Response to Reviewer Comments

Dear Reviewer and Editors:

We are sincerely grateful to the editor and reviewer for their valuable time for
reviewing our manuscript. The comments are very helpful and valuable, and we have
addressed the issues raised by the reviewer in the revised manuscript. Please find our
point-by-point response (in blue text) to the comments (in black text) raised by the
reviewer. We have revised the paper according to your comments (highlighted in red

text of the revised manuscript).

This paper studies the formation of cloud-to-ground lightning events using
observations and numerical simulations in Beijing, China. First, they used
SGLNET data to relate the frequency of CG events to built-up areas in three
locations in China. Then, they analyze Beijing in more detail, considering the
type of buildings and LCZs in relation to CG event density. Finally, they analyze
the evolution of one day in more detail, first with observations and then with
numerical simulations. They use WRF integrated with UCM to represent 5
experiments of varying land use. The paper is interesting, but some aspects need
to be improved to understand its scientific contribution and deliver its insights to
readers more clearly.

Response: Thank you for your recognition of our work and for your valuable
feedback. As per your request, we have undertaken significant revisions throughout

the manuscript.

Major comments:
1. While the introduction gives a detailed state of the art, it also lacks details
regarding the methods used in previous studies. The reader is left alone in

figuring out if the simulation setup is novel, if only the case study has never been



considered before, or if the datasets are unique.

Response: We apologize for the lack of detail regarding the methods used in previous
studies in our introduction. We acknowledge your feedback and have revised the
introduction to better highlight the innovations of our study in utilizing numerical
simulations to investigate the impact of the urban underlying surface on thunderstorm
processes and lightning activities.

Scholars have explored the dynamic effects of urban underlying surfaces through
numerical simulations. The results from global and regional climate models show that
the urban rough underlying surface can alter the horizontal wind field, enhancing
convergence and upward movement in the upstream direction (Jin & Shepherd, 2005),
which, to some extent, facilitates the development of thunderstorm systems (Yin et al.,
2020). The "climbing" upward airflow movement, as simulated by the WRF model
(Zhu et al., 2016), exhibits a relatively weak intensity, insufficient to significantly
alter the organizational processes of thunderstorms. Moreover, through urban
boundary layer model simulations, researcher have also discovered that when
thunderstorms pass over cities, the dynamic effect of the urban underlying surface can
lead to the bifurcation and movement around of thunderstorm systems (Bernstein &
LeRoy, 1990). This phenomenon is known as the barrier effect (Stallins & Bentley,
2006). The aforementioned simulation work has made valuable explorations into
studying the dynamic effects of urban underlying surfaces. However, the current
research only employs simulation scenarios with and without an urban underlying
surface, without delving into the detailed characteristics of urban spatial configuration.
It is worth noting that, within the spatial configuration of the urban underlying surface,
city size is recognized as a crucial factor impacting thunderstorm processes (Kingfield
et al., 2018, as shown in Fig. R1). Additionally, building density also demonstrates a
tendency to alter urban lightning activities (Stallins & Bentley, 2006, as illustrated in
Fig. R2). Therefore, it is necessary to comprehensively consider the spatial
configuration characteristics of the urban underlying surface and continue to explore
the influence mechanisms of the urban underlying surface on thunderstorm processes

and associated lightning activities.



Thank you for your valuable comments, which have helped us to improve our
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Figure R1: Storm tracks identified using the criteria specified in section 4b. The total number of storms
occurring around each city along with the number of storms that started upwind and ended over the city
(AB), started over the city and ended downwind (BC), and crossed all three regions (ABC) are annotated in
black for the full climatology and UF datasets. The prevailing directions of motion for thunderstorm objects

from both datasets are annotated in purple. (Kingfield et al., 2018)
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Figure R2: Flash production and high-density urban land use (a), and flash production and low-density

urban land use (b). (Stallins & Bentley, 2006)

Reference:

Bornstein, R., and LeRoy M.: Urban barrier effect on convective and frontal
thunderstorms. Preprints, Fourth Conf. on Mesoscale Processes, Boulder, CO,

American Meteorological Society, 120—-121, 1990.



