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• Photolysis of HCHO is a significant 
source of ROx. 

• Isoprene was found as a key precursor of 
HCHO. 

• More active VOCs should be reduced to 
mitigate HCHO pollution in the YRD 
region.  
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A B S T R A C T   

High levels of formaldehyde (HCHO) have been frequently detected during spring-summertime in the densely 
populated and rapidly developing Yangtze River Delta (YRD) region, China. However, the detailed formation 
mechanism of HCHO pollution remains unclear. Based on a comprehensive field campaign conducted at Dia-
nshan Lake (DSL) station, a supersite located in the suburban YRD region, the influence of VOCs on HCHO 
formation, as well as the role of HCHO in the ROx radical recycling was analyzed. Results indicate that the 
maximum atmospheric oxidation capability (AOC) during HCHO pollution episodes varies from 0.65 × 108 to 
1.29 × 108 molecules cm− 3 s− 1, and high AOC value favors the secondary formation of HCHO. Meanwhile, the 
photolysis of HCHO accounts for 21.2% of the primary ROx, suggesting the significant role of HCHO in ROx 
recycling. Isoprene was identified to be a key precursor of HCHO, and the RO from isoprene contributed ~15% to 
the total daytime HCHO production rate (PHCHO). Sensitivity analysis reveal that when isoprene, xylene or 
ethylene was cut off, the simulated HCHO concentration could be reduced by 50%, 15%, or 13%, respectively. 
Based on the isopleth of HCHO under different VOCs/NOx reduction ratios, we found that the VOCs/NOx 
reduction ratio should be above 1.03 to mitigate the HCHO pollution. Reactive VOCs (such as isoprene, xylene 
and alkenes) should be reduced to suppress HCHO pollution in the YRD region.  
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1. Introduction 

Formaldehyde (HCHO) is the most abundant carbonyls in the at-
mosphere (Blas et al., 2019) and is a key precursor of ozone (O3) (Li 
et al., 2010; Ling et al., 2017). Generally, HCHO can be directly emitted 
from anthropogenic sources (combustion processes, chemical industry, 
and consumer products, etc.) (Blas et al., 2019; Liu et al., 2009; Mason 
et al., 2001). The major source of HCHO, however, is the oxidation of 
volatile organic compounds (VOCs) (Atkinson, 2000; Atkinson and Arey, 
2003; Blas et al., 2019; Wolfe et al., 2016a). Numerous measurements of 
ambient carbonyls have been conducted to explore their spatial and 
temporal characteristics over the world (Blas et al., 2019; Li et al., 
2014b; Tang et al., 2019). In China, the seasonal averaged concentration 
of HCHO ranged from 4 ppbv to 24 ppbv in megacities (Zhang et al., 
2019b). High levels of HCHO pollution have been detected in the 
Yangtze River Delta (YRD) region, Pearl River Delta (PRD) region, and 
North China Plain region (Zhang et al., 2019b). To differentiate the 
primary and secondary HCHO, Friedfeld et al. (2002) used a multi-linear 
regression model based on the relationship between HCHO and other 
trace gases (O3 and CO). Similar method was also used in the studies 
conducted in China (Li et al., 2010). For example, Yang et al. (2017) 
reported that photochemical formation was an important source of 
HCHO at Mount Tai, China, accounting for ~44% of the total HCHO 
mass concentration. 

As previous studies suggested, HCHO can be produced via the 
degradation processes of various precursors (Atkinson and Arey, 2003). 
For instance, HCHO is an important byproduct during the degradation of 
isoprene, which is the most abundant biogenic VOCs globally (Jenkin 
et al., 2015). In addition, Blas et al. (2019) reported that the HCHO 
mixing ratio at a rural site of France was highly correlated with O3 and 
isoprene. Recently, many studies utilized the observation-based model 
(OBM) coupled with measurement data to investigate the detailed for-
mation mechanism of HCHO (Wolfe et al., 2016a; Yang et al., 2017, 
2020). For example, Li et al. (2014b) investigated the production 
pathways of HCHO at a semi-rural site of China and found that isoprene 
contributed most to the HCHO production (43%), followed by alkenes 
(29%), and aromatics (15%). However, in urban areas, anthropogenic 
emissions (e.g., alkenes) could be the dominant source (54%) of HCHO. 
These differences could be attributed to local emission characteristics 
since the yield of HCHO from isoprene is highly NOx-affected (Wennberg 
et al., 2018). For instance, over a range of 0.1–2 ppbv of NOx, there will 
be a threefold increase in the HCHO yield from isoprene (from 0.3 to 0.9 
ppbv h− 1) (Wolfe et al., 2016a). Therefore, identification of the domi-
nant precursors and investigation of the HCHO-precursor relationship 
are essential in understanding the formation mechanism of HCHO, 
which further guides the control policies. 

