash
totals compare to the OTD/LIS climatology for this period.

Reply: We have evaluated the simulated lightning flash rates against that obtained from ISS-LIS (domain: £55° latitudes)
satellite measurements for the year 2018. The specific year is now mentioned in the manuscript (line no. 218 in Section 2.5).
Daily data of lightning flash is obtained with high spatial and temporal resolution. We have estimated the monthly mean of
flash rates from the data to compare with the simulated monthly averaged flash rates.



There was a correction in viewing time (Blakeslee et al., 2020). The ISS-LIS operates at a frame rate of 500 frames per second,
corresponding to a native timing precision of 2 milliseconds. The actual on-orbit timing accuracy of the ISS-LIS was validated
through comparisons with multiple ground-based and spaceborne reference datasets. Initially, timing data from the ISS-LIS
showed offsets of up to =1 second compared to reference data, with a cyclic drift pattern recurring approximately every 9
days. Through detailed analysis, this drift was characterized, and timing correction variables, along with a constant offset,
were applied to improve timing accuracy. After corrections, done by comparing with Geostationary Operational Environmen-
tal Satellite (GOES) 16 and 17 Geostationary Lightning Mappers (GLM-16/17) and ground-based observations, the timing
accuracy of ISS-LIS is better than its native precision of 2 ms.

Comparisons with the other sensors suggest a flash detection efficiency of ISS-LIS, is around 60% with diurnal variability of
51%-75% (Blakeslee et al., 2020).

As mentioned previously, we have now re-run the simulation with cloud top height (CTH) scheme applying modifications
in the equations for estimating flash rates over lands and oceans, to reconcile the estimated flash rates with the satellite ob-
servations. We also have carried out simulations with an ice flux based lightning parameterization (ICEFLUX). The annual
flash frequencies over the NH is estimated as 20.7 and 21.6 flashes s !, respectively from the simulations with CTH and ICE-
FLUX schemes, are in alignment to the satellite observations. The flash frequencies are 23.6 and 26.4 flashes s~!, respectively
from ISS-LIS and LIS/OTD climatology data (May, 1995 to December, 2014) over NH. The flash frequency estimated from
LNOx-ICEFLUX is divided by a factor 5 to reconcile with the satellite-observed frequency.

We also have evaluated monthly flash rates, instead of the flash rates for the period of May—August, from both the simulations
and compared to the satellite observed flash rates. The modelled monthly averaged flash rates from the simulations exhibit
a strong positive correlation with satellite observations (ISS-LIS and OTD/LIS), with correlation coefficients ranging from
0.85 to 0.97. This agreement is consistent across all latitude bands over the NH and land regions, as observed from both the
experiments (LNOx-CTH and LNOx-ICEFLUX). These findings indicate that the simulations successfully capture the seasonal
variability of flash rates. Please refer the reply of question no. 3, for more details.

Changes in the manuscript: Please see the description of ISS-LIS in lines 218-224, “Flash rate for the year 2018 from
Lightning Imaging Sensor (LIS) on the International Space Station (ISS) platform, is used for evaluating flash rate estimated
with the model (http://ghrc.nsstc.nasa.gov/; last access: 5 July, 2024). ISS-LIS optically detects lightning flashes that occur
within its field-of-view during both day and night with storm-scale (4 km x 4 km) horizontal resolution (Blakeslee et al., 2020)
and 2 ms of temporal resolution. After time corrections comparing with Geostationary Operational Environmental Satellite
(GOES) 16 and 17 Geostationary Lightning Mappers (GLM-16/17) and ground-based observations, the timing accuracy of
ISS-LIS is better than its native precision of 2 ms. The flash detection efficiency of ISS-LIS is around 60% with diurnal
variability of 51%-75% (Blakeslee et al., 2020).”