Jin, M. L., Shepherd, J. M.: Inclusion of urban lands CAPE in a climate model: how
can satellite data help?, Bulletin of the American Meteorological Society, 86,
681-689, https://doi.org/10.1175/BAMS-86-5-681, 2005.
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size on thunderstorm evolution revealed through a multiradar climatology of the
central United States, Journal of Applied Meteorology and Climatology, 57,
295-317, https://doi.org/10.1175/JAMC-D-16-0341.1, 2018.
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framework from the case study of Atlanta, Georgia, Applied Geography, 26, 34,
242-259, https://doi.org/10.1016/j.apgeog.2006.09.008, 2006.

Yin, J., Zhang, D., Luo, Y., and Ma, R.: On the Extreme Rainfall Event of May 7th
2017 Over the Coastal City of Guangzhou. Part I: Impacts of Urbanization and
Orography, Monthly Weather Review, 148, 3, 955-979,
https://doi.org/10.1175/MWR-D-19-0212.1, 2020.

Zhu, Y., Liu, H., and Shen, J.: Influence of Urban Heat Island on Pollution Diffusion
n Suzhou, Plateau Meteorology, 35, 6, 1584-1594,
https://doi.org/10.7522/;.1ssn.1000-0534.2016.00084, 2016.

2. The numerical simulation is interesting, and some main features are given,
but it is unclear how detailed the different descriptions of buildings/terrain are in
the physical model. How fine is that in relation to the resolution of the simulation?
Also, they mention that there are acceptable errors between the simulation and
observations, but they should be addressed more carefully. Can sensitivity tests
support the modeling effort to better understand its performance? This could be
particularly interesting in the land use setup. Also, I'm guessing this was not
explored, but there are some works about lightning models in WRF; was that an
option here?

Response: Many thanks for your kind suggestions, which were favored for this paper
to be more rigorous and professional. The three questions raised in overall review

were answered as followings:



Comments 1: Regarding the resolution of the buildings/terrain in the physical
model

Response: We apologize for any confusion our previous presentation may have
caused.

In this study, we utilized the WRF 4.0 version, integrated with UCM, configured with
a triple-nested grid system. The horizontal resolutions of the nested grids are 5 km
(DOT), 1 km (D02), and 200 m (DO03), respectively. Regarding the detail level of
building and terrain descriptions, we employed a multi-resolution strategy to optimize
computational resources and simulation accuracy. In non-critical areas, such as
suburban regions, we adopted the lower-resolution terrain descriptions provided by
the system to conserve computational resources and enhance simulation efficiency.

In critical areas, specifically urban zones, we incorporated high-precision
three-dimensional building models and data. The underlying surface data used in our
model encompasses land use and urban canopy datasets with a resolution of 10 m.
These detailed models provide an accurate representation of urban features, such as
building height, shape, and spatial distribution, which are crucial for capturing
urban-induced circulations and other microclimate phenomena.

Comments 2: Regarding the errors between the simulation and observations
Response: Thank you for highlighting the significant issue of simulation errors in our
paper. You are correct in pointing out that a deeper analysis is necessary given the
numerical simulation conducted.

Actually, deviations between simulated results and actual observations are indeed a
common phenomenon (Shimada et al., 2011; Pedro et al., 2011; Zhang et al., 2012;
Zheng et al., 2016). Scholars used the WRF model to simulate a squall line event and
found a 2-3 hour lag in the simulated daily maximum temperature at lower levels
compared to actual observations, as well as a 2-3°C underestimation in the simulated
temperature decrease in the evening. Compared to previous research, our simulated
temperature curves lagged behind actual observations by about 1 hour and were 1-2°C
lower than actual observations. Overall, the simulation errors in our study were within
an acceptable range and accurately reflected the near-surface thermodynamic field
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characteristics during the thunderstorm's passage over the city.