The YRD region, as one of the fastest developing city-clusters in 
eastern China, has been suffering from severe O3 and HCHO pollution, 
especially in recent years (Zhang et al., 2019a, 2020, 2021; Xu et al., 
2020). Su et al. (2019) reported that the daily average HCHO level could 
exceed 18 ppbv at Dianshan Lake (DSL) site. However, the detailed 
formation mechanism of HCHO over the YRD region remains unclear. In 
this study, a comprehensive field campaign was conducted. We first 
show the temporal changes of various trace gases and meteorological 
parameters during the observation. Then five episodes with high HCHO 
concentrations (with peak value over 15 ppbv) were identified. A box 
model coupled with Master Chemical Mechanism (MCM) v3.3.1 was 
applied to further investigate the formation pathways of HCHO during 
these episodes. Additionally, the atmospheric oxidization capability 
(AOC), OH reactivity, ROx budget, and series of sensitive tests were 
performed to better illustrate the formation of secondary HCHO. Finally, 
suitable VOCs/NOx abatement ratio was proposed based on the simu-
lations. This study could enhance our understanding of the formation 
pathways of HCHO at suburban areas and provides scientific basis for 
the control of HCHO. 

2. Methodology 

2.1. Field measurement 

The field experiment was conducted at a monitoring site (120.98◦E, 
31.09◦N) in the suburban area of YRD region, China, covering the period 
from 1st May to May 22, 2018 (Fig. 1). The site is surrounded by Dia-
nshan Lake and several villages (Fig. S1) with low population density 
and is about 40 km away from the built-up center of Shanghai. Detailed 
information of this site has been described elsewhere (Zhang et al., 
2020). Hourly averaged meteorological parameters (e.g., temperature 
(T), relative humidity (RH), atmospheric pressure (P), wind speed (WS) 
and wind direction (WD)) were captured by a meteorological station 
(Vaisala, Model CL31, FIN), while hourly-averaged atmospheric 
boundary layer (ABL) height was observed by a ceilometer (Vaisala, 
FIN). HCHO was measured by a Hantzsch fluorescence technique 
(AL4201, Aerolaser GmbH., GER). The analysis principle of HCHO is 
based on Hantzsch reaction: gaseous HCHO is transferred firstly into 
liquid phase and combines with acetone and ammonia to produce 3, 
5-diacetyl-1,4-dihydrolutidine (DDL), which can be stimulated at a 
410 nm wavelength and emits fluorescence, which is further detected by 
a photomultiplier. Trace gases (e.g., O3, NO/NO2, SO2, and CO) were 
measured by a set of commercial instruments (Table S1). O3 was 
measured by an ultraviolet photometric analyzer (Thermo Scientific, 
Model 49i, USA), with detection limit of 1 ppbv (10 s average); NO and 
NO2 was monitored using a chemiluminescent analyzer (Thermo Sci-
entific, Model 42i, USA); SO2 was detected by a pulsed fluorescence 
analyzer (Thermo Scientific, Model 43i, USA); and CO was measured 
with a gas filter correlation analyzer (Thermo Scientific, Model 48i, 
USA). Total of 55 VOCs species, including 28 alkanes, 10 alkenes 
(including isoprene), 16 aromatics, and acetylene, were analyzed by two 
online gas chromatographs (GC) with flame ionization detector (FID) 
systems (GC-866 airmoVOC C2–C6 #58850712 and airmoVOC C6–C12 
#283607112, Agilent., USA). The detection limit of trace gases and in-
dividual VOCs and more details about the observation data quality 
control can be found in Text S1, Table S1 and S2. 

