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HIGHLIGHTS

o This study presents for the first-time detailed characteristics of carbonyls in a typical oilfield region of China.
e The strong in-situ production of formaldehyde and acetaldehyde in the YelRD region was demonstrated.
o The strong oilfield emissions affect the formation mechanisms of carbonyls.

ARTICLE INFO ABSTRACT

Keywords: 0Oil and natural gas (O&NG) associated oxygenated volatile organic compounds (OVOCs) have been reported to
Carbonyl compounds play a significant role in ozone formation. However, little is known about the characteristics of O&NG-related
Oilfield

OVOCs and their environmental impacts in China. In this work, C;-Cg carbonyls, an important member of the
OVOCs family, were measured at a rural site and an oilfield in the Yellow River Delta region (YelRD) in winter
and summer 2017. The well-defined seasonal (higher in summer) and diurnal variation (peak in the afternoon)
patterns of carbonyls indicated a significant influence of secondary formation. Spatially, the measured carbonyls
showed higher concentrations in the oilfield than in the rural air due to the strong oilfield emissions of hydro-
carbon precursors. The chemical budget and formation mechanisms of formaldehyde and acetaldehyde were
explored with the application of an observation-based model coupled with Master Chemical Mechanism. Alkenes
(including both anthropogenic and biogenic species) played dominant roles in the secondary formation of
formaldehyde both in the oilfield and in the rural area. Seasonally, anthropogenic alkenes showed the highest
positive relative incremental reactivity (RIR) for formaldehyde within most winter-cases, while biogenic alkenes
showed the highest positive RIR in summer. Spatially, anthropogenic hydrocarbon precursors showed larger RIR
values in the oilfield than in the rural area. This study presents for the first-time detailed characteristics of
carbonyls in a typical oilfield region of China and quantitatively reveals the impacts of oilfield emissions on the
photochemical formation of major carbonyl compounds.

Chemical budget
Master Chemical Mechanism
Yellow River Delta region

1. Introduction playing a dominant role since the 19th century. The main uses of O&NG
include the production of secondary energy sources (such as gasoline,

Energy is an important pillar of human development. From the diesel, and liquefied petroleum gas) and chemical products. Despite the
perspective of energy structure, oil and natural gas (O&NG) have been development of new energy, the O&NG production has been increasing
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globally with the increased importance of petrochemicals in driving oil
demand growth. According to the BP Statistical Review of World Energy
(British Petroleum Company plec, 2020), O&NG accounted for 57.3% of
global primary energy consumption in 2019. O&NG production emits
abundant air pollutants, especially volatile organic compounds (VOCs),
into the ambient environment, hindering the improvement of air quality
and public health at different scales (Adgate et al., 2014; Colborn et al.,
2013; Field et al., 2015; McDulffie et al., 2016).

Oxygenated volatile organic compounds (OVOCs) are reactive VOCs
with oxygen-containing functional groups, and carbonyls (with a C=0
moiety) are important members of the OVOCs family (Mellouki et al.,
2015). The dominant loss mechanisms of OVOCs are reactions with OH
radicals and photolysis, both of which play an essential role in peroxy
radical (HO and RO3) production and atmospheric oxidation chemistry
(Xue et al., 2016). Such pathway makes OVOCs an important contrib-
utor to the photochemical formation of tropospheric ozone (Os3), an
important air pollutant and a greenhouse gas (Zhang et al., 2019; Mel-
louki et al., 2015). As such, many observational and observation-based
modeling studies have been conducted to investigate the characteris-
tics and formation mechanisms of OVOCs in various environments
around the world, covering urban, semi-urban, rural and remote areas
(Cheng et al., 2014; Jiang et al., 2016; Mu et al., 2007; Wang et al., 2020;
Wau et al., 2020; Yang et al., 2018; Ye et al., 2021; Zhang et al., 2019).

During the entire lifetime of O&NG energy (e.g., production, pro-
cessing, storage, transport, and use of fuels and chemical products),
carbonyls can be emitted directly or formed by the photochemical
oxidation of parent hydrocarbons (Mellouki et al., 2015; McDonald
et al., 2018; Zhang et al., 2019). Several studies have reported abnor-
mally high wintertime O3 concentrations in U.S. O&NG producing re-
gions, which were attributed to the combined effects of adverse weather
conditions and chemical processes (Edwards et al., 2014; Ahmadov
et al.,, 2015). From a chemistry point of view, the role of carbonyl
compounds is highlighted. For example, Edwards et al. (2014) attributed
85% of modeled radical sources to carbonyl photolysis in wintertime O3
pollution events in the O&NG producing area of northeastern Utah, the
U.S. Barickman and Lyman (2015) reported that carbonyls were emitted
from equipment used by the O&NG production in the Uintah Basin, the
U.S. However, to our best knowledge, no studies have systematically
investigated the composition, characteristics, and formation mecha-
nisms of carbonyls emitted or generated in the oilfield regions of China,
which has been suffering from haze and photochemical air pollution in
recent decades.

