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1.  Introduction
Atmospheric hydrogen peroxide (H2O2) is mainly produced by recombination of two hydroperoxy radicals 
(HO2) which involve the photochemical reactions of atmospheric VOCs and carbon monoxide (CO):
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Abstract  Hydrogen peroxide (H2O2) acts as a terminal sink for atmospheric HOx radicals (OH and 
HO2), playing a key role in tropospheric O3 formation. However, there are few field measurements of 
atmospheric H2O2 to assess its role in O3 formation, especially for the seriously polluted region of the 
North China Plain. In this study, H2O2 concentrations were measured at the foot of Mt. Tai from May 
to July 2018 and the summit of Mt. Tai from May to June 2019, with average values of 0.93 ± 1.01 and 
2.05 ± 1.20 ppb, respectively. H2O2 exhibited a pronounced diurnal variation with a noon-peak at the 
foot of Mt. Tai, which could be well reproduced by a gas-phase box model with H2O2 dry deposition 
velocity of 3 cm s−1 included, indicating H2O2 was mainly photochemically produced. Modeling analysis 
showed H2O2 production at the foot was most sensitive to alkenes and aromatics, while the source and 
sink for H2O2 were dominated by HO2 recombination and dry deposition, respectively. Compared with 
the summer-measurement in 2007, the remarkable elevation of H2O2 at the summit might be ascribed 
to volatile organic compounds (VOCs) increase and SO2 decline. Both H2O2-O3 correlation and H2O2/
NOz ratio suggested O3 formation at the foot of Mt. Tai was mainly VOC-sensitive in the early morning 
and shifted to NOx-sensitive thereafter. Therefore, reduction of VOCs emission especially for the reactive 
species of alkenes and aromatics in the morning as well as NOx emission around noontime will be 
effective for mitigating the serious O3 (as well as H2O2) pollution in Tai'an city.
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might be ascribed to volatile organic 
compounds (VOCs) increase and 
SO2 decline

•	 �Observed H2O2 at the foot of Mt. 
Tai could be well reproduced by a 
box model with H2O2 dry deposition 
velocity of 3 cm s−1 included

•	 �O3 formation in Tai'an city was 
mainly VOC-sensitive in the early 
morning and shifted to NOx-sensitive 
thereafter
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  2 2 2 2 2HO HO H O O� (R4)

H2O2 formation through R4 is easily suppressed by the presence of nitric oxide (NO) because the reaction rate 
constant (8.8 × 10−12 cm3 molecule−1 s−1) of R5 is nearly five times greater than that (1.5 × 10−12 cm3 mole-
cule−1 s−1) of R4 at 298 K (Sander et al., 2003).

  2 2HO NO OH NO� (R5)

Theoretically, H2O2 formation through R4 will be negligible when NO levels exceed 1 ppbv, which is also 
supported by most field observations (Hua et  al.,  2008; Nunnermacker et  al.,  2008; Walker et  al.,  2006; 
Watanabe et al., 2016). Besides H2O2 formation through R4, ozonolysis of unsaturated VOCs has been iden-
tified as another source of H2O2, which is usually considered to be the dominant source of H2O2 in night-
time (Becker et al., 1990, 1993). Furthermore, the photochemical reactions in liquid-phase, such as cloud, 
fog, and atmospheric particles, can also produce H2O2 (Anastasio et al., 1994; Faust et al., 1993; Herrmann 
et al., 2015; Zuo & Hoigné, 1993). The atmospheric hydroxyl radicals (OH) and HO2 can be recycled through 
R1–R3 and R5, whereas H2O2 formation through R4 terminates the circle of HOx radicals (OH and HO2) 
because reproduction of OH radicals via H2O2 photolysis (R6) in the troposphere is very slow.

    2 2H O 360 nm 2OHh� (R6)

H2O2 formation through R4 usually acts as the dominant sink for HOx radicals under the condition with 
low NO levels or high VOCs/NOx (NO and NO2) ratios. Under the condition with relatively high NO levels 
or low VOCs/NOx ratios, however, the termination of HOx radicals is usually dominated by the reaction of 
NO2 with OH (Tan et al., 2018):

 2 3NO OH HNO� (R7)

When H2O2 formation through R4 acts as the dominant sink for HOx radicals, more NOx will accelerate 
the conversion rate of NO to NO2 through R2 and R5 leading to more O3 formation via photolysis of NO2, 
whereas additional VOCs will lead negligible influence on O3 because of the limited NOx levels. When 
HNO3 formation through R7 acts as the dominant sink for atmospheric HOx radicals, however, increase of 
NOx will suppress O3 formation due to titration reaction of O3 by NO, while increase of VOCs will acceler-
ate O3 formation by promoting the conversion rate of NO to NO2 because more OH radicals will react with 
VOCs through R1 to compete with R7. Therefore, the H2O2/HNO3 ratio is a good indicator for judging the 
relative roles of H2O2 and HNO3 in termination of HOx radicals and for assessment of the VOCs-NOx-O3 
sensitivity (Hammer et al., 2002; Peng et al., 2006; Sillman, 1995; Sillman et al., 1998). Additionally, H2O2 
also play a dominant role in sulfate formation through liquid-phase oxidation of sulfur dioxide (SO2) in 
clouds, fogs, and deliquescent particles to account for acid deposition as well as deterioration of regional 
air quality (Calvert et al., 1985; Penkett et al., 1979; Shen et al., 2012; Ye et al., 2018). A recent study pointed 
out that the SO2 oxidation rate by H2O2 can be greatly enhanced in deliquesced aerosols with high solute 
strengths in comparison with dilute bulk aqueous solutions (T. Liu et al., 2020). Furthermore, H2O2 can 
pass into leaves or the human body to form liquid-phase free radical species (i.e., OH and HO2) for attacking 
nucleic acids and proteins leading to cell damage (Möller, 1989; Tao et al., 2003).

