
Citation: Cheng, K.; Xie, M.; Wang, Y.;

Lu, Y. Vertical Distribution, Diurnal

Evolution, and Source Region of

Formaldehyde During the Warm

Season Under Ozone-Polluted and

Non-Polluted Conditions in Nanjing,

China. Remote Sens. 2024, 16, 4313.

https://doi.org/10.3390/rs16224313

Academic Editor: Michael Obland

Received: 9 October 2024

Revised: 14 November 2024

Accepted: 16 November 2024

Published: 19 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Vertical Distribution, Diurnal Evolution, and Source Region of
Formaldehyde During the Warm Season Under Ozone-Polluted
and Non-Polluted Conditions in Nanjing, China
Keqiang Cheng 1, Mingjie Xie 1,* , Yuhang Wang 2 and Yahan Lu 3

1 Collaborative Innovation Center of Atmospheric Environment and Equipment Technology, Jiangsu Key
Laboratory of Atmospheric Environment Monitoring and Pollution Control, School of Environmental Science
and Engineering, Nanjing University of Information Science & Technology, 219 Ningliu Road,
Nanjing 210044, China

2 School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA 30332, USA;
ywang@eas.gatech.edu

3 Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographic Sciences and Natural
Resources Research, CAS, Beijing 100101, China

* Correspondence: mingjie.xie@nuist.edu.cn

Abstract: Formaldehyde (HCHO), a key volatile organic compound (VOC) in the atmosphere, plays a
crucial role in driving photochemical processes. Satellite-based observations of column concentrations
of HCHO and other gaseous pollutants (e.g., NO2) have generally been used in previous studies
to elucidate the mechanisms behind secondary organic aerosol (SOA) and ozone (O3) formation.
This study aimed to investigate the characteristics of HCHO by retrieving its vertical profile over
Nanjing during the warm season (May–June 2022) and analyzing the diurnal variation in vertical
distribution and potential source regions on non-polluted (MDA8 O3 < 160 µg m−3, NO3P) and
O3-polluted (MDA8 O3 ≥ 160 µg m−3, O3P) days. Under both conditions, HCHO was primarily
concentrated below 1.5 km altitude, with average vertical profiles displaying similar Boltzmann-
like distributions. However, HCHO concentrations on O3P days were 1.2–1.6 times higher than
those on non-polluted days at the same altitude below 1.5 km. Maximum HCHO concentrations
occurred in the afternoon, while the peak value in the 0.1–0.4 km layers was reached around noon
(~11:00 a.m.). The variation rates (VR) of HCHO in the 0.3–1.2 km altitudes had a maximum on O3P
days (approximately 0.33 ppbv h−1), and were significantly higher (p < 0.01) than the VR observed
on NO3P days (0.14–0.20 ppbv h−1). The analysis of footprints showed that HCHO concentrations
were jointly influenced by the upstream region and the surroundings of the study site. The study
results improve the understanding of the vertical distribution and potential source regions of HCHO.

Keywords: formaldehyde; vertical profile; diurnal evolution; potential source region; MAX-DOAS