China ranked the 7th in oil production and the 6th in natural gas
production worldwide in 2018 (EIA, 2021a; EIA, 2021b). It is expected
that the O&NG-associated activities exert significant impacts on
regional air quality. However, few studies have evaluated the impacts of
O&NG-related activities on regional air quality in China. Our previous
study reported severe O3 episodes in an open oilfield region of northern
China, and chemical box modelling analyses revealed that the abundant
OVOCs drove the radical recycling efficiently under low-NOx conditions
and hence promoted O3 formation (Chen et al., 2020). This work is a
follow-up study of Chen et al. (2020), focusing on the detailed
tempo-spatial variations and formation mechanisms of major carbonyls
in the same oilfield region. Here we first present the carbonyl mea-
surements at a rural site near the O&NG production region in winter and
summer 2017. The seasonal variations, diurnal variations, and spatial
distributions of C;-Cg carbonyl species are analyzed. The formation
mechanisms of the most abundant carbonyl species (i.e., formaldehyde
and acetaldehyde) are then explored, and the impacts of oilfield emis-
sions on the secondary formation of carbonyls are finally discussed. The
findings provide insights into the characteristics, sources, and air quality
impacts of carbonyls in typical oilfield regions of China.
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2. Methods
2.1. Field experiments

The Yellow River Delta (YelRD) region covers the Dongying city
(approximately 300 km southeast of Beijing) and its surrounding areas,
and hosts the fifth largest oilfield of China (Fig. 1). Field observations
were carried out in winter (from February 9 to March 31) and summer
(from 1 June to 10 July) 2017 at the YelRD Ecological Research Station
of Coastal Wetland (37.76°N, 118.98°E, 0 m above sea level), Chinese
Academy of Sciences. This rural site is surrounded by open oilfields and
there are no evident anthropogenic emissions nearby. The southerly and
southeasterly winds prevail in summer, while northerly winds prevail in
winter. The site is generally located at the downwind of downtown
Dongying (roughly 32 km away) and the major oilfield area in summer,
and at the downwind of another large concentrated oilfield area in
winter (see Fig. 1). During the summer campaign, an oilfield site was set
up in the oilfield area, upwind (southwest) of the rural site, for collection
of carbonyl and VOC samples exactly in the oilfield source areas.
Especially, simultaneous intensive sampling was carried out at both sites
during an episode of July 9, 2017. Detailed information about the field
campaigns can be found in Chen et al. (2020).

Ambient air samples were collected at the rural site in the daytime
(from 07:00 to 19:00 LT, with an interval of approximately 2 h) during
selected PMj 5 pollution episodes in winter (i.e., February 19, 22, 23, 27,
28 and March 11, 23, 29) as well as in the daytime (from 06:00 to 18:00
LT, with an interval of 2 h) during selected O3 pollution episodes (i.e.,
June 8,9, 14, 15, 16, 18, 29, 30 and July 9) in summer. The PM; 5 or O3
pollution episodes were predicted according to the air quality model
forecast. In addition, air samples were also collected 1-3 times each day
during the remaining period without wet precipitation. A total of 129
samples were collected at the rural site. Additional air samples were
collected on June 26 (4 samples) and July 9 (6 samples) at the oilfield
site. The time series of carbonyls and related species during the sampling
days were provided in the SI. For carbonyls, the air sample was absorbed
in a 2,4-dinitrophenylhydrazine-coated sorbent cartridge (Waters Sep-
Pak DNPH-silica) and analyzed with the high-performance liquid chro-
matography (HPLC) to quantify 15 C;—Cg carbonyl species (e.g., form-
aldehyde, acetone, acetaldehyde, n-valeraldehyde, n-butyraldehyde,
crotonaldehyde, hexaldehyde, propionaldehyde, 2,5-dimethyl benzal-
dehyde, p-tolualdehyde, benzaldehyde, i-valeraldehyde, m-tolualde-
hyde, acraldehyde, o-tolualdehyde). VOC canister samples were
collected simultaneously with carbonyl samples. Details about the VOC
sampling and detection as well as real-time measurements and time
series of other parameters (including trace gases, aerosols, and meteo-
rological parameters) were described in Chen et al. (2020).

2.2. Chemical box model

An observation-based model (OBM) was used to diagnose the for-
mation mechanisms (mainly chemical budget and relationships with
precursors) of formaldehyde and acetaldehyde. The OBM was run based
on the Framework for zero-dimensional Atmospheric Modeling (FOAM)
platform (Wolfe et al., 2016). The adopted chemical mechanism was
Master Chemical Mechanism (MCM) version 3.3.1, which
near-explicitly describes the chemical degradation pathways of 143
primary VOC species (Saunders et al., 2003). Detailed information about
model setup can be found in Chen et al. (2020).