Considering the important roles of H2O2 in tropospheric chemistry as well as its adverse impact on the 
ecosystem, a growing number of measurements for atmospheric H2O2 have been reported in different plac-
es, including urban, rural and mountain sites as well as airborne measurements (Gong et al., 2018; Lee 
et al., 1997; Liang et al., 2013; Tanner & Schorran, 1995; Walker et al., 2006; Wang et al., 2016; Watanabe 
et  al.,  2016; Zhang et  al.,  2018). In general, relatively high H2O2 levels (from several ppb to more than 
10 ppb) usually occur in polluted regions or pollution plumes, for example, H2O2 mixing ratio up to 11.3 ppb 
was observed in a seriously polluted rural site in China (Wang et al., 2016) and 11.5 ppb in pollution plumes 
during flights in the marine troposphere (O'Sullivan et al., 1999). Photochemical pollution is severe in Chi-
na especially in the North China Plain (NCP) and the surface O3 level has been found to exhibit a significant 
increasing trend of 1–2 ppb yr−1due to high anthropogenic emissions (Sun et al., 2016; Zhang et al., 2014). 
To our knowledge, H2O2 field measurements and analysis of H2O2 photochemistry in China are still scarce 
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and thus urgently needed for a better understanding of tropospheric chemistry and O3 sensitivity to NOx or 
VOC emissions.

In this study, simultaneous observation of H2O2 and other relevant pollutants were performed at the foot of 
Mt. Tai in the summer of 2018 and at the summit of Mt. Tai in the summer of 2019 to explore H2O2 levels, 
variation characteristics and influencing factors. Based on the observational data measured at the foot of 
Mt. Tai, a zero-dimensional box model was employed to simulate the H2O2 budget. Additionally, H2O2-O3 
correlation and the ratios of H2O2/NOz (the sum of reactive nitrogen compounds except for NOx) were used 
to evaluate the VOCs-NOx-O3 sensitivity.

2.  Materials and Methods
2.1.  Field Study Site

The mountain measurement was conducted at the Meteorological Observatory located at the summit of 
Mt. Tai (36.25°N, 117.10°E, 1,534 m a.s.l-above sea level, Figure S1) in Shandong province, China. Mt. Tai is 
located at the center of NCP. It is 15 and 30 km away from the Tai'an and Jinan city (the capital city of Shan-
dong province), respectively. The altitude of the site is near the top of the boundary layer during the daytime 
in summer and in the residual layer at night. Studies have been conducted at this site to study cloud and 
particle chemistry and gas pollutants (Kanaya et al., 2013; Shen et al., 2012; Sun et al., 2016). This mountain 
site is thought to experience few local emission sources and provide regionally representative data for the 
NCP. The measurements took place from May to June in 2019.

The ground measurement took place from May to July 2018 at an urban site which located in Electric Power 
College in Tai'an City (36.18°N, 117.11°E), about 10 km away from the foot of Mt. Tai. Tai'an city is located 
in central Shandong province at the eastern edge of the NCP, between the Bohai Economic Rim and Yangtze 
River Delta Economic Zone. Tai'an has a population of 15 million citizens. Recent years Tai'an city experi-
ences serious O3 pollution in summer season.

2.2.  Instrumentation

H2O2 was measured by a commercial monitor (AL2021, Aerolaser, Germany) based on wet chemical dual 
enzyme detection technique described by Lazrus et al. (1986). Gaseous H2O2 is sampled in buffered solution 
(pH = 5.8–6.0) in a glass stripping coil. Soluble organic peroxides can also dissolve into the stripping solu-
tion. After sampled by the stripping coil, the peroxides solution is divided into two channels and then reacts 
with p-hydroxyphenyl acetic acid (POPHA) and horseradish peroxidase. The reaction yields fluorescent dye 
which can be measured via fluorescence spectroscopy. Since all soluble peroxides can be detected by the 
reaction, one channel was added catalase prior to the reaction with POPHA in order to selectively destroy 
H2O2. The signal difference between the two channels represents the H2O2 concentrations. During the field 
campaigns, the liquid calibration was performed every 1 or 2 days with liquid H2O2 standards (33.3 μg L−1). 
The detection limit of the instrument is lower than 50 pptv with noise <2% at full scale and has an uncer-
tainty of 10% (Fischer et al., 2015; Ye et al., 2018). The 1-min averages were recorded by a data logger. In this 
article, hourly averages were reported.

Measurements of HONO were conducted by a commercial LOPAP instrument (Long path absorption pho-
tometer, QUMA, Germany) which works based on a wet chemical technique (Heland et al., 2001). To avoid 
potential interferences induced by long inlet lines and heterogeneous or loss of HONO, HONO sampling 
unit was installed directly in the outdoor atmosphere. LOPAP collects HONO in stripping coil and then 
converts it into a dye which is detected using long path absorption. The instrument has two stripping coils 
placed in series to reduce known interfering signals.

A total of 56 non-methane hydrocarbons (NMHCs) were measured continuously and automatically using a 
liquid-nitrogen-free GC-FID instrument, with a time resolution of 1 h. Detailed information about the GC-
FID can be found in C. Liu et al. (2016). The oxygenated volatile organic compounds (OVOCs) were sampled 
by adsorption-reaction cartridges with time resolution of 2 h, and then analyzed by high liquid chromatog-
raphy (HPLC) method. Air sample passed through an ozone scrubber and a Sep-Pak DNPH-Silica Cartridge 

YE ET AL.