1. Introduction

Volatile organic compounds (VOCs) have garnered significant attention due to their
harmful impacts on both human health and the environment [1–3]. Atmospheric VOCs pri-
marily originate from biological processes, human activities, and biomass combustion [4–7].
A considerable number of VOCs are reactive in the atmosphere, playing a crucial role in
the formation of SOA and O3 [7–9]. Over the past decade, air quality improvement policies
have been enacted in series in China, resulting in substantial reductions in major pollutants
such as particulate matter. However, concentrations of VOCs and O3 have paradoxically
risen [10–13]. The vast diversity of VOCs and their different chemical reactivity present
significant challenges in evaluating their atmospheric behavior. Therefore, tracking VOC
oxidation products is of great significance to enhancing our current understanding of
atmospheric photochemical pollution processes.
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Formaldehyde (HCHO) serves as a transient intermediate for the majority of at-
mospheric VOCs [14–16]. Its primary sources include incomplete combustion and the
photochemical oxidation of VOCs [17,18]. HCHO is subject to rapid photolysis and reac-
tions with hydroxyl radicals (OH) [19], and its by-products, such as hydroperoxyl, play a
role in the NO-NO2 cycle [20], ultimately contributing to O3 formation [17,21,22]. Due to
its strong correlation with overall VOC reactivity, HCHO is sometimes used to represent
total VOCs [23]. Given that the photolytic reactions of VOCs and NO2 are critical to the
formation of tropospheric O3, the ratio of HCHO to NO2 has been widely employed to
evaluate O3 formation sensitivity [24–27]. Satellite-based observations enable the simulta-
neous retrieval of HCHO and NO2 data, aiding studies on the spatial distribution of O3
formation regimes [26–28]. However, satellite-based observations can only provide the
vertical column density (VCD) of HCHO and NO2 around the overpass time or during the
daytime, which may not accurately capture the dynamics of O3 formation. Furthermore,
due to the uneven vertical mixing of atmospheric components in the lower troposphere and
transport at different vertical levels, the VCD of HCHO and NO2 may not reliably indicate
O3 sensitivity at lower atmospheric levels [29]. To better understand tropospheric VOC
pollution and O3 formation, it is crucial to develop ground-based vertical measurements
that provide high temporal resolution HCHO data.

The technique of differential optical absorption spectroscopy (DOAS) is frequently
used to measure the vertical distribution of atmospheric components (e.g., aerosols and
trace gases) [30–33]. Ground-based multi-axis DOAS (MAX-DOAS), in particular, is a
technique capable of simultaneously obtaining the vertical distribution of aerosols and
trace gases with high temporal resolution [34]. In several prior studies, the integration of
ground-based and satellite-based observations has been employed to determine both the
column and vertical profiles of HCHO [16,28], which significantly enhances investigations
into the formation of atmospheric VOCs and O3.

The Yangtze River Delta (YRD), one of the most rapidly developing regions in China,
has suffered from severe air pollution in recent years. Despite ongoing efforts to control
emissions, the influence of regional pollution transport and secondary pollutants on local
air quality has become more apparent. The surface concentrations of major pollutants are
significantly impacted by their transport through the troposphere [35–38]. However, in the
formulation of pollution control strategies, the focus has primarily been on surface pollutant
concentrations, while the vertical distribution and regional origins of air pollutants have
been overlooked. This study aimed to (1) measure HCHO’s vertical distribution using MAX-
DOAS on both O3P and NO3P days in Nanjing, China; (2) examine temporal variations in
the vertical HCHO profile; and (3) explore the potential source regions and their influence
on HCHO at different altitudes. The results provide valuable insights into HCHO’s role in
O3 formation and its response to varying meteorological conditions, which has implications
for atmospheric modeling and air quality management.

2. Materials and Methods
2.1. Observation Site

Ground-based MAX-DOAS observations were performed on an academic building’s
rooftop (about 22 m) at Nanjing University of Information Science and Technology (NUIST,
Figure 1) from April to June 2022. This site is situated in a suburban setting in northern
Nanjing, bordered by residential areas and two major expressways. Notably, large-scale
petrochemical facilities are located roughly 6 km northeast of the site. During the observa-
tion period, the average daytime temperature was 23.8 ◦C, with an average humidity of
51.3% and a wind speed of 4.6 m/s.
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Figure 1. Geographical characteristics, location, and surrounding functional areas of NUIST.

2.2. Details of Spectral Analysis and Retrieval of Vertical Profile

The MAX-DOAS primarily comprises three components: a scanning telescope unit
and two spectrometer units. The elevation angles for measuring scattered sunlight are
configured to 1◦, 2◦, 3◦, 4◦, 5◦, 6◦, 8◦, 10◦, 15◦, 30◦, and 90◦, which takes about 12 min for a
full scan. To maintain consistency across observations, each measurement’s exposure time is
modified based on the scattered light intensity detected with the instrument. Additionally,
offset spectra and dark current are recorded during nighttime and subtracted from the
daytime spectra to improve accuracy.

