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Abstract: Recently, the occurrence of fog and haze over China has increased. The retrieval of trace
gases from the multi-axis differential optical absorption spectroscopy (MAX-DOAS) is challenging under
these conditions. In this study, various reported retrieval settings for formaldehyde (HCHO) and sulfur
dioxide (SO2) are compared to evaluate the performance of these settings under different meteorological
conditions (clear day, haze, and fog). The dataset from 1st December 2019 to 31st March 2020 over
Nanjing, China, is used in this study. The results indicated that for HCHO, the optimal settings were
in the 324.5–359 nm wavelength window with a polynomial order of five. At these settings, the fitting
and root mean squared (RMS) errors for column density were considerably improved for haze and fog
conditions, and the differential slant column densities (DSCDs) showed more accurate values compared
to the DSCDs between 336.5 and 359 nm. For SO2, the optimal settings for retrieval were found to be
at 307–328 nm with a polynomial order of five. Here, root mean square (RMS) and fitting errors were
significantly lower under all conditions. The observed HCHO and SO2 vertical column densities were
significantly lower on fog days compared to clear days, reflecting a decreased chemical production of
HCHO and aqueous phase oxidation of SO2 in fog droplets.
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1. Introduction

During the past two decades, remote sensing has been developed as a powerful tool
for atmospheric monitoring and mapping. Initially, air crafts and satellites were used
to study cloud patterns and dynamics. The improvements in remote sensing techniques
and their application to the atmosphere have made a breakthrough in measuring gaseous
content along with their spatial and temporal distributions. Remote sensing can be done
either through satellite-based sensors or ground-based instruments. The basic principle
of atmospheric monitoring lies in the fact that every pollutant entering the atmosphere
will somehow impact electromagnetic radiation at different wavelengths through absorp-
tion and scattering. The solar radiance is reduced by the absorption and scattering of
atmospheric trace gases in specific wavelength intervals [1].

Multi-axis differential optical absorption spectroscopy (MAX-DOAS) provides valu-
able information on tropospheric trace gases and aerosols [2]. Molecular absorption in the
visible (VIS) and ultraviolet (UV) wavelength range provides information on tropospheric
trace gas species at various elevation viewing angles (EVAs). The DOAS technique was
pioneered in 1973 and has been used since then to measure atmospheric trace gases with
narrowband structures of absorption in different wavelength regions [3–7].

The air quality of most cities in China has been deteriorating in the past due to in-
creased urbanization and industrialization. The frequency of haze days in China has
increased intensely, with impacts on public health and has adverse impacts on transporta-
tion systems and other activities. In the eastern part of China, haze normally occurs each
year during the autumn and winter months, which can be related to the crop burning
practices during these months [8–12]. The MAX-DOAS instrument largely depends on the
sunlight intensity for measurements in the visible and ultraviolet spectrum. The quality
of the DOAS fit is described by the structure of residual fit after several absorbers are
subtracted, using the least square fitting method expressed using root mean square (RMS).
However, the actual state of the atmosphere, including the scattering processes and the
aerosol distribution, holds some constraints subjecting RMS to certain limitations [13].
Owing to the presence of a higher amount of light scattering and absorbing aerosols in the
atmosphere, the DOAS fit quality is affected during haze days. At different wavelength
bands, sunlight has a varying ability to pass through the atmosphere. Therefore, it has a
diverse path length at different wavelength bands that may alter the corresponding trace
gas absorption. Hence, it is crucial to choose the appropriate retrieval settings for trace
gases for foggy and hazy days [14].

Formaldehyde (HCHO) and sulfur dioxide (SO2) are crucial constituents of the atmo-
sphere that can be strong influencers in determining air quality and regional climate. The
oxidation of volatile organic compounds (VOCs) generates HCHO as an intermediate prod-
uct making this species a suitable indicator for non-methane volatile organic compounds
(NMVOCs) in the lower atmosphere [15]. The hydroxyl (OH) radicals that act as key
oxidants in the troposphere are significantly impacted by the existence of VOCs. HCHO
comes mainly from the oxidation of the VOCs from plant sources, industrial discharge,
traffic emissions, and biomass burning. SO2 as an anthropogenic air pollutant is found
as the most abundant sulfur-containing compound. About 75% of SO2 in the atmosphere
comes from the combustion of fossil fuels rich in sulfur for domestic heating and power
generation [16]. Environmental problems linked to the atmospheric SO2 are similar to that
of NO2, including the formation of secondary aerosols, acidification of aquatic ecosystems,
and negative impacts on human health [17].