10.1029/2020JD033975

3 of 14



Journal of Geophysical Research: Atmospheres

and carbonyl compounds were trapped by cartridges. After sampling, the 
cartridges were brought to lab for elution using acetonitrile as eluent. The 
eluent solution was then injected in HPLC for analysis.

Trace gases including NO, NO2, SO2, O3, and CO were measured by a 
series of online monitors. NO and NO2 were measured with the commer-
cial Thermo Model 42i analyzer based on chemiluminescence technique. 
SO2 was measured by Thermo Model 43i using pulsed UV fluorescence. 
O3 measurements were performed based on UV absorption by the com-
mercial Thermo 49i. Thermo 48i was used to measure CO. Multipoint 
calibration and zero and span checks were performed every week to 
ensure the data accuracy. Meteorological measurements (e.g., tempera-
ture, pressure, wind speed and direction, relative humidity, and solar ra-
diation) were available from a potable weather station (Model WXT520, 
Vaisala, Finland) installed on the roof of a six-story teaching building 
near the sampling site.

2.3.  Box Model Setup

A zero-dimensional box model using a near-explicit mechanism, MCM 
(Master Chemical Mechanism) Version 3.3.1 (Sommariva et  al.,  2020) 

was employed to examine the budget of atmospheric H2O2. The model treated the air pollutants to be well-
mixed within the boundary layer and did not consider the dilution and transport. Simulations were only 
performed for the ground site due to the fact that the mountain site is greatly influenced by mountain-val-
ley breeze, regional transport, and long-range transport (Kanaya et al., 2013; Ren et al., 2009) which could 
not be considered by the box model. MCMv3.3.1 describes the degradation of 143 VOCs with about 5,800 
species and 17,000 reactions and has been extensively used in past studies of photochemistry. In our study, 
measurements of NO, NO2, O3, CO, NMHCs, OVOCs, HONO, H2O, temperature, pressure, and j(NO2) were 
used as inputs to constrain the model calculations. The model ran with a 1-h time step and a spin-up time of 
2 days to reach a steady state. The boundary layer height was derived from the HYSPLIT model and varied 
between 1,500 m in daytime to 500 m in nighttime. Dry deposition loss in the box model was expressed as 
dry deposition velocity divided by boundary layer height.

3.  Results and Discussion
3.1.  Meteorological and Chemical Conditions

Figure S2 illustrated the time series of H2O2 and relevant parameters for the entire observation period at the 
foot of Mt. Tai. The comparison of observed parameters for both sites is shown in Table 1. The meteorolog-
ical conditions at the foot of Mt. Tai during the observation period was characterized by high temperature 
(average: 27°C; max: 37°C), high relative humidity (average: 49%; max: 90%) and strong solar radiation (up 
to 800 W m−2), which favored the production of photochemical oxidants. The wind speeds were usually 
below 2 m s−1. Most of the days were sunny with exceptions of few rainy days (9 June, 25–26 June). During 
these rainy days, the maximum O3 concentrations were below 60 ppb. The back trajectory cluster analysis 
by HYSPLIT4 model (NOAA, USA, http://ready.arl.noaa.gov/HYSPLIT.php) showed that air mass arriving 
at the measurement site mainly came from the Shandong Peninsula and southern areas of Shandong prov-
ince with large emissions of air pollutants (Figure S3). Relatively low NO levels during the whole period 
will be beneficial to the accumulation of O3 and H2O2. As shown in Figure S2, O3 hourly averaged levels fre-
quently exceeded the Class-2 limit values (160 μg m−3 which is equivalent to 82 ppb at 25°C and 1,013 kPa) 
of National Ambient Air Quality Standard of China (GB3095-2012), implying severe photochemical O3 
pollution during summer season at Tai'an city. The particulate pollution was not severe with average con-
centrations of 30.9 μg m−3.

For the mountain site, the temperature during the observation period was much lower (average: 16.2°C) 
than that at the ground site. The relative humidity was high with an average value of 59% as clouds and fog 
events occurred frequently at the mountain site in summer. High wind speed prevailed which suggested the 
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Parameters Ground site Mountain site

Temperature (°C) 27.68 ± 3.73 16.20 ± 3.35

RH (%) 49.46 ± 17.79 58.98 ± 18.19

Wind speed (m s−1) 1.93 ± 0.97 6.34 ± 3.85

NO (ppb) 1.88 ± 6.96 0.64 ± 0.10

NO2 (ppb) 14.49 ± 9.59 3.02 ± 1.33

O3 (ppb) 58.28 ± 30.46 74.53 ± 12.06

SO2 (ppb) 3.42 ± 3.82 1.23 ± 0.66

PM2.5 (ppb) 30.94 ± 12.45 29.12 ± 19.28

CO (ppb) 263.1 ± 230.6 271.2 ± 113.2

H2O2 (ppb) 0.93 ± 1.01 2.05 ± 1.20

Table 1 
Comparison of the Observed Parameters at the Foot and Summit of Mt. 
Tai

http://ready.arl.noaa.gov/HYSPLIT.php
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site is easily influenced by transportation. Back trajectory cluster analy-
sis showed air flow from Shandong Peninsula and southern areas where 
large city clusters are located dominated the air mass transport to the 
summit of Mt. Tai (Figure S3). This transport patterns are mainly driv-
en by summer Asian monsoon (Ding et al., 2008; Sun et al., 2016). As 
Mt Tai is the highest mountain in the center of NCP and the summit is 
within the planetary boundary layer during daytime, the high-elevation 
site is regionally representative of the NCP where it is suffering from se-
vere photochemical pollution during summer season. The average con-
centrations of primary pollutants NO (0.6 ppb), NO2 (3.0 ppb), and SO2 
(1.2 ppb) at the summit were lower than those at the ground site, which 
were 1.8 ppb for NO, 14.4 ppb for NO2, and 3.4 ppb for SO2. CO (271 ppb 
vs. 263 ppb) and PM2.5 (29.1 μg m−3 vs. 30.9 μg m−3) were comparable at 
the two sites (Table 1).

