Point-to-point responses

We appreciate the reviewers for their valuable and constructive comments, which are
very helpful for the improvement of the manuscript. We have revised the manuscript
carefully according to the reviewers’ comments. We have addressed the reviewers’
comments on a point-to-point basis as below for consideration, where the reviewers’
comments are cited in black, and the responses are in blue.

Referee #2

This manuscript describes ground-based MAX-DOAS measurements in Nam Co over
the Tibetan Plateau (TP). The measurements are used to obtain vertical distributions of
several atmospheric components (aerosol, H>O, NO,, HONO and O3) via spectral
analysis and OEM profile retrieval. The data are further used to analyze the temporal
and vertical evolutions for these species. The OH production as well as possible
daytime HONO and Os sources were also discussed during the field campaign. Overall,
observing and investigating the vertical profiles of atmospheric components at the
background station in the relatively remote and high-altitude region are significant.
However, two concerns at least should be clarified in detail before the manuscript is
considered to be accepted.

(1) Firstly, the reliabilities of vertical profile of atmospheric components (aerosol, H>O,
NOz, HONO and O3) should be validated. Just using the parameter setting scheme of
spectral analysis and profile retrieval in previous studies won't do for the specific station
over the TP. For example, the HONO spectral structures are almost drowned in the noise
in Figure 2d. The sensitivity tests about the parameter setting scheme of spectral
analysis and profile retrieval should be presented in detail. In addition, just according
to the comparison of surface multi-source data in Section 3.3, it cannot illustrate the
reliabilities of vertical profiles. Also, the correlation was weak for HONO (R?=0.38)
with larger deviations in Figure 6b.

Re: Thanks for your great comments.

We added a section of “2.2.3 Error analysis” to ensure the reliability of data.

The error sources can be divided into four different types: smoothing error, noise error,
forward model error, and model parameter error (Rodgers, 2004). However, in terms of
this classification, some errors are difficult to be calculated or estimated. For example,
the forward model error, which is caused by an imperfect representation of the physics
of the system, is hard to be quantified due to the difficulty of acquiring an improved
forward model. Given calculation convenience and contributing ratios of different
errors in total error budget, we mainly took into account following error sources, which
were smoothing and noise errors, algorithm error, cross section error, and uncertainty
related to the aerosol retrieval (only for trace gas). In this study, we estimated the
contribution of different error sources to the AOD and VCDs of trace gases, and near-
surface (0—200 m) trace gases’ concentrations and aerosol extinction coefficients



(AECs), respectively. The detailed demonstrations and estimation methods are
displayed below, and the corresponding varies errors are summarized in Table R1.

a.

Smoothing errors arise from the limited vertical resolution of profile retrieval. Noise
errors denote the noise in the spectra (i.e., the error of DOAS fits). Considering the
error of the retrieved state vector equaling the sum of these two independent errors,
we calculated the sum of smoothing and noise errors on near-surface concentrations
and column densities, which were 13 and 5 % for aerosols, 13 and 36 % for H-O,
12 and 14 % for NO3, 18 and 21 % for HONO, and 12 and 32 % for Os, respectively.
Algorithm error is denoted by the differences between the measured and simulated
DSCDs. This error contains forward model error from an imperfect approximation
of forward function, parameter error of forward model, and other errors, such as
detector noise (Rodgers, 2004). Algorithm error is a function of the viewing angle,
and it is difficult to assign this error to each altitude. Thus, this error on the near-
surface values and column densities is estimated through calculating the average
relative differences between the measured and simulated DSCDs at the minimum
and maximum elevation angle (except 909, respectively (Wagner et al., 2004). In
this study, we estimated these errors on the near-surface values and the column
densities at 4 and 8 % for aerosols, 3 and 11 % for NO2, and 20 and 20 % for HONO
referring to Wang et al. (2017, 2020), 1 and 8 % for H.O referring to Lin et al.
(2020), and 6 and 10 % for Os referring to Ji et al. (2023), respectively.

Cross section error arises from the uncertainty in the cross section. According to
Thalman and Volkamer, (2013), Lin et al. (2020), Vandaele et al. (1998), Stutz et
al. (2000), and Serdyuchenko et al. (2014), we adopted 4, 3, 3, 5, and 2 % for O4
(aerosols), H20, NO2, HONO and Os, respectively.

The profile retrieval error for trace gases is sourced from the uncertainty of aerosol
extinction profile retrieval and propagated to trace gas profile. This error could be
roughly estimated based on a linear propagation of the total error budgets of the
aerosol retrievals. The errors of the learned four trace gases were roughly estimated
at 14 % for VCDs and 10 % for near-surface concentrations, respectively.

The total uncertainty was the sum of all above errors in the Gaussian error propagation,

and

the error results were listed in Table R1. We found that the smoothing and noise

errors played a dominant role in the total uncertainties of aerosol and trace gases.
Moreover, improving the accuracy and temperature gradient of the absorption cross
section is another important means to reduce the uncertainty of the vertical profiles in

the

future, especially for Os.

Table R1. Error budget estimation (in %) of the retrieved near-surface (0-200 m)

concentrations of trace gases and AECs, and AOD and VCDs.
Error sources Total

Smoothing and | Algorithm error | Cross section | Related to  the

noise errors error aerosol retrieval

(only for trace gases)
Near-surface aerosol 13 4 4 - 14
H.O 13 1 3 14 19
NO2 12 3 3 14 18
HONO 18 20 5 14 29




O3 12 6 2 14 19
VCDor AOD | AOD 5 8 4 - 10
H20 36 8 3 10 38
NO; 14 11 3 10 20
HONO 21 20 5 10 31
O3 32 10 2 10 35

Certainly, we also did independent validations. However, there was not other vertical
observations during our campaign on the TP. Therefore, we did validations between in
situ measurements and the bottom layer of MAX-DOAS profiles (Figure R1).
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Figure R1. Validations of (a) MAX-DOAS NO: vs in situ NO2, (b) MAX-DOAS
HONO vs LOPAP HONO, (c) MAX-DOAS O3 vs in situ Os.

Moreover, we did vertical-profile validations in Shanghai and Beijing. As shown in
Figure R2, we used Mie lidar to validate MAX-DOAS aerosol vertical profiles, and
used balloon-based NO; profiles to validate MAX-DOAS NO; vertical profiles (Xing
et al., 2017). The good agreement indicates the reliability of MAX-DOAS retrieved
aerosol and NO> profiles.
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Figure R2. Validations of (a) MAX-DOAS aerosol profile vs lidar aerosol profile, (b)
MAX-DOAS NO; profile vs balloon-based NO- profile.
As shown in Figure R3, the retrieved Os profiles were validated with tower-based O;

profiles in Beijing. The correlation coefficients (R) between them on 2 m, 60 m, 160 m,
and 280 m were 0.844, 0.864, 0.883 and 0.902, respectively.
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Figure R3. Validations of MAX-DOAS O3 profile vs tower-based O3 profile at four
height layers (a) 2 m, (b) 60 m, (¢) 160 m, and (d) 280 m.
As shown in Figure R4, we re-selected a representative HONO fitting result. We can be
sure that the HONO results used in the manuscript all from well spectra fittings.
Considering the effects of low concentration and weak absorption of HONO, and
spectral noise, we performed third-order averaging of the spectra during spectral

analysis.
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Figure R4. DOAS fit examples of O4, H>O, NO,, HCHO, tropospheric O3 and
stratospheric Os3. The red line and black line represent the measured and fitted results,
respectively.