Differential slant column densities (DSCDs) were calculated through the analysis of
scattered solar spectra using the DOAS technique. The DSCD fitting results were processed
with QDOAS software (https://github.com/UVVIS-BIRA-IASB/qdoas/, accessed on 27
March 2023). Table 1 outlines the recommended configurations for trace gases’ absorption
cross-sections and additional DOAS parameters (details in Supplementary Section S1). For
each scanning sequence, zenith spectra served as the Fraunhofer reference spectrum for
DSCD calculation. To enhance the signal-to-noise ratio and minimize uncertainties in the
vertical profile retrievals, spectra with solar zenith angle greater than 80◦ and DSCDs with
residuals of root mean square error (RMSE) exceeding 6.0 × 10−4 were excluded. Figure 2
presents typical spectral results recorded at 10:45 LST on 5 May 2022.

Table 1. DOAS fitting configuration for the DSCDs of O4, NO2, and HCHO.

Parameter Refer Data Source
Fitting Interval (nm)

O4/NO2 HCHO

Wavelength range 338–370 322.5–358
NO2 298 K a [39]

√ √

NO2 220 K a [39]
√

×
O3 223 K b [40]

√ √

O3 243 K b [40]
√ √

O4 293 K [41]
√ √

BrO 223 K [42]
√ √

HCHO 297 K [43]
√ √

Ring Calculated with QDOAS [44]
√ √

Polynomial degree Order 5 Order 5
Intensity offset Constant Constant

a: I0 correction (SCD of 1017 molecules cm−2); b: I0 correction (SCD of 1020 molecules cm−2).

https://github.com/UVVIS-BIRA-IASB/qdoas/
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Vertical profiles were estimated with the optimal estimation method (OEM, details in
Supplementary Section S2) [35]. The cost function, which governs the retrieval process, is
defined as follows:

χ2 = [y − F(x,β)]TS−1
ϵ [y − F(x,β)] + [x − xa]S−1

a [x − xa]
T (1)

here, SCIATRAN version 4.5.5, a widely recognized radiative transfer model, was employed
as the forward model, denoted as F(x,β), where x is the state vector (i.e., the vertical profile),
β refers to the non-retrieved system parameters, and y is the measurement sequence vector
of the DSCDs. The variable xa is the a priori profile of the aerosol or trace gas, serving as
the initial input for the profile inversion algorithm. Sϵ and Sa are the uncertainty of y and
xa, respectively.

A two-step inversion algorithm was applied to calculate the vertical profiles. Firstly,
aerosol extinction (AE) profiles were derived from O4 DSCDs. Secondly, these AE profiles
were used as inputs to calculate trace gases’ vertical profiles. In the inversion process, the
following fixed aerosol optical properties were assumed: surface albedo of 0.05, single
scattering albedo of 0.90, and asymmetry parameter of 0.72 [34]. The troposphere below
4 km was segmented into 31 layers. The first 10 layers below 1.0 km were spaced on a grid
of 100 m, while the remaining 21 layers, spanning from 1.0 km to 4.0 km, were spaced on a
grid of 200 m. Figure 3 presents exemplary vertical distribution of the AE at 360 nm and
HCHO during the observation period. The Boltzmann a priori profiles were used for both
aerosols and HCHO. Near-surface aerosol extinction coefficients and HCHO concentrations
(in volume mixing ratios, VMR) were set to be 0.3 km−1 and 5 ppbv, respectively. The
degrees of freedom (DOFs) reflect the amount of independent retrievable information in
profile inversion [45]. Therefore, only the retrieval results with DOFSs > 1.0 were retained
in this study.

2.3. Potential Source Region Analysis

A particle dispersion model, the Stochastic Time-Inverted Lagrangian Transport Model
(STILT, version 2), was employed to simulate the transport of air parcels [46]. In this
model, air parcels are represented as ensembles of particles with equal mass, which are
transported backward in time from a specific point to upstream regions [47]. The model’s
footprint is defined as the sensitivity to surface flux, expressed in units of ppb m2 s µmol−1,
which indicates the mixing ratio per unit of surface flux. For example, a large footprint
value indicates that the surface flux from potential sources significantly influences the
concentration of target species at the selected receptor.
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Figure 3. Vertical profile examples for the aerosol extinction (AE) coefficient and HCHO at 10:36 LST
on 1 May 2022. The left panels (a,c) display the a priori and retrieved profiles of AE and HCHO,
while the right panels (b,d) show the averaging kernels and DOFs corresponding to the results. The
shadings represent the retrieved errors.