Lines 339-344 in manuscript for comparison of simulated flash rates to the satellite observations, “The annual flash frequencies
over the NH is estimated as 20.7 and 21.6 flashes s~ !, respectively from the LNOx-CTH and LNOx-ICEFLUX experiments
(Table 5). These values are consistent with the satellite observations (23.6 and 26.4 flashes s, respectively from ISS-LIS and
OTD/LIS observation over NH) as well as to that obtained in recent model-based studies over NH (Luhar et al., 2021). While no
scaling factor is applied in the simulated flash rates from LNOx-CTH, the flash frequency from LNOx-ICEFLUX is divided by
a factor 5 to reconcile with the satellite-observed frequency. Accordingly, the evaluation of the results from LNOx-ICEFLUX
has been conducted using flash rates adjusted by this factor.”

Also see the lines 328-331, “The modelled monthly averaged flash rates from the simulations exhibit a strong positive correla-
tion with satellite observations (ISS-LIS and OTD/LIS), with correlation coefficients ranging from 0.85 to 0.97 (Table 4). This
agreement is consistent across all latitude bands over the NH, land regions, and the polar ocean region in both the experiments
(LNOx-CTH and LNOx-ICEFLUX). These findings indicate that the simulations successfully capture the seasonal variability
of flash rates.”


http://ghrc.nsstc.nasa.gov/

9. L189: Yes, putting too many flashes in the tropics is a fairly well known bias of cloud-height based schemes. Do you have
any suggestions as to how this bias could be reduced while still retaining the cloud-height scheme?

Reply: As mentioned previously, we have now re-run the simulation with cloud top height (CTH) scheme applying modifica-
tions in the equations for estimating flash rates over lands and oceans, to reconcile the estimated flash rates with the satellite
observations. We also have carried out simulations with an ice flux based lightning parameterization (ICEFLUX). Now the
annual flash rates in tropical land and NH regions from both experiments (LNOx-CTH and LNOx-ICEFLUX), as well as in
mid-latitudes from LNOx-ICEFLUX, show good agreement with satellite observations.

Changes in the manuscript: We have added a detailed comparison of simulated annual flash rates with satellite observations.
Please see the lines 293-312, “Spatially mean annual flash rates over tropical lands from both the experiments are close
enough to the satellite measurements at tropics over NH and lands, while at mid-latitudes, only a good resemblance is observed
for that from LNOx-ICEFLUX. On the other hand, the simulation with CTH scheme estimates the flash rates over tropical
ocean as almost twice of that estimated using the ICEFLUX scheme, unlike that showed in previous studies (Finney et al.,
2016). We compare the spatially varying simulated annual flash rates with satellite observations (ISS-LIS and OTD/LIS) and
the corresponding statistical metrics are presented in Table 3. Correlation coefficients for spatially varying flash rates show
comparatively stronger correlations over the tropics and mid-latitudes of the NH and land regions, between that from LNOx-
CTH and satellite data, compared to LNOx-ICEFLUX, being consistent with the findings by Clark et al. (2017). The flash
rates from LNOx-CTH exhibit significantly higher correlations, particularly when evaluated against OTD/LIS data. Analysis
of RMSE and NME also indicates lower errors for LNOx-CTH over these regions in comparison to that observed for LNOx-
ICEFLUX, indicating the spatial variations of flashes from the first experiment align well with the satellite data. The worst
performance is observed in the polar lands compared to the other two latitude bands, and also over oceanic region from both
the experiments, characterized by weak correlations and higher errors. Hence, both schemes struggle to accurately simulate
flash rates over oceans and high latitude lands. However, since lightning activity is minimal in these regions, the impact of
this limitation is relatively minor. These results also highlight the ongoing challenges of accurately representing convection
and capturing lightning flashes over the oceans. In summary, the statistical analysis points out the effectiveness of the LNOx-
CTH scheme in reproducing the spatially varying lightning flash rates reasonably well, particularly at tropics over NH and
lands. However, both parameterizations exhibit limitations in the polar regions and over oceans, indicating scopes for further
improvement in the parameterizations. Despite its lower overall performance in capturing spatial variation of flashes, LNOx-
ICEFLUX shows lower bias in magnitude over mid-latitudinal land regions, suggesting the potential for refinement.”

You need to add comparisons with OMI/TROPOMI and SHADOZ.