About the weak correlation of HONO (R=0.62) between MAX-DOAS measurements
and LOPAP measurements, we make it clear that uncertainties also appear in the
LOPAP HONO results during the observation period (Wang et al., 2023). Longer
HONO observations on the TP based on more instruments are needed in the future, in
order to further analyze the uncertainty of HONO observations among different
instruments.

(2) The manuscript tried to analyze the OH production (Section 4.1) from HONO and
O3 at different height layers through vertical observations and TUV calculations. The
TUV model is suitable for exploring the photolysis rates, but OH production is
determined by complex chemical process involving many atmospheric components.
The equations in Line 342 and 343 are simplified for studying OH production. It should
present more details on the parameter scheme during simulation by TUV model, and
more comparisons of OH production simulated by other models if possible.

Re: Thanks for your great comments.

In this study, we used online TUV model.
hitps://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-

radiation-model

The main parameters for this model were cloud information, total ozone column,
aerosol optical depth (AOD), single scattering albedo (SSA), and Angstrém exponents.
In this study, we selected clean and cloud free days (Figure R6), the AOD at 361 nm
was derived from aerosol extinction profiles measured by MAX-DOAS; the daily total
ozone column density was measured by TROPOMI with a value range of 260-280 DU;
the single scattering albedo (SSA) was calculated based on the regression analysis of
multi-wavelength (361 and 477 nm) O4 absorptions measured by MAX-DOAS (Xing
et al., 2019); fixed Angstrém exponents of 0.508, 0.581 and 0.713 were used in May,
June and July, respectively, referring to Xia et al. (2011).

The parameter scheme and the corresponding code of TUV model can be found at:
https://www2.acom.ucar.edu/modeling/tuv-download

We also referred to He et al. (2023) to calculate the photolysis rate as following:

B Photolysis rate

The photolysis rate of a given molecule X, Jx, is dependent on the incident actinic flux,

F (1), the absorption cross-section, o (1), and the quantum yield, ¢(1):

A2
Io=[ o(A)p(2)F(2)d2
a(/l) and ¢(l) (both of the two parameters depend on wavelength and temperature)

were  retrieved from  the MPI-Mainz ~ UV/VIS Spectral ~ Atlas

(http://satellite.mpic.de/spectral_atlas). The actinic flux F(/I) describes the total
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energy pf photons incident on the unit sphere, which is calculated by integrating the
radiance over all directions and can be expressed as:

F(2)=["[" L(2.6.p)sinodedp
L(4,0,9) is spectral radiance (6 and ¢ are the zenith and azimuth angles,

respectively).
Theoretical relationships between the actinic flux and the irradiance were presented to
convert actinic flux from irradiance:

F(4) :[a(l)J{cosl(H) —a(/l)j Eé"((j;)} E(2)

a(A) is the spectral ratio of diffuse actinic flux to diffuse irradiance. Eg, (4)/E(A)

is the spectral ratio of direct to total irradiance. @ is the solar zenith angle. By

definition, the spectral irradiance E (xl)is the radiation incident on unit flat (usually

horizontal) surface, which is calculated by integration of the radiance over a hemisphere
and can be expressed as:

E(4)=]." [ L(2.6.p)cos0sin6dedp

The photolysis rate and actinic flux at different altitudes (/) can be described as:

F(h,/1)=(a(h,/1)+[cos(0) —a(h,/l)j Eé"((/{;)Jx E(h,2)

B Spectral irradiance at different altitudes

In the absence of actinic flux observation, it seems a promising method that the
photolysis rate with acceptable uncertainty is obtained by calculating the actinic flux
from the spectral irradiance.The solar spectral irradiance at different altitudes can be

calculated as following:
C(2)D(h)

E(NA)=Eya(4)-€ @

Exa (4) s solar spectral irradiance from extraterrestrial. C (4 ) represents the effect of

wavelength on absorption coefficient (depend on wavelength and weather conditions).
D(h) reflects the influence of altitude on absorption coefficient and is defined as the
ratio of atmospheric pressure at 4 km (Ph) to that at 0.0 km (Py), i.e. D(h) = Pi/Py. By

conversion, E(h,4) can be calculated as following:

InE(h,A)=(INE(0,4)-In Em(z))x%+ INE,. (1)

0
Py came from ERAS, while P, can be converted from height by barometric height

formula. Solar spectral irradiance at ground surface E(0,4) can be calculated using



total surface solar radiation and MAX-DOAS measured spectra.

B g(hA)and Ey (h,2)/E(h,2)at different altitudes

a(h,ﬂ)is the spectral ratio of diffuse actinic flux to diffuse irradiance at different

altitudes, which were affected by different factors (e.g. solar zenith angle and
wavelength). Considering the almost constant surface albedo during the campaign, the

impacts of solar zenith angle on the change of « (0, A) is small and could be ignored.

The effect of wavelength can be estimated as following equation. As discussed

previously, due to lack of studies on «(0,1) at different altitudes, we have to apply

it to higher altitudes in this study.

1
hA)=
(N A) = 5 5= (7 =300) /1000

Eqr (N, A)/E(h,A) is the spectral ratio of direct irradiance to total irradiance at

different altitudes. The error of Eg, (h, 1)/ E(h, 2)has relatively less influence on the

photolysis rate, especially during the midday with low solar zenith angle. Since the
solar radiation can be defined as the total energy of the full spectral irradiance integral,

we assume that Eg, (h,4)/E(h,4)and G, (h)/G(h)were approximately equal in

this research, and further can be quantified by following equation according to the
national guidelines (GB/T 37525-2019).

Edir (h'ﬂ) _ Gdir(h)
E(h,2)  G(h)

—1—f (k,h)

G, (h) is direct solar radiation (Gdir(h)=jo3000 Eqi (h,A)dA ). G(h) is total solar

radiation ( G(h) = f;ooo E(h,2)d4). f(k,h) represents the ratio of diffuse solar
radiation to total solar radiation.
1.0-0.249-k(h)0 <k (h) <0.35
f (k,h) =11.557-1.84-k(h)0.35 < k(h) <0.75
0.177k(h) > 0.75

k(h)=G(h)/G,a

where k(h) is clearness coefficient. n is day of year (DOY) and Sy is the solar constant

of 1366.1 W-m™2; Gewra is extraterrestrial solar radiation
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365

Total solar radiation at differently altitudes G(4) can be estimated by the following

equation.
c-D(h

G(h)=GC,ya-€ 7

 “extra

=

where C represents absorption coefficient (Depend on weather conditions). With
conversion, it can be calculated by following equation.

extra

InG(h)=(InG(0)-In Gema)x%+ NG
0

The G(0) can be observed by meteorological instruments or reanalysis data.

The correlation coefficients (R) between J(HONO) calculated using above method and

J(HONO) simulated by TUV model at different altitude were larger than 0.91. It

indicates that the HONO photolysis rates simulated by the TUV model are accurate

under clean and cloud-free days. We also plan to optimize the parameterization scheme

of WRF-Chem to simulate OH in the future.

In addition, the calculated OH were validated with measured OH, but the specific

discussion will be organized in a separate study.
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manuscript, and have made the following modifications.

(1) In this study, we conducted multi-axis differential optical absorption spectroscopy
(MAX-DOAS) measurements at Nam Co, the central TP, to observe the vertical profiles
of aerosol, water vapor (H20), NO2, HONO and O3 from May to July 2019.

(2) The maximum values of monthly averaged aerosol (0.17 km™) and O3 (66.71 ppb)
occurred on May, H,O (3.68X10'7 molec cm™) and HONO (0.13 ppb) appeared on July,
while NO> (0.39 ppb) occurred on June at 200-400 m layer.