Regarding the causes of simulation errors, the primary reason for deviations between
simulated results and actual observations lies in the coarse spatiotemporal resolution
of conventional observational data and reanalysis data. This makes it difficult to
accurately capture meteorological element information of mesoscale convective
systems, leading to discrepancies in initial and boundary conditions compared to
actual observations (Klemp, 1987; Weisman & Davis, 1998). Although initial errors
may be small, they accumulate over time, ultimately resulting in significant deviations
from actual observations.

Furthermore, the simulation capabilities of the model itself are also important factors
contributing to errors. Due to limitations in model resolution, it is not possible to
accurately describe changes in meteorological elements for every air parcel, or our
understanding of atmospheric physical processes may be incomplete. Therefore,
parameterization schemes such as those for the boundary layer, microphysical
processes, and land surface processes are introduced into the model. These
parameterization schemes, as approximations of atmospheric physical processes, also
introduce certain simulation errors (Gallus & Bresch, 2006; Jankov et al., 2007).
Although adjusting parameterization schemes can improve simulation results to some
extent, due to the sensitivity of different weather process simulations to
parameterization schemes, there are limitations in improving simulation accuracy
through this method.

Of course, the simulation errors you mentioned are indeed unavoidable issues. In the
future, we will continue to delve into the sources and influencing factors of simulation
errors and explore more effective error control and improvement methods to enhance
the accuracy and reliability of numerical simulations. Thank you again for your
constructive comments.

Comments 3: Regarding the lightning models in WRF

Response: Thank you very much for your excellent suggestion on incorporating the
Weather Research and Forecasting (WRF) model with lightning considerations.

The E-WRF system, primarily developed by the NOAA National Severe Storms
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Laboratory (NSSL), has been implemented within the mesoscale numerical model
WREF by Fierro et al. (2013). E-WREF offers a more explicit representation of electrical
processes and lightning activity in mixed-phase convective clouds by coupling an
explicit charging scheme and lightning parameterization into the NSSL 2-moment
4-ice microphysics scheme (Ziegler, 1985; Mansell et al., 2010; Mansell & Ziegler,
2013). A recent study by Lu (2022) utilized E-WRF to investigate the microphysical
and electrical processes of a supercell squall line in Beijing. In Fig. R3, although
some discrepancies were observed between the simulated radar echoes and lightning
compared to observations, the overall simulation of lightning activity, both temporally
and spatially, was deemed reliable and supportive of further in-depth analysis of
macro- and micro-scale characteristics during thunderstorm development.

The focus of our current paper lies in analyzing the impact of urban underlying
surfaces on thunderstorm processes and lightning activity. While the multi-layer
canopy model coupled with WRF (WRF-UCM) cannot directly simulate lightning, it
excels in fine-tuning the simulation of various spatial configurations of urban
underlying surfaces, thereby influencing urban boundary layer conditions,
thermodynamic structures during thunderstorm occurrences, and radar echo
characteristics. This is an area where E-WRF currently falls short compared to
WRF-UCM.

Of course, in the future, we will endeavor to couple the UCM with the E-WRF to
investigate the direct impact of the complex geometric information of cities in the
vertical direction on thunderstorm electrical processes and lightning activity. Such an
integration would provide a more holistic understanding of urban-induced
modifications on thunderstorm dynamics and associated hazards. Thank you again for
your valuable insights, which have enriched the perspective of our research

endeavors.
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Figure R3: The normalized total lightning frequency from the Observed results of (depicted in red,

corresponding to the bottom red timeline) and simulated results from the E-WRF (depicted in blue,

corresponding to the top blue timeline) (Lu, 2022).
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Specific comments:

1. The abstract does not mention what type of simulation or software/scheme
was used.

Response: Thank you for your feedback. We have revised the abstract to include the
information that the Weather Research and Forecasting (WRF) numerical model was

used in our study.

2. The last sentence in the abstract has a good intention but ends up being a bit
vague and repetitive; I'd recommend rewriting the end of the abstract to
highlight the importance of the new understanding.