10. L214: The impact of lightning-NOx on atmospheric composition is larger in the mid- and upper-troposphere than it is at
the surface, yet you begin with a surface comparison. I would suggest saving that comparison for last.

Reply: We agree with the reviewer. We now first evaluated the impact of lightning on the vertical distributions of tropospheric
O3 and NOs. Subsequently, we assessed its impact on the surface concentrations of O3 and NOs.

Changes in the manuscript: Section 3.3 represents ’Vertical distribution of gases: effect of LNOx’ and Section 3.4 represents
"Impact of lightning on surface-level O3 and NOs’.

11. You compare with surface concentrations and profiles. You should also compare model NOy with satellite-retrieved
columns from OMI (January—December 2018) or TROPOMI (April-December 2018).

Reply: We thank the reviewer for the suggestions. We have now incorporated a comparison of modelled NO5 with satellite-
retrieved columns from Ozone Monotoring Instrument (OMI) for the year 2018 (January—December). A new Subsection 3.3.2
has been added.



Changes in the manuscript: Please see the lines 482—493 in manuscript, “The zonally averaged NOy column distribution
(Figure 10) reveals elevated column densities over the tropics, especially between 20°-30°N, and the mid-latitudes, even in
the absence of LNOXx emissions. The zonal averages range from 0.35-1.75 x 10'® molecules cm~2 in these regions, which
is nearly double the values observed at higher latitudes (60°-90°N). The peak at 20°-30°N is, however not observed in
satellite observations. The higher uncertainty in tropospheric NO2 columns retrieved from OMI observations is attributed to
the complexity of tropospheric processes and the sensitivity of retrievals towards pollution levels (Bucsela et al., 2013). The
simulations also identify a secondary maximum in NO5 column density at 35°—45°N, which aligns with satellite observations
over the mid-latitudes. At higher latitudes, where the magnitudes are comparatively lower, the simulated NO> column density
matches well with satellite-based observations. Overall, the zonally averaged NO> column densities from the simulations
closely replicate satellite observations, except for a pronounced peak at 20°-30°N from simulated NO,. The tropospheric
burden of NO, is 146 Gg from LNOx-CTH, being comparable to that from noLNOx and 11% lower than that estimated
from OMI (Table 8). The burden estimated from LNOx-ICEFLUX is 18% and 5% higher than the LNOx-CTH and OMI,
respectively.”

12. The SHADOZ ozonesondes are a wonderful source of profile information and should be compared to. Despite the acronym,
there are a number of Northern Hemisphere sites.

Reply: Yes, we now have compared O3 vertical profile with the same obtained from SHADOZ ozone-sondes at stations Kuala
Lampur, Hanoi, Costa Rica and Hilo, situated over the NH tropics.

Changes in the manuscript: Please see the lines 439-445 in manuscript, “We also compare the vertical profiles of simulated
O3 with that from ozone-sonde measured data from Southern Hemisphere ADditional OZonesondes (SHADQOZ) at stations
Kuala Lampur, Hanoi, Costa Rica and Hilo, situated over the NH tropics. The plots are provided in supplementary material
(Figure S2). Among the stations, at Kuala Lampur, the simulated O3 profile from LNOx-ICEFLUX shows a good match with
the observations from 2 km upwards, while the profile from LNOx-CTH aligns well with observations at Costa Rica. However
the modelled Og profiles show under- and overestimation at most of the altitudes, respectively at Hanoi and Hilo, but overall
replicate the observed altitudinal distribution quite well. The comparisons once again represents the effect of LNOx on O3,
specifically at the free troposphere.”

It should be more revealing to calculate biases as a function of season as opposed to annually.

Reply: Yes, we now have evaluated monthly Os for the altitude bands of 750-500 hPa and 500-200 hPa, with respect to the
WOUDC ozone-sonde data.