2.2. Observation-based model 

An observation-based model with the newest version of MCM 
(v3.3.1; http://mcm.leeds.ac.uk/MCM/, last access: 24 May 2021) was 
applied to reflect the detailed photochemical processes and the pro-
duction of HCHO at DSL site. The MCM v3.3.1 includes more than 5800 
chemical species and 17000 reactions. In this model, dry deposition and 
dilution mixing within the boundary layer are also considered. The 
observed concentrations of NO, NO2, O3, CO, individual VOC species 
and meteorological parameters (T, RH, P, and ABL) were used in this 
model to constrain the simulation. The photolysis frequencies (J values) 
were calculated based on the trigonometric parameterization method 
provided by MCM and the detailed description of this method can be 
found elsewhere (Wolfe et al., 2016b). The horizontal and vertical 
transport of air masses was not included in this model. Before each 
simulation, the model was run 2 days as spin up to approach a steady 
state for unmeasured species (e.g., OH, HO2 and RO2 radicals). To 
quantitatively assess the performance of HCHO simulation, the index of 
agreement (IOA) was used, which is calculated by Equation (1) (Huang 
et al., 2005): 

IOA= 1 −

∑n
i=1(Oi − Si)

2

∑n
i=1

(⃒
⃒
⃒Oi − O

⃒
⃒
⃒±

⃒
⃒
⃒Si − O

⃒
⃒
⃒

)2 (1)  

where Oi, Si, and ‾O are the concentration of observed, simulated, and 
averaged HCHO concentrations, respectively. The calculated IOA value 
was 0.70, which was comparable to the results reported in previous 
studies (Lyu et al., 2016; Wang et al., 2017, 2018; Zeng et al., 2019), 
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indicating that the simulation of this model was reasonable. 
AOC, which plays a vital role in converting primary pollutants into 

secondary ones, was calculated based on the explicit simulation 
(Equation (2)): 

AOC =
∑

i
kYi [Yi][X] (2)  

where Yi represents VOCs, CO, and CH4; X are oxidants (OH, O3, and 
NO3); kYi is the bimolecular rate constant for the reaction of Yi with X 
(Elshorbany et al., 2009; Xue et al., 2016). Additionally, OH reactivity, 
which is widely used as an indicator of atmospheric oxidation intensity, 
was also calculated based on the results of OBM (Equation (3)): 

kOH =
∑

i
kOH+Xi [Xi] (3)  

where [Xi] is the concentration of species i (e.g., NO2, CO, VOCs) and 
kOH + Xi is the bimolecular rate constant for the reaction of OH and Xi. 

3. Results and discussion 

3.1. Overview of observation 

During the observation, the average T and RH was 295.5 ± 5.1 K, and 
76 ± 18%, respectively, indicating warm and moist weather conditions. 
These meteorological conditions, together with the emissions of air 
pollutants, were in favor of high photochemical reactivity. A detailed 
summary of key meteorological parameters and trace gases can be found 
in Table S3. Under such conditions, the maximum O3 concentration 
reached 155 ppbv on 18th May. According to the Chinese National 
Ambient Air Quality Standards (NAAQS), the grade II threshold of 
maximum daily 8-h average (MDA8) of O3 is 160 μg/m3 (~75 ppbv). 
During the whole campaign, 13 days were found with MDA8 over 75 
ppbv, suggesting severe photochemical pollution during spring-summer 
season in this region. As for HCHO, the average value was 6.7 ± 3.6 
ppbv, with the maximum of 20.9 ppbv observed on 13th May. Addi-
tionally, during the observation period, relatively high density of col-
umn HCHO was found in eastern China (Fig. S2). Which was consistent 
with previous studies (Zhang et al., 2019b). Currently, there is no 
standard formulating the threshold of outdoor HCHO concentration, we 
use the 95th percentile concentration of HCHO (15 ppbv), as a threshold 
to screen high HCHO days. During the observation period, five HCHO 
pollution episodes (12th ~15th and May 18, 2018) with peak HCHO 
concentrations exceeding 15 ppbv were selected (gray shadow in Fig. 2). 
During the HCHO pollution episodes, the average T and Ox (Ox = O3 +

NO2) was 298.8 ± 4.1 K and 68.6 ppbv, respectively, which was 4.4 K 
and 9.2 ppbv higher than non-episode days. Blas et al. (2019) concluded 

that increases in temperature are always linked with higher radiation 
and larger biogenic isoprene emissions, which is a key precursor of 
HCHO. Additionally, the overlap of O3 and HCHO pollution and the 
relatively higher Ox concentrations during HCHO episodes indicated the 
fast photochemical formation of HCHO during daytime (Fig. 2). There-
fore, the relatively higher temperature and atmospheric oxidation 
capability promoted the secondary formation of HCHO during episodes. 
It should be noted that the average CO and SO2 concentration was 658 
ppbv and 4.1 ppbv during the episodes, which was 164 and 1.0 ppbv 
higher than that during non-episode days. This implied stronger 
anthropogenic emissions as well as the pollution accumulation under 
unfavorable meteorological conditions during the HCHO episodes. 