(3) H2O, HONO and O3 all exhibited a multi-peak pattern, and aerosol appeared a bi-
peak pattern for their averaged diurnal variations.

(4) The maximum values of HONO/NO; appeared around H>O being 1.0X10'” molec
cm™ and aerosol being lager 0.15 km™ under 1.0 km, and the maximum values usually
accompanied with H>O being 1.0-2.0X10'7 molec cm™ and aerosol being lager 0.02
km! at 1.0-2.0 km.

(5) The TP spans 2.5 million square kilometers with an average altitude of over 4000
m.

(6) In addition, scientists are relying on advancements in satellite remote sensing
technology, such as the tropospheric monitoring instrument (TROPOMI), the ozone
monitoring instrument (OMI), the moderate-resolution imaging spectroradiometer
(MODIS) and the cloud-aerosol lidar and infrared pathfinder satellite observation
(CALIPSO), to monitor the spatial and temporal evolutions of atmospheric composition
on the TP.

(7) MAX-DOAS has the technical advantage of low-cost continuous observation of
multiple atmospheric components (i.e. aerosol, O3 and their precursors).

(8) Lin et al. (2008) and Ye (2019) also confirmed that the high OH over the TP is
mainly related to the reaction between O('D) and H,O.

(9) Therefore, a hypothesis of “strong AOC over the TP” was put forward. Previous
studies pointed out that HONO also play an important role in AOC at low-altitude areas,
and its contribution to OH can reach 40-60%, and even more than 80% in the early
morning.

(10) Our previous study operated at the Qomolangma Atmospheric and Environmental
Observation and Research Station, Chinese Academy of Sciences (QOMS-CAS)
revealed that the HONO mainly distributed in the lower PBL and peaked in summer
with 1.11 ppb, which is comparable to the average level of HONO in other low-altitude
areas.

(11) Afterwards, the contributions of O3 and HONO to OH in the vertical space were
discussed through the tropospheric ultraviolet and visible (TUV) radiative transfer
model and MAX-DOAS measurements.

(12) Moreover, due to the summertime huge evaporation from Nam Co lake, the
atmospheric H>O around CAS (NAMORS) is more abundant than in other areas of the
TP, resulting in lush grass vegetation and making the area around this station an
important summertime pasture.

(13) Averaged spatial distributions of AOD, NO> and O3 monitored by satellite from
May to July 2019 are shown in Fig. S1.

(14) The differential slant column densities (DSCDs) of O4, H2O, NO2, HONO and O3



were retrieved using QDOAS software (http://uvvis.aeronomie.be/software/QDOAS/)
developed by Royal Belgian Institute for Space Aeronomy (BIRA-IASB).

(15) In this study, the initial a priori profile shape of above five species was set to
exponential decreasing shape, and the AOD and vertical column densities (VCDs)
simulated by weather research and forecasting model coupled chemistry (WRF-Chem)
were also used as initial input a priori information to constrain the retrieval process.
(16) The calculation of photolysis rates of HONO and O3 used TUV radiation model
based on a full FORTRAN code, and this model usually runs accurately in clean, sunny
and cloudless days.

(17) The initial input parameters were as follows: the AOD at 361 nm was derived from
aerosol extinction profiles measured by MAX-DOAS.

(18) The PBL height was simulated using WRF with spatiotemporal resolutions of
20X20 km? and 1.0 hour (detailed configurations in Sect. S2 of the supplement).

(19) Moreover, the large-scaled spatial distributions of AOD, O3 and NO; over CAS
(NAMORS) were monitored by Himawari-8, OMI and TROPOMI, respectively.

(20) Figure 4. Time series of (a) aerosol extinction, (b) H20, (c) NO», (d) HONO, and
(e) O3 monitored by MAX-DOAS at 0-0.2, 0.4-0.6, 0.8-1.0, 1.2-1.4 and 1.6-1.8 km five
height layers from 01 May to 09 July 2019.

(21) Figure 5. Vertical profiles of (a) aerosol extinction, (b) H2O, (c) NO2, (d) HONO,
and (e) Os.

(22) As shown in Figure 8, scatter plots between HONO/NO; and H>O were illustrated.
(23) This phenomenon of HONO/NO: firstly increasing and then decreasing with the
increasing of H>O (or relative humidity) was usually found in low-altitude areas in
previous studies.

(24) When the H,O was greater than above mentioned critical values at different heights,
HONO/NO; gradually decreased, which was related to the efficient uptake of HONO
and the decrease of NO; reactivity with the increase of H>O. That indicated H>O has
significant enhancement for the conversion rate of NO2 to HONO.

(25) The scatter plots between HONO and NO: at above five layers (Figure S6) also
confirmed the possibility of the NO> heterogeneous reaction to generate HONO on the
TP, and the contribution of atmospheric H2O and aerosol extinction to this process.
(26) Figure 8. Scatter plots between HONO/NO; and H>O colored by aerosol extinction
at (a) 0.0-0.2 km, (b) 0.4-0.6 km, (c) 0.8-1.0 km, (d) 1.2-1.4 km, (and e) 1.6-1.8 km
from 1% May to 9' July 2019.

(27) We found that HONO/NO: first increasing and then decreasing with the increasing
of H2O. The maximum value of HONO/NO; appeared around H>O being around

1.0X10'7 molec cm™ under 1.0 km, and being around 1.0-2.0X10!” molec cm™ at 1.0-
2.0 km height layer.

3. Line 27 and Line 575: The references’ format is not consistent between the text and
the reference section, which leads to poor readability of the manuscript for review.
Please modify all the similar problems.

Re: Thanks for your great comments. We have made following modifications.
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4. Line 26-38: This paragraph is not closely related to the key ideas of this paper.
Moreover, the last sentence is lack of proper deduction.
Re: Thanks for your great comments. We try to make some explanations and
modifications as following:
(1) The purpose of this paragraph is to emphasize the importance of the TP on climate
change and reginal air pollution due to its special location and geographic features.
It amounts to an explanation of the context of this study.
(2) We have rewritten this paragraph as “The TP spans 2.5 million square kilometers
with an average altitude of over 4000 m. Therefore, the TP is called the “Third Pole”
of the earth (Ma et al., 2020; Kang et al., 2022). It is the home to tens of thousands of
glaciers and nourishes more than 10 of Asia’s rivers, thus it also acts the role of “Water
Tower of Asia” (Qu et al., 2019; Ma et al., 2022). Due to its special topography, the TP
is the heat source of atmosphere due the strong solar radiation, which as the driven force
to profoundly affect the regional atmospheric circulation, global weather conditions and
climate change (Yanai et al., 1992; Boos et al., 2010; Chen et al., 2015; Liu et al., 2022;
Zhou et al., 2022). Monsoon rainfall in Asia, flood over the Yangtze River valley, and
El Nifo in the Pacific Ocean are strongly associated with the TP (Hsu et al., 2003; Li
etal., 2016; Lei et al., 2019). In addition, the cyclone circulations caused by the TP heat
source also can inhibit the diffusion of atmospheric pollutants in the areas around the
TP, such as the Sichuan Basin, causing regional pollution (Zhang et al., 2019).
Therefore, observations of the atmospheric species on the TP are essential to enhance
the in-depth understanding of its atmospheric physicochemical processes.”

5. Line 39-73: This paragraph is lack of many key references for MAX-DOAS
observations over the Tibetan Plateau. It is not appropriate to cite only the studies from
author's group.

