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ABSTRACT: The sources of atmospheric nitrous acid (HONO)
have been frequently investigated in recent decades. However, the
dominant mechanisms of HONO formation and its significant
daytime source in contrasting environments remain largely
unknown. In this study, 46 observational data sets were collected
worldwide, and the underlying processes driving diurnal HONO
patterns were extracted on the basis of principal component
analysis (PCA). We identified three dominant processes: a NOx
process (PC1) that was dominant in polluted inland areas, a
photodecomposition process (PC2) that was dominant in marine
or mountain environments, and a soil-related process (PC3). The
three processes together explained >88% of the total variance. HONO variations in coastal regions were governed by either PC1 or
PC2, determined by the effects of the sea−land breeze. These PCs were then applied to the identification of unknown HONO
sources. The results showed that the unknown source was mainly related to the NOx process in most urban areas; however, it was
associated with the photodecomposition-dominated process in coastal regions. The application of PCA to isolate the common
behaviors of HONO provides valuable insights into the dominant HONO formation processes in different environments.
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■ INTRODUCTION

Nitrous acid (HONO), a major hydroxyl radical (OH)
reservoir, plays a vital role in atmospheric photochemistry.
The photolysis of HONO can contribute over 90% of primary
OH production during the daytime.1−4 HONO can be either
directly emitted from combustion5 and soil microbial
processes6,7 or formed by gas-phase and heterogeneous
reactions on wet or reduced surfaces involving nitrogen oxides
(NOx = NO + NO2) or by photolysis of nitrogen-containing
compounds and particulate nitrate (pNO3

−).8−11 Photolysis
and reaction with OH are the main HONO sinks in the
daytime, whereas deposition dominates at night in the
boundary layer.12,13 Although significant advances have been
made in the study of HONO sources over the past few
decades, the ambient concentrations of HONO, especially in
the daytime, are usually largely underestimated by models, and
the dominant HONO processes in contrasting environments
remain controversial.
Diurnal HONO behavior is a composite of its sources and

sinks, thereby reflecting the characteristics of the observed
environments, including pollution levels, meteorological
conditions, and physical and chemical processes. Diurnal
HONO concentrations generally show a “groove” shape with
lower concentrations in the daytime, the lowest concentration
at noon, and higher concentrations at night in most urban and
semiurban areas.14−16 Nevertheless, the opposite pattern, with

concentration peaks at noon and lower levels at night, has been
observed in many mountain and remote marine regions.8,17

Other diurnal variations different from these two typical
patterns have also been reported.18−20 Identifying the
dominant processes that control these diurnal behaviors is
important for gaining insights into the underlying sources and
sinks of HONO.
Principal component analysis (PCA) is an effective data

reduction technique. It identifies the primary behaviors
(patterns) by transforming original data into a few linear
combinations while retaining the variation (information)
present in the data set as much as possible.21−23 This method
has been widely applied to explore the dominant air pollution
sources; for example, it was successfully used to isolate the
regional background ozone in Houston and elucidate the
major sources of volatile organic compounds and fine particles
in various environments.24−26 However, it has never been
applied to ambient HONO studies, which have proposed many
different sources and sinks of HONO. In this study, we
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attempted to use PCA for the first time to explore the
dominant HONO processes in contrasting environments based
on 46 global diurnal HONO data sets. The derived principal
components (PCs) were applied to analyze the unknown
daytime HONO source(s). The findings of this study provide
valuable insights to distinguish discrepancies between major
HONO sources in different ambient atmospheres and illustrate
that statistical methods can be widely applied to data mining in
atmospheric chemistry studies.