3.2.  Diurnal Variations

Obviously, a distinct H2O2 peak could be observed in each day at the foot 
of Mt. Tai, which was in line with the diurnal profiles of O3 and solar radi-
ation (Figure S2). To clearly exhibit the relationship among H2O2, O3, NO, 
and solar radiation at the foot of Mt. Tai, their average diurnal variations 
are shown in Figure 1. The evident increase of both H2O2 and O3 mixing 
ratios from the morning to the afternoon verified that they were mainly 
from daytime photochemical reactions (Figure 1). Both H2O2 and O3 for-
mations are directly related to the reactions of HO2 radicals which are 
formed by photolysis of carbonyls and the photooxidation of VOCs and 
CO initiated by OH radicals (R1–R3), resulting in their similar daytime 
increasing trends. Due to the effective suppression of H2O2 formation by 
NO (R5) in the early morning, growth of H2O2 mixing ratio commenced 
around 9:00 when NO concentration was less than 1 ppb, whereas a steep 
increase of O3 concentration occurred just after sunrise (around 6:00) 

when NO concentration was the highest (more than 6 ppb). In the morning, O3 formation is generally in the 
NOx-saturated regime. When NOx began to decrease (time when NO was the highest), radical scavenging by 
NOx oxidation to HNO3 weakened which led to more O3 production.

As solar radiation is the key precondition for triggering atmospheric photochemical reactions, the minimal 
H2O2 peak values (⁓0.5 ppb) were observed on cloudy days (e.g., on 13 July) with weak solar radiation. 
Besides solar radiation, other factors also played important roles in H2O2 formation. For example, the H2O2 
peak values varied from ⁓2 to 6 ppb on the clear days with approximately the same solar radiation intensity, 
which was suspected to relate with the daily variations of NOx, VOCs, CO, and the precursors of OH radicals 
that will be validated by the box model calculations constrained by the observational data in the following 
section. Although the uptake of H2O2 by particles during dust event has been proposed (de Reus et al., 2005; 
Qin et al., 2018), relatively high daytime H2O2 peak values (>2 ppb) were usually observed on the days when 
PM2.5 concentrations were higher than 40 μg m−3, indicating that the promotion effect on H2O2 formation 
due to increase of VOCs, CO and OH precursors with the accumulation of PM2.5 greatly exceeded the H2O2 
suppression effect by the PM2.5.

After reaching its maximum around 17:00, H2O2 started to decrease and maintained low concentrations 
(around the detection limit) throughout the night due to fast dry deposition loss. O3 concentrations also de-
creased in the late afternoon and frequently maintained high levels during the night (e.g., 3–8 June) which 
might be explained by lower dry deposition velocity than that of H2O2 (Crowley et al., 2018).

Figure 2 shows the average diurnal patterns of H2O2 and O3 observed at the summit of Mt. Tai. Time series of 
H2O2 and O3 were depicted in Figure S4. The H2O2 at the summit of Mt. Tai were highly variable with daily 
concentrations changing notably during the study period (Figure S4). This phenomenon could be explained 
by the influence of mountain-valley breeze and cloud scavenging. H2O2 has a high Henry Law constant 
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Figure 1.  Average diurnal patterns for mixing ratios of H2O2, O3, NO, and 
solar radiation at the foot of Mt. Tai. The vertical bars show standard errors 
for H2O2 and O3.
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(1 × 105 M atm−1) and hence is readily soluble in the liquid-phase. Con-
sequently, gas-phase H2O2 concentrations are influenced by cloud and 
fog events. For example, during nighttime on 5 June (Figure S4), a sharp 
decrease of H2O2 coincided with an evident elevation of RH (up to 90%), 
suggesting the uptake of H2O2 by cloud or fog droplets. Previous studies 
have reported high H2O2 concentrations in the cloud samples at the sum-
mit of Mt. Tai (Li et al., 2020; Shen et al., 2012), which mainly came from 
the wet removal of gas-phase H2O2. Assuming the H2O2 concentrations in 
cloud and Henry Law constant are 45.1 μM (average value measured by Li 
et al. [2020]) and 1 × 105 M atm−1, respectively, then the gas-phase H2O2 
concentrations are estimated to be 0.4 ppb, which is similar to the levels 
measured during the cloud event on 5 June. The high H2O2 detected in 
the cloud could also indicate high gas-phase H2O2 at the summit of Mt. 
Tai. It can be clearly seen that, from the average diurnal pattern in Fig-
ure 2, H2O2 exhibited a broad minimum in daytime and then increased to 
maximum until midnight, which was a typical pattern observed at moun-
tain sites (Balasubramanian & Husain,  1997; Fischer et  al.,  2019; Ren 
et al., 2009). Obvious enhancements of primary pollutants (CO and SO2) 
could be clearly seen after 6:00, which suggested the influence of upslope 
mountain-valley breeze and convective mixing. Additionally, the change 
of wind vector after 6:00 also indicated vertical transport by southerly 
and southwesterly airflows along the slope of the mountain. Therefore, 
the H2O2 and O3 increased during daytime, a process not only influenced 
by photochemical production but also upward transport from the foot of 
Mt. Tai by the mountain-valley breeze. Consistent phenomenon was also 
observed at the summit of Mt. Tai by previous studies (Cui et al., 2020; 
Gao et al., 2005; Ren et al., 2009). The increase lasted to the evening and 
then the concentrations of O3 and H2O2 remained nearly constant during 

the night. As the sampling site was in the residual layer at night, the dry deposition loss was minimized. In 
the early morning, with the development of the mixed layer, the mixing of H2O2 lead to a sharp drop of H2O2 
concentrations at the high-elevation site.