Re: Thanks for your great comments. However, the reality is that there are very few
reports on the atmospheric environment of the Tibetan Plateau based on MAX-DOAS.
These studies all have been carried out by Chinese researchers. The reference list is as
following:

[1] Cheng, S., Pu, G., Ma, J., Hong, H., Du, J., Yudron, T., Wagner, T.: Retrieval of
tropospheric NO» vertical column densities from ground-based MAX-DOAS
measurements in Lhasa, a city on the Tibetan Plateau, Remote Sens., 15, 4689, 2023.
[2] Cheng, S., Ma, J., Zheng, A., Gu, M., Donner, S., Donner, S., Zhang, W., Du, J., Li,
X., Liang, Z., Lv, J., Wagner, T.: Retrieval of O3, NO2, BrO and OCIO columns from
ground-based zenith scattered light DOAS measurements in summer and autumn over



the Northern Tibetan Plateau, Remote Sens., 13, 4242, 2021.

[3] Ma, J., Donner, S., Donner, S., Jin, J., Cheng, S., Guo, J., Zhang, Z., Wang, J., Liu,
P., Zhang, G., Pukite, J., Lampel, J., Wagner, T.: MAX-DOAS measurements of NO»,
SO,, HCHO, and BrO at the Mt. Waliguan WMO GAW global baseline station in the
Tibetan Plateau, Atmos. Chem. Phys., 20, 6973-6990, 2020.

[4] Cheng, S., Cheng, X., Ma, J., Xu, X., Zhang, W., Lv, J., Bai, G., Chen, B., Ma, S.,
Ziegler, S., Donner, S., Wagner, T.: Mobile MAX-DOAS observations of tropospheric
NO> and HCHO during summer over the Three Rivers’ Source region in China, Atmos.
Chem. Phys., 23, 3655-3677, 2023.

[5] Xing, C., Liu, C., Wu, H., Lin, J., Wang, F., Wang, S., Gao, M.: Ground-based
vertical profile observations of atmospheric composition on the Tibetan Plateau (2017-
2019), Earth Syst. Sci. Data, 13, 4897-4912, 2021.

[6] Li, M., Mao, J., Chen, S., Bian, J., Bai, Z., Wang, X., Chen, W., Yu, P.: Significant
contribution of lightning NOx to summertime surface O3 on the Tibetan Plateau, Sci.
Total Environ., 829, 154639, 2022.

Moreover, we have rewritten the related sentence as “MAX-DOAS has the technical
advantage of low-cost continuous observation of multiple atmospheric components (i.e.
aerosol, O3 and their precursors) (Wang et al., 2018; Ma et al., 2020; Cheng et al., 2021;
Xing et al., 2021; Li et al., 2022; Cheng et al., 2023a, 2023b).”.

6. Line 75: The O3 will be diluted when the air mass comes from clean source regions,
such as marine atmosphere.

Re: Thanks for your great comments. We would like to make two statements about this
problem as following:

The main point referred from Ye and Gao (1997) is that the strong convergent airflow
formed under the combined action of monsoon, subtropical anticyclone and the airflow
of subtropical westerlies could promote the accumulation of O3 on the TP in summer.
It is not that air mass coming from clean regions promote the increase of O3 on the TP,
but rather that the strong convergent airflow contributed by monsoon, subtropical
anticyclone and the airflow of subtropical westerlies could promote the accumulation
of O3 on the TP. The strong convergent airflow not only promote the transport of high-
concentration O3z from the surrounding area to the TP but also inhibit the diffusion of
O3 from the TP to the outside.

Moreover, we retrieved the spatial distribution of tropospheric O3 based on the issues
raised by the reviewers (Figure R5). We could find that there are some areas with high
Os values in the oceans, especially in the Indian Ocean and in the Bohai and Yellow
Sea regions of China. The sources of O3 with high values in these regions need to be
further explored.

Reference: Ye, D. Z., and Gao, Y. X.: The meteorology of the Tibetan Plateau (in
Chinese), 278pp., Science Press, Beijing, pp. 39-48, 1979.
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Figure RS5. Spatial distributions of tropospheric O3 monitored by TROPOMI.

7. Line 122: Again, sensitivity test and profile validation by independent data should be

presented to confirm the reliability of retrieval results.

Re: Thanks for your great comments. We have reorganized this section as following:

2 Method and methodology

2.1 Site

2.2 Measurements

2.2.1 Instrument setup and spectral analysis

2.2.2 Vertical profile retrieval

2.2.3 Error analysis

In order to ensure the reliability of data, error analysis was carried out.

The error sources can be divided into four different types: smoothing error, noise error,

forward model error, and model parameter error (Rodgers, 2004). However, in terms of

this classification, some errors are difficult to be calculated or estimated. For example,
the forward model error, which is caused by an imperfect representation of the physics
of the system, is hard to be quantified due to the difficulty of acquiring an improved
forward model. Given calculation convenience and contributing ratios of different
errors in total error budget, we mainly took into account following error sources, which
were smoothing and noise errors, algorithm error, cross section error, and uncertainty
related to the aerosol retrieval (only for trace gas). In this study, we estimated the
contribution of different error sources to the AOD and VCDs of trace gases, and near-
surface (0-200 m) trace gases’ concentrations and aerosol extinction coefficients

(AECs), respectively. The detailed demonstrations and estimation methods are

displayed below, and the corresponding varies errors are summarized in Table R1.

e. Smoothing errors arise from the limited vertical resolution of profile retrieval. Noise
errors denote the noise in the spectra (i.e., the error of DOAS fits). Considering the
error of the retrieved state vector equaling the sum of these two independent errors,
we calculated the sum of smoothing and noise errors on near-surface concentrations
and column densities, which were 13 and 5 % for aerosols, 13 and 36 % for H-O,
12 and 14 % for NO», 18 and 21 % for HONO, and 12 and 32 % for Og, respectively.

f. Algorithm error is denoted by the differences between the measured and simulated
DSCDs. This error contains forward model error from an imperfect approximation



of forward function, parameter error of forward model, and other errors, such as
detector noise (Rodgers, 2004). Algorithm error is a function of the viewing angle,
and it is difficult to assign this error to each altitude. Thus, this error on the near-
surface values and column densities is estimated through calculating the average
relative differences between the measured and simulated DSCDs at the minimum
and maximum elevation angle (except 909, respectively (Wagner et al., 2004). In
this study, we estimated these errors on the near-surface values and the column
densities at 4 and 8 % for aerosols, 3 and 11 % for NO2, and 20 and 20 % for HONO
referring to Wang et al. (2017, 2020), 1 and 8 % for H.O referring to Lin et al.
(2020), and 6 and 10 % for Os referring to Ji et al. (2023), respectively.

g. Cross section error arises from the uncertainty in the cross section. According to
Thalman and Volkamer, (2013), Lin et al. (2020), Vandaele et al. (1998), Stutz et
al. (2000), and Serdyuchenko et al. (2014), we adopted 4, 3, 3, 5, and 2 % for O4
(aerosols), H.0, NO2, HONO and Os, respectively.

h. The profile retrieval error for trace gases is sourced from the uncertainty of aerosol
extinction profile retrieval and propagated to trace gas profile. This error could be
roughly estimated based on a linear propagation of the total error budgets of the
aerosol retrievals. The errors of the learned four trace gases were roughly estimated
at 14 % for VCDs and 10 % for near-surface concentrations, respectively.

The total uncertainty was the sum of all above errors in the Gaussian error propagation,

and the error results were listed in Table R1. We found that the smoothing and noise

errors played a dominant role in the total uncertainties of aerosol and trace gases.

Moreover, improving the accuracy and temperature gradient of the absorption cross

section is another important means to reduce the uncertainty of the vertical profiles in

the future, especially for Os.