■ MATERIALS AND METHODS

Observational Data. Diurnal HONO data from 46
observational data sets at 31 sites, including 17 inland
(urban or rural) sites, six coastal or island sites, four
mountain/forest sites, and four marine/remote sites, were
collected from published literature and our measurements
(Figure S1 and Table S1). More details about these data sets
can be found in the original literature.8,9,14,15,17−20,27−46 In
general, 21 of the observational data sets were extracted from
observations conducted inside China and most of the rest from
observations conducted inside North America or Europe. Our
group conducted 13 observations with more available
parameters, which are used to explore daytime HONO sources
further. The additional parameters used for the unknown
source analysis are listed in Table S2. Diurnal HONO data
from these observations were extracted for PCA with a time
resolution of 30 min.
Principal Component Analysis. The obtained diurnal

HONO data were standardized using eq 1 to avoid biasing the
influence of certain variables:

δ
= −

HONO
HONO HONO

std
HONO (1)

where HONO and δHONO are the average and standard
deviation, respectively, of the diurnal HONO data for each
observation.
PCA was performed using SPSS 20 software (SPSS Inc.,

Chicago, IL) on the correlation matrix and varimax rotation.
The diurnal HONO data were suitable for PCA according to
the Kaiser−Meyer−Olkin (KMO) and Bartlett’s test (KMO >
0.6, and p < 0.001) (Table S3). Three principal components
were derived, explaining >88% of the total variance in these
data sets. The first principal component (PC1) explained 45%
of the variance, and the second and third components
explained an additional 29% and 14%, respectively (Table
S4). Details concerning PCA and the calculation process are
provided in the Supporting Information.

■ RESULTS AND DISCUSSION

Diurnal Variations in HONO. The HONO mixing ratios
of these observations vary by several orders of magnitude, with
the highest levels observed at urban sites (e.g., average of 2.24
ppbv in autumn Beijing), followed by those at rural or coastal
sites, and the lowest values were observed in mountain or
marine atmospheres (e.g., approximately 1.3 pptv at autumn
Cape Verde of the marine environment). The observed
HONO concentrations in China are generally higher than
those observed in other areas of the same type. For example,
the HONO concentration at Mt. Tai in China is higher (146.9
pptv in winter17) than those at other high-elevation sites
(approximately 61.1 pptv in Hohenpeissenberg, Germany, and
61.6 pptv in Goldlauter, Germany29).

Figure 1. Temporal distribution of standardized HONO mixing ratios of the 46 global observation data sets. Standardized =
δ

−HONO HONO HONO

HONO

, where HONO and δHONO are the mean and standard deviation, respectively, of diurnal HONO data at each site. Red, purple, orange, black, and
blue colors represent urban/suburban, rural, coastal/island, mountain/forest, and marine/remote, respectively. The detailed information about
these observation sites is provided in the Supporting Information.
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Figure 1 shows the diurnal variations in standardized
HONO concentrations of these 46 observational data sets.
The HONO concentrations present a typical “groove” shape at
most ground-level urban/rural sites, with higher concentra-
tions in the nighttime and lower concentrations in the daytime,
indicating significant accumulation and rapid consumption
during the night and day, respectively. In contrast, the HONO
concentrations at marine and mountain sites display an
opposite trend with a peak concentration at noon, thereby
revealing a more significant daytime source. The diurnal
HONO patterns over some coastal sites show two peaks,
indicating the potential effects of sea−land breezes on HONO
behaviors and/or additional daytime HONO sources. While
the difference in the average HONO/NO2 ratio (0.02−0.11) is
relatively small in most environments (Figure S2), the diurnal
HONO/NO2 patterns in these observations are even more
complex, with peaks occurring at night, in the morning, or at
noon.15,17 These completely different diurnal variations
illustrate different dominant HONO processes in different
environments.
Dominant HONO Processes Extracted by PCA. Figure