3.2. Formation of HCHO 

The simulated and observed concentrations of HCHO in each episode 
are given in Fig. 3 (a). During the five episodes, the daily average wind 
speed varies from 1.4 to 2.7 m/s, suggesting the HCHO episodes 
generally occurred under stagnant conditions. Hence, the OBM is suit-
able for following discussions, which focus on reaction rate analysis. It 
should be noted that there was some discrepancy between the simulated 
and observed HCHO concentration. This could be partially attributed to 
the limitation of the OBM model, which only considers the photo-
chemical reactions, dry deposition and dilution mixing within the 
boundary layer, while the primary emissions of HCHO and the transport 
of air masses are not considered. Although there is certain discrepancy, 
the model could generally reflect changes of the HCHO pollution (as 
illustrated by Fig. 3(a)), with IOA between observed and predicted value 
of 0.7, similar to previous published literature (Lyu et al., 2016; Wang 
et al., 2017, 2018; Zeng et al., 2019). Therefore, the model results are 
acceptable. Furthermore, to reveal the influence of primary emissions on 
the simulated HCHO value, the concentrations of CO and SO2, which are 
primary pollutants, were used to represent the strength of primary 
emissions. As shown in Fig. 2 and Fig. S3, increased anthropogenic 
emissions were identified during the HCHO episodes, and the overlaps of 
the peaks of CO/SO2 and HCHO during May 12th ~14th and May 18th 
suggests that primary emissions could influence the observed HCHO 
concentrations and lead to deviations between simulation and obser-
vations. The simulated HCHO exhibited a decreasing trend to around 5 
ppbv before dawn. After sunrise, the air temperature increases, leading 
to fast development of atmospheric boundary layer (Fig. 3 (a)). Mean-
while, active photochemical reactions lead to accumulation of HCHO. 
After midday, the net production of HCHO decreases gradually and the 
simulated HCHO peaks around 15:00 with concentrations of 
16.56–24.20 ppbv, followed by a decrease of HCHO to 1.14–9.19 ppbv 
at night. During the HCHO episodes, a positive relationship between T 

Fig. 1. (a) Map of China; (b) Location of the sampling site (green point), nearby cities (red points) and shape of urban Shanghai (gray shaded area). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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and the simulated HCHO is found, with a correlation coefficient of 0.439 
(p < 0.01), suggesting the promoting effect of temperature on HCHO 
formation. Relatively higher T was found on May 15th and May 18th but 
the simulated and observed HCHO was much lower than the other 3 

episodes. This could be attributed to the lower OH concentrations 
(Fig. S4), which further restrained the formation of HCHO. Based on the 
explicit mechanism of MCM, we are able to investigate the formation 
and loss pathways of HCHO (Fig. 3 (b)). Since the formation and loss of 