During the simulation, the OBM was constrained by the observed
data of NO, NO,, HONO, O3, SO, CO, CHy, Co-C10 NMHCs, and C1—Cg
carbonyls concentrations, temperature, relative humidity (RH), and the
photolysis frequency of NO3 (Jnoz), which were processed into 1-hr time
resolution. For both rural and oilfield sites, the 1-hr resolution daytime
CH4, C2—C19 NMHGCs, and carbonyl concentrations were obtained by
interpolation. For the nighttime data, the concentrations of CH4 and
Co—C19 NMHCs (except for isoprene, a-pinene, and f-pinene) were
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Fig. 1. Maps showing the locations of (a) Yellow River Delta region; (b) the rural site, the oilfield site, and the oilfield areas. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

extrapolated into 1-hr time resolution according to the linear relation-
ship with CO; the concentrations of isoprene, a-pinene and p-pinene
were extrapolated according to the linear relationship with temperature;
and the carbonyl concentrations were extrapolated based on the mul-
tiple linear regressions with CO and Os. The purpose of extrapolating
nighttime data was to facilitate the constant run of the model, and would
not exert significant effects on simulation results during the daytime.
Observed data of trace gases (e.g., NO3, O3, SO, and CO concentrations)
and meteorological parameters (e.g., temperature, RH, and Jyo2) were
unavailable for the oilfield site and were processed as follows. The
observed data of trace gases were obtained from the closest national air-
quality monitoring station (the location was marked in Fig. 1), and the
meteorological parameters were assumed to be the same to the rural site.
For simulation of each episode (eleven cases for the rural site and one
case for the oilfield site), the model was pre-run for 3 days to stabilize
the concentrations of unmeasured species and the results from the 4th
day were extracted for analyses.

The method for quantifying the chemical budget of formaldehyde
and acetaldehyde was elucidated in detail in Yang et al. (2018). A brief
introduction is given here. The reactions related to the formation of
formaldehyde and acetaldehyde were explicitly tracked in the model
and grouped into several major pathways according to E1 and E2. The
production rate of formaldehyde was calculated as the sum of reaction
rates for O, + CH30, Oz + RO (resulting from alkenes), Oy + RO
(resulting from other VOCs), O3 + VOCs and other reactions (e.g.,
cross-radical reactions and photolysis of OVOCs, OH + OVOCs):

The chemical loss rates of formaldehyde and acetaldehyde were
calculated as the sum of reaction rates for photolysis of carbonyl species,
carbonyl + OH, and carbonyl + NOs (E3). Here carbonyl was used to
refer to the target carbonyl species (i.e., formaldehyde or acetaldehyde).

L(carbonyl) = jy [carbonyl) + ko [carbonyl][OH] + ki, [carbonyl][NOs] ~ (E3)

The net production rate can be quantified as the difference between
the total production rate and the total loss rate:

net P(carbonyl) = P(carbonyl) — L(carbonyl) (E4)

Details about the lumping of chemical formation and loss pathways
have been described in Yang et al. (2018). Previous studies have
demonstrated the important role of halogens on the fate of VOCs and
OVOCs, radical budget, and atmospheric oxidative capacity in the
coastal region (Xue et al., 2015). However, due to the limitation of
available observation data for halogens, the influence of Cl reactions on
carbonyl formation mechanism was not considered in this study, which
warrants more investigations in the future.

A series of sensitivity model runs were conducted to quantify the
relationship between formaldehyde formation and its major precursor
groups. The acetaldehyde was excluded due to its low net production
rates as shown in Section 3.2. The formaldehyde-precursor relationship
was evaluated by a metric of relative incremental reactivity (RIR), which
is defined as the ratio of the change in net production rate of formal-
dehyde to changes in its precursor concentrations (i.e., a 20% reduction

P(formaldehyde) = k1 [0,][CH;0] + Z(kZi[Oz][ROi(from alkenes)]) + Z(k3,’ [0:][RO;(from other VOCs]) + Z(k4i[03][VOC,~]) + Z(other reactions)  (E1)

The production rate of acetaldehyde was calculated as the sum of
reaction rates for Oy + C2Hs0, O3 + RO (from alkenes), Oz + RO (from
other VOCs), O3 + VOCs, OH + OVOCs, and other reactions (e.g., cross-
radical reactions and photolysis of OVOCs):

in this study). The precursors were grouped into 8 categories, namely,
NOy, Cx-Cs alkanes, Cg—Cjo alkanes, Cy-Cs anthropogenic alkenes
(hereafter referred to as A-alkenes), biogenic alkenes (B-alkenes;
including isoprene, a-pinene, and B-pinene), alkyne, BTEX (including
benzene, toluene, ethylbenzene, and xylenes), and other aromatics. In

P(acetaldehyde) = ks[0,][C2HsO) + > (kei[02)[RO; (from alkenes)]) + > _ (kn0][RO;(from other VOCs)) + Y (ksi[05][VOC]) + 3 (kei|OH][OVOCY))

+ Z(ather reactions)

(E2)
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Descriptive statistics of measured C;-Cg carbonyls at rural and oilfield site in the Yellow River Delta region in 2017.