For this study, the analysis product of the Global Forecast System (GFS 0.25◦) was
used to drive the STILT model. The simulation produced 24-hour backward output foot-
prints, covering the period from 08:00 to 17:00 local time, whose spatial resolution was
0.02◦ × 0.02◦ and an hourly output interval. The receptor point was set at the geographical
location of NUIST, and the particle number was fixed at 1000. This particle count repre-
sents the ensemble size used for simulating back trajectories [48], and insufficient particle
numbers can introduce variability in the simulation results between model runs.

2.4. WRF Configuration and Evaluation

The Weather Research and Forecasting model (WRF version 4.3) was employed
to simulate meteorological fields from May to June 2022 over a domain that contains
89 × 99 grid cells in a 27 km horizontal resolution. The European Center for Medium-Range
Weather Forecasts (ECMWF) producing ERA5 reanalysis data, whose spatial resolution is
0.25◦ × 0.25◦, provided the initial and boundary conditions. The detailed information and
physical configurations of the WRF model are available in Supplementary Section S3.
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To evaluate the value of simulated, the correlation coefficient (R), root mean square
error (RMSE), normalized mean error (NME), and mean bias (MB) were adopted (Table 2).
The RMSE is calculated by the equation:

RMSE =

√
1
N ∑N

n=1

[
(Xn − X

)
−

(
Xobs,n − Xobs

)
]2 (2)

where N is the number of observations, Xobs,n the observations, Xn the corresponding
simulated results, X and Xobs are the average values of the simulated result and observa-
tion, respectively.

Table 2. Comparison of model simulation with actual observations in Nanjing.

Parameter Month MB NME/% RMSE R

T2
(◦C)

Apr 0.1 8.5 2.0 0.95
May 1.2 8.0 2.2 0.90
Jun 0.1 5.2 1.8 0.90

RH2
(%)

Apr −3.0 13.8 10.2 0.88
May −8.7 19.7 11.4 0.82
Jun −1.6 10.9 9.2 0.84

WS10
(m/s)

Apr 1.2 38.7 1.2 0.66
May 0.8 34.1 1.2 0.64
Jun 0.9 33.0 1.5 0.67

The NME and MB are reported as follows:

NME =
∑N

n=1
∣∣Xn − Xobs,n

∣∣
∑N

n=1 Xobs,n
× 100% (3)

MB =
1
N ∑N

n=1

∣∣Xn − Xobs,n
∣∣ (4)

2.5. Ancillary Data

Ozone (O3) concentration data were acquired from China National Environmental
Monitoring Center (CNEMC), which manages a comprehensive air quality monitoring
network with around 1500 stations across 454 cities. The hourly surface O3 concentration
data were collected from a designated CNEMC air monitoring station (ID: 1157A, located
at 32.09◦N, 118.62◦E), situated approximately 10 km from our study site. To ensure data
integrity, severe outliers were identified and excluded through the Z-score method as part
of the data quality control process.

3. Results
3.1. Overview of the Observations

Surface O3 concentrations in the YRD region have increased significantly in warm sea-
sons [49]. Figure 4a shows the proportions of O3P and NO3P days in Nanjing during April–
June 2020–2022, revealing that more than one-third of the days were polluted in the warm
season. The hourly average O3 concentration of pollution days was 121 ± 51.0 µg m−3,
significantly higher than the average on NO3P days (p < 0.05), which is 85.3 ± 35.8 µg m−3.
Except for primary emissions, secondary formation processes also play a major role in
atmospheric HCHO concentrations [50], and the secondary HCHO originates mainly from
radical-driven reactions [51]. To further illustrate the relationship between O3 and HCHO,
the boxplots of MDA8 O3 concentrations in different mixing ratio ranges of near-surface
HCHO are shown in Figure 4b. The results indicate a linear increase in MDA8 O3 con-
centration with rising HCHO, suggesting that HCHO plays a critical role in O3-related
photochemical reactions in the atmosphere during the warm season in Nanjing.
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3.2. Vertical Distribution of HCHO