Fig. 2. Time series of major meteorological parameters and trace gases from 1 May to May 22, 2018. The purple and red dash lines represent HCHO of 15 ppbv and 
O3 of 75 ppbv. The two shaded areas represent typical HCHO pollution cases. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 3. (a) Simulated and observed concentration of HCHO during HCHO pollution cases. (b) Average diurnal variation of the formation and loss pathways of HCHO 
during HCHO pollution cases. 
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HCHO mainly happened during daytime, the following discussion fo-
cuses on daytime results. The average production pathways (PHCHO) of 
HCHO exhibited a unimodal diurnal variation, with an increasing rate 
after sunrise and a peak value around 14:00. By breaking down PHCHO, 
we found CH3O + O2 alone made a significant contribution of ~48% to 
the formation of HCHO, with a daytime average reaction rate of 3.18 ±
1.88 ppbv h− 1. The dominant contribution of CH3O to HCHO was also 
reported in previous studies (Li et al., 2014b; Yang et al., 2020; Zhu 
et al., 2020). Since CH3O radical could be produced during the degra-
dation of anthropogenic-related VOCs (aromatics and alkenes) and 
biogenic-related VOCs (isoprene), the secondary formation of HCHO at 
DSL site could be jointly controlled by biogenic and anthropogenic 
emissions. It is notable that the RO from isoprene can also contribute 
~15% to total PHCHO rate. As suggested by previous studies, isoprene 
degradation could be the dominant source in semirural areas (Li et al., 
2014a). As a suburban site with high vegetation coverage, the important 
role of isoprene in HCHO formation is expected at DSL site. In addition, 
the reaction of alkene-derived radicals and O2 also contributed ~10% to 
total HCHO production rate. As for the sink pathways of HCHO (LHCHO), 
the reaction of HCHO + OH, forming HO2 and CO, was the dominant 
channel, with an average contribution of ~62%. In addition, the 
photolysis of HCHO can also efficiently scavenge HCHO, with an 
average daytime reaction rate of 1.69 ± 1.04 ppbv h− 1. The average net 
production of HCHO (NETHCHO = PHCHO + LHCHO), shown in Fig. 3 (b), 
increased after sunrise and reached the maximum value (4.16 ppbv h− 1) 
at around 12:00 a.m. During daytime, the positive NETHCHO value in-
dicates the accumulation of HCHO. 

3.3. Atmospheric oxidization capability 

Atmospheric oxidization capacity plays a significant role in the 
degradation of VOCs and the subsequent formation of secondary pol-
lutants (such as HCHO, secondary organic aerosols and O3). Therefore, 

we calculated the AOC in the five identified episodes (shown in Fig. 4 
(a)) according to Equation (2). Overall, the profile of AOC exhibited a 
similar diurnal variation, with a peak at about 13:00. The maximum 
AOC in each episode varies from 0.65 × 108 to 1.29 × 108 molecules 
cm− 3 s− 1. Comparatively, the AOC values are close to those computed 
for urban environment of Shanghai and Hongkong, with a range of 8.8 
× 107–1.0 × 108 molecules cm− 3 s− 1 and 1.27 × 108–2.04 × 108 mol-
ecules cm− 3 s− 1, respectively (Zhu et al., 2020; Xue et al., 2016). 
However, they are much lower than the AOC level at Santiago de Chile 
(Elshorbany et al., 2009) and Berlin (Geyer et al., 2001). The peak AOC 
changed as the OH concentration changed (Fig. S4), suggesting the 
dominant role of OH in AOC, which was also found in Shandong (Chen 
et al., 2020), Beijing, Guangzhou and Chongqing (Tan et al., 2019). The 
second most important oxidant is O3, accounting for 3.16%–33.14% of 
total AOC, with an average value of 1.62 ± 0.95 × 106 molecules cm− 3 

s− 1. NO3 can become an important oxidant during nighttime, which is 
consistent with the results of Zhu et al. (2020). Therefore, the reactions 
between primary pollutants and OH were the dominant processes pro-
ducing secondary pollutants in these cases. 

Furthermore, we compared the contribution of different reactants to 
the loss of OH using OH reactivity (kOH, shown in Fig. 4 (b)). The 
maximum kOH varied from 22.57 to 36.09 s− 1, with the maximum value 
observed on 12th May. Results indicate that OVOCs were the dominant 
contributor (~38%) to kOH, especially on 12th May and 14th May, when 
OVOCs contributed 41.4% and 44.9% to the total kOH, respectively. 
Comparatively, similar results were found at VOCs-rich areas in Shan-
dong, China, indicating that OVOC can contribute 69.1 ± 7.2% to total 
kOH (Chen et al., 2020). However, our result is much higher than the 
simulation for urban areas of Shanghai, which suggested that the CO and 
NO2 dominates kOH (Zhu et al., 2020). This difference can be attributed 
to the abundant CO and NOx emission in urban areas (Zhu et al., 2020). 
It should be noted that the breakdown of kOH from OVOC indicates that 
HCHO can account for 8.5%–14.3% of total kOH in the 5 episodes, with 