2 shows the spatial distribution of the component loadings
[coefficients (Figure 2a)] and time series of the PC scores
[amplitudes (Figure 2b)] for the derived PC1−PC3. The
loadings represent the mean contribution of each component
to HONO diurnal variation in each observation, and the scores
represent the time dependence of the relative contribution,
which was acquired by projecting the measured data onto the
new rotation axes defined by the PCs. The underlying chemical
and physical processes could be inferred by comparing the
spatial and temporal information provided by the loadings and
scores with meteorological parameters, precursors, and specific
indicators (Figure S3 and Table S5). As an orthogonal
transformation method, it should be noted that the dominant
processes of HONO represented by PCs should be
uncorrelated or independent of each other.
PC1 is identified as a NOx-dominated process according to

its positive and strong loadings at most polluted ground-level
sites (Figure 2a) and strong correlations [r > 0.58 (Figure S3a
and Table S5)] with NOx. This speculation is also supported
by the work of Fu et al.,47 who reported that NOx-related
processes were the largest contributor to HONO formation
over the polluted areas of southern China, especially at night.
An interesting finding in Figure S3a is that, while PC1 shows
strong correlations with NO2 in most polluted sites, their
correlation in heavily polluted urban sites (Beijing in 2018
winter, Jinan in winter, and Jinan in autumn) with high NO
concentrations (daily average mixing ratio of NO of over 33
ppbv in Jinan in winter) is weak. Meanwhile, the correlations
of PC1 with NO in these three sites are strong (r > 0.7).
Because the contribution of direct vehicle emission is relatively
small,48,49 this result may reflect, to a greater extent, the recent
finding that the gas-phase reaction of NO and OH plays a
more vital role in heavily polluted regions.4,13,50,51 PC1
exhibited a strong and positive relationship with relative
humidity (RH), suggesting a potential promotional role of
water vapor in HONO formation.52 When considering the
radiation impacts, we compared the higher and even positive
coefficients between PC1 and JNO2

× NO2 (×PM2.5) (as
indicators of photoenhanced heterogeneous reactions of NO2)
with the negative coefficients between PC1 and PM2.5 × JNO2

(as an indicator of nitrate photolysis), indicating that PC1 is

not a composite of nonphotolytic mechanisms but a process
coupling in which NOx participates and acts as a decisive
factor. Overall, PC1 is considered a NOx-dominated process
(including HONO formation through the reactions associated
with NO and NO2, photoenhanced heterogeneous reactions of
NO2, and even direct emission).
PC2 is identified as a photodecomposition-dominated

process according to its noontime peak (Figure 2b) and its
high correlation with radiation-related parameters [r > 0.86 for
its correlations with JNO2

(Figure S3b and Table S5)]. On the
basis of its weak correlations with NOx and the features of
PCA showing that PC2 is unrelated to PC1 (a process
dominated by NOx), it could be confirmed that NOx is not an
important factor in PC2. Except for NOx, pNO3

−8,9 and
nitrogen-containing compounds11 are also considered to play

Figure 2. Spatial distribution of the (a) loadings and (b) time series
of the scores for the three derived principal components. The
background colors in panel (a) divided these observations into three
clusters according to the loadings and site type. Cluster 1 (pink
shade) possesses positive loadings and negative loadings for PC1 and
PC2, respectively, including most inland sites with one peak at night.
Cluster 2 (light yellow shade) possesses positive loadings for both
PC1 and PC2, including mainly coastal and island sites. Cluster 3
(light blue shade) possesses negative loadings and positive loadings
for PC1 and PC2, respectively, including mainly marine and mountain
sites with one peak at noon.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.2c00004
Environ. Sci. Technol. Lett. 2022, 9, 258−264

260

https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00004/suppl_file/ez2c00004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00004/suppl_file/ez2c00004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00004/suppl_file/ez2c00004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00004/suppl_file/ez2c00004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00004/suppl_file/ez2c00004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.2c00004/suppl_file/ez2c00004_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00004?fig=fig2&ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


important roles in HONO formation. Field observations and
model simulations have suggested that pNO3

− photolysis
sustains the observed HONO concentrations at noon in typical
marine and mountain environments.8,53 The higher correlation
coefficients of PC2 with PM2.5 × JNO2

compared with NO2 ×
PM2.5 × JNO2

(e.g., r = 0.84 and 0.63, respectively, in Qingdao
in summer) further indicate that PC2 is a process unrelated to
NOx. In all reported sites, PC2 showed a higher correlation
with PM2.5 × JNO2