Figure 5 presents the average vertical profiles of HCHO for both O3P and NO3P days,
along with a scatter density verification plot comparing the measured and simulated DSCDs.
The average vertical profiles of HCHO under the two O3 conditions are similar (Boltz-
mann shape, Figure 5a,c). Specifically, HCHO concentration fluctuates below 0.5 km and
gradually decreases with increasing altitude. This feature of the HCHO distribution was
consistently observed within the 0–2 km altitude range, primarily attributed to local surface
emissions and photochemical processes occurring in the lower troposphere [52]. Compar-
ing HCHO’s vertical profiles under these two conditions, the average HCHO concentration
below 1.5 km was 1.2–1.6 times greater on O3P days than on NO3P days. Although the
distributions of HCHO at higher altitudes (>1.5 km) were similar, the vertical column
density (VCD) of HCHO below 1.5 km on O3P days (1.04–1.39 × 1016 molecules cm−2)
was higher than the VCD on NO3P days (6.24–9.37 × 1015 molecules cm−2). In this study,
the observation site is situated in the YRD region, which is influenced by the subtropical
high-pressure system of the western Pacific Ocean in the warm season, leading to strong
convective activity and horizontal transport. Long-term monitoring of trace gases such
as HCHO, SO2, and NO2 in typical YRD cities indicates that meteorological conditions
significantly influence their transport and distribution [53,54].

Figure 6 presents the average diurnal variations in the HCHO vertical profiles for
both O3P and NO3P days. Notably, HCHO concentrations were predominantly concen-
trated below 2 km under both conditions. Due to the close relationship between HCHO
and the photochemical reactions in the atmosphere, higher HCHO concentrations usually
occur at midday or late afternoon [55]. The HCHO concentration reached its maximum
during 16:00–17:00 on NO3P days and remained at a low level before 16:00 (Figure 6a). On
O3P days, HCHO concentrations below 1 km were significantly higher (p < 0.05). HCHO
rapidly accumulated within the BL (Figure 6b), the height of which increased from approx-
imately 400 to 900 m from sunrise until noon. The peak concentrations (approximately
4.03–5.48 ppbv) were also observed in layers 0.3–1.0 km high during 16:00–17:00, as ele-
vated O3 levels and intense solar radiation facilitated the formation of secondary HCHO. It
is noteworthy that the HCHO concentration in 1–1.5 km high layers initially decreased a
little and then increased. One possible explanation is that the high HCHO concentrations
in the morning were primarily caused by the accumulation of previously formed HCHO
under stable weather conditions during the night. After sunrise, the photolysis of HCHO
increased, and the boundary layer height increased to more than 1 km at noon, enabling
well-mixed conditions below.
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3.3. The Variation Rates of HCHO Concentrations at Different Altitudes

Figure 7 illustrates the variation rates (VR) of HCHO concentrations at different
altitudes derived from hourly observations. Moreover, the retrieval results of HCHO
concentrations at altitudes of 0.02 km, 0.6 km, and 1 km were regressed on the time of day,
which underscores the significant temporal variation of HCHO concentrations throughout
the daytime (correlation coefficients ranged from 0.77 to 0.99, Figure 7b–d,f–h). Compared
to the stable and low concentrations in the upper troposphere, daytime HCHO concentra-
tions below 2 km increased both on O3P and NO3P days. The VR of HCHO on NO3P days
remained at 0.19 ± 0.02 ppbv h−1 between 0.3 km and 1.5 km altitude. At altitudes higher
than 1.5 km, the VR decreased rapidly to 10−4 ppbv h−1. Although the vertical pattern
of VR on O3P days differed from that on NO3P days, the high VR occurred in the same
altitude range (Figure 7a,e). The variation rate reached its maximum (0.34 ppbv h−1) at
an altitude of 600 m and decreased rapidly above and below this altitude. This vertical
pattern on O3P days can be attributed to local convective transport, as shown by the high
concentrations and low variation rates near the ground (Figures 6b and 7e). Notably, the
negative VR at 1.6–2 km altitude on O3P days suggests nocturnal advective transport in
the upper boundary layer, leading to the accumulation of HCHO. This accumulation with
subsequent deposition possibly contributes to the peak observed at 0.3–1 km altitude.
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4. Discussion
4.1. The Relationship Between HCHO Concentrations and Meteorological Parameters at
Different Altitudes