The main objective of this study is to optimize retrieval settings for the two crucial trace
gases under different meteorological conditions. Meteorological conditions are categorized
into clear, haze, and foggy conditions by using a dataset of relative humidity, visibility,
and PM2.5. Furthermore, the effect of these meteorological conditions on HCHO and SO2
column densities is also discussed. To the best of our knowledge, this is the first study to
report optimal settings for HCHO and SO2 retrieval from MAX-DOAS during haze days.
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2. Materials and Methods
2.1. Instrument

The MAX-DOAS instrument is used to make observations for various trace gases in
the atmosphere. The instrument works based on the DOAS technique. The MAX-DOAS
instrument consists of various components, including a spectrometer (2 Avaspec-UL2048L-
USB2 UV: 300–405 nm and VIS: 407–540 nm), which has a spectral resolution of 0.6 nm,
a 2D charge-coupled device (CCD) detector with 2048 individual pixels (Sony ILX511),
and a telescope unit with stepping motor and multimode quartz glass fiber [18]. The
instrument has been designed by the workers from “Key Lab of Environmental Optics &
Technology, Anhui Institute of Optics and Fine Mechanics”, while some mechanical parts
were imported from Airyx Gmbh (Eppelheim, Germany).

2.2. Observation Site

The instrument (Figure 1) is mounted atop a building at the Nanjing University of
Information Science and Technology (NUIST) (32.20◦ N, 118.72◦ E Pukou District, Nanjing,
Jiangsu province). The Yangtze River separates Pukou from the rest of the city. Nanjing is
one of the biggest and oldest cities of China, with a population of more than 8.5 million.
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Figure 1. The observation site at Nanjing University of Information Science and Technology, Pukou,
Nanjing, China.

2.3. DOAS Analysis

The MAX-DOAS instrument can measure scattered sunlight at various altitudes in
the atmosphere, called the elevation viewing angles (EVA), making it ideal for accurate
column measurements of trace gas species. The EVA of the instrument ranges from 1◦ to
90◦. The QDOAS software (version 3.2) developed by BIRA-IASB was used to analyze the
observed spectra [19]. Table 1 describes the retrieval settings, including the absorption
cross-section used for the DOAS fitting algorithm. Wavelength calibration was performed
by a high-resolution solar spectrum [20]. The measured spectrum is the sum of sunlight
intensity and electronic offset by the spectrometer. Before analysis, the measured spectra
were corrected by subtracting offset. Differential slant column densities (DSCDs) were
obtained by choosing 90◦ as Fraunhofer reference spectrum, which was used to fit the
recorded spectra at various elevation angles for each scanning series. The atmospheric
scattering processes have an impact on the quality of the spectrum recorded. Therefore, the
dataset with a root mean square (RMS) greater than 0.002 and a solar zenith angle greater
than 75 were filtered out because the spectrum at solar zenith angle greater than 75 and
RMS greater than 0.002 is significantly impacted by the scattering process.
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Table 1. Retrieval Settings for the spectral analysis of HCHO and SO2 using DOAS.

Parameters Data Source
Trace Gases

SO2 HCHO

HCHO 297 K, [21] X X
NO2 220 K, [22] X X
SO2 298 K, [22] X X
O3 243 K, [23] X X
O3 223 K, [23] X X
O4 293 K, [24] X X

BrO 223 K, [25] X X
Ring Calculated with QDOAS X X

Polynomial degree 5 5

Differential air mass factor (dAMF) is used to calculate Vertical Column Density (VCD)
by geometric approximation approach [18,26–28]. The hourly average values are used for
the calculations of VCD.

2.4. Ancillary Data

The daily mean concentration data for PM2.5 was downloaded from https://www.
aqistudy.cn/. The hourly mean relative humidity (RH) and visibility were obtained by an
automatic weather station installed in the meteorological observation base of NUIST. The
DNQ1 forward scatter visibility sensor is used for the measurements of visibility. The visi-
bility sensor is used to measure light return, by which the scattering coefficient is calculated.
The hourly records for visibility and RH are obtained from the meteorological station.

2.5. Error Estimation

The VCD fitting error is derived by using geometric approximation from the DOAS
fitting error. Equation (1) shows VCD fitting error.

VCDfitting error =
VCDerror

VCD
=

√
2(DSCD2

α 6=90◦ + DSCD2
α=90◦

2
(

1
sinα − 1

)
×VCD

(1)

The mean error for HCHO VCDs varies from 7% to 28%, with an average of 16%,
whereas the average SO2 VCDs error varies from 11% to 34% with an average of 19%.