Response: Thank you for your constructive suggestion. We have revised the last
sentence of the abstract to highlight the importance of our new understanding. The
revised sentence now reads: "Our findings provide crucial scientific insights for
refined forecasting and early warning and risk assessment of lightning disasters,
strategy formulation for urban disaster prevention and mitigation, as well as resilient

city planning and development."

3. The introduction makes it unclear if the previous studies are based on
observations or simulations. This is important, as it is unclear from the texts if
it's novel to do this kind of simulation.

Response: Thank you for your valuable feedback. I have revised the introduction to
clarify the research methods used in the previous studies. Specifically, I have added
information on simulations for each study. Furthermore, I have summarized the
limitations of the existing simulation studies to highlight the novelty and innovation
of our research. Line 39-55 in the revised manuscript:

"Scholars have explored the dynamic effects of urban underlying surfaces through
numerical simulations. The results from global and regional climate models show that
the urban rough underlying surface can alter the horizontal wind field, enhancing
convergence and upward movement in the upstream direction (Jin & Shepherd, 2005),
which, to some extent, facilitates the development of thunderstorm systems (Yin et al.,
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2020). The "climbing" upward airflow movement, as simulated by the WRF model
(Zhu et al., 2016), exhibits a relatively weak intensity, insufficient to significantly
alter the organizational processes of thunderstorms. Moreover, through urban
boundary layer model simulations, researcher have also discovered that when
thunderstorms pass over cities, the dynamic effect of the urban underlying surface can
lead to the bifurcation and movement around of thunderstorm systems (Bernstein &
LeRoy, 1990). This phenomenon is known as the barrier effect (Stallins & Bentley,
2006). The aforementioned simulation work has made valuable explorations into
studying the dynamic effects of urban underlying surfaces. However, the current
research only employs simulation scenarios with and without an urban underlying
surface, without delving into the detailed characteristics of urban spatial configuration.
It is worth noting that, within the spatial configuration of the urban underlying surface,
city size is recognized as a crucial factor impacting thunderstorm processes (Kingfield
et al.,, 2018). Additionally, building density also demonstrates a tendency to alter
urban lightning activities (Stallins & Bentley, 2006). Therefore, it is necessary to
comprehensively consider the spatial configuration characteristics of the urban
underlying surface and continue to explore the influence mechanisms of the urban

underlying surface on thunderstorm processes and associated lightning activities."

4. Fig. 2: What do other colors mean? E.g., green, light green, and blue
Response: Thank you for your question. In Figure 2, green represents high-density
vegetation, while light green indicates low-density vegetation. Blue signifies water

bodies. I have now added these explanations to the figure for clarity.
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Figure 2: Terrain height distribution and the building types of the WRF mesoscale numerical model.

5. There is a wide range of data from observations, but the simulation was
performed on one specific day. How was that day chosen?

Response: Thank you for your constructive suggestion.

Many years of observations in Beijing have shown that thunderstorms moving from
the mountains area of Beijing are the main thunderstorm systems affecting the
built-up area of Beijing (Chen et al., 2011; Wang et al., 2021). This article firstly
counted the moving direction of all thunderstorms passing through Beijing. The
statistical results showed that, during the eight-year period, all thunderstorms occurred
in the built-up area, of which 56.6% propagated from northwest, 31.0% propagated
from northeast and 12.4% propagated from southwest. Therefore, this paper took the
SSW-NNE line (the green solid line in Fig. R4) as the boundary, defining the west

and the east of the boundary as upwind and downwind, respectively.

Figure R4: Rose diagram of propagation direction of thunderstorms in the built-up area of Beijing. The red

line represented the number of thunderstorms propagating from different directions, and the green line
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represented the boundary between upwind and downwind.