Compound Rural site Rural site Oilfield site

Winter Summer June 26 & July 7

Mean =+ SD (ppbv) Mean Contrib. (%) Mean =+ SD (ppbv) Mean Contrib. (%) Mean -+ SD (ppbv) Mean Contrib. (%)
Formaldehyde 3.17 £ 2.12 23.4 8.59 + 3.37 30.2 11.37 + 3.69 34.9
Acetone 4.05 + 3.1 30.4 6.86 + 2.23 25.3 7.69 + 3.88 21.7
Acetaldehyde 238+15 17.8 5.31 £ 2.42 18.5 9.05 £ 6.71 22.8
n-Valeraldehyde 0.09 + 0.06 0.9 1.89 +1.28 6.6 1.35 + 2.05 2.4
n-Butyraldehyde 0.43 £ 0.2 3.5 1.85 + 0.64 6.7 2.36 + 2.06 5.6
Crotonaldehyde 1.78 £ 1.51 16.1 0.84 +£1.01 2.9 0.62 £ 0.21 2.1
Hexaldehyde 0.18 + 0.11 1.7 0.81 + 0.97 2.6 0.83 +0.71 2.6
Propionaldehyde 0.24 + 0.15 2.0 0.56 + 0.26 2.0 1.12 + 0.66 3.1
2,5-Dimethyl benzaldehyde 0.03 + 0.07 0.4 0.46 +1.35 1.1 0.05 + 0.01 0.2
p-Tolualdehyde 0.04 £ 0.05 0.5 0.43 £ 0.49 1.5 0.80 + 0.34 2.7
Benzaldehyde 0.17 + 0.14 1.5 0.25 + 0.11 0.9 0.27 +£0.11 0.8
i-Valeraldehyde 0.05 + 0.05 0.6 0.10 + 0.14 0.8 0.10 + 0.04 0.3
m-Tolualdehyde 0.04 £ 0.05 0.5 0.09 £ 0.10 0.3 0.08 £ 0.01 0.3
Acraldehyde 0.06 + 0.05 0.6 0.07 + 0.03 0.3 0.12 + 0.07 0.4
o-Tolualdehyde 0.02 + 0.01 0.3 0.05 + 0.01 0.2 0.08 + 0.01 0.3
Total 12.75 + 5.63 100.0 28.18 + 10.74 100.0 35.90 + 18.63 100.0

Mean Contrib.: Mean contribution of the compound to the total concentration of measured carbonyls.

this study, the B-alkenes was classified into biogenic source VOCs, while
the other VOCs groups were classified into anthropogenic source VOCs.

3. Results and discussion
3.1. General characteristics of C;—Cg carbonyls

Table 1 lists the descriptive statistics of C;—Cg carbonyls observed
both in winter, summer of rural site and summer of oilfield site. The
average concentrations (+standard deviation) of summed C;-Cg car-
bonyls were 12.75 + 5.63, 28.18 + 10.74, and 35.90 + 18.63 ppbv at the
rural site in winter and summer and at the oilfield site in summer,
respectively. Formaldehyde, acetone, and acetaldehyde were the most
abundant carbonyl species, all of which accounted for 71.6 + 15.5%,
74.0 + 7.0%, and 79.4 + 3.7% to the total observed C;-Cg carbonyls at
the rural site in winter and summer and at the oilfield site in summer,
respectively. In comparison, the other 12 species only composed a
relatively small fraction (28.4 + 15.5%, 26.0 &+ 7.0%, and 20.6 + 3.7%
at the rural site in winter and summer and at the oilfield site in summer)
of total C;—Cg carbonyls. Such chemical compositions were generally
consistent with those measured in most urban, sub-urban, and rural
areas from previous studies (Bao et al., 2022; He et al., 2020; Liu et al.,
2021; Wang et al., 2020; Zhang et al., 2019).