Changes in the manuscript: Please see the lines 446—454 in manuscript, “The monthly comparison of simulated O3 from the
LNOx-CTH and LNOx-ICEFLUX experiments with WOUDC ozone-sonde measurements, is presented in Figure S2 in the
supplementary material, across two altitude (750-500 hPa and 500-200 hPa) and three latitude bands. The monthly variation
reveals the highest peaks during March and October in the tropics, with the lowest levels observed during June—July for
both altitude bands. A similar variation is noted at mid-latitudes and in the polar regions for the 750-500 hPa altitude band,
aligning well with the observed monthly trends. The simulated O3 from both experiments closely matches the observed values
at the tropics and mid-latitudes for both altitude bands, exhibiting a low bias of +3-10 ppbv. However, an overestimation
of simulated O3 is apparent during January—April, particularly over the tropics. While there is a good agreement between
simulated and observed O3 over the polar region for the 750-500 hPa altitude band, a significant underestimation of simulated
O3 is evident in the 500-200 hPa altitude band as discussed previously.”

You need to improve the model simulation. This will add value to the comparison with observations.

13. L315-320: CH4 lifetime of 4.89 years is considerably less than range of 7-14. Obviously, your large LNOx source is
contributing to this low bias in lifetime.



Reply: No, the underestimated CH, lifetime in model is not due to high LNOx emissions in this study. The underestimated CH,
lifetime is even estimated from the simulation without including LNOX. It is due to the higher magnitude of OH concentrations,
which promote the oxidation of CHy, reducing the burden and increasing the chemical loss of CHy, even in the absence of
LNOx. Therefore, the underestimated CH, lifetime in the present study, likely stems from other factors including issues related
to deficiencies in the chemistry or photolysis schemes. Addressing and resolving this issue will require further investigation in
future studies.

Changes in the manuscript: Please see the lines 556—-560 in manuscript “The underestimation in CHy lifetime in our study
is due to the overestimation of OH concentrations, which promote the oxidation of CH,, reducing the burden and increasing
the chemical loss of CHy, even in the absence of LNOx. Therefore, the underestimated CH,4 lifetime in the present study is not
attributed to LNOx but likely stems from other factors including issues related to deficiencies in the chemistry or photolysis
schemes. Addressing and resolving this issue will require further investigation in future studies.”

You need to be careful with generalized statements.

14. There are numerous reasons why a model may have a high-or-low bias in ozone at the surface. The magnitude of the LNOx
source plays only a small role here.

Reply: Yes, there are numerous reasons to show high or low bias in simulated O3 at surface. Uncertainty in input emissions
to the model is one of such reasons and LNOX is one of such uncertain emission. We have now removed the line to avoid
confusions.

Changes in the manuscript: We have removed the line.

15. Stratosphere-troposphere exchange is poorly resolved in this model due to its low model top. This may make comparison
with mid- and high-latitude ozone profiles problematic.

Reply: We have now observed an improved vertical distribution of O3 due to use of van Leer (1977) scheme for vertical trans-
port instead of the anti-diffusive scheme of Després and Lagoutiere (1999). The bias in simulated O3 at the free troposphere is
now much reduced than we estimated previously using Després and Lagoutiere (1999) as the vertical transportation scheme as
presented in the previous version of the manuscript (https://doi.org/10.5194/egusphere-2024-3087). But still high underestima-
tion in the simulated O3 mixing ratio exists in the altitude band 500-200 hPa, i.e., the upper troposphere and lower stratosphere,
over mid-latitudes and polar regions. The bias is observed for both the simulations with LNOx, however lower underestimation
is observed for LNOx-ICEFLUX. The underestimation represents that improvement in the modelled stratosphere-troposphere
exchange still requires a lot of refinement and further investigation.

Changes in the manuscript: Please see the line 102, “The horizontal and vertical transports are solved with the van Leer
(1977) scheme.”

Also refer to the lines 435-438, “The high underestimation in the simulated O3 mixing ratio in the altitude band 500-200 hPa,
i.e., the upper troposphere and lower stratosphere, over mid-latitudes and polar regions still exists, even after the inclusion of
LNOx, however lower underestimation is observed for LNOx-ICEFLUX. The underestimation represents that improvement in
the modelled stratosphere-troposphere exchange still requires a lot of refinement and further investigation.”


https://doi.org/10.5194/egusphere-2024-3087

Minor Comments:

16. L.24: The range you cite here (8 to 4000 moles NO / flash) is for individual flashes. Estimates of the mean production per
flash are usually between 125 and 500 moles per flash.