(a measure of nitrate photolysis) than with

NO2 × JNO2
(a measure of NO2 photoenhanced reactions)

(e.g., r = 0.83 and 0.78, respectively, in Jinan in summer). We
infer PC2 as a process dominated by photodecomposition of
pNO3

− and nitrogen-containing compounds. This process
plays a vital role in relatively clean sites, such as marine or
mountain areas (Figure 2a). Noting that the photolysis of
pNO3

− may also play a role in HONO formation in urban or
rural areas, a recent study by Cui et al.54 demonstrated the
significance of NO3

− concentration compared with NO2
column density for HONO prediction in China. However,
the rapid HONO photolysis may mask the importance of the
photochemical process, which is reflected in the general
negative loading of PC2 in polluted areas (Figure 2a).
PC3 exhibits an even more complex spatial and temporal

pattern. Positive loadings of PC3 are found at most urban or
coastal sites, whereas negative loadings at most marine or
mountain sites. Thus, we tend to consider PC3 as a soil-related
process, including the soil emission process and the HONO
uptake or dry deposition process. The relatively strong positive
correlations between PC3 and RH further support our
hypothesis, as the previous study has pointed out that soil
emissions of HONO were enhanced under high-RH
conditions.37 Large positive loadings found in agriculturally
influenced sites (e.g., Wangdu in summer and Pasadena in
summer) are also consistent with the property of this source.
The two peaks of the diurnal variations of PC3 at day and
night may be controlled by the RH and sunlight,55 respectively.
Indeed, this process has been recognized as a vital HONO
source since the study of Su et al.6,7 Overall, PC3 is ascribed to
a soil-related process.
According to the loadings of PC1, PC2, and the site type, we

divided the 46 observation data sets into three clusters. Cluster
1 possesses positive and negative loadings for PC1 and PC2,
respectively, including most of the relatively polluted inland
sites (Mexico City, Los Angeles, Rome, Santiago, Houston,
Bakersfield, Rossfeld, Tokyo, Concordia, Shanghai, Beijing,
Jinan, Wangdu, Dongying, Guangzhou, and Qingdao in
autumn affected by continental air masses) with one peak at
night. Cluster 2 possesses positive loadings for both PC1 and

PC2, including mainly coastal and island sites [coastal
Shanghai, Changdao, Hok Tsui, Weybourne, Michigan, Cyprus
(moist) affected by sea breeze, and Qingdao in summer
affected by marine air masses]. Cluster 3 possesses negative
loadings and positive loadings for PC1 and PC2, respectively,
including mainly marine and mountain sites [Cyprus (dry)
with potentially more physical NOy accumulation,37 Mt. Tai,
Cape Verde, Alaska, North Atlantic Ocean, Hohenpeissenberg,
and Goldlauter] with one peak at noon. It should be noted that
the remote site of Concordia also shows a strong and positive
loading of PC1, which is the opposite of other remote sites.
This could be explained by the potential overestimation of
HONO due to the presence of HNO4 at Concordia,

56 leading
to a higher HONO concentration at night (Figure 1).
To clarify the relative importance of the dominant processes