Certainly, we also did independent validations. However, there was not other vertical

observations during our campaign on the TP. Therefore, we did validations between in

situ measurements and the bottom layer of MAX-DOAS profiles (Figure R1).

Moreover, we did vertical-profile validations in Shanghai and Beijing. As shown in

Figure R2, we used Mie lidar to validate MAX-DOAS aerosol vertical profiles, and

used balloon-based NO:> profiles to validate MAX-DOAS NO; vertical profiles (Xing

et al., 2017). The good agreement indicates the reliability of MAX-DOAS retrieved
aerosol and NO»> profiles.

As shown in Figure R3, the retrieved Os profiles were validated with tower-based Os

profiles in Beijing. The correlation coefficients (R) between them on 2 m, 60 m, 160 m,

and 280 m were 0.844, 0.864, 0.883 and 0.902, respectively.

8. Line 156: The cross sections are lack of references in Table 1.

Re: Thanks for your great comments. We have added the corresponding references as
following.

[1] Aliwell, S. R., Van Roozendael, M., Johnston, P. V., Richter, A., Wagner, T., Arlander,
D. W., Burrows, J. P., Fish, D. J., Jones, R. L., Tornkvist, K. K., Lambert, J. C.,
Pfeilsticker, K., and Pundt, I.: Analysis for BrO in zenith-sky spectra: an
intercomparison exercise for analysis improvement, J. Geophys. Res., 107, ACH 10-1—



ACH 10-20, https://doi.org/10.1029/2001JD000329, 2002.

[2] Vandaele, A. C., Hermans, C., Simon, P. C., Carleer, M., Colin, R., Fally, S.,
Meérienne, M. F., Jenouvrier, A., and Coquart, B.: Measurements of the NO absorption
cross section from 42000 cm™! to 10000 cm ™' (238—-1000nm) at 220 K and 294 K, J.
Quant. Spectrosc. Ra., 59, 171-184, 1998.

[3] Meller, R. and Moortgat, G. K.: Temperature dependence of the absorption cross
sections of formaldehyde between 223 and 323 K in the wavelength range 225-375 nm,
J. Geophys. Res., 105, 7089-7101, 2000.

[4] Volkamer, R., Spietz, P., Burrows, J., Platt, U.: High-resolution absorption cross-
section of glyoxal in the UV-vis and IR spectral ranges, J. Photochem. Photobiol. A
Chem., 172, 3546, 2005.

[5] Rothman, L. S., Gordon, 1. E., Barbe, A., Benner, D. C., Bernath, P. E., Birk, M.,
Boudon, V., Brown, L. R., Campargue, A., Champion, J. P., Chance, K., Coudert, L. H.,
Dana, V., Devi, V. M., Fally, S., Flaud, J. M., Gamache, R. R., Goldman, A., Jacquemart,
D., Kleiner, 1., Lacome, N., Lafferty, W. J., Mandin, J. Y., Massie, S. T., Mikhailenko,
S. N., Miller, C. E., Moazzen-Ahmadi, N., Naumenko, O. V., Nikitin, A. V., Orphal, J.,
Perevalov, V. 1., Perrin, A., Predoi-Cross, A., Rinsland, C. P., Rotger, M., Simeckova,
M., Smith, M. A. H., Sung, K., Tashkun, S. A., Tennyson, J., Toth, R. A., Vandaele, A.
C., Vander Auwera, J.: The HITRAN 2008 molecular spectroscopic database, J. Quant.
Spectrosc. Radiat. Transf., 110, 533-572, 2009.

[6] Fleischmann, O. C., Hartmann, M., Burrows, J. P., and Orphal, J.: New ultraviolet
absorption cross-sections of BrO at atmospheric temperatures measured by time-
windowing Fourier transform spectroscopy, J. Photoch. Photobio. A, 168, 117-132,
2004.

9. Line 165: Are only the HONO and O3 data in clear sky condition used to calculate
the photolysis rates. If so, there may be many missing data in summer due to clouds
over the TP. This information should be explicitly mentioned in section 4.1.

Re: Thanks for your great comments.

The cloud parameters are important and complex factors influencing the photolysis
rates of HONO and Os. Inaccurate evaluation of cloud parameters will increase the
uncertainty of above photolysis rates. In order to remove the misunderstanding that this
uncertainty introduces into the assessment of AOC by HONO and O3, we judged the
cloud coverage firstly during our measurements. As shown in Figure R6 (a), we develop
a cloud classification method based on the diurnal variations of Color Index
(CI=I330/I360). To ensure a sufficient amount of valid data, we chose sunny and cloudless
days to analyze the photolysis rates of HONO and Os. Only the cloud coverage scenario
of Il in Fig. R6 (b) was masked. In this study, the validity of the data was more than
70%.
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Figure R6. (a) Color Index cloud classification algorithm process. (b) Example of cloud
classification.

The information was mentioned in section 2.3 (TUV model), but we have enriched the
relevant information in the revised manuscript.

“In order to ensure the accuracy of model running, we only selected data in sunny and

cloudless days. Moreover, we developed a cloud classification method based on the
diurnal variations of Color Index (CI=I330/I360) in Figure S2.”

10. Line 177: Please add references.

Re: Thanks for your great comments. We have rewritten this sentence as following:
“Moreover, the calculated backward trajectories were clustered into three groups using
Ward's variance method and Angle Distance algorithm (Ward 1963; Wang et al., 2006).”
References

[1] Ward Jr, J. H.: Hierarchical grouping to optimize an objective function, J. Am. Stat.
Assoc., 58, 236-244, 1963.

[2] Wang, Y., Zhang, X., Arimoto, R.: The contribution from distant dust sources to the
atmospheric particulate matter loading at XiAn, China during spring, Sci. Total
Environ., 368, 875-883, 2006.

11. Line 204-207: With respect to the enhancement of AOD during 15:00-17:00, the
explanations are far-fetched. The daytime AOD diurnal variations at other time are
probably affected by the long-range transport of aerosol and local anthropogenic
sources (such as cooking in the morning).

Re: Thanks for your great comments. In Figure 4, we could find that the aerosol was
mainly distributed under 200 m. Therefore, we simulated the wind information under
200 m at the measurement site. Seven height layers under 200 m (11 m, 36 m, 62 m, 83
m, 105 m, 125 m and 156 m) were selected. As shown in Figure R7, the wind speed
was usually elevated after 15:00. It is very similar to the diurnal variation trend of the
AOD. It indicates that long range transport and short range transport should be an
important source of aerosol at our measurement site. We have modified this section as
following:

“Subsequently, the AOD increased significantly, reaching maximum values during
15:00-17:00 (average of 0.107 km™), which was about 1.408 times the diurnal average
value. Considering the diurnal variation of wind speed (Figure S3), such an
enhancement of AOD may be related to the long-range transport of aerosol from



southern Asia (Yang et al., 2020, Bi et al., 2023). Moreover, 15:00-17:00 was the active
time of tourists and local residents (i.e. cooking), and these kinds of anthropogenic
sources contributed to the atmospheric AOD of NAMORS through short-distance
transport (Yin et al., 2017; Zhang et al., 2017).”.
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Figure R7. Wind speed at seven different height layers at the measurement site during
the measurements.

12. Line 215: The manuscript selected 5 height layer to analyze temporal and vertical
variations of atmospheric components. But why are the five height layers “typical”?
The separate layers reduce the vertical resolution of retrieval results. It is better to
investigate the daily variations through vertical profiles themselves. Please modify all
the similar problems at other sections.

Re: Thanks for your great comments.