Utilizing existing research (Bornstein & LeRoy, 1990; Dou et al., 2015), it has been
noted that when thunderstorm systems traverse urban built-up areas, they exhibit a
bifurcation and deflection pattern due to the barrier effect. This paper categorizes
thunderstorm systems that moved into Beijing from the upwind direction between
2010 and 2017 into two types: those exhibiting significant barrier effects, designated
as BT, and those classified as non-bifurcated thunderstorms, labeled as NBT. As
shown in Figure S3, the year with the highest number of BT was 2013, with eight
events, accounting for 23.5% of the total thunderstorms; the lowest number of BT was
observed in 2010, with two events, representing 15.4% of the total thunderstorms.
These results indicated that the barrier effect of urban underlying surface was a
prevalent phenomenon in long-term thunderstorm observations. Furthermore, as the
thunderstorm passed over the built-up area, the evolution of near-surface cold pools
and convergence lines could serve as diagnostic indicators to understand how the
urban underlying surface affected the thunderstorm process and CG activities. It
worth noting that, among all thunderstorms occurring in the built-up area, the
thunderstorm on July 13, 2017 (referred to as case "0713") produced the strongest CG
activities, with flash rates of 811.6 fl/h. Therefore, this paper selects the case "0713",

which exhibited the most significant blocking effect, as the study case of simulation.
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Figure S3: Interannual variation of bifurcated thunderstorms (BT) and non-bifurcated thunderstorms
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(NBT) in the built-up area of Beijing.

Reference:

Bornstein, R., and LeRoy M.: Urban barrier effect on convective and frontal
thunderstorms. Preprints, Fourth Conf. on Mesoscale Processes, Boulder, CO,
American Meteorological Society, 120-121, 1990.

Chen S., Wang, Y., Zhang, W., & Chen, M.: Intensifying Mechanism of the
Convective Storm Moving from the Mountain to the Plain over Beijing Area.
Meteorological Monthly, 3, 7, 802-813,
http://doi.org/10.7519/1.i1ssn.1000-0526.2011.7.004, 2011.

Dou J., Wang, Y., Bornstein, R., and Miao, S.: Observed Spatial Characteristics of
Beijing Urban Climate Impacts on Summer Thunderstorms, Journal of Applied
Meteorological Science, 54, 1, 94—105, https://doi.org/10.1175/JAMC-D-13-0355.1,
2015.

Kingfield, D. M., Calhoun, K. M., de Beurs, K. M., & Henebry, G. M.: Effects of City
Size on Thunderstorm Evolution Revealed through a Multiradar Climatology of the
Central United States, 57, 295-317, https://doi.org/10.1175/JAMC-D-16-0341.1,
2018.

Schmid, P. E., & Niyogi, D.: Impact of city size on precipitation-modifying potential.
Geophys. Res. Lett., 40, 5263-5267. https://doi.org/10.1002/grl.50656, 2013.

Stallins, J.A.: Bentley, M.L. Urban lightning climatology and GIS: An analytical
framework from the case study of Atlanta, Georgia, Appl. Geogr., 26, 242-259.
https://doi.org/10.1016/j.apgeog.2006.09.008, 2006.

6. Is there any way of visually depicting the experiments shown in Table 1, as in
Figure 2?

Response: Thank you for your valuable suggestion. The various sensitivity
experiments in our study were indeed conducted directly within WRF through
parameter settings. Visualizing these experiments, as suggested, would greatly

enhance the understanding of our simulation processes for readers. We will strive to
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incorporate such visualizations in our future work.

7. Fig. 3: Why don't you keep the same limits in the color bar? Also, why are
other cities presented here? Is it just to have a first idea of the effects of
topography? If so, the description in the text should prevent us from talking in
detail about all these regions.

Response: Thank you for your valuable feedback. I apologize for any lack of clarity
in our manuscript. To clarify, the focus of this paper is on the impact of urban
underlying surfaces on the spatial distribution of lightning within cities. Regarding the
color bar, we chose different limits for each city due to the significant variation in
lightning density among them. This approach allows for a clearer observation of the
internal lightning distribution characteristics within each city.

Furthermore, the inclusion of Zhangjiakou and Tianjin in comparison to Beijing
serves to illustrate the potential influence of different city sizes on lightning activity.
This comparison also sets the stage for the subsequent sensitivity simulation
experiments related to city size.

We have revised the text to ensure that these points are more clearly communicated.

Thank you again for your attention and constructive comments.