Fig. 4. (a) Simulated atmospheric oxidization capability in typical cases. (b) Breakdown of OH reactivity in each episode (s− 1).  
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kOH value ranging from 1.85–2.87 s− 1, suggesting the significance of 
HCHO in atmospheric photochemistry and ozone generation. This is 
consistent with the results of Zeng et al. (2019), which suggested that 
diminishing HCHO can reduce as much as 30.7 ± 9.0% of the peak net 
O3 rate in Wuhan, China. The NO2 and CO were the second and third 
important contributor to kOH, with an average contribution percentage 
of 17.29 ± 3.31% and 16.88 ± 4.50%, respectively. These results are 
relatively lower than that simulated for urban areas of Shanghai (33% 
and 21%, respectively (Zhu et al., 2020),). The kOH from hydrocarbons 
was dominated by alkenes, with a contribution ranging from 1.80 to 
3.71 s− 1, which was attributed to the relatively higher reactivity of al-
kenes. The kOH from alkanes and aromatics were comparable in each 
case, with an average value of 0.99 ± 0.27 and 1.32 ± 0.50 s− 1, 
respectively. Since CH4 is relatively inert, the contribution of CH4 to 
total kOH was only 1.44 ± 0.24%, with a maximum kOH value of 1.79 s− 1. 
Therefore, the reactions between OH and reactive air pollutants (e.g., 
HCHO, NO2) dominated the fate of OH. 

3.4. ROx budget analysis 

Since the fate of air pollutants (especially VOCs and OVOCs) is 
closely linked with ROx, the breakdown of daytime source and sink 
pathways of ROx (including the photolysis of O3, HNO3, HONO, OVOC, 
and HCHO) is calculated to investigate the impact of HCHO on ROx 
budget (shown in Fig. 5). In Fig. 5, the red, blue, and green lines indicate 
the primary sources, sink pathways, and the recycling of ROx, respec-
tively. According to Fig. 5 (a), photolysis of O3 was the dominant pri-
mary source of OH during daytime, with a peak rate value of 1.28 ppbv 
h− 1 at around 12:00. However, photolysis of HONO could become an 
important OH source during early morning, when the concentration of 
HONO was abundant and the generation of O3 was not active. This 
suggests that O3 photolysis dominates OH production under high O3 
conditions, while HONO photolysis is more significant at low O3 

conditions (Wang et al., 2018; Zhu et al., 2020). It is worth noting that 
the contribution of HONO photolysis to total primary source of OH is 
much lower than previous studies (Liu et al., 2012; Yang et al., 2021; Liu 
et al., 2021). This could be attributed to the constrain of HONO con-
centration in our model, since HONO is produced from the homogenous 
process of OH + NO or heterogeneous conversion of NO2, or contributed 
by other sources (such as direct emissions and unknown sources) (Liu 
et al., 2020; Liu et al., 2021), which are not included in our simulation. 
Therefore, the simulation could underestimate the concentration of 
HONO and further underrate the rate of HONO photolysis. Other minor 
sources of OH, such as OVOC photolysis only contributed ~3% of the 
primary source of OH. For RO2, the most important source is photolysis 
of OVOCs (excluding HCHO), with a daytime average production rate of 
1.30 ppbv h− 1, which was similar to the results of Xue (2016). For HO2, 
the photolysis of HCHO and other OVOCs are the two dominant primary 
sources, with average daytime rate of 0.56 and 0.73 ppbv h− 1, 
respectively. 

From the perspective of ROx, the primary radical production was 
dominated by the photolysis of OVOCs (except for HCHO), followed by 
the photolysis of HCHO and O3 (Fig. 5 (d)). This result is consistent with 
previous studies (Chen et al., 2020; Liu et al., 2012). It is worth noting 
that HCHO accounted for 21.2% of the total ROx production. This value 
is comparable to previous studies (Chen et al., 2020; Zhu et al., 2020), 
and indicated that HCHO could strongly affect the total ROx concen-
tration by influencing the concentration of HO2 radical, especially 
during midday (Fig. 5 (c)). With the co-existence of abundant NOx and 
VOCs, the radical propagation was efficient and could amplify the effect 
of newly produced radicals in the polluted atmospheres (Xue et al., 
2020). As for the sink of ROx, the reaction of OH + NO2 forming HNO3 at 
an average rate of 2.34 ppbv h− 1 was the most important pathway (Fig. 5 
(d)). Other sink pathways (e.g., HO2+RO2, NO + OH, RO2+NO2) 
contributed ~46% of the total sink rates of ROx. Overall, the reactions of 
NOx + ROx dominated the termination of ROx. 