The measurement data (in summer) at the rural site and at the oil-
field site were compared to elucidate the influence of O&NG production
on the carbonyl pollution. The total concentrations of C;—Cg carbonyls
were higher in the oilfield source region than in the rural air (35.90 +
18.63 ppbv vs. 28.18 + 10.74 ppbv). Such spatial distribution was as

expected considering the strong emissions and higher abundances of
major C;—Cjo hydrocarbons in the oilfields (184.1 + 186.5 ppbv vs. 29.7
=+ 30.3 ppbv in the rural air; Chen et al., 2020). To eliminate the influ-
ence of meteorological conditions, we also compared the concurrent
observation case on July 9, and the same spatial distribution pattern was
obtained. For major carbonyls, the concentrations of formaldehyde,
acetaldehyde, and acetone were all higher at the oilfield site (11.37 +
3.69 ppbv, 9.05 + 6.71 ppbv, and 7.69 + 3.88 ppbv, respectively) than
at the rural site (8.59 + 3.37 ppbv, 5.31 + 2.42 ppbv, and 6.86 + 2.23
ppbv), though the enhancement degree varied. As a result, the contri-
butions of formaldehyde and acetaldehyde to total C;—Cg carbonyls were
relatively higher, while those of acetone were lower at the oilfield site
(34.9 +9.3%, 22.8 4 5.3%, and 21.7 & 2.7%) than at the rural site (30.2
+ 4.4%, 18.5 + 2.9% and 25.3 + 5.0%). The measurement data of these
three major carbonyl species in the rural area of YelRD were also
compared with those from other studies (Table 2), and their concen-
tration levels were comparable to those observed in polluted areas of
China such as Beijing (Huang et al., 2020; Qian et al., 2019), Shanghai
(Liu et al., 2019), Shenzhen (Huang et al., 2020), and Chengdu (Bao
et al.,, 2022), and were substantially higher than those observed in
sub-rural and rural areas of France (Jiang et al., 2016; Michoud et al.,
2017) and urban areas of Spain (Villanueva et al., 2021) and Brazil
(Nogueira et al., 2017). The above results reveal the severe carbonyl
pollution in the YelRD region and demonstrate the significant impact of
oilfield emissions.

The observation data at the rural site between in summer and in
winter were compared to elucidate the seasonal variation of carbonyls in
the YelRD region. The total concentrations of C;—Cg carbonyls were

Table 2

Overview of the measured formaldehyde, acetaldehyde, and acetone in this work and comparisons with other studies.
Location Site type Period Formaldehyde (ppbv) Acetaldehyde (ppbv) Acetone (ppbv) Reference
Dongying, China Rural 2017.6-7 8.59 + 3.37 5.31 + 2.42 6.86 + 2.23 This study
Dongying, China Rural 2017.2-3 3.17 £ 2.12 2.38 + 1.50 4.05 + 3.10 This study
Shanghai, China Urban 2017.5 3.17 £1.29 1.28 +£ 0.68 - Liu et al., (2019)
Shenzhen, China Sub-urban 2018.4 1.60 + 0.86 1.16 + 0.90 2.31 +£1.32 Huang et al., (2020)
Beijing, China Urban 2018.5-6 6.31 + 2.79 2.90 + 1.36 4.16 + 1.44 Huang et al., (2020)
Beijing, China Urban 2015.8 6.90 £+ 2.93 2.57 £1.20 4.61 +£1.73 Qian et al., (2019)
Beijing, China Urban 2018.7-8 8.49 £ 2.11 2.97 £0.79 6.72 £ 1.58 Qian et al., (2019)
Chengdu, China Urban 2019.8 9.86 + 4.41 3.57 £2.19 4.41 £+ 2.32 Bao et al., (2022)
Sao Paulo, Brazil Urban 2016 3.70 = 1.30 2.80 + 1.50 - Nogueira et al., (2017)
Ciudad Real, Spain Urban 2015.4-5 2.05 £+ 0.70 1.30 £ 0.70 1.19 £ 0.88 Villanueva et al., (2021)
Ciudad Real, Spain Urban 2015.6-9 2.97 + 0.67 1.62 + 0.45 3.51 + 1.85 Villanueva et al., (2021)
Orléans, France Sub-urban 2011.4 2.16 = 0.59 1.02 £ 0.28 2.08 +0.72 Jiang et al., (2016)
Orléans, France Sub-urban 2011.6-7 3.08 +£2.21 1.04 £+ 0.50 2.00 +£1.12 Jiang et al., (2016)
Bastia, France Rural 2013.6-8 2.48 +0.87 0.33 £ 0.12 3.43 +£1.13 Michoud et al., (2017)
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Fig. 2. Average daytime variations of C;—Cg carbonyls in (a) winter and (b) summer, and major compounds (formaldehyde, acetaldehyde, and acetone) in (c) winter
and (d) summer at the rural site. The shadows indicate the half standard deviation of the mean concentrations. Sampling days with only one samples one were
excluded. Time points with only one sample during the campaign were also excluded (Data source of Os: Chen et al. (2020)).