Reply: We thank the reviewer for the correction. We have now modified the values.

Changes in the manuscript: Please see the lines 26-28, “The mean estimated rate of NOx emissions caused by lightning
is highly uncertain, with recent studies indicating variations ranging between 33—660 mol NO per flash (Luhar et al., 2021;
Bucsela et al., 2019; Murray, 2016; Schumann and Huntrieser, 2007), although Schumann and Huntrieser (2007) suggest a
mean value of 250 mol NO per flash.”

17.L73: Is 998 hPa the mean surface pressure?

Reply: No, 998 hPa is not the mean surface pressure, the mean sea level pressure is around 1013 hPa. In this study, 998 hPa
represents the pressure at the top of the lowest o-pressure level, representing near-surface conditions. We have now removed
the 998 hPa to avoid confusion.

Changes in the manuscript: Please see the lines 86—87, “Simulations are done in twenty vertical levels in o-pressure coordi-
nates ranging from surface to 200 hPa for a period of one year (January—December, 2018) with a spin-up time of 15 days.”

18. L74: A 200 hPa top layer is when evaluating O3 profiles. What is the pressure of the model top? Clearly, this model was
designed for tropospheric chemistry.

Reply: The pressure at the CHIMERE model top is 200 hPa. Yes, the model is primarily designed for tropospheric chemistry.
Boundary and initial conditions (derived from Copernicus Atmosphere Monitoring Service (CAMS) reanalysis dataset of
atmospheric compositions produced by ECMWEF for this study) also takes the stratospheric chemistry into account.

Changes in the manuscript: No changes are made.
19. L160 and L201: Is this a climatological flash data set from ISS-LIS? If so, what years does it cover?

Reply: The data we have used in our study is not a climatological data. We have used a single year data for the year 2018. The
specific year is now mentioned in the manuscript.

Changes in the manuscript: Please see the lines 218-219, “Flash rate for the year 2018 from Lightning Imaging Sensor (LIS)
on the International Space Station (ISS) platform, is used for evaluating flash rate estimated with the model.”

20. L192: Are you saying that the modelled tropopause height is too high in the tropics? If yes, please show.

Reply: Yes, the average model tropopause height is about 15.6 km in tropics, which is higher than the model cloud top height
averaged over the tropics (11.6). Table S1 is now added in supplementary material presenting the topopause and cloud top
height. We also have discussed it in manuscript.

Changes in the manuscript: Please see the lines 289-292, “In CTH scheme, the estimated flash numbers are dependent on
the cloud top height, which is limited by the tropopause height. The tropopause height is highest at equator and decreases away
from the equator (refer to Table S1 in supplementary material presenting the tropopause and cloud top height). This restricts
the cloud development to lower altitudes, resulting in a significant reduction in flash rates at higher latitudes (Finney et al.,
2014)”
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21. L200: Why are you comparing May-August flash rates with the annual mean?

Reply: This is explained in the reply of question no. 3 of major comments. We have removed the comparison of flash rates
during May—August with the annual mean.

Currently, with improved configurations for advection in the model, we have conducted the simulations (for the year 2018) to
estimate lightning flashes with CTH and ICEFLUX schemes. We have evaluated monthly flash rates from both the simulations
and compared to the satellite observed flash rates from ISS-LIS (for the year 2018) and LIS/OTD (monthly climatology data
for the priod of May, 1995 to December, 2014).

Changes in the manuscript: Please see the changes provided in question no. 3 of major comments.

22. L207: You need to be clear here. 8.8 Tg N yr-1 for the NH is consistent with 15 Tg N yr-1 for the globe, a value that is
well outside of the 2-8 range but below 25.

Reply: This is already explained in question no. 1 of major comments.
Changes in the manuscript: Please see the changes provided in question no. 1 of major comments.
23. L214: Why do you think emissions are underestimated?