Although the two measurements were both conducted in summer seasons, these measurements were done 
in different periods and different years, making it difficult to directly do comparison between the two sites. 
Nevertheless, we could have a preliminary analysis. As mentioned earlier, concentrations of primary pol-
lutants at the summit were typically lower or comparable than those at the ground site, while the average 
concentrations of secondary pollutants like H2O2 and O3 were higher at the summit than at the foot of Mt. 
Tai (Table 1). This phenomenon of higher H2O2 and O3 concentrations at the summit could be explained by 
two possible reasons: the dry deposition loss and other sinks were minimized at the high-elevation site as 
the site was in the residual layer during the night and hence high night concentrations were preserved; in 
addition, H2O2 and O3 concentrations at the summit were greatly affected by regional transport from NCP 
areas, where are suffering from severe photochemical pollution in summer season.

3.3.  Comparison With Previous Studies

In Table 2 we compare our observed H2O2 concentrations with those measured at ground and mountain 
sites in previous studies. Only summer data was summarized. For the measurements at ground level, the 
mean H2O2 concentration of 0.93 ppb in the small city of Tai'an was evidently higher than those of the 
megacity of Beijing (0.20 ppb), Wangdu (0.51 ppb, a rural site in center of the Beijing-Tianjin-Hebei re-
gion), Southeastern tip of Hong Kong Island (0.29 ppb), Korea University (0.81 ppb), and Hyytiälä, Finland 
(0.382 ppb), but lower than that (1.26 ppb) of the megacity of Guangzhou. The lowest mean H2O2 concen-
tration in Beijing city was probably ascribed to relatively high NOx concentrations which suppressed H2O2 
formation, and the highest value in Guangzhou might be attributed to higher VOCs emissions especially for 
highly reactive biogenic VOCs because of high vegetation coverage, relatively high solar radiation intensity 
and temperature in the subtropical area. Although the latitude of the southeastern tip of Hong Kong Island 
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Figure 2.  Average diurnal patterns of H2O2, O3, CO, SO2, relative humidity 
(RH), wind speed, and direction measured at the summit of Mt. Tai.
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is very close to Guangzhou city, the mean H2O2 concentration at the island was only one-fourth of that in 
Guangzhou city, further revealing that the photochemical processes in polluted areas are important sources 
for atmospheric H2O2. The mean H2O2 concentration at the foot of Mt. Tai was the highest among those 
measured at the places in the middle latitudes (36°–40°N), implying that the combined air pollution from 
anthropogenic and biogenic emissions might be in favor of H2O2 formation. The maximal daytime H2O2 val-
ue of 6.06 ppb at the foot of Mt. Tai was at least a factor of 2 larger than those measured at various sampling 
sites, but lower than those measured in Zion Supersite (8 ppb) and Wangdu (11.3 ppb).

For the mountain measurements with altitudes ranging from 1,483 to 2,770 m, the mean H2O2 concentra-
tion (2.05 ppb) and maximal H2O2 concentration (5.36 ppb) measured at the summit of Mt. Tai in our study 
was the highest among those reported in the literature. For the same sampling site at the summit of Mt. 
Tai, the mean H2O2 concentration measured by this study was about a factor of 3 greater than that meas-
ured during the period of June–July in 2007. Zhou et al.  (2019) found that tropospheric column HCHO 
from satellite observations, which is indicative of the change of reactive VOCs, showed an increase of 
0.05 × 1015 molecules cm−2 yr−1 during the whole period from 2005 to 2016 in the NCP. Therefore, the 
remarkable increase of H2O2 from 2007 to 2019 at the summit of Mt. Tai might be ascribed to the increase 
of VOCs emissions. Moreover, since China launched the toughest-ever clean air action plan to resolve se-
rious pollution issues in 2013, SO2 concentrations in 2017 decreased by 66% compared to the 2013 level in 
Beijing-Tianjin-Hebei area, which resulted in a 49% reduction in sulfate concentrations (Geng et al., 2019). 
H2O2 is one of the most important oxidants for liquid-phase SO2 oxidation and hence SO2 reduction would 
lead to less H2O2 consumption, especially for the mountain site where the clouds events frequently occur. 
A recent study reported an increasing trend of H2O2 concentrations in the cloud samples at the summit of 
Mt. Tai from 2014 to 2018 (Li et al., 2020), which suggested less SO2 consumption of H2O2 and the increase 
of gas-phase H2O2 concentrations at a certain degree. Therefore, both VOCs increase and SO2 reductions 
are the potential driving factors leading to much higher gas-phase H2O2 concentrations than 10 years ago 
at the summit of Mt. Tai.
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Measurement site
Altitude 

(m) Period H2O2 concentration (ppbv) References

Ground sites Zion Supersite (42.47°N, 87.81°W) 160 June 1–23, 2017 0.5–8 (daytime) Vermeuel et al. (2019)

Korea University (37.35°N, 127.01°E) 90 June–August 2003 Mean: 0.81 (0.21–1.61) Lee et al. (2008)

University of Nevada (39.55°N, 
119.82°W)

10 June–December 1999 0.012–2.74 J. Liu et al. (2003)

Hyytiälä, Finland (61.50°N, 24.17°E) 181 July 12–August 12, 2010 0.382 (0.209–0.786) Fischer et al. (2019)

Southeastern tip of Hong Kong 
Island (22.21°N, 114.25°E)

60 May 9–June 13, 2011 0.29 ± 0.16 Guo et al. (2014)

Wangdu (38.66°N, 115.25°E) 35 June 4–July 7, 2014 Mean: 0.51 (0.01–11.3) Wang et al. (2016)

