Response to Referee #2:

Thank you very much for your insightful comments and valuable suggestions, which
have greatly helped improve this paper. Responses to all your comments are provided
below. The authors held extensive discussions on how to revise the content, and this
paper is undergoing a major revision to address the concerns of all referees. Therefore,
the response was delayed, and we apologize for this.

The authors analysed the transport of NO2 over the Tibetan Plateau using OMI and
TROPOMI observations in a ML-model that they have published before. They found
a seasonality and a spatial gradient in the NO2 columns over the TP with increasing
NO2 levels.

The topic can be interesting but I currently miss several aspects in this research: The
chemical lifetime of NO2 was not studied, validation of the results is missing and the
effect on air quality is not very convincing. Below I will give a more detailed account
of my concerns.

Response: We sincerely thank the reviewer for their thorough and insightful
comments. We have conducted a comprehensive revision of the manuscript in
response, with detailed replies provided below.

When presenting transport of NO2 a discussion of its chemical lifetime is expected.
The relative short lifetime of hours for NO2 distinguishes it from a passive tracer and
also from CO. The transport of NO2 was modelled based only on concentrations and
wind fields, while the chemical lifetime was not taken into account. If the temperature
was take into account in the ML model, at least a simple link could have been made
with the chemical lifetime, which is temperature dependent.

Response: We acknowledge that the relatively short chemical lifetime of NO:
distinguishes it from long-lived tracers such as CO, and thus its cross-regional
transport must be interpreted with caution. In the original manuscript, fluxes were
calculated using monthly mean NO: concentrations, which smoothed the daily
variability of this short-lived gas and could potentially underestimate transport
differences. To better account for NO:’s short lifetime, the revised manuscript
calculates fluxes using daily mean NO: concentrations during OMI overpasses (local
time approximately before 13:30), with monthly statistics used to examine seasonal
variability. While the use of daily data slightly adjusted some flux values, the overall
transport patterns and scientific conclusions remain consistent, and the long-term
seasonal features are represented more robustly. This improvement not only enhances
the physical plausibility of the analysis but also aligns the methodology with the
chemical lifetime characteristics of NO., thereby increasing the reliability and
interpretability of the results.

Furthermore, previous studies indicate that NO: exhibits a chemical lifetime of
1.5-15 hours over India, which can extend to 20-24 hours over Bangladesh and
Myanmar (Graham et al., 2024); in the typical planetary boundary layer, the lifetime
is approximately 8 hours, and it may persist for several days in the upper troposphere.
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Lower free radical concentrations can further extend the effective lifetime to
approximately 2—4 days (Ehhalt et al., 1992; Beirle et al., 2011; Zien et al., 2014).
Despite its short lifetime, multi-day backward trajectories (e.g., 3 days) have been
successfully used in previous studies to identify transport pathways (Meena et al.,
2012; Sharma et al., 2023; Prakriti et al., 2024; Zhang et al., 2025a). In comparison,
this study employs a 2-day backward trajectory, representing a more conservative
time window for tracing air mass origins, while remaining consistent with the 2—4
days timescales commonly used in previous studies.

It is important to clarify that our transport framework does not rely on a simple
coupling of concentration and wind fields. Wind field correction is a key step in flux
calculation, during which multiple physically relevant factors are considered,
including temperature distributions across different pressure levels, GEOS-Chem
simulated air mass quantities, and NO: vertical profiles. These variables are used to
weight and adjust both the wind and concentration fields, thereby providing a more
physically consistent representation of atmospheric transport while accounting for
thermodynamic conditions affecting NO- distribution.

Finally, following the reviewer’s suggestion, temperature was incorporated as a
predictor in the random forest model, enabling the model to capture the response of
NO: to temperature variations and its relationship with chemical lifetime. The
atmospheric lifetime of NO: is highly sensitive to environmental conditions. As the
altitude in the troposphere increases, the lifetime of NOx extends, and the reduced
concentration of radicals further prolongs the residence time of NO: (approximately 2
to 4 days), thereby enhancing its interregional transport efficiency (Liu et al., 2024;
Zien et al., 2014). During the transport process, a fraction of NO: is converted into
reservoir species (e.g., peroxyacetyl nitrate, PAN), which are subsequently re-released
during subsidence, modulating the spatial distribution of NOy (Zien et al., 2014).
Moreover, temperature variations affect the rate at which NO: is converted into PAN
and other reservoir species, thereby further influencing the efficiency of these
processes. By incorporating temperature into the model, we are able to account for its
effect on the chemical lifetime of NO:. Please see the details in lines 4 to 20 on page
11 and Figure 1 in this section.