Reply: Traditionally, emission inventory database is formed from the *bottom-up’ approach based on activity data and emission
factors. Unavailability of precise activity data and lack of information on field-measured emission factors with fuel type and
combustion conditions impose uncertainty in the emissions which is applied as input to the models.

Changes in the manuscript: We have removed the line.
24.1.265: Do any of these studies give the NH burden? Or do they just list the total burden?

Reply: The references mentioned here provide the global burden. Now we have removed these references and added a compar-
ison with the burden estimated with data obtained Aura Ozone Monitoring Instrument/Microwave Limb Sounder (OMI/MLYS)
for the 0°-60°N domain. The tropospheric O3 burdens are 176 (150) Tg and 182 (155) Tg, respectively estimated from the
simulation LNOx-CTH and LNOx-ICEFLUX over the NH and over the domain of 0°~60°N (presented inside parenthesis).
These burdens represent a 7%—11% increase relative to the noLNOx simulation (Table 8). Notably, the estimated O3 burden
in this study aligns closely with observations from Aura Ozone Monitoring Instrument/Microwave Limb Sounder (OMI/MLYS)
for the 0°~60°N domain (159 Tg).

Changes in the manuscript: Please see the lines 462-465, “The tropospheric O3 burdens, estimated from the simulation
LNOx-CTH and LNOx-ICEFLUX, are respectively 176 (150) Tg and 182 (155) Tg, over the NH and over the domain of 0°—
60°N (presented inside parenthesis). These burdens represent a 7%—11% increase relative to the noLNOx simulation (Table
8). Notably, the estimated O3 burden in this study aligns closely with observations from OMI/MLS (159 Tg) for the domain of
0°-60°N.”

25. 1L.269: Are you comparing to climatological ozone sondes or ozone sondes from 2018? You should consider comparing to
individual SHADOZ sondes as several of the sites are located in NH.

Reply: We have compared the O3 vertical profile with the ozone-sonde data obtained from the World Ozone and Ultraviolet
Radiation Data Centre (WOUDC), for a single year of 2018. The year is now added in manuscript. We also have compared O3
vertical profile with SHADOZ ozone-sondes and presented.
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Changes in the manuscript: Please see the lines 229-235, “For evaluating the vertical profile of Os, altitudinal data measured
by ozone-sonde, launched on small balloons, are downloaded from the World Ozone and Ultraviolet Radiation Data Centre
(WOUDC, https://woudc.org/data, last access: 5 July, 2024) for the year 2018. Ozone-sonde data from 122, 977 and 121
stations are collected, respectively, over the tropical (0°-30°N), mid-latitudes (30° N-60° N) and polar region (60° N-90°
N). We also have used vertical O3 profile data from Southern Hemisphere ADditional OZonesondes (SHADOZ) ozonesonde
measurements (https://tropo.gsfc.nasa.gov/shadoz, last access: 21 November, 2024) at four tropical stations (Kuala Lampur:
3.14°N, 101.69°E; Hanoi: 21.02°N, 105.80°E; Costa Rica: 9.62°N, —84.25°E and Hilo: 19.72°N, —155.08°E) for the year
2018

26. L279: Stratosphere-troposphere exchange is one cause for the very low biases you are seeing in the extratropics and at high
latitudes.

Reply: This is already explained in question no. 15 in major comments.

Changes in the manuscript: Changes are provided in question no. 15 in major comments.

Grammatical Comments:

27. L19: such as lightning — such as lightning and soil-NOx emissions
Reply: This is done.

Changes in the manuscript: Please see the lines 20-21, “NOx emissions arise from both anthropogenic sources, e.g., fossil
fuel combustion, biomass burning, and natural processes, such as lightning and soil-NOx emissions (Verma et al., 2021; Butler
et al., 2020).”

28. L24: 4000 mol NO per flash — 4000 mol NO per individual flash
Reply: This is modified.

Changes in the manuscript: Please see the lines 26-28, “The mean estimated rate of NOx emissions caused by lightning
is highly uncertain, with recent studies indicating variations ranging between 33—660 mol NO per flash (Luhar et al., 2021;
Bucsela et al., 2019; Murray, 2016; Schumann and Huntrieser, 2007)”

29. L25: suggest a value of 250 — suggest a mean value of 250
Reply: This is done.

Changes in the manuscript: Please see the lines 28, “although Schumann and Huntrieser (2007) suggest a mean value of 250
mol NO per flash.”