8. L167 This paragraph just repeats the information in Fig. 4b; I don't think it's
particularly useful.

Response: I apologize for the unclear presentation. I have removed the redundant
paragraph and provided a revised description of Figure S2 in lines 182-186.

"This section summarized the spatial distribution of CG density and various LCZs in
Beijing, aiming to understand the relationship between CG activities and the urban
underlying surface. The statistical results of CG density for different types of LCZ
were illustrated in Figure S2. The highest average CG density is observed in LCZ1,
with a value of 3.7 fl/km? while the lowest average CG density is found in LCZ6, at
2.8 fl/km2."
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9. L212 While this causal relationship is what motivates the paper, is this a
conclusion that can be drawn from this analysis alone? How can you conclude
that only the terrain is responsible for that evolution? Is it because of the speed
of the process?

Response: Thank you for your insightful comments. I apologize for the overly
absolute statements in the previous paragraph, which were indeed inappropriate for a
case study analysis. You are correct in pointing out that the causal relationship should
not be solely based on this individual analysis.

Upon further examination, including the statistical analysis of all summer
thunderstorms in Beijing (Fig. S3), we found that the barrier effect of the urban
underlying surface is a prevalent phenomenon in long-term thunderstorm observations.
Combining both the case study and statistical analysis, we have revised our
conclusion to suggest that the urban underlying surface may be an important factor
influencing thunderstorm bifurcation.

Once again, I apologize for any confusion or misinterpretation caused by our previous

statements. We appreciate your guidance in improving the accuracy and rigor of our

paper.

10. Fig. 6a: What do the red and blue boxes represent?

Response: | apologize for the lack of clarity in Figure 6a. The red and blue boxes in
Figure 6a represent the wind direction variation with height at different times. The red
box indicates clockwise variation at 08:00 BJT, suggesting weak warm advection,
while the blue box shows counterclockwise variation at 14:00 BJT, indicating strong

cold advection.

11. L241 Some of us are unfamiliar with the Taihang Mountain, is it highlighted
in the Figure?
Response: Thank you for your excellent suggestion. We have added the highlight of

the Taihang Mountain in Figure 1b as per your advice.
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Figure 1: Overview of the study area (a). Topography and built-up area in Beijing megacity (b).

12. L259 This is an interesting classification. Did the BT events show any
particular atmospheric feature?

Response: Thank you very much for your excellent suggestion. We have conducted a
preliminary exploration of the relationship between synoptic backgrounds and BT
(bifurcation of thunderstorm) events here. While our analysis does not directly
address specific atmospheric features associated with BT events, it lays a foundation
for future research in this direction.

The synoptic backgrounds of thunderstorms in Beijing were classified into the weak
synoptic background and strong synoptic background based on previous studies
(Dixon & Mote, 2003; Stallins & Bentley, 2006). The features of two synoptic

backgrounds are shown as followings.
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Figure R3: Synoptic patterns of 500 hPa (a) and 850 hPa (b) at 08:00 on June 8, 2014, (black solid lines are
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contours; red dashed lines are isotherms, shaded areas are specific humidity fields).

Fig. R5a shows that the northeast cold vortex was very active at 08:00 on June 8§,
2014. At 500 hPa, the Beijing area was behind trough, controlled by dry and cold
northwestern flow, with specific humidity of about 2 g/kg. At 850 hPa (Fig R5b),
there was weak wind shear around Beijing, with specific humidity below 6 g/kg. The
lower layers within a warm dry tongue. The sounding curve at 08:00 hours shows that
the low-level air was dry and warm, which was not conducive to the development of
thunderstorm, and the convective available potential energy (CAPE) was 109.2 J/kg.
With the accumulation of unstable energy, the CAPE value increased to 218.3 J/kg at
the start of the thunderstorm (14:00). Therefore, if there was no synoptic-scale
backward-tilting trough affecting the study area and no significant wind shear at lower
levels, the synoptic background for this thunderstorm was referred to as a weak

synoptic background in this paper.
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Figure R6: Synoptic patterns of 500 hPa (a) and 850 hPa (b) at 08:00 on July 13, 2017 (black solid lines are

contours; red dashed lines are isotherms, shaded areas are specific humidity fields).