Figure R8 showed the diurnal variation of PBL. We could find that the maximum values
of PBL (~2.0 km) at our measurement site appeared at 11:00-17:00, a relatively long



period. Considering that the pollutants were mainly distributed within the PBL, five
heights under 2.0 km were selected to analyze the variations of several pollutants
(aerosol, H2O, NO2, HONO and O3) throughout the observation period.

There may be a misunderstanding. The purpose of Figure 4 is to show the variations of
pollutants within the PBL during the observation period. We used the daily mean values
of the different pollutants. In addition, the average diurnal variation of different

pollutants was depicted in Figure 5.
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Figure R8. The diurnal variation of PBL in Nam Co from May to July 2019. The top
and bottom of the box represented 75" and 25™ percentiles, respectively. The lines and
dots within the boxes were the median and mean, respectively.

We have rewritten these sentences as following:

“As shown in Figure S4, the diurnal variation of PBL in Nam Co from May to July
2019 was lower in the early morning and late afternoon, but higher between 11:00 and
17:00, a relatively long period, with the maximum PBL larger than 2.0 km. Zhang et al.
(2017) and Yang et al., (2017) also reported that the PBL in Nam Co was usually larger
than 1.0 km during daytime in spring and summer. In order to investigate the height-
dependent variations of aerosol, H>O, NO2, HONO and O3 within the PBL during the
measurements, five height layers under the PBL (0.0-0.2 km, 0.4-0.6 km, 0.8-1.0 km,
1.2-1.4 km and 1.6-1.8 km) were thus selected.”

“Figure 4. Time series of daily averaged (a) aerosol extinction, (b) H>O, (c) NO2, (d)
HONO, and (e) O3 monitored by MAX-DOAS at 0-0.2, 0.4-0.6, 0.8-1.0, 1.2-1.4 and
1.6-1.8 km five height layers from 01 May to 09 July 2019.”

13. Line 224-225, 228-229: The explanations are lack of proper deduction.

Re: Thanks for your great comments.

(1) “That indicated that the aerosol was usually local-emitted at the surface, and the
occasionally appearance of strong aerosol extinction at 0.4-0.6 km, such as 13" and
30" June, was associated with long-range transport from south Asia.”
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Figure R9. Spatial distribution of WPSCF values for acrosol at 400-600 m layer on 13
and 30" June.

In order to determine the potential source locations of aerosol at 400-600 m layer, the
WPSCF model was used. As shown in Figure R9, the maximum values of WPSCF for
aerosol at 400-600 m layer (> 0.45) was mainly from Nepal and the north of India.

(2) “The average concentration of H>0 at 0.0-0.2 km was 2.35%10"" molec cm?, and
the ratios of H>0 at 0.4-0.6 km, 0.8-1.0 km, 1.2-1.4 km and 1.6-1.8 km to those at 0.0-
0.2 km were 83.40%, 68.08%, 50.64% and 35.74%, respectively, which should attribute
to the transport of H>O from Indian Ocean during the monsoon and the elevated
evaporation from Nam Co lake to lead to its not obvious vertical gradient.”

() (d) -
3 -
= =
)
30N o \ S
- < | 3
. . . . =
; B 3
20N ¥ 2
N (b) e i ) :
e 0‘68 . 06 o
y - 0s S L 0s 8
30N |- v ‘,?I f 3 f 4 1 3
w2 < ol 0.4 e - ~ 0.4
3 - i 3 4 s \ > - .-‘-"’*” 4 1 s
. : 4 2 030 E . 03 T
20N P ; ) Yy s 02 R [ ) W ST, g _]n,z g
0.1 % | e
50E 60E 70E 80E 90E 100E 110E
40N (
c)
30N |~
20N
50E 60E 70E 80E 90E 100E 110E

Figure R10. Spatial distributions of WPSCF values for H20 at (a) 200 m, (b) 600 m,
(c) 1000 m, (d) 1400 m, and (e) 1800 m height layers from 01 May to 09™ July 2019
over CAS (NAMORS).

In order to determine the potential source locations of H>O under PBL, the WPSCF
model was used. As shown in Figure R10, we could find that H2O was mainly from
south Asia, especially above 1000 m, driven by the Indian Ocean monsoon.



14. Line 233-234: As a short-life atmospheric component, can the NOx around Mt.
Tanggula transport to the observation site? Does the transport effect affect the NO; at
the bottom layer? The causes of elevated NO> layer are probably complex.

Re: Thanks for your great comments.

NO:; mainly sourced from primary emission and reginal transport in the atmosphere.
The primary sources of NO> include traffic, industrial and residential emissions.
However, as shown in Figure R11, there are few primary emission sources around our
measurement site. The largest potential area with high NO> concentrations is from
Dangxiong country, but there is ~34 km between the measurement site and Dangxiong
country, and separated by the Mt. Tanggula. In addition, previous studies have reported
that high NOy production was due to photochemical reactions on the snow surface of
the Tibetan Plateau (Fisher et al., 2005; Lin et al., 2021). Figure R11 also told us that
the closest distance between the measurement site and the icy summit of Mt. Tanggula
is only ~7.5 km. Therefore, we cannot exclude the possibility that NO2 was transported
from the Mt. Tanggula. NO; profile also showed a Gaussian shape, with maximum
values appeared at 300-400 m layer. This is also a distinguishing feature of transport
contributions for NO,. Near-surface NO; concentrations at the measurement site were
not high during the observation period.

Figure R11. Geographical location of CAS (NAMORS) and around environment.
Moreover, we also did WPSCF analysis (Figure R12), and the WPSCF passing through
Mt. Tanggula showed high values at 300-400 m layer, especially at 400 m (> 0.3). It
indicated that the important contribution to NOx from ice and snow on the top of Mt.
Tanggula under strong ultraviolet radiation.
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Figure R12. Spatial distributions of 24-h WPSCF values for NO; at (a) 300 m, and (b)
400 m height layers from 01 May to 09 July 2019 over CAS (NAMORS).

15. Line 240-243: The vertical distributions of O3 in the lower tropospheric layer are
complex over the Tibetan Plateau. Why does the manuscript describe the “exponential
shape” derived from previous studies here? The “exponential shape” is not consistent
with the relatively uniform vertical variation of O3 in this study.

Re: Thanks for your great comments.

The purpose of describing the exponential shape of O3 profiles reported in previous
studies was to show that the shape of O3 profiles in Nam Co observation was credible.
The O; profiles showed in Figure R13 were all from Tibetan Plateau measured by
satellite, O3 lidar and ozonesonde, especially for Lahsa and Yangbajing, which were
closed to Nam Co. The height ranges presented in each of the plots in Figure R13 are
not consistent, but the O3 profiles monitored by different means below 4.0 km basically
show an approximate exponential shape. It is possible that the different heights in these
plots of Figure R7 created a visual misjudgment for the reviewer. We apologize for this.
Moreover, due to the limited vertical resolution of MAX-DOAS O3 profiles, the limited
degrees of freedom and the constraints of the radiative transfer model caused by O3
profile retrieval algorithm, the detailed structure of O3 at different vertical altitudes may
be missing, but it essentially characterized the vertical distribution of the O3 profile in
Nam Co.



We have rewritten these sentences as “The vertical gradient of O3 concentration was
also not obvious, which was associated with its vertical mixing and photochemical
production. As shown in Figure S5, the corresponding TROPOMI O3 profiles in Nam
Co and O3 profiles measured by lidar and ozonesonde around Nam Co reported in
several previous studies also exhibited an exponential shape”.
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Figure R13. Ozone vertical profile measure by (a) TROPOMI at Nam Co, (b) lidar at
Yangbajing (Fang et al., 2019), (c) ozonesonde at Qaidam (Zhang et al., 2020), (d) lidar
at Lhasa (Yu et al., 2022), and (¢) MAX-DOAS in this study.