As shown in Table 3, the relationship between HCHO concentration at different
altitudes and meteorological factors—temperature (T), relative humidity (RH), and wind
speed (WS)—exhibited distinct characteristics under NO3P and O3P days. On NO3P
days, a notable positive correlation between HCHO and temperature at different altitudes,
indicating that elevated temperatures facilitate HCHO formation when ambient O3 is low.
Conversely, the relationship between HCHO concentrations and meteorological parameters
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on O3-polluted days exhibited greater complexity. Atmospheric conditions with high
temperatures and high humidity in the near-surface layers (below 0.6 km) had a notable
impact on HCHO formation, partly due to the greater formation of hydroxyl radicals (OH),
which can react with VOCs to produce formaldehyde [55,56]. Additionally, the correlation
between HCHO concentration and wind speed suggests that pollutant transport alone
may not be the primary factor driving high HCHO levels on O3P days; instead, localized
emissions or photochemical production could contribute to elevated HCHO concentrations
under low-wind conditions.

Table 3. Correlation analysis of HCHO with meteorological parameters on O3P and NO3P days.

Parameter Altitude T (◦C) RH (%) WS (m/s)

NO3P days
surface 0.74 ** 0.04 −0.03
0.6 km 0.69 ** 0.10 −0.03
1 km 0.69 ** −0.10 −0.11

O3P days
surface 0.53 ** 0.55 ** −0.30
0.6 km 0.50 ** 0.53 ** −0.30
1 km 0.42 * 0.10 −0.44 *

** p < 0.01; * p < 0.05.

4.2. Source Region and Their Impacts on HCHO at Different Altitudes

Based on the aforementioned results, three altitudes—0.02 km, 0.6 km, and 1 km—
were selected to evaluate the source regions and their influences under both conditions.
Figures 8 and 9 show the average hourly footprints on O3P and NO3P days at an altitude
of 0.02 km (near the ground). The area of the footprint decreased with time for both
conditions, indicating that the maximum concentration in the afternoon (Figure 6) is mainly
affected by the region adjacent to the NUIST site. As shown in Figure 8, the footprints on
O3P days show that the potential sources of HCHO are mainly from the northeast, east,
and southeast of NUIST. The area with high footprint values (>0.8 ppb m2 s µmol−1) was
adjacent to the NUIST, indicating a stagnant air mass. On NO3P days, the potential HCHO
sources were mainly from the northeast and southwest, and the area with high footprint
values was much larger. These results suggest that the air mass was transported over long
distances with strong northeast or southwest winds on NO3P days, and the near-ground
concentration of HCHO was related to wind speed.
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In Figure 10, the footprint at 0.6 km altitude on O3P days shows potential sources
originating mainly from the northeastern, eastern, and southeastern regions of NUIST.
Compared to the O3P days, the area of footprints on NO3P days (Figure 11) was much
smaller, suggesting that meteorological conditions on NO3P days were not conducive to
the transport of air masses at this altitude. The value of footprints near the NUIST on
O3P days (0.13 ± 0.06 ppb m2 s µmol−1) was comparable to the value for NO3P days
(0.12 ± 0.04 ppb m2 s µmol−1), but the value in the period from 10:00–12:00 was higher on O3P
days (0.14 ± 0.07 ppb m2 s µmol−1) compared to NO3P days (0.11 ± 0.03 ppb m2 s µmol−1).
This suggests that the peak HCHO concentration at 0.6 km altitude at noon may be at-
tributed to a local contribution. Due to the nearly identical footprint values in the period
from 15:00–17:00 (0.12 ± 0.03 for NO3P and 0.12 ± 0.04 ppb m2 s µmol−1 for O3P days), the
observed peak HCHO concentrations in the afternoon warrant further investigation. This
can be achieved by quantifying the transport contributions from actual emissions across the
entire source region [47]. Additionally, combining this analysis with an atmospheric chemi-
cal model to calculate HCHO production and loss will help further explore the underlying
causes of this phenomenon. The distribution patterns of potential source regions near the
ground and at an altitude of 0.6 km on O3P days were similar, and this characteristic was
also observed on NO3P days. However, the area and footprint value of the potential source
region at 0.6 km were significantly reduced (p < 0.05) compared to those near the ground.
This difference may be related to variations in boundary layer height throughout the day
(946.63 ± 484.61 m on O3P days, 916.47 ± 397.16 m on O3P days). When the boundary layer
height was below 0.6 km, the HCHO content in the passing air masses was lower. When
the boundary layer height is below 0.6 km, the HCHO content in the air masses passing
through this height is lower; as the boundary layer height increases, the HCHO content in
the air masses begins to rise due to the influence of emissions and vertical mixing [17,19],
with the maximum VR observed at 0.6 km.