Fig. R6a presents that the Beijing area was in front of trough at 08:00 on July 13,
2017, with a specific humidity of about 3.5 g/kg. At 850 hPa (Fig. R6b), an area of
high-pressure existed south of 45°N. To the northwest of the high pressure zone, there

was a continuous transport of warm and humid airflows, with significant wind shear
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around 41°N. The specific humidity in the Beijing area exceeded 12 g/kg, forming an
unstable stratification characterized by dryness above and wetness below. The
sounding curve at 08:00 shows that the CAPE value was 3783.5 J/kg, and the
atmospheric stratification was unstable. Before the onset of the thunderstorm, the
ground specific humidity was about 13 g/kg, and CAPE value reached 4333.1 J/kg,
providing favorable conditions for strong convection. Therefore, if the study area was
influenced by a synoptic-scale backward-tilting trough, with abundant warm and
humid airflow cooperating and significant wind shear at lower level, the synoptic
background for this thunderstorm was referred to as a strong synoptic background in
this paper.

Fig. R7a shows the spatial patterns of lightning with the weak synoptic background.
There were several lightning-intensive areas in the built-up areas, and the CG flashes
density in the city center reached 3.9 fl/km?, so the weak synoptic background might
be unfavorable for BT thunderstorm events. Under the condition of strongly unstable
stratification, bifurcations and moving around will occur when frontal thunderstorms
pass through cities (Bornstein & LeRoy, 1990). The down-to-hill thunderstorms with
the strong synoptic system formed lightning-intensive areas in the upwind and
downwind of built-up areas (Fig. R7b), with the significant lightning-sparse areas (S)
in the city center. Local unstable air masses with low energy and synoptic-scale
frontal systems have different thermodynamic processes and influence the spatial
patterns of CG activity (Stallins, 2006). In summary, the strong synoptic background

might be an important condition for the BT thunderstorm events.
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Figure R7: The spatial patterns of long series of summertime CG flashes density for (a) weak synoptic

background, and (b) strong synoptic background.

Reference:

Stallins, J.A.: Bentley, M.L. Urban lightning climatology and GIS: An analytical
framework from the case study of Atlanta, Georgia. Appl. Geogr, 26, 242-259.
https://doi.org/10.1016/j.apgeog.2006.09.008, 2006.

Dixon, P. G., Mote, T. L.: Patterns and causes of Atlanta’s urban heat island—initiated
precipitation, J. Appl. Meteor., 42, 9, 1273-1284, doi:
https://doi.org/10.1175/1520-0450(2003)0422.0.CO;2, 2003.

13. L274 Since this paper has a numerical simulation, the analysis should be
deeper. If there are errors, we should have some sensitivity analysis to better
understand how the model works.

Response: Thank you once again for your comments on the simulation errors. Please
refer to the response to the second question in major comment 2 for a detailed reply

regarding this issue.

14. Fig. 8: What are the units for vertical velocity? What are the thick red lines

in the x-axis of a-b? The red area in 8a(left) is not easy to distinguish. It is also
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not easy to see clearly the isolines of vertical velocity. How about shading the
areas lower than -1 K to see the cold pool clearly?

Response: | sincerely apologize for the oversights and ambiguities in our previous
submission. Regarding your comments, the units for vertical velocity have been
corrected to m/s and have been supplemented in the text. Additionally, the isolines of
vertical velocity have been bolded for better clarity. The thick red lines on the x-axis
of Figures 8a and 8b represent the urban underlying surface, and an example
explanation has been included in the text for clarification. To enhance
distinguishability, the red boundary in Figure 8a (left) has been changed to black.
Your suggestion to shade the areas lower than -1 K to clearly visualize the cold pool is
highly appreciated. To further highlight the continuity of the cold pool core and its
surrounding density currents, we have outlined the cold pool core with dashed purple
lines in Figure 8a (right) and provided an explanation in the legend. Thank you for

your valuable feedback.
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Figure 8: Influence of the scale of the built-up area on near-surface cold pool outflow simulated by WRF.
Figures (a) to (c) represent experiments 1 to 3, respectively. In each set of subfigures, the left subfigure
represents the horizontal thermal-dynamical field, and the middle and right subfigures depict the

cross-sections along line CD and EF respectively, including perturbation potential temperature (shaded, unit:

K), east-west circulation (vector), and vertical velocity (isoline, unit: m/s).