2.6. TROPOMI Satellite Observations

The Tropospheric Monitoring Instrument (TROPOMI) is onboard the Sentinel-5 Precur-
sor (S5P) satellite. The satellite orbits at an altitude of about 824 km in a sun-synchronous
orbit. The satellite overpassing time is 13:30 local solar time on the ascending node. HCHO
VCDs are retrieved using an improved USTC (University of Science and Technology of
China) TROPOMI retrieval approach [29].

2.7. EMI satellite Observations

Environmental Trace Gases Monitoring Instrument (EMI) is onboard the GeoFen-5
satellite. The GeoFen-5 satellite was launched by China in a sun-synchronous orbit on 9
May 2018. Its equator passing time is similar to TROPOMI. SO2 VCDs are directly retrieved
by using optimal estimation technique [30].

3. Results

Based on the meteorological conditions, the period of study (i.e., December 2019–
March 2020) has been divided into three categories: (a) clear days with visibility greater
than 10 km, relative humidity less than 80%, and PM2.5 concentration less than 40 µg/m3;
(b) haze days with visibility between 5 and 10 km, PM2.5 concentration greater than

https://www.aqistudy.cn/
https://www.aqistudy.cn/
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40 µg/m3, and relative humidity less than 80%; and (c) fog days, where visibility is less
than 5 km, and relative humidity is greater than 80% [13,14,31]. Table 2 shows a summary
of different meteorological parameters in specific conditions. It is important to mention
that the days are categorized into three categories fog, haze, and clear days if the condition
prevails throughout the day from sunrise to sunset. Based on this criterion, we have found
25 clear days, 33 haze days, and 20 foggy days.

Table 2. Statistics of meteorological parameters in different conditions.

Meteorological
Condition Visibility PM 2.5 Relative Humidity

Clear days >10 km <40 µg/m3 <80%
Haze days >5 km and <10 km >40 µg/m3 <80%
Fog days <5 km >40 µg/m3 >80%

The time series of PM2.5 concentrations and the corresponding meteorological data,
including RH and visibility, is shown in Figure 2.
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Figure 2. Time series for relative humidity (RH%), visibility, and PM2.5.

3.1. HCHO Retrieval Settings

Two wavelength ranges were commonly reported in previous studies: 324.5–359 nm [32–34]
and 336.5–359 nm [35,36]. An example of HCHO spectral DOAS fit for different fitting windows
is shown in Figure 3.

Here, we have compared the impact of these two wavelengths ranges on HCHO
retrieval during a clear day (17 February 2020), with visibility around 18 km and PM2.5
concentration of 13 µg/m3, a hazy day (31 January 2020), with a visibility of about 8.4 km
and PM2.5 concentration of 80 µg/m3, and a foggy day (13 February 2020), with a visi-
bility of about 2.9 km and PM2.5 concentration of 41 µg/m3. It is worth noting here that
wavelength-dependent parameters, such as linear fit parameters, the residuals, and the
information content of the retrieval, impact the calculation of fit error in QDOAS. For clear
sky conditions, no significant impact of wavelength interval was observed in terms of RMS,
whereas an improvement in fit error was observed using 324.5 to 359 nm. However, DSCDs
values obtained from both wavelength ranges are quite comparable.
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Figure 3. HCHO DOAS fit for fitting window (a) 324.5–359 nm and (b) 336.5–359 nm at 2◦ elevation angle. The red lines
represent the fitted optical density, while measured densities are shown by the black lines.

In the case of fog and haze conditions, the RMS obtained from both wavelength
ranges is similar. The fit error is improved by using wavelength intervals 324.5–359 nm.
However, DSCDs values obtained from wavelength intervals 336.5–359 nm during fog and
haze conditions are mostly negative when compared to DSCDs obtained at 324.5–359 nm.
Therefore, the correct choice of wavelength interval is crucial for HCHO retrieval during
fog and haze conditions. Figure 4 shows the comparison of fit error, RMS, and DSCDs
during different meteorological conditions for different fitting windows.

Table 3 shows the mean RMS and mean fit error in different conditions throughout
the observation period. A low mean fit error (2.18 × 1015 molecules/cm2) and mean RMS
(0.00065) were observed using the 324.5–359 nm fitting window throughout the observation
period. The maximum RMS was 0.0015 and minimum was 0.0003, while the maxima for
fit error was 5.6 × 1015 molecules/cm2 and minima was 1.2 × 1015 molecules/cm2 at the
324.5–359 nm fitting window.
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Figure 4. Intercomparison of different retrieval settings by parameters like DOAS fit error, RMS, and HCHO DSCDs for a
(a) clear day (17 February 2020), (b) hazy day (31 January 2020), and (c) foggy day (13 February 2020).