significantly higher in summer than in winter (28.18 + 1.74 ppbv versus
12.75 + 5.63 ppbv; p < 0.01). Such seasonal pattern was opposite to that
of C1—Cy¢ hydrocarbons but was consistent to that of Os, thereby indi-
cating the effects of intense photochemistry in summer. Such seasonal
pattern is common for most carbonyl species, particularly for n-valer-
aldehyde, whose concentrations and contributions to total C;—Cg car-
bonyls were largely elevated in summer (1.89 + 1.28 ppbv and 6.6 +
2.9%) compared to wintertime (0.09 £ 0.06 ppbv and 0.9 + 1.2%). An
exception was crotonaldehyde, which showed relatively higher con-
centrations (1.78 + 1.51 ppbv) and larger contributions (16.1 + 13.9%)
in winter (versus 0.84 + 1.01 ppbv and 2.9 + 2.9% in summer). The
most abundant carbonyl species varied between seasons. Acetone was
the most abundant carbonyl species in winter with an average contri-
bution of 30.4 4+ 17.0% (versus 25.3 + 5.0% in summer), while form-
aldehyde was the most abundant species in summer with an average
contribution of 30.2 4 4.4% (versus 23.4 + 8.3% in winter). The distinct
seasonal variation patterns for individual species should be related to
their complex sources. In particular, the importance of photochemical

oxidation in the formation of formaldehyde was underlined.

Fig. 2 presents the average diurnal variations of summed C;—Cg
carbonyls and major species at the rural site (during 8:00-16:00 LT) in
summer and winter. The concentrations of total C;-Cg carbonyls
exhibited a unimodal diurnal pattern during both seasons, but the exact
patterns varied between seasons. For example, the concentrations of
total C;—-Cg carbonyls exhibited a narrow peak at 12:00 LT in summer,
while exhibited a broader peak during 10:00-13:00 LT in winter. Such
seasonal features were also found in the diurnal patterns of formalde-
hyde and acetaldehyde. The noon-peak diurnal variation pattern was
generally consistent to that of Os, indicating the significant contribu-
tions of photochemistry to carbonyls. In comparison, the concentrations
of acetone exhibited bimodal diurnal patterns with two small peaks in
the early morning and in the afternoon, respectively, suggesting the
influence from both direct emission and photochemical formation. The
different diurnal variation patterns among carbonyl species indicate
their complex sources, and underline the significant impact of photo-
chemical formation on carbonyls in summer.

1.5
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Fig. 3. Breakdown of the chemical production and destruction rates of formaldehyde in (a) winter and (b) summer at the rural site. The results were simulated by the
box model. Refer to Section 2.2 for the descriptions of the specific reaction pathways.
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Fig. 4. Breakdown of the chemical production and destruction rates of acetaldehyde in (a) winter and (b) summer at the rural site. The results were simulated by the
box model. Refer to Section 2.2 for the descriptions of the specific reaction pathways.

3.2. Formation mechanisms of formaldehyde and acetaldehyde

The aforementioned observation results suggest a significant influ-
ence of intense photochemical formation on the carbonyls in the
ambient air of YelRD. In this section, we conducted detailed chemical
box modeling analyses to quantify the chemical budgets of carbonyl
species at the rural site, with formaldehyde and acetaldehyde as ex-
amples considering their high abundance and importance to the for-
mation of O3 and secondary aerosols. A total of eight episodes in winter
(i.e., 19, 22, 23, 27, and 28 February and 11, 23, and 29 March 2017)
and nine episodes in summer (i.e., 8, 9, 14, 15, 16, 18, 29, and 30 June
and 9 July) with available comprehensive measurements were selected
to subject to the modeling analyses.