Beijing (39.99°N, 116.30°E) 53 August 2010 0.20 ± 0.28 maximum: 1.59 Liang et al. (2013)

Guangzhou (23.54°N, 113.06°E) 36 July 18–30, 2006 1.26 ± 1.24 (daytime) 
maximum: 4.6

Hua et al. (2008)

Taian city (36.18°N, 117.11°E) 86 May 30–July 13, 2018 0.93 ± 1.01 (0.1–6.06) This study

Mountain sites Mt. Mitchell (35.76°N, 82.26°W) 2,006 July–August 1988 Mean: 0.76 maximum: 4.18 Claiborn and Aneja (1991)

Mt. Norikura (36.10°N, 137.55°E) 2,770 July–September 1993 0.1–4.5 Watanabe et al. (1995)

Mt. Whiteface (43.93°N, 71.40°W) 1,483 July 1995 1.5–5.15 Balasubramanian and 
Husain (1997)

Sky Forest, San Bernardino 
Mountains (34.12°N, 116.87°W)

1,790 Spring through fall 1987–1990 0.79–3.25 Sakugawa and 
Kaplan (1993)

Mt. Tai (36.26°N, 117.11°E) 1,534 June–July 2007 0.55 ± 0.67 Ren et al. (2009)

Mt. Tai (36.26°N, 117.11°E) 1,534 May–June 2019 2.05 ± 1.20 (0.05–5.36) This study

Table 2 
Summary of Some Gas-Phase H2O2 Measurements at Ground and Mountain Sites in Previous Studies
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3.4.  The Sources and Sinks for H2O2

To disclose the reason for the relatively high atmospheric H2O2 concentration at the foot of Mt. Tai, a box 
model based on the Master Chemical Mechanism (MCM Version 3.3.1) was employed for preliminarily 
exploring the sources and sinks of the H2O2. In the initial running, H2O2 dry deposition velocity was set as 
1 cm s−1 which was commonly used in box model simulations (Guo et al., 2014; Qin et al., 2018). As shown 
in Figure 3 (gray line), the modeling results could well reproduce the daily variation trend of H2O2, but both 
the H2O2 peak values in the daytime and minimal values at night were significantly overestimated (H2O2 
modeled/H2O2 measured = 1.8), indicating that the sink for H2O2 might be largely underestimated. Some labo-
ratory studies found that heterogeneous uptake by particles could be a sink for H2O2 (Pradhan et al., 2010; 
Romanias et al., 2012; Zhao et al., 2011). If the uptake coefficient of 1 × 10−4 was considered, H2O2 concen-
trations throughout the whole period were overestimated (light blue line in Figure 3). When the upper limit 
of H2O2 uptake coefficients (10−5–10−3) by particles derived from lab experiments were adopted (Pradhan 
et al., 2010; Romanias et al., 2012; Zhao et al., 2011), however, the simulated H2O2 concentrations were still 
overestimated especially during nighttime (the purple line in Figure 3). If the dry deposition velocity of 
1 cm s−1 in the model was replaced by 3 cm s−1, good agreement between the modeled and measured H2O2 
could be achieved (the red line in Figure 3). The fast H2O2 dry deposition loss at the foot of Mt. Tai could 
be reflected by the high first-order decay rate constant (kd = 6 × 10−5 s−1) of H2O2, which was derived by 
fitting the exponential decay curve (Figure S5) to the hourly averaged H2O2 concentrations from 19:00 to 
6:00 according to the following equation:


 0

d
ln lnC Ck

t
�

where, C0 is the H2O2 concentration at t = 0 s, while C is the H2O2 concentration at t, and the slope of the 
linear regression of (lnC0 − lnC) versus time t represents kd.

Because the possible sinks of atmospheric H2O2 through photochemical reactions (e.g., the photolysis of 
H2O2 and its reaction with OH radicals) ceased at night, the H2O2 decay during the selected period was 
mainly ascribed to dry deposition. Then the dry deposition velocity (d in unit of cm s−1) of H2O2 could be 
estimated according to the following equation (Shepson et al., 1992):

  d d BLHk�

Based on typical boundary layer heights (BLH) of 300–500 m at night in summer seasons (Tang et al., 2016; 
Zhu et al., 2018), d value was estimated to be 1.8–3 cm s−1 which was in the range of 1–5 cm s−1 reported in 
previous studies (Crowley et al., 2018; Fischer et al., 2019; Hall & Claiborn, 1997; Liang et al., 2013; Nguyen 
et al., 2015), but higher than the commonly used value of 1 cm s−1 in model simulations. Additionally, the 
reactions of alkenes with O3 also contributed to nighttime H2O2 at the foot, and thus the d value obtained 
from the H2O2 decay at night in this study may only represent a lower limit of the H2O2 dry deposition ve-
locity. Therefore, the upper d value of 3 cm s−1 estimated might be reasonable for the model simulation, 

YE ET AL.