Fig. 5. Breakdown of average daytime production pathways of OH (a), RO2 (b) and HO2 (c). (d) Daytime average ROx budget in 5 HCHO pollution cases. The unit is 
ppbv h− 1. The green, red, and blue lines indicate the recycling, primary production, and sink pathways of ROx, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.5. Identification of key precursors of HCHO 

As suggested in Fig. 3 (b), the formation of HCHO could be signifi-
cantly affected by VOCs, especially alkenes and aromatics. To quanti-
tatively assess the sensitivity of HCHO formation to different VOC 
species and provide more information for the formulation of HCHO 
control policies, 7 scenarios (eliminating the input of toluene, ethyl-
benzene, xylene, benzene, isoprene, ethylene, and propylene, respec-
tively) were simulated and the results are summarized in Table 1. 
Interestingly, the secondary formation of HCHO was most sensitive to 
isoprene, with a drop of 50% in HCHO concentration when eliminating 
isoprene input. This result is in line with the study carried out in Beijing 
(Yang et al. (2017)). Meanwhile, eliminating other anthropogenic al-
kenes (ethylene and propylene), xylene and ethylene could lead to 
similar reduction ratio of HCHO, ranging from 10%–15%. Then we 
calculated the changes of OH, RO2, and HO2, which serve as vital 
oxidant in the formation of HCHO, in each simulation. Results indicate 
that eliminating isoprene could lead to a decrease of 48%, 24%, and 46% 
in RO2, OH, and HO2, respectively. As suggested by Zhang et al. (2021), 
eliminating active VOC species (such as isoprene) could significantly 
restrain the ROx recycling rate and further pull-down the concentration 
of ROx. Additionally, cutting off active aromatics (toluene and xylene) 
and alkenes (ethylene and propylene) can also lead to significant 
reduction in RO2, OH and HO2, with a range of − 16% ~ − 26%, − 11% 
~ − 16%, − 18% ~ − 26%, respectively. Taking scenario 5 as an example, 
eliminating isoprene could significantly reduce OH and HO2 concen-
trations, and then lead to the decrease of CH3O, aromatics-derived RO 
(ARORO) and isoprene-derived RO (ISORO) concentrations by 45%, 
21% and 100%, respectively, and finally cause ~50% reduction of 
HCHO. Therefore, isoprene, xylene, toluene, ethylene, and propylene 
are the key precursors of HCHO in this region. 

3.6. Development of the optimum control policies on VOCs and NOx 

The concentrations of NOx and VOCs strongly influence the recycling 
of ROx (shown in Fig. 5 (d)) and the generation of HCHO. Therefore, the 
control policies of HCHO should consider abatement in both NOx and 
VOCs. To calculate the changes in maximum HCHO (maxHCHO), May 
14th was chosen to perform Empirical Kinetics Modeling Approach 
(EKMA) analysis, since the average HCHO concentration on this day was 
the highest among the five cases and it exhibited unimodal diurnal 
variation during this episode. To quantify how much NOx and VOCs are 
necessarily to be reduced to diminish HCHO pollution, the isopleths of 
maxHCHO with the reduction of both VOCs and NOx were calculated 
(Fig. 6 (a)). In Fig. 6 (a), the horizontal and the vertical axis represent the 
percentage of the measured mean NOx and VOCs concentration, 
respectively. The ridge of the isopleth, with the NOx/VOCs ratio of 1:10, 
dividing this figure into two regimes. Above this ridge, the formation of 
HCHO was VOC-limited. Conversely, below this ridge, the formation of 
HCHO was NOx-limited. It was found that the formation of HCHO in this 
episode was in the VOC-limited regime (with 100% of VOCs and NOx as 
input, shown as white point in Fig. 6 (a)). Reducing VOCs could lead to 
monotonically decrease of maxHCHO (bule line in Fig. 6 (a) and (b)); 
however, eliminating NOx could firstly increase maxHCHO, and then 

lead to dramatic reduction of HCHO when over 50% NOx was dimin-
ished (red line in Fig. 6 (a) and (c)). Additionally, the variation of 
maxHCHO under 1:20, 1:10 and 1:5 NOx/VOCs reduction ratios were 
also calculated (green, gray, and pink lines in Fig. 6 (a) and (c)). It was 
found that the higher NOx/VOCs reduction ratios lead to more slowly 
decrease rate of maxHCHO (Fig. 6 (c)). Therefore, more efforts should be 
paid to the reduction of major VOCs precursors to reduce HCHO 
pollution. 