Figs. 3 and 4 present the averaged chemical budget results for

formaldehyde and acetaldehyde, respectively, across all selected epi-
sodes in summer and winter. At the rural site, the daytime (6:00-18:00
LT) net production rates of formaldehyde were significantly higher in
summer (3.00 + 1.43 ppbv h™}, range: 0.45 ppbv h™! - 9.55 ppbv h™1)
than those in winter (0.36 + 0.39 ppbv h™?, range: -0.07 ppbv h™! —
1.62 ppbv h™1). Comparison with previous studies demonstrated the
strong in-situ production of formaldehyde in the rural air of YelRD,
which was even larger than that determined in polluted areas such as
Beijing and Hong Kong (Yang et al., 2018, 2020). The results indicate
the high atmospheric oxidizing capacity in the YelRD region, as the
photolysis of formaldehyde was identified as a major primary source of
ROx (OH + HO; + ROy) radicals in our previous paper (Chen et al.,
2020). In both summer and winter, the formaldehyde production was
governed by the reactions of Oy + CH3O (with contributions of
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Fig. 5. The model-simulated Relative Incremental Reactivity (RIR) for major formaldehyde precursor groups during selected cases at the rural site.
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34.3-48.8%), followed by Oz + RO (resulting from degradation of al-
kenes) (26.3-43.7%), while the other three pathways (O2 + RO (from
other VOCs), O3 + VOCs, and other reactions) made relatively small
contributions (totally 18.7-30.1%). The formaldehyde loss was domi-
nated by photolysis (49.8-68.8%) and the reactions with OH
(25.4-43.4%). These results illustrate the importance of alkenes
(including both anthropogenic and biogenic alkenes) in the secondary
formation of formaldehyde, and the relative importance of anthropo-
genic and biogenic alkenes will be further evaluated by the RIR metrics.
Both the production and destruction rates of acetaldehyde were
amplified in summer than in winter (see Fig. 4), leading to comparable
daytime (6:00-18:00 LT) net production rates between the two seasons (i.
e., 0.17 + 0.54 ppbv h™!, range: -0.94 ppbv h™! — 3.10 ppbv h™}, in
summer versus 0.20 + 0.23 ppbv hl, range: 0.00 ppbv h™1-1.24 ppbv
h~!, in winter). Such magnitudes of net rates were higher than those
determined in urban Beijing (0.11-0.13 ppbv h™}; Yang et al., 2018),
suggesting the active in-situ production of acetaldehyde in the rural air of
YelRD. We then explored the detailed chemical budget of acetaldehyde
and found some interesting seasonal features. For example, the acetal-
dehyde production was dominated by the reactions of Oz + RO (from
alkenes) (18.0-48.9%) in winter, but was dominated by the reactions of
OH + OVOCs (14.7-32.2%), O5 + RO (from alkenes) (14.2-25.5%) and
O3 + C2Hs0 (11.2-22.9%) in summer. In both seasons, the acetaldehyde
loss was governed by the reactions with OH (84.2-94.5%), while the
photolysis and reactions with NO3 radical made relatively minor contri-
butions (totally 5.5-15.8%). Again, these results underline the relative
importance of alkenes (including both anthropogenic and biogenic al-
kenes) in the secondary formation of acetaldehyde in the YelRD region.
The relationships between major carbonyl species and their pre-
cursors were further identified. Considering the relatively low net pro-
duction rates of acetaldehyde, here we focused on the formaldehyde-
precursor relationships. As shown in Fig. 5, RIR was calculated for the
major precursors, i.e., NOy, Co—Cs alkanes, C—C1 alkanes, A-alkenes, B-
alkenes, alkyne, BTEX, and other aromatics (see details in Section 2.2).
Consistent with the chemical budget analyses, formaldehyde formation
was highly sensitive to A-alkenes and B-alkenes. Nonetheless, the exact
distributions of RIRs for major precursors varied among different cases
and showed some seasonal features. In summer, B-alkenes exhibited the
highest positive RIRs (range: 0.70-0.84), followed by NOy (0.44-0.73)
and A-alkenes (0.05-0.17). In comparison, A-alkenes exhibited the
highest positive RIRs (0.20-2.57) for most cases in winter. Two excep-
tions were the episodes on February 22-23 and March 23, when B-al-
kenes exhibited the highest positive RIRs among major VOC groups. The
enhanced importance of B-alkenes in formaldehyde formation should be
attributed to the lower concentrations of anthropogenic VOCs than the
other winter cases, and attributed to the enhanced isoprene-HCHO yield
promoted by high NOy concentrations (Wolfe et al., 2016). The seasonal
variations of RIRs for A-alkenes and B-alkenes are expected as there
were strong biogenic emissions at the rural site in summer (e.g., isoprene
concentrations: 2.7 + 1.7 ppbv; Chen et al. (2020)). In addition, the RIRs
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for NOy concentrations were generally highly negative (average: -0.82
+ 0.95, range: -2.87 — 0.17) for most winter cases, which should be
attributed to the saturated NOy concentrations in winter.

Both chemical budget analyses and RIR results underline the
importance of alkenes (generally anthropogenic alkenes in winter while
biogenic alkenes in summer) in the secondary formation of carbonyls in
the YelRD region, which is probably also the case for the formation of
secondary pollutants such as Os and secondary aerosols. However,
decreasing the emissions of NOy by 20% would exert double-edged ef-
fects, i.e., promoting the formation of formaldehyde in winter but
mitigating the formation of formaldehyde in summer. These findings
have useful implications for the formulation of control policy to mitigate
regional photochemical air pollution in the YelRD region.

3.3. Comparison of formation mechanisms between rural and oilfield
areas

To better understand the formation mechanisms of carbonyls in the
oilfield-influenced air of the YelRD region, detailed modeling analyses
were conducted for an episode observed on July 9, 2017, when con-
current observations were made both at the rural site and in the oilfield
source area. We examined the formation mechanisms of formaldehyde
and acetaldehyde from perspectives of in-situ production rates and
chemical budgets (Figs. 6 and 7), and relationships with precursors
(Fig. 8; for formaldehyde only).