10.1029/2020JD033975

8 of 14

Figure 3.  Observed and modeled H2O2 concentrations from June 20 to July 3, 2018 at the foot of Mt. Tai. The blue 
dots represent the measured concentrations. The red and gray lines represent the modeled results with dry deposition 
velocity of 3 and 1 cm s−1, respectively. The purple and light blue lines represent modeled results with uptake 
coefficient of 1×10−3 and 1 × 10−4, respectively.
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resulting in the good agreement between the modeled and measured 
H2O2. Above results indicated H2O2 dry deposition velocity of 1 cm s−1 in 
box models might be underestimated. A recent study also suggested that 
3D chemical transport models like GEOS-Chem model underestimated 
H2O2 dry deposition velocity which resulted in an enhancement of the 
simulated H2O2 surface concentrations by 45% (Nguyen et al., 2015). It 
should be pointed out that, however, the gas-phase model in our study 
did not consider the wet removal of H2O2 which may also bring some 
uncertainty to the dry deposition value. Nevertheless, the high dry dep-
osition value estimated from our field measurements and modeling at 
least implied there existed a large sink of H2O2 near the ground at Tai'an 
city. Dry deposition velocity is closely related to the type of terrestrial 
surfaces and varies from site to site. Therefore, a fixed value may not be 
representative for one place to another. For example, higher dry deposi-
tion velocities were usually found in the forests (Hall & Claiborn 1997; 
Valverde-Canossa et al., 2006), where the underlying surface resistance 
is typically smaller. Uncertainties in the dry deposition velocity limit the 
simulations of H2O2 and its budget predictions in the troposphere. The 
need is high for more field observations to constrain the dry deposition 
parameterization and its input data to improve the use of air quality mod-
els for the public.

In addition to the self-combination of HO2 radicals for H2O2 formation, the ozonolysis of alkenes has also 
been considered as an important source for atmospheric H2O2. This reaction produces Criegee intermedi-
ates, which then react with water vapor under atmospheric conditions yielding hydroxyalkyl hydroperox-
ides and subsequent decomposition leads to the formation of H2O2 (Valverde-Canossa et al., 2001). H2O2 
production rates from the above two sources are illustrated in Figure 4. It is evident that the ozonolysis of 
alkenes acted as the dominant source for atmospheric H2O2 at night, whereas the self-combination of HO2 
accounted for more than 87% of the total production rate of H2O2 in the daytime. Three kinds of sinks for 
atmospheric H2O2 were considered in the model simulation: photolysis, reaction with OH radicals and 
dry deposition loss. The former two sinks only occur in the daytime, whereas the last one happens in both 
daytime and nighttime. Modeling results showed that H2O2 dry deposition was the dominant sink with a 
contribution of 84% to the total, followed by the reaction of H2O2 with OH (11%) and H2O2 photolysis (5%).

Atmospheric HO2 radicals mainly come from the photooxidation processes of VOCs and CO, and thus a 
relative incremental reactivity (RIR) method (Cardelino & Chameides, 1995) was employed for exploring 
the relative contributions of VOCs species and CO to atmospheric H2O2. For a specific precursor of X, RIRX 
is defined as following formula:

 
     

  


RIR
X X X

X
X

C S C S

C S
�

where, C(S(X)) represents the H2O2 concentration when its precursor con-
centration was S(X), C(S(X  −  ΔX)) represents the H2O2 concentration 
when its precursor concentration was reduced from S(X) to S(X − ΔX).

In this study, the atmospheric concentrations of alkanes, alkenes, aro-
matics, HCHO, CH3CHO, and CO were respectively reduced by 30% for 
exploring their relative contributions to atmospheric H2O2. As shown 
in Figure 5, the reduction of alkenes resulted in the highest RIR value 
of 0.223, followed by aromatics (0.125), HCHO (0.026), alkanes (0.017), 
CH3CHO (0.008), and CO (−0.003). As alkenes and aromatics have high-
er photochemical reactivities relative to other VOC species, reduction of 
alkenes and aromatics lead to the more pronounced decrease of H2O2. 
Additionally, because of the double-bonded carbon atoms in alkene 
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Figure 4.  Modeled sources of H2O2 from June 20 to July 3, 2018.

Figure 5.  Sensitivity of H2O2 production to major VOC precursor groups, 
individual OVOC species and CO.
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molecules, they will also react with O3 and NO3 radical to produce HOx radicals and subsequent H2O2 
formation (Becker et al., 1993). Although the reaction of CO with OH produces HO2 radicals, the OH con-
sumption by atmospheric CO may slightly suppress the photochemical reactions of VOCs leading to less 
overall HO2 production. Besides the formation of HO2 radicals from the direct reactions of VOCs with OH, 
additional HO2 can be produced through photolysis of the major products of carbonyls from the reactions, 
and thus CO reduction resulted in a small negative value of RIR. The large difference of RIR values among 
the VOCs species or classified compounds was mainly ascribed to their different photochemical reactivi-
ties. Although alkanes were the most abundant species, their reaction rate constants with OH radicals are 
usually 1–3 magnitudes slower than those of alkenes and aromatics (Atkinson et al., 2001), resulting in 
relatively small RIR values. The reaction rate constant of CH3CHO (1.5 × 10−11 cm3 molecule−1 s−1) with OH 
radicals was nearly twice as that of HCHO (8.5 × 10−12 cm3 molecule−1 s−1) at 298 K (Atkinson et al., 2001), 
but the RIR value of HCHO was about a factor of 3 greater than that of CH3CHO. Besides the OH-initiated 
reactions, photolysis of the aldehydes is also an important source for HO2 radicals, for example, the photol-
ysis of HCHO can produce fragments of H and HCO which readily react with O2 to form two HO2 radicals 
(Bufalini et al., 1972). Because the photolysis rate of HCHO is usually at least one magnitude greater than 
that of CH3CHO under sunlight irradiation (Pang & Mu, 2006), the relatively high RIR for HCHO indicated 
its photolysis made a significant contribution to atmospheric HO2 radicals. On the other hand, the HO2 
radicals formed from HCHO photolysis will partially be involved in the reaction with NO in polluted areas 
to recycle OH radicals which further initiate VOCs oxidation for more HO2 formation.