In summary, these improvements allow for a more comprehensive consideration
of NO:’s short lifetime and temperature dependence, thereby enhancing the accuracy
of the transport analysis and the robustness of the results.



SHAP values of zonal wind (i) SHAP values of meridional wind (v) SHAP values of temperature (7)
150hPa - 150hPa- 150hPa -

200hPa- 200hPa - 200hPa -

250hPa - 250hPa 250hPa -

’h

300hPa - [ 300hPa 300hPa -

350hPa - 350hPa
400hPa - ‘ 400hPa -

450hPa - 450hPa-

350hPa-

400hPa -

Pressure Level
°
°
Mean SHAP value

450hPa -

500hPa - 500hPa - 500hPa -

550hPa - 550hPa - 550hPa-

600hPa - 600hPa - 600hPa -

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 1. SHAP-based contributions of u, v, and 7 to NO: transport flux variations
across the southwestern Tibetan Plateau boundary, with red and blue indicating
positive and negative contributions, respectively.

The authors show that the incoming flux and outgoing flux over the TP is more or less
equal, which is puzzling. Does this mean that there is no relevant chemical loss, or is
the loss coincidently equal to the local emissions over the TP, or do other chemical
processes (conversion with PAN) play a role? Maybe the chemical lifetime is
especially long for this region? These questions are not answered or even discussed.
Response: We thank the reviewer for the comment. Regarding your point that the
incoming and outgoing fluxes over the Tibetan Plateau are “more or less equal”
(corresponding to lines 30-32 on page 7 of the original manuscript), we have
re-examined the text and recognize that the previous statement was not sufficiently
clear and may have caused misunderstanding. Our intention was not to suggest that
the incoming and outgoing fluxes are nearly identical, but rather to highlight that their
rates of change (i.e., growth rates) are comparable. This apparent similarity may be
influenced by the temporal averaging applied (e.g., monthly mean NO: concentrations
smoothing short-term transport signals), which can partially mask instantaneous
differences.

Furthermore, we emphasize that the incoming and outgoing fluxes over the
Tibetan Plateau do not cancel each other, and the net flux is not close to zero. The net
flux at different boundaries (influx - efflux) exhibits clear regional variations, as
shown in Figs. 2 of this response and Figure 4 of the revised manuscript.

Given that this section has been substantially revised in the manuscript, the
previous statement that may have caused ambiguity has been removed (please see
lines 11 to 16 on page 7). It should be noted that the revised fluxes are diagnosed
using NO: concentration fields at satellite overpass times together with corrected wind
fields, representing instantaneous boundary fluxes. Because these observations
correspond to a relatively short time window (i.e., the satellite overpass), chemical
conversion of NO: is unlikely to produce significant effects at this timescale, and the
fluxes primarily reflect instantaneous atmospheric transport. Further discussion of
chemical processes during transport can be found in lines 4 to 20 on page 11.
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Fig. 2. Net fluxes across the southwestern, northeastern, and enclosed boundaries of
the Tibetan Plateau from 2005 to 2024.

It is difficult to judge the reliability of the results when no validation is presented.
There are apparently 30 sites with in-situ observations that could be used for
comparison at ground level of the model, but they are largely ignored. I am also
surprised that the model has layers from 1000 hPa (in steps of 25 hPa) as shown in
Figure 9, while the TP has typically ground pressure levels of less than 600 hPa,
which put the Figure in a completely different perspective.