16. Line 251: Please add “Os”.
Re: Thanks for your great comments. We have modified it as “3.2 Vertical distributions
of aerosol, H2O, NO2, HONO and O3”

17. Line 254-255: Why are NO> vertical profiles “Gaussian” distribution rather than
Lorentz or other peak distribution?

Re: Thanks for your great comments.

As shown in Figure R2 (a), the aerosol vertical profile retrieved from MAX-DOAS
show the best agreement with lidar measurement result. However, lidar could more
accurately characterize the thickness of the layer of aerosol with high values. It should
be attributed to lidar having a higher vertical resolution than MAX-DOAS. The vertical
resolution of MAX-DOAS and lidar are 100 m and 7.5 m, respectively. Due to the
uncertainty of the algorithm, MAX-DOAS is more insensitive at high altitudes and the
degrees of freedom is often only 3 to 5. It is similar to the retrieval of NO» vertical
profile. Therefore, in addition to the true vertical distribution of NO,, the factors
limiting the shape of NO: vertical profile also include the limited vertical resolution



and the low degree of freedom of the vertical profiles. The NO; profile showed a
Gaussian shape during our observation.

Referred to our previous study (Xing et al., 2017), we defined a Lorentz a priori with
equivalent aerosol loading compared to the corresponding lidar profile. We found that
the aerosol profile retrieved from Lorentz a priori shows a significant overestimation
compared to the lidar results between 1 and 2 km. Besides, the degree of freedom of
signal (DFS) of using Gaussian a priori (2.96) is higher than that of using Lorentz a
priori (2.4). The retrieved error of adopting Lorentz a priori is relatively higher than the
Gaussian a priori at the lowest 1 km (see Figure R14). This also goes some way to proof
of rationality of MAX-DOAS Gaussian profile compared to the Lorentz profile.
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Figure R14. The retrieved error of using Gaussian and Lorentz a priori for aerosol
retrieval.

18. Line 264-265: Please clarify the monsoon transport leading to the elevation of
maximum H>O layer.

Re: Thanks for your great comments.

As shown in Figure R15, we could find the Indian monsoon gradually increased from
June, the stronger monsoon lasted from early June until the end of September. But we
could find that there was a significantly decrease for the Indian monsoon index in the
early July. Our campaign was from 01 May to 09 July 2019. It could explain the
elevation of the height layers of maximum water vapor in June.
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Figure R15. The Indian monsoon index during 2019.
Moreover, we have rewritten this sentence as “The monthly averaged vertical profile of



H>0 in May and July exhibited an exponential shape, while its maximum concentration
layer slightly elevated to 0.1-0.2 km in June which was related to the strongest monsoon
transport.”.

19. Line 279-282: With respect to the vertical profiles of atmospheric component at the
height of 3-4 km, are the retrieved data valid? How to understand the differences of O3
profiles between “exponential shape” (Line 282) and “relatively uniform vertical
gradient” (Line 240)?

Re: Thanks for your great comments.

The averaging kernels at higher altitudes (> 2.0 km) were relatively lower than that at
low altitudes. This could lead to a reduction in the sensitivity of pollutants’
concentrations at high altitudes. The uncertainty of the concentrations of pollutants at
high altitudes were also larger than that at lower altitudes. However, this did not mean
that the profiles at 3-4 km were not credible. Several previous studies also carried out
scientific research using MAX-DOAS profiles with a height range of 0.0-4.0 km (Wang
etal., 2019; Hoque et al., 2022; Kuhn et al., 2024). The vertical profiles of acrosol and
trace gases (0.0-4.0 km) retrieved from MAX-DOAS were validated with aircraft
measurements and model simulations, and they all shown good agreement (Wang et al.,
2019; Hoque et al., 2022; Kuhn et al., 2024). It indicated that the MAX-DOAS profiles
at high altitude were credible. For O3 vertical profile, since we used the TROPOMI O3
profiles as a constraint, its sensitivity was stronger above 3km. In this study, we only
validated the surface concentrations of pollutants during our measurements,
considering the absence of other independent vertical observations. We focused on
analyzing concentration variations of pollutants below the PBL.

There may be a misunderstanding like comment 12. Figure 4 depicted the time series
of daily averaged concentrations of pollutants at five altitudes during the whole
observations. Figure 5 showed the averaged diurnal variations pollutants. As shown in
Figure 4, we could find that the ratios of O3 at 0.4-0.6 km, 0.8-1.0 km, 1.2-1.4 km and
1.6-1.8 km to those at 0.0-0.2 km were 89.25%, 82.44%, 80.16% and 79.13%,
respectively. Therefore, we concluded that the vertical gradient of daily averaged O;
concentration was also not obvious. We have rewritten this sentence as “The vertical
gradient of daily averaged O3 concentration was also not obvious, which was associated
with its vertical mixing and photochemical production”.

20. Line 298-301: It just lists the possible influencing factors here. To what extent, can
the weak surface wind affect the sand-raising process?

Re: Thanks for your great comments.

The diurnal variation showed a bi-peak pattern, which was in line with the investigation
reported by Pokharel et al. (2019). The first peak should be attributed to the local
emission of aerosol and the diurnal cycle of PBL (Zhang et al., 2017; Pokharel et al.,
2019). The second peak was driven by regional transport and the interaction between
local sandy silt loam surface and local meteorology. Figure R4 told us that the high
wind speed (> 4.5 m/s) at surface appeared after 15:00, which coincided with the
appearance of the second aerosol peak. As shown in Figure 5, the high extinction during



the second peak period was extended to 1.0 km. Figure R16 told us that the wind speed
above 500 m was larger than 8 m/s, which created a favorable condition for high-
altitude aerosol transport.

In addition, we also noticed that there would be drift blown up by the wind at the
measurement site after 15:00 during the whole observation period.
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Figure R16. Wind direction and wind speed at (a) 10 m, (b) 500 m, (c) 1000 m, (d) 1300
m, and (e) 1800 m at a range of 25°N-35°N and 85°E-95°E, respectively.

These sentences have been rewritten as “The first peak should be attributed to the local
emission of aerosol and the diurnal cycle of PBL (Zhang et al., 2017; Pokharel et al.,
2019). The second peak was driven by regional transport and the interaction between
local sandy silt loam surface and local meteorology. The high wind speed (> 4.5 m/s)
at surface appeared after 15:00, which coincided with the appearance of the second
aerosol peak (Figure S3). Moreover, the high extinction during the second peak was
extended to 1.0 km associated with the wind speed larger than 8 m/s (Figure S7), which
created a favorable condition for high-altitude aerosol transport.”.

21. Line 302-308: Please check the attribution of H.O and NO; variations. For example,
the monsoon not only affect the H>O variation in the morning but also in the afternoon.
Re: Thanks for your great comments.

We couldn't agree with you more. There maybe some misunderstandings for the
sentences of “The first peak appeared between 08:00-12:00, which was mainly affected
by the monsoon drived long-range transport of H>O. The second and third peaks
occurred at 15:00-16:00 and after 17:00, respectively. In addition to long-range
transport, the enhanced evaporation from the Nam Co lake also significantly
contributed to the appearance of these two peaks of H>0.”. It means that these three
peaks of H>O all affected by the monsoon drived long-range transport. In addition, the
enhanced evaporation from the Nam Co lake also significantly contributed to the
second and third H>O peaks.