Table 3. Mean RMS and mean fit error at different fitting windows during different meteorological conditions.

Fitting
Window

Clear Days Foggy Days Haze Days

Mean RMS Mean Fit Error Mean RMS Mean Fit Error Mean RMS Mean Fit Error

336.5–359 nm 0.0005 3.87 × 1015 0.00072 5.93 × 1015 0.00063 5.27 × 1015

324.5–359 nm 0.00049 1.70 × 1015 0.00070 2.73 × 1015 0.00061 2.12 × 1015

During DOAS analysis, another significant parameter is the degree of the polynomial.
This is used for the smooth part of the attenuation spectrum. The degree of polynomial also
accounts for the Rayleigh and Mie scattering caused by aerosols. We also investigated the
effect of the polynomial order on RMS. Figure 5 shows that the minimum RMS is obtained
at a polynomial order of five with a mean RMS below 0.0009 under different meteorological
conditions. Therefore, based on a stable DOAS Fit, DSCDs, fit error, and RMS, the fitting
window 324.5 to 359 nm and polynomial order five is recommended and is used for further
investigation in this study particularly under haze and fog conditions.

3.2. SO2 Retrieval Settings

There is a lack of a common analysis approach for SO2 retrieval. Various fitting
windows have been used previously for the retrieval of MAX-DOAS SO2 SCDs despite the
importance of an optimal fitting. The three most used fitting windows are 305–317 [37–39],
307–328 [40], and 312–326 nm [41]. Figure 6 shows an example of SO2 DOAS fit for selected
measurements at different fitting windows.
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In this study, these three commonly used fitting windows were evaluated for SO2
retrieval during a clear day, a hazy day, and a foggy day. It is evident from Figure 7
that the RMS and fit error are higher for the fitting windows 305–317 and 312–326 nm
during different meteorological conditions, while the observed DSCDs are underestimated,
particularly in haze and fog conditions. Low fit error and RMS were observed using
the 307–328 nm fitting window during all the conditions. The DSCDs obtained at the
307–328 nm fitting window are more accurate when compared to 305–317 and 312–326 nm.
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(a) clear day (17 February 2020), (b) hazy day (31 January 2020), and (c) foggy day (13 February 2020).

Table 4 shows the mean RMS and mean fit error in different conditions throughout
the observation period. Low mean fit error (2.63 × 1015 molecules/cm2) and mean RMS
(0.0009) were observed using the 307–328 nm fitting window throughout the observation
period. The maximum RMS was 0.005 and minimum was 0.0006, while maxima for fit
error was 1.2 × 1016 molecules/cm2 and minima was 1.3 × 1015 molecules/cm2 at the
324.5–359 nm fitting window.

Moreover, we also studied the effect of polynomial order on RMS. Figure 8 shows
that the lowest RMS is attained on polynomial order of five with the mean RMS below
0.001 under different meteorological conditions. Therefore, based on a stable DOAS Fit,
DSCDs, fit error, and RMS, fitting window 307–328 nm and polynomial order five is
recommended and is used for further investigation in this study, particularly under haze
and fog conditions.
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Table 4. Mean RMS and mean fit error at different fitting windows during different meteorological conditions.

Fitting
Window

Clear Days Foggy Days Haze Days

Mean RMS Mean Fit Error Mean RMS Mean Fit Error Mean RMS Mean Fit Error

305–317 nm 0.0019 3.93 × 1015 0.0042 8.93 × 1015 0.0026 5.59 × 1015

307–328 nm 0.0008 1.77 × 1015 0.0013 3.87 × 1015 0.0009 2.27 × 1015

312–326 nm 0.0010 2.36 × 1015 0.0020 7.34 × 1015 0.0011 4.51 × 1015
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3.3. HCHO and SO2 Column Densities over NUIST Nanjing

In the troposphere, a significant driving aspect of trace gases dispersal in terms of
chemical behavior and residence period is the climatological state of the area. Hence, the
impact of the meteorological conditions on these trace gases is discussed. Figure 9 shows
a boxplot for HCHO VCDs during clear, haze, and fog conditions. It is evident from the
plot that HCHO VCDs are higher during clear days. During haze and fog conditions,
the HCHO VCDs are significantly reduced. It can be ascribed to the fact that HCHO is
primarily produced from photo-oxidation of VOCs [42]. It can also be linked to the fact
that HCHO VCDs are underestimated to some extent by MAX-DOAS observations during
fog and haze conditions due to the low signal-to-noise ratio.