Response: We thank the reviewer for this valuable comment. In the initial
configuration, the model vertical levels were defined starting from 1000 hPa with 25
hPa intervals. However, due to the high elevation of the Tibetan Plateau, surface
pressure is typically below approximately 600 hPa. This apparent discrepancy arises
because the wind field data used to train the model covered a spatial domain slightly
larger than the Tibetan Plateau. This was necessary to compensate for the relatively
coarse grid resolution of ERAS (0.25°) and to ensure that key dynamic signals of the
South Asian monsoon and mid-latitude westerlies were captured. As illustrated in Fig.
3 of this response, the purple solid line indicates the geographic boundaries of the
Tibetan Plateau, while the red dashed line shows the spatial coverage of the wind
fields used for model training. The moderately expanded domain includes some
low-altitude regions (e.g., areas around ~70°E) where surface pressure approaches
1000 hPa, leading to vertical levels that do not perfectly match the high-altitude
surface conditions of the Plateau. In the revised manuscript, we optimized the spatial
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extent of the wind field inputs to better match the Plateau’s topography, resulting in
vertical structures that more realistically represent the atmospheric layers relevant to
the study region. Please check the detailed in Lines 19 to 20 on page 5.

Moreover, we fully agree that ground-based observations are valuable for model
evaluation. To explore the potential relationship between surface measurements and
flux variations, we selected two monitoring sites relatively close to the boundary for
analysis (see Figs. 4-5 of this response). Taking Chamdo as an example, the ground
station is located approximately 200 km from the boundary flux grid point. Analysis
of high-pollution days (surface NO: exceeding the 90th percentile) shows that surface
concentrations and net incoming fluxes exhibit broadly similar trends under certain
conditions. This suggests that surface observations may partially reflect cross-regional
high-input events. However, since surface measurements primarily capture
near-surface concentrations, the stations are relatively distant from the boundary,
cross-regional transport involves losses, and the flux is calculated based on NO:
vertical distributions and wind fields from the surface to the upper troposphere,
representing transport of the entire atmospheric column, this correspondence involves
some uncertainty and should be interpreted with caution for quantitative validation
purposes.

To systematically assess the reliability of our flux calculation approach, our team
previously conducted similar studies in the Yangtze River Delta and Beijing regions,
combining vehicle-based differential optical absorption spectroscopy (DOAS)
measurements with high-resolution flux simulations to evaluate both local and
regional transport characteristics (Huang et al., 2020; Zhang et al., 2025b). The results
indicate that the method can reasonably capture regional transport features and is
validated under similar conditions. Collectively, these analyses support the
applicability of our flux calculation approach for investigating cross-regional
transport over the Tibetan Plateau.
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Fig. 3. Schematic of latitude—height and pressure—height profiles over the Tibetan
Plateau. The purple line indicates the Plateau region, and the red dashed line marks
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the wind field range selected in the model, which initially included low-altitude areas.
In the revised manuscript, the region was optimized. The topography is approximately
derived from the range of NO: profiles and is for reference only.

Chamdo time series with high pollution days & net flux

T
—— Qamdo
9 | @® High pollution days |
—— Net flux

30

25

Chamdo / Net flux

I

2020 2021 2022 2023 2024 2025

| Y

Fig. 4. Relationship between net NO: transport flux and surface NO: concentrations
during high-pollution episodes in Chamdo
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Fig. 5. Relationship between net NO: transport flux and surface NO: concentrations
during high-pollution episodes in Shigatse

The conclusion that this study is important for air quality is difficult to understand.
Figure 1 shows concentrations that are too low to be visible with the used colour scale.
The authors claim that the ground observations are showing a decreasing trend but are
unreliable. I would like to know why they are considered unreliable. The authors also
conclude that the transport from polluted areas takes place on higher levels in the
atmosphere. Would this mean that they do not affect the surface level? On top of this,
the receptor area of the NO2 transport in China has already high concentration levels
due to local emissions, so the effect would also be very limited for this region.
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Response: We thank the reviewer for this valuable comment. First, regarding the
reviewer’s concern that the NO: concentrations in Fig. 1 of the main text appear
visually low and difficult to discern, we agree that this issue primarily arises from
technical limitations in the original color scale range and colormap design, which did
not adequately represent the variability of low NO: values over the Tibetan Plateau. In
the revised manuscript, we have accordingly adjusted both the color scale range and
the binning scheme. Specifically, the mean NO: column density over the Tibetan
Plateau during 2005-2024 is 5.7 x 10" molecules cm™2, whereas the corresponding
mean value over India is approximately 2.0 x 10'> molecules cm™, about 3.5 times
higher. In addition, South Asia exhibits pronounced localized emission hotspots; for
example, the Indo—Gangetic Plain shows mean values of up to 3.6 x 10> molecules
cm 2, approximately 6.3 times higher than those over the Tibetan Plateau. This strong
spatial gradient further enhances the visual contrast, making the Tibetan Plateau
appear relatively lower in comparison.