that control the diurnal behaviors of HONO, we calculated the
average contribution of PCi (i = 1, 2, or 3) over different
cluster sites (in contrasting environments). The detailed
calculation process is documented in the Supporting
Information. Even the same PC shows different behaviors in
contrasting environments. For example, the diurnal HONO
pattern contributed by PC2 displays a “groove” shape with a
lower value in the daytime at inland sites (cluster 1), whereas it
shows a daytime peak at coastal and marine areas (clusters 2
and 3). This discrepancy could be attributed to the relative
contributions of photorelated reactions, namely, potentially
stronger photorelated sinks at cluster 1 sites and stronger
photorelated sources at cluster 2 and cluster 3 sites. The
daytime peak of PC2 reveals common sources of HONO in
marine or coastal areas. Overall, the ambient HONO
concentrations are determined mainly by the NOx-dominated,
photodecomposition-dominated, and soil-related processes.
The NOx process is prominent in the inland urban and rural
areas, whereas the photodecomposition process is dominant in
the marine and mountain areas. For coastal regions, due to
sea−land circulation, the NOx process is dominant at night,
whereas the photodecomposition process contributes signifi-
cantly in the daytime. The contribution of PC3 is relatively
minor at these three clusters. The NOx-dominated process has
been intensively studied. Although the photodecomposition
process has been proposed to account for the daytime HONO
peak observed in the coastal or marine atmosphere,8,20 its
detailed mechanism requires further investigations. Obviously,
the PCA method provides a visual indication of the patterns of
variation of HONO in different atmospheres and offers
insights into the universally dominant processes driving
ambient HONO variations.

Implications for an Unknown HONO Source. Previous
studies have suggested that a strong HONO source exists in

Figure 3. Average nitrous acid (HONO) concentrations contributed by PC1−PC3 for (a) cluster 1, (b) cluster 2, and (c) cluster 3. The lines
represent the average HONO concentrations contributed by PC1−PC3. The shaded areas represent one-quarter of the standard deviation.
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the daytime, which could not be explained by direct emissions
or the gas-phase reaction of NO + OH. Thus, a budget analysis
was conducted to explore the potential unknown HONO
source(s) and examine its relationship with the PCs derived
above. Detailed information about the step-by-step method to
calculate the HONO budget and the relevant parameters (e.g.,
OH concentration and photolysis rate) is provided in Text S1,
and the diurnal HONO production and loss rates are
presented in Figure S4.
A strong potential unknown HONO production rate (Pother)

ranging from 0.3 to 4.5 ppbv/h exists at all sites. We explored
the relationship of Pother with the three isolated PCs. The
results of the correlation analysis between Pother and the scores
of PC1−PC3 are provided in Table S7. The Pother of the sites
in cluster 1 (inland sites except for Jinan in winter) shows a
more significant positive correlation with PC1 than with PC2
and PC3 (e.g., r = 0.72, 0.30, and −0.15 for PC1−PC3,
respectively, in Jinan in spring), thereby revealing the potential
importance of the NOx-dominated process. The correlations
between Pother and PC2 are extremely strong at coastal and
mountain sites (e.g., r = 0.95 with PC2 in Mt. Tai in spring),
indicating that the photodecomposition-dominated process
plays a vital role at these sites, which is consistent with the
significant correlations between Pother and JNO2

. The correlation
results between Pother and the scores of PCi in this study are
consistent with the results of the traditional correlation analysis
using specific indicators, thereby further revealing the role of
PCA in distinguishing potential HONO sources and
confirming our speculation about the meaning of each PC.
This study used PCA for the first time to systematically

analyze the HONO observation data from multiple sites
worldwide, providing an understanding of the dominant
processes driving ambient HONO concentrations in different
environments. The results illustrate that NOx-dominated,
photodecomposition-dominated, and soil-related processes
have important effects on the sources and sinks of ambient
HONO and provide intuitive proof that sea−land circulation
plays an important role in HONO formation at coastal sites. It
is noteworthy that the 46 observation data sets may not cover
all environments and, to some extent, reduce the representa-
tiveness of the PCA results. More observations, especially from
less polluted marine and high-elevation sites as well as different
pollution cases in different areas, are urgently needed, and
further laboratory investigation of HONO formation through
the photodecomposition pathway is required. The PCA
approach is successfully used to investigate the potential
daytime HONO source(s) for the first time. Our results
demonstrate that despite the different characteristics and
variation patterns of ambient HONO observed in various
environments, the underlying dominant processes affecting
HONO formation and sinks are quite simple. We also provide
guidance for the future investigations of potential unknown
source(s) of HONO in different types of areas.
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