For the source of NO», we have rewritten the corresponding sentences as “NO: mainly
distributed at 0.2-0.4 km, and peaked before 10:00 and after 18:00 which were
dominated by the effects of local emissions and regional transport from the NOx formed
through ice and snow on the top of Mt. Tanggula under strong ultraviolet radiation
(Figure S5) (Boxe et al., 2005, Fisher 2005; Chen et al., 2019, Lin et al., 2021).”.
Detailed analysis could referred to comment 12.

22. Line 314-315: Please check that the text description is consistent with the figures.
Re: Thanks for your great comments.

We confirmed that the text description is consistent with Figure 5. In order to determine
this fact, we analyzed the averaged aerosol, H>O, NO> and HONO profiles during three
HONO peak periods (Figure R17).
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Figure R17. The averaged aerosol, H2O, NO2 and HONO profiles during three HONO




peak periods

23. Figure 7: The validity of results above 3 km should be carefully checked. Probably
the concentrations of atmospheric component at higher height mainly reflected a priori
information.

Re: Thanks for your great comments.

The averaging kernels at higher altitudes (> 2.0 km) were relatively lower than that at
low altitudes. This could lead to a reduction in the sensitivity of pollutants’
concentrations at high altitudes. The uncertainty of the concentrations of pollutants at
high altitudes were also larger than that at lower altitudes. However, this did not mean
that the profiles at 2-4 km were not credible. Several previous studies also carried out
scientific research using MAX-DOAS profiles with a height range of 0.0-4.0 km (Wang
etal., 2019; Hoque et al., 2022; Kuhn et al., 2024). The vertical profiles of acrosol and
trace gases (0.0-4.0 km) retrieved from MAX-DOAS were validated with aircraft
measurements and model simulations, and they all shown good agreement (Wang et al.,
2019; Hoque et al., 2022; Kuhn et al., 2024). It indicated that the MAX-DOAS profiles
at high altitude were credible. For O3 vertical profile, since we used the TROPOMI O3
profiles as a constraint, its sensitivity was stronger above 2 km. In this study, we only
validated the surface concentrations of pollutants during our measurements,
considering the absence of other independent vertical observations. We focused on
analyzing concentration variations of pollutants below the PBL.

24. Line 388-390: Is that so?

Re: Thanks for your great comments.

This is our mistake. We added dashed line representing the scatter distribution envelope
in Figure R18. We could find that the maximum value of HONO/NO; appeared around
water vapor being around 1.0x10'” molec cm™ under 1.0 km, and being around 1.0-
2.0x10'” molec cm™ at 0.5-1.0 km height layer.
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Figure R18. Scatter plots between HONO/NO; and H>O colored by aerosol extinction
at (a) 0.0-0.2 km, (b) 0.4-0.6 km, (c) 0.8-1.0 km, (d) 1.2-1.4 km, (and e) 1.6-1.8 km



from 1% May to 9" July 2019. The dashed line represents the scatter distribution
envelope.

This sentence has been modified as “We found that the maximum value of HONO/NO:>
appeared around water vapor being around 1.0x10"" molec cm™ under 1.0 km, and
being around 0.5-1.0x10"7 molec cm™ at 1.0-2.0 km height layer.”.

25. Figure 9: Please add the graphic symbol description, such as error bar. Please

modify all the similar problems in other figures.

Re: Thanks for your great comments. We have made following modifications.

(1) Figure 9. Statistics for the vertical profile of HONO/NO> from 1% May to 9" July
2019. The left and right of the blue box represent the 25" and 75" percentiles,
respectively; the dot within the box represent the mean.

(2) Figure 3. Averaged diurnal variation of AOD at CAS (NAMORS). The error bars
represent the mean retrieved errors of AOD.

(3) Figure 6. Validations of (a) MAX-DOAS NO> vs in situ NO> (error bars represent
the retrieved errors of NO2 from MAX-DOAS and BBCES), (b) MAX-DOAS
HONO vs LOPAP HONO, (c) MAX-DOAS O3 vs in situ O3, and (d) MAX-DOAS
PBL vs WRF PBL.

26. Line 420: three clusters? There are four clusters in Figure S7e.

Re: Thanks for your great comments. We have made modifications as following:

“As shown in Figure S9 and Table 4, the backward trajectories arriving at NAMORS
during the observation were classified into three clusters at 200 m, 600 m, 1400 m,
1800 m, and four clusters at 1000 m. We found that cluster 3 was associated with the
highest O3 concentration at 200 m (65.48+17.41 ppb) and 1800 m (49.69+2.21 ppb),
and cluster 1 were related to the highest O3 concentration at 600 m (54.67+6.94 ppb),
1000 m (51.61%3.84 ppb) and 1400 m (50.51£2.89 ppb).”

Table 4. Trajectory ratios and averaged Oz concentration for all trajectory clusters
arriving in Nam Co at 200 m, 600 m, 1000 m, 1400 m and 1800 m from May to July
2019.

. O3 concentration (ppb)
Cluster Traj_ratio Mean £5D
1 55.86% 61.50 #18.15
2 11.85% 54.57 #£14.67
200 m
3 32.28% 65.48 £17.41
All 100.00% 61.14 £17.74
1 62.55% 54.67 £6.94
600 m 2 14.32% 50.43 #6.64
3 23.13% 53.27 £7.63
All 100.00% 53.39 £7.26
1 49.16% 51.61 #3.84
2 8.81% 49.60 #3.99
1000m 3 22.73% 50.72 +4.21
4 19.30% 51.39 #£4.49




Al 100.00% 50.08 #4.30

1 80.14% 50.51 #2.89

2 4.95% 49.12 42.73

1400 m 3 14.92% 49.44 +3.85
All 100.00% 50.07 £3.15

1 83.75% 49.68 £2.55

2 0.00% 49.07 £2.23

1800 m 3 16.25% 49.69 +2.21
All 100.00% 49.59 42.49

27. Line 434-437: The discussion of stratospheric O3 intrusion is too simple. The logic
is confusing between stratosphere intrusion and long-range transport.

Re: Thanks for your great comments.

Several previous studies have revealed that the stratospheric O3 intrusion events were
frequent in the Himalayas during spring and summer. The O3 from stratospheric
intrusions in the Himalayas can affect the O; at NAMORS through long-range transport.
Figure R19 showed that the contribution of Os transported from Himalayas can even
up to 50 ppb, especially under 600 m.
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Figure R19. Spatial distributions of WCWT values for O3 at (a) 200 m, (b) 600 m, (c)
1000 m, (d) 1400 m, and (e) 1800 m height layers from 01st May to 09th July 2019
over CAS (NAMORS).

We can understand the process as following:

The WCWT showed that the Himalayas was a very important potential source area of
O3 at NAMORS. Therefore, we should also understand the source of O3 in the
Himalayas. Several previous studies have revealed that the stratospheric O3 intrusions
were an important source of O3 in the Himalayas during spring and summer.

Theses sentences have been modified as “In addition, Figure 10 showed that the
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contribution of O3 transported from Himalayas can even up to 50 ppb, especially under
600 m. Several previous studies have revealed that the stratospheric O3 intrusion events
were frequent in the Himalayas during spring and summer (Cristofanelli et al., 2010;
Chen et al., 2011; Skerlak et al., 2014, Putero et al., 201 6). Therefore, the Oz from
stratospheric intrusions in the Himalayas can affect the Oz at NAMORS through long-
range transport.”.

It should be noted that our present observational data do not capture the O3 stratospheric
intrusion process in the Himalaya. We also hope to follow this work in the future.

28. Section References (Line 482-854): Although there are too many references, the
key references related to this topic are missing.

Re: Thanks for your great comments.

We have added some literature that supports our some conclusions in the study.
Added references:
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