Regarding the description of the ground-based observational data, the expression
in the original manuscript was not sufficiently accurate. We did not intend to suggest
that the ground-based observations over the Tibetan Plateau are “unreliable,” but
rather to point out that, due to the sparse population in this region, monitoring stations
are mainly located in urban areas, leading to certain limitations in their spatial
representativeness. At the same time, as shown in Supplementary Fig. SI13,
atmospheric dynamical processes may provide conditions for the transport of nitrogen
oxides to the near-surface layer, and such influences may occur in regions not covered
by the existing urban monitoring sites. Therefore, the current ground-based
observations may not fully reflect the regional background conditions. We have
revised the relevant descriptions in the manuscript to avoid ambiguity and
over-interpretation. Please see details in lines 2—11 on page 14.

In addition, regarding China as a receptor region, we agree that local emissions
have already led to relatively high NO: concentrations. Under this context, the
contribution of external transport to absolute concentrations may be relatively limited;
however, it remains important for understanding inter-regional pollutant transport
processes. During the pre- and post-monsoon periods, NO2 emissions from South Asia
can be transported in large quantities to the Tibetan Plateau and its downstream
regions via mid-tropospheric wind fields. Orographic uplift and the complex terrain of
the Tibetan Plateau favor the formation of transport pathways in the middle and upper
troposphere. In this process, the Tibetan Plateau acts as a key “relay station” along the
regional transport pathway (see Figs. 610 of this response). Therefore, the revised
manuscript focuses the relevant discussion on the transport processes and dynamical
characteristics within the Tibetan Plateau region. Please see Section 4.2 of the main
text.
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Fig. 6. NO: concentration and wind fields over the Tibetan Plateau at 400, 350, and
300 hPa during the monsoon, late-monsoon, and winter seasons of 2019. NO:

concentrations are from GEOS-CF and wind fields from ERAS.
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Fig. 7. NO: concentration and wind fields over the Tibetan Plateau at 400, 350, and
300 hPa during the monsoon, late-monsoon, and winter seasons of 2020. NO:
concentrations are from GEOS-CF and wind fields from ERAS.
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Fig. 8. NO: concentration and wind fields over the Tibetan Plateau at 400, 350, and
300 hPa during the monsoon, late-monsoon, and winter seasons of 2021. NO:

concentrations are from GEOS-CF and wind fields from ERAS.
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Fig. 9. NO: concentration and wind fields over the Tibetan Plateau at 400, 350, and
300 hPa during the monsoon, late-monsoon, and winter seasons of 2022. NO:
concentrations are from GEOS-CF and wind fields from ERAS.
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Fig. 10. NO: concentration and wind fields over the Tibetan Plateau at 400, 350, and
300 hPa during the monsoon, late-monsoon, and winter seasons of 2023. NO:
concentrations are from GEOS-CF and wind fields from ERAS.

While focus of this study is the TP, this region is completely white in Figure 1 with no
visible NO2 concentrations. There are also no other figures of observed
concentrations either from satellite or the ground. This provides no reference for any
conclusions about the relevance for air quality.

Response: We thank the reviewer for pointing out that NO: concentrations over the
Tibetan Plateau appear relatively low in Fig. 1 of the main text and for raising
concerns regarding its implications for air quality. As correctly noted by the reviewer,
NO: concentrations over the Tibetan Plateau are generally low. However, satellite
observations (OMI) indicate a continuous increasing trend over the past two decades,
from a mean concentration of 3.6 x 10" molecules cm™2 in 2005 to 5.5 x 10"
molecules cm™ in 2024, representing an increase of approximately 52.8%.
Supplementary Materials S2 and S3 further provide a more comprehensive analysis of
satellite and ground-based observations over the Tibetan Plateau, offering a more
complete comparison and discussion. To better characterize the sources and
contributions of NO: over the Tibetan Plateau, we consider both local emissions and
long-range transport from South Asia. Accordingly, we have revised the analysis to
focus on the transport mechanisms and dynamical characteristics of NO2 in the middle
and upper troposphere.
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