However, VOCs and NOx are usually simultaneously controlled in 
practice. To investigate how much NOx and VOCs should be reduced to 
alleviate HCHO pollution, the maxHCHO under different VOCs and NOx 
reduction percentage were calculated (Fig. 6 (d)). It is found that the 
maxHCHO increased as the reduction percentage of NOx increased from 
0% to 60%, regardless of VOCs, while maxHCHO decreased gradually 
when over 60% NOx was diminished. Interestingly, when >60% VOCs 
were reduced, the reduction of NOx would lead to net decrease of 
maxHCHO. It should be noted that, when the reduction percentages of 
VOCs range from 10% to 30%, the decrease of NOx should be 0–28% or 
76%–100% to avoid net increase of maxHCHO. It was determined that 
when the reduction percentages of NOx ranges from 0% to 90%, the 
minimum abatement ratio of VOCs/NOx should be > 1.03 or <0.13 (i.e., 
the abatement ratios of VOCs/NOx at the intersections of the curves and 
the horizontal axis, shown as point A and B in Fig. 6 (d)). However, 
reducing NOx by 76%–100% may not be feasible currently in practice. 
Therefore, we focus on the range of 0–76% of NOx reduction and the 
abatement ratio of VOCs/NOx should be higher than 1.03 to reduce the 
HCHO concentration at DSL site. 

4. Conclusions 

HCHO is a key trace gas contaminant generated during the degra-
dation of VOCs. Based on the simultaneous observation of HCHO, VOCs, 
and meteorological parameters, we analyzed the production and 
destruction pathways of HCHO for 5 identified episodes at a suburban 
site in the YRD region, China, during spring-summertime. High AOC 
levels (0.65 × 108 to 1.29 × 108 molecules cm− 3), dominated by OH 
radicals, were found during the daytime and offered suitable condition 
for photochemical reactions during these episodes. The photolysis of 
OVOCs, especially HCHO, is the key source of ROx and accounted for 
22% of the total ROx sources. The breakdown of the HCHO formation 
pathways suggested that the HCHO formation at DSL was influenced by 
both anthropogenic and biogenic emissions. Among all the observed 
VOCs, isoprene contributes the most to the secondary formation of 
HCHO, with an average contribution of ~15%. Sensitivity analysis 
suggests that eliminating isoprene can strongly influence the ROx level, 
which further leads to 50% reduction of simulated HCHO. The EKMA 
analysis suggests that the formation of HCHO at DSL during spring- 
summertime was in VOC-limited regime and reducing VOCs could 
lead to monotonically decrease of maxHCHO. However, improper 
abatement ratio of VOCs and NOx could lead to increase of HCHO. To 
prevent the increase of HCHO at DSL site, the abatement ratio of VOCs/ 
NOx should be higher than 1.03. In summary, this study emphasized the 
important role of HCHO in the recycling of ROx and underscored the 
effect of active VOCs (especially isoprene) in the secondary formation of 

Table 1 
Summary of simulated changes of radicals, HCHO and OVOCs concentrations in different scenarios.  

Scenario Eliminated factor ΔHCHO (%) ΔRO2 (%) ΔOH (%) ΔHO2 (%) ΔCH3O (%) ΔAROROa (%) ΔISOROa (%) 

1 Toluene − 10 − 21 − 13 − 21 − 18 − 40 − 13 
2 Ethylbenzene − 5 − 14 − 10 − 15 − 11 − 16 − 11 
3 Xylene − 15 − 26 − 16 − 26 − 27 − 36 − 14 
4 Benzene − 4 − 12 − 9 − 13 − 9 − 8 − 11 
5 Isoprene − 50 − 48 − 24 − 46 − 45 − 21 − 100 
6 Ethylene − 13 − 16 − 11 − 18 − 12 − 9 − 12 
7 Propylene − 12 − 18 − 12 − 18 − 17 − 9 − 12  

a ARORO and ISORO are the abbreviation of RO from aromatics and isoprene, respectively. 
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HCHO. Results of this study are helpful for the development of control 
strategies to mitigate the severe photochemical pollution in China. 
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