The footprints on O3P and NO3P days at an altitude of 1 km are shown in Figures 12 and 13.
On O3P days, the northeastern, southwestern, and southeast regions of NUIST were
identified as the main potential sources of HCHO. The variation in the potential source area
underwent three distinct stages: increasing (10:00–12:00), maintaining (12:00–16:00), and
decreasing (16:00–17:00). On NO3P days, the potential sources were similarly distributed
in the northeast and southwest of NUIST, with a similar pattern of variation as on O3P
days. However, the footprint area on NO3P days was smaller than on O3P days, which
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could explain the lower HCHO concentrations on NO3P days. The variation pattern of the
potential source area at 1 km altitude differed from that of the ground level on both O3P
and NO3P days. During the period from 12:00 to 16:00 on O3P days, the area of potential
source region and footprint values at 1 km altitude were larger, suggesting that regional
transport and localized emissions substantially affect HCHO levels in the upper boundary
layer [57,58].
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5. Conclusions

In this study, ground-based MAX-DOAS observations and STILT simulations were
combined to investigate the vertical distribution, diurnal evolution, and source regions of
HCHO during the warm season under O3P and NO3P conditions in Nanjing, China. The
vertical profiles of HCHO exhibited a similar structure across both conditions; however,
HCHO concentrations were 1.2 to 1.6 times higher on O3P days compared to NO3P days at
altitudes below 1.5 km. The HCHO concentration on NO3P days exhibited a continuous
slow increase during the day and reached its maximum in the afternoon, while the HCHO
concentration increased sharply and occurred at a peak of 0.3–1.0 km on O3P days.

The VR of HCHO concentrations in the 0.3–1.5 km layers on NO3P days remained
at 0.19 ± 0.02 ppbv h−1, suggesting that the synergistic contributions of direct emissions,
photochemical production, and transport to HCHO concentrations are consistent through-
out the day. In contrast, there was a peak value (0.34 ppbv h−1) at 0.6 km on O3P days.
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The negative variation rate at 1.6–2 km altitude on O3P days indicates nocturnal advective
transport of HCHO in the upper boundary layer and subsequent deposition. The potential
source regions at near-ground and 0.6 km on O3P days were mainly from the northeast,
east, and southeast of NUIST, while the potential sources on NO3P days were ascribed
to the northeast and southwest regions. To enable a clearer comparison of source region
differences under the two conditions, the study quantifies their influence. On O3P days,
the area of regions contributing to transport was larger at 0.6 km than on NO3P days, and
the footprint values near the NUIST at noon (0.14 ± 0.07 ppb m2 s µmol−1) were higher
than on NO3P days (0.11 ± 0.03 ppb m2 s µmol−1), which explained the occurrence of peak
and maximum concentrations caused by local transport. For the 1 km layer, the potential
source regions for both O3P and NO3P days were mainly distributed in the northeast and
southwest of NUIST. The smaller footprint area in the early daytime hours and the variation
patterns of increasing–maintaining–decreasing suggest that the high HCHO concentration
is related to the nocturnal accumulation of locally formed HCHO and diurnal transport.
Since the inversion results are primarily derived from sunny conditions, the findings of
this study may not fully represent the dynamics of HCHO during cloudy or rainy days.
Furthermore, the absence of multi-source, high-resolution emission data limits the ability
to precisely quantify the influence of potential source regions on HCHO. Future studies are
warranted to optimize the inversion algorithm and quantify the regional contribution to
air pollutants.
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