The in-situ production rates of formaldehyde were even larger at the
rural site, though its observed concentrations were higher at the oilfield
site (Fig. 6). The former should be caused by the stronger biogenic VOC
emissions at the rural site (e.g., isoprene concentrations of 2.7 + 1.7
ppbv vs. 0.9 £ 0.7 ppbv at the oilfield site), and the latter might be
related to the stronger direct emissions of formaldehyde from pumpjacks
at the oilfield site (Barickman and Lyman, 2015). The chemical budgets
of formaldehyde were similar between two sites, and were generally the
same to the summer-averaged results at the rural site. Quantitatively,
the production was dominated by the reactions of Oy + CH3O (rural:
41.5%; oilfield: 47.2%) and O + RO (from alkenes) (rural: 31.1%; oil-
field: 37.2%), and the loss was dominated by photolysis (rural: 67.6%;
oilfield: 53.4%) and the reactions with OH (rural: 32.3%; oilfield:
46.4%). Nevertheless, the key precursors of formaldehyde differed
somewhat between the two sites (Fig. 8). At the rural site, formaldehyde
formation was most sensitive to NOy (RIR: 0.73), followed by B-alkenes
(RIR: 0.70). The other hydrocarbon groups showed relatively smaller
RIR values (<0.05). In comparison, formaldehyde formation was most
sensitive to B-alkenes (RIR: 0.58) and NOy (RIR: 0.29) at the oilfield site.
In addition, the sensitivity of formaldehyde formation to anthropogenic
hydrocarbons increased (e.g., the RIRs for A-alkenes was 0.21) due to
strong VOCs emissions in the oilfield area.

For acetaldehyde, both the in-situ production rates and observed
concentrations were larger at the oilfield site than at the rural site
(Fig. 7). The results suggest the significant impact of anthropogenic
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Fig. 6. Breakdown of the chemical production and destruction rates of formaldehyde on July 9, 2017 (a) at the rural site and (b) at the oilfield source site. The results
were simulated by the box model. Refer to Section 2.2 for the descriptions of the specific reaction pathways.
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Fig. 7. Breakdown of the chemical production and destruction rates of acetaldehyde on July 9, 2017 (a) at the rural site and (b) at the oilfield source site. The results
were simulated by the box model. Refer to Section 2.2 for the descriptions of the specific reaction pathways.
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Fig. 8. The model-simulated RIRs for major formaldehyde precursor groups on July 9, 2017 (a) at the rural site and (b) at the oilfield source site.

(oilfield) emissions on acetaldehyde formation. The chemical budgets of
acetaldehyde were partly different between the two sites. At the rural
site, the cross-radical reactions (28.8%) and O, + RO (from alkenes)
(22.7%) made the largest contributions to the acetaldehyde production
on 9 July, which is different from the summer-averaged results that OH
+ VOCs (25.7 + 5.1%) and O, + RO (from alkenes) (20.2 + 3.8%) made
the largest contributions. The enhancement of cross-radical reactions
indicated a more aged air mass at the rural site on July 9. In comparison,
the acetaldehyde production at the oilfield source site was dominated by
the reactions of Oy + CyHsO (34.4%) and Oy + RO (from alkenes)
(23.3%). At both sites, the acetaldehyde loss was dominated by the re-
actions with OH (rural: 92.7%; oilfield: 95.8%).

Overall, the above resultsillustrated the effects of oilfield emissions on
the formation mechanisms of formaldehyde and acetaldehyde. The strong
oilfield emissions on one hand led to higher sensitivities of formaldehyde
to anthropogenic hydrocarbons, and on the other hand prompted the
secondary formation of acetaldehyde with abundant precursors.

4. Conclusions

In this work, we analyzed the characteristics and formation mecha-
nisms of C;—Cg carbonyls at two sites (rural and oilfield) in the Yellow
River Delta region, northern China, in winter and summer 2017. The
observed concentrations of C;—Cg carbonyls in the oilfield were higher
than those in the rural area, demonstrating the effects of oilfield emis-
sions. Both seasonal and diurnal variations of C;-Cg carbonyls indicated a
significant influence of secondary formation, as which showed higher
concentration levels in summer than in winter and showed well-defined
patterns with a concentration peak in the afternoon. The MCM chemical
box model was used to quantify the in-situ production rates, chemical
budgets, and relationships with precursors for major carbonyl com-
pounds. The strong in-situ production of formaldehyde and acetaldehyde
in the YelRD region was demonstrated, and alkenes were found to make
important contributions through the pathway of O5 4+ RO reactions. The
strong oilfield emissions do affect the formation mechanisms of carbonyls.

A larger in-situ production rate of acetaldehyde and higher sensitivity of
formaldehyde formation to anthropogenic hydrocarbons were deter-
mined at the oilfield source site compared to that at the rural site. Overall,
this study highlights the impact of oilfield emissions on the ambient car-
bonyls and atmospheric photochemistry in the oilfield areas.
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