As the photochemical reactions of VOCs initiated by OH radicals play key roles in H2O2 formation, the OH 
primary sources at the foot of Mt. Tai were also investigated by modeling calculations. O3 and HONO are 
direct contributors to OH radicals. Since HCHO photolysis leads to HO2 production and subsequent reac-
tion with NO also yields OH radicals, O3, HONO, and HCHO were all taken into consideration. As shown 
in Figure S6, the photolysis of O3 was the dominant source for OH radicals, with a maximal OH production 
rate of 3.37 ppb h−1 at noontime, followed by photolysis of HCHO (2.91 ppb h−1) and HONO (1.35 ppb h−1).

Taking both the RIR values for the individual species and OH sources into account, the most efficient con-
trol measures for mitigating the H2O2 level at the ground site are the reduction of alkenes, aromatics and O3 
concentrations. Alkenes and aromatics reduction can be easily achieved through reducing their emission 
sources, but the reduction of O3 should first assess the sensitive chemistry of O3 formation which has a 
non-linear correlation with its precursors of VOCs and NOx.

3.5.  The Sensitive Chemistry for O3 Formation

To explore the sensitive chemistry for O3 formation at the ground site, the correlation between hourly av-
eraged H2O2 and O3 concentrations from 8:00 to 18:00 measured during the whole observation period and 
in a typical clear day are illustrated in Figure 6. When H2O2 was below 0.5 ppb, which mainly occurred in 
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Figure 6.  Correlation between hourly averaged H2O2 and O3 concentrations from 8:00 to 18:00. (a) The period from 
May 30 to July 15, 2018. (b) Day on May 31.
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the early morning hours, O3 mixing ratio steeply increased with slight 
H2O2 elevation and ΔO3/ΔH2O2 was usually >80, indicating that most 
of the HO2 radicals formed from photochemical reactions of VOCs were 
involved in the conversion of NO to NO2 and then generated O3, namely 
O3 formation is sensitive to VOCs. Whereas when H2O2 was greater than 
1  ppb, which mainly appeared in the early afternoon, O3 mixing ratio 
slowly increased or even remained constant with significantly increasing 
H2O2, revealing that most of the HO2 radicals were involved in H2O2 for-
mation through their recombination channel, that is, O3 formation was 
sensitive to NOx.

To further verify the above conclusions about O3 sensitive chemistry, the 
average H2O2/NOz ratios during daytime were also analyzed, which are 
illustrated in Figure 7. Like the H2O2/HNO3 ratio, H2O2/NOz ratio is also 
widely used as an indicator for diagnosing the VOCs-NOx-O3 sensitive 
chemistry (Castell et al., 2009; Reeves & Penkett, 2003; Sillman, 1995). 
NOz is the sum of reactive nitrogen compounds which are the products 
from atmospheric conversion of NOx, including HNO3, nitrous acid 
(HONO), peroxyacetyl nitrates (PAN), organic nitrates, etc. In this study, 
the threshold values of H2O2/NOz = 0.15–0.20 which are derived from 
model simulations (Sillman, 1995; Sillman et al., 1995, 1998), are adopted 

for judging the VOCs-NOx-O3 sensitive chemistry, that is,: the H2O2/NOz ratios below, above and within 
the threshold values represent a VOC-sensitive regime, a NOx-sensitive regime and a transition regime, 
respectively. The ratio was below 0.15 from 8:00 to 11:00 and above 0.2 from 12:00 to 16:00, implying that O3 
formation in Taian city was sensitive to VOCs in the morning hours and switched to NOx-sensitive around 
noontime. The above-mentioned results are also consistent with other observations. For example, meas-
ured H2O2 concentrations in our study are comparable with those measured in other sites that are found 
to be mainly NOx-sensitive, such as in Nashville, Tennessee (Weinstein-Lloyd et al., 1998). In addition, the 
measured H2O2 concentrations are much higher than those measured in locations which are believed to be 
mainly VOC-sensitive, like in Beijing city (He et al., 2010).

4.  Conclusions
In this study, atmospheric H2O2 mixing ratios were measured at the foot of Mt. Tai in the summer of 2018 
and at the summit of Mt. Tai in the summer of 2019, with average values of 0.93 ± 1.01 and 2.05 ± 1.20 ppb, 
respectively. The significantly high H2O2 levels in Tai'an city in comparison with the cities at approximately 
the same middle latitude implied that the photochemical pollution in the city is very serious. Compared 
with the measurements in summer of 2007, the remarkable elevation of H2O2 at the summit of Mt. Tai 
might be ascribed to VOCs increase and SO2 decline in recent years. H2O2 exhibited a pronounced diurnal 
variation and reverse pattern with NO levels at the foot of Mt. Tai. With H2O2 dry deposition velocity of 
3 cm s−1 included, the observed H2O2 concentrations at the foot of Mt. Tai could be well reproduced by a 
gas-phase box model, indicating H2O2 was mainly photochemically produced. Modeling analysis showed 
that the source and sink of H2O2 were dominated by HO2 recombination and dry deposition loss, respec-
tively. H2O2 production at the foot was found to be most sensitive to alkenes and aromatics by sensitivity 
tests, which demonstrated reducing alkenes and aromatics emissions were most efficient to decrease H2O2 
concentrations. The evaluation of sensitive chemistry of O3 in Tai'an city well elucidated that O3 formation 
was VOC-sensitive in the early morning and shifted to NOx-sensitive thereafter. Therefore, reduction of 
VOCs emissions especially for the reactive species of alkenes and aromatics in the morning as well as NOx 
emissions around noontime will be effective for mitigating the serious O3 (as well as H2O2) pollution in 
Tai'an city.

Data Availability Statement
Observation data are available at https://zenodo.org/record/5082201#.YObll8gufX8.
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Figure 7.  Average diurnal pattern of H2O2/NOz ratio from 8:00 to 16:00 
during the whole period.

https://zenodo.org/record/5082201%23.YObll8gufX8
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