Figure 10 shows a boxplot for SO2 VCDs during different conditions. SO2 VCDs are
significantly reduced during fog and haze conditions. It can be linked to the fact that
during fog and haze conditions, relative humidity is on the higher side, which aids in the
oxidation of SO2, resulting in sulfate formation [43].

3.4. Satellite Validation
3.4.1. Comparison of HCHO Columns

The HCHO VCDs retrieved from MAX-DOAS are compared with observations from
TROPOMI over Nanjing. The MAX-DOAS VCDs are averaged around overpass time 12:30
to 14:30 LST, While the TROPOMI data is spatially averaged over a 10 km area of the
research site. Figure 11 shows the scatter plot between TROPOMI HCHO VCDs and MAX-
DOAS HCHO VCDs. The ground and satellite-based observations show a good correlation
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(R = 0.84). However, HCHO VCDs measured from TROPOMI are underestimated as
compared to MAX-DOAS observations.
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The slope and intercept are calculated from reduced major axis (RMA) regression,
which includes errors in both variables [44].

β =
σT

σM
(2)

α = T−
(
σT

σM

)
× T (3)

where β, α, σT, and σM represents slope, intercept, standard deviation from Tropomi, and
standard deviation from MAX-DOAS, respectively. The slope of the regression line is 0.76.

3.4.2. Comparison of SO2 Columns

The SO2 VCDs retrieved from MAX-DOAS are compared with observations from
EMI over Nanjing. The SO2 VCDs retrieved from MAX-DOAS are temporally averaged
during satellite overpass time 12:30 to 14:30 LST, while SO2 columns from the EMI satellite
are spatially averaged around a sampling area of 20 km. Figure 12 shows the scatter plot
between EMI SO2 VCDs and MAX-DOAS SO2 VCDs. The ground and satellite-based
observations showed a moderate correlation (R = 0.79). However, SO2 VCDs measured
from EMI are lower than the MAX-DOAS observations.
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The slope and intercept are calculated from reduced major axis (RMA) regression,
which includes errors in both variables. The slope of the regression line is 0.58.

4. Discussion

The wavelength interval during spectral fitting is usually optimized to maximize the
sensitivity to trace gases, minimalize the residual of fitting and the scatter of trace gases
retrieved, and lessen the interferences with other species. Theoretically, the absorption
band for formaldehyde as measured by the MAX-DOAS UV spectrometer starts from as
low as 300nm. However, fitting below 320nm is usually avoided owing to strong ozone
absorption at a lower wavelength [15]. The highest UV absorption features for HCHO are
encompassed at a fitting range of 336.5 to 359 nm, which is commonly used with the three
highest UV HCHO absorption features [18,45]. The absorption structures of BrO interfere
to some degree in this wavelength interval [46]. An additional absorption band has been
reported in some studies where the absorption band is extended to 324.5 to 359 nm [35,36].
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The results indicated that for HCHO, the fit error and RMS improved significantly at
wavelength 324.5–359 nm compared to 336.5–359 nm for fog and haze conditions. The
improvement in the DOAS fit error and accurate DSCDs at wavelength intervals for 324.5
to 359 nm can be attributed to the increased information content of the retrieval. To evade
oscillations that might interfere with trace gas absorption structures, the polynomial used
is usually less than or equal to five [31,46]. The best-fitting results at five degrees of the
polynomial can be linked to the fact that the ring effect interferes with HCHO features at a
degree of the polynomial that is less than five [46].

The retrieval of SO2 from MAX-DOAS is quite challenging as well, due to the number
of factors. The absorption structures of O3 may interfere with SO2 due to similar absorption
features between the 315–325 nm range [47]. While selecting the lower wavelength for
optimal fitting of SO2 retrieval from MAX-DOAS, it must be considered that it must be
small enough to include strong features of SO2 absorption and, at the same time, large
enough to guarantee adequate solar signal while preventing substantial stray light effects.
The upper wavelength should ensure multiple SO2 absorption structures while eliminating
SO2 absorption features with a weak degree of freedom (DOF), which increases uncertainty
in the fit. An exceedingly wide fit window is prone to uncertainty risks as it may include
strong absorption features from other gases [48]. The best results for SO2 were obtained at
307–328 nm when compared to other wavelength regions because a very narrow fitting
window may cause cross-correlation between reference absorption cross-sections [7].

Photochemistry plays a vital part in the sources and sinks of various gases in the
atmosphere. HCHO shows a strong positive correlation between sunlight intensity and
temperature [42]. Therefore, HCHO VCDs are lower in fog and haze conditions when
compared to clear