30. L42: most frequently used CTH scheme — the frequently used CTH scheme
Reply: We have modified the lines.

Changes in the manuscript: Please see the lines 45-46, “In this study, we expand on the previous work by implementing the
scheme based on ice flux (ICEFLUX) in CHIMERE and comparing it with the CTH scheme.”
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31. L75: for chemical mechanisms — for the chemical mechanism

Reply: This is done.

Changes in the manuscript: Please see the lines 87-88, “The MELCHIOR?2 scheme is used for the chemical mechanism.”
32. L91: deep convection fluxes — deep convective fluxes

Reply: This is done.

Changes in the manuscript: Please see the lines 102104, “Boundary layer height and vertical diffusion are calculated by
the parameterization proposed by Troen and Mahrt (1986) and deep convective fluxes are estimated using the Tiedtke (1989)
scheme.”

33.L160: ... but ISS-LIS only sees a small subset of total flashes ...

Reply: The flash detection efficiency of ISS-LIS is around 60% with diurnal variability of 51%—75% (Blakeslee et al., 2020).
We have added the details about ISS-LIS.

Changes in the manuscript: Please see the lines 223-224, “The flash detection efficiency of ISS-LIS is around 60% with
diurnal variability of 51%-75% (Blakeslee et al., 2020).

34. 1.197: inconsistancies — inconsistencies.
Reply: This is corrected.

Changes in the manuscript: Please see the lines 278-279, “Previous studies have reported inconsistencies in the equation for
oceanic flashes developed by Price and Rind (1992) (Michalon et al., 1999; Boccippio, 2002; Luhar et al., 2021).”

35. L223: represents a spatial variation — varies spatially

Reply: This is done.

Changes in the manuscript: Please see the lines 500, “In our study, the O3 mixing ratio at the surface varies spatially ”
36. L225: rest part of NH — rest of the NH

Reply: This is done.

Changes in the manuscript: Please see the lines 500-502, “In our study, the O3 mixing ratio at the surface varies spatially
with higher values ranging between 3545 ppbv over the latitude band of 10°-50°N, specifically over the lands, being almost
1.5-2 times of that observed over the rest of the NH.”

37.1L233: 10-25 ppbv enhancement of annual mean surface ozone due to lightning —
Reply: The values are now lowered as estimated with new simulations.

Changes in the manuscript: Please see the lines 508-510, “A comparatively larger increase by 3-5 ppbv is observed over
tropical parts of America and Africa and the Tibetan Plateau, but is particularly noteworthy (5—10 ppbv) over the central part
of Africa”

38. Figure 3d: 500-200 hPa or 500-300 hPa. Caption is not consistent with figure.
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Reply: This is corrected.

Reviewer 2

I share the concerns of the reviewer who posted a comment on Nov. 19th, so I will not repeat them here.

One additional major concern: The scientific content of the paper is very low; it is not clear to me what new insights were found
as aresult of this analysis relative to what is already in the scientific literature. Therefore, I recommend that the authors consider
publishing their manuscript in Geoscientific Model Development (https://www.geoscientific-model-development.net/) instead
of ACP. GMD is meant for description papers of significant model development.

Reply: We sincerely thank the reviewer for their valuable suggestions. We have now re-run the simulations with parameteri-
zation based on cloud top height (CTH), applying modifications, to better align the modelled flash rates over lands and oceans
to the satellite observations. Additionally, flash rates are computed using an updated ice flux based lightning scheme (ICE-
FLUX) for a comparative study. We perform a detailed evaluation of modelled lightning flashes, simulated ozone and trace
gases, integrating in situ measurements and satellite observations, to critically assess the reliability and applicability of these
parameterizations.

Therefore, with the new improved simulations and detailed evaluation of the results, we believe that the scientific values of the
manuscript has been increased to meet the standard of the journal * Atmospheric Chemistry and Physics’.
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