15. Fig. 9: Red arrows are hard to distinguish. Again, the red line over the x-axis

is not explained.

Response: I apologize for the difficulties you encountered in distinguishing the red
arrows and for the lack of explanation regarding the red line over the x-axis in Figure
9. To address your concerns, the red arrows have been made bolder for better visibility.

Additionally, I have clarified in the figure caption that the red line over the x-axis
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represents the urban underlying surface. Thank you for your valuable feedback.
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Figure 9: Influence of urban underlying surface on near-surface convergence zones simulated by WRF.
Figures (a) to (e) represent experiments 1 to 5, respectively. In each set of subfigures, the left subfigure
represented the horizontal wind field and divergence field, while the right subfigure depicted the

cross-section of vertical velocity along line GH.

16. L340 It is unclear from the text how much of this mechanism has already
been studied and explained. What part of this is novel in the study?

Response: Thank you for your insightful comments. Regarding the current
understanding of how urban underlying surfaces influence lightning activity, a
systematic conceptual model has not yet been developed. Previous studies have
primarily focused on the impact of urban areas on the spatial distribution of
precipitation (Dou et al., 2015; Qian et al., 2022; Yang et al., 2024). For example, Dou
et al. (2024) have proposed hypotheses regarding the causes of urban rainfall
anomalies: (i) Under weak UHI conditions, it is the urban dynamical effect that

played the dominant role. The surface flow was blocked by the urban rough surface,

23



inducing updrafts around the central urban area (CUA) and downdraft over the CUA.
As the thunderstorm passed, its convergence line broke over the CUA. The
precipitation thus bifurcated; (ii) Under strong UHI conditions, it is the urban thermal
factor that played the dominant role, overshadowing the urban dynamical impacts
which still existed. The intensified UHI led to a more organized UHI circulation, with
stronger updrafts over the CUA. When the storm arrived, the pre-existing updraft and
convergence was conducive to convection initiation and enhancement. The
precipitation thus concentrated over CUA and strengthened. Employment of a cooling
tower scheme improved the simulated precipitation. This study thus represents an
initial attempt to differentiate urban thermal and dynamic impacts on thunderstorms.

However, the timing of precipitation peaks often lags behind that of lightning,
resulting in a mismatch between the locations of peak precipitation and lightning (Wu
et al., 2017, 2018; Li et al., 2017). Therefore, these hypotheses can only serve as a
reference for understanding the mechanisms underlying the spatial characteristics of
urban lightning. More importantly, our study shifts the focus from the UHI to the
spatial configuration characteristics of the urban underlying surface (scale and

density), which represents one of the novel aspects of our research.

Reference:

Dou, J., Wang, Y., Bornstein, R., and Miao, S.: Observed Spatial Characteristics of
Beijing Urban Climate Impacts on Summer Thunderstorms, Journal of Applied
Meteorological Science, 54, 1, 94—105, https://doi.org/10.1175/JAMC-D-13-0355.1,
2015.

Dou, J., Bornstein, R., Sun, J., and Miao, S.: Impacts of urban heat island intensities
on a bifurcating thunderstorm over Beijing, Urban -climate, 55, 101955,
https://doi.org/10.1016/j.uclim.2024.101955, 2024.

Qian, Y., Chakraborty, T.C., Li, J., Li, D., He, C., Sarangi, C., Chen, F., Yang, X.,
Leung, R.: Urbanization impact on regional climate and extreme weather: Current
understanding, uncertainties, and future research directions. Adv. Atmos. Sci., 39, 6,
819—-860, https://doi.org/10.1007/s00376-021-1371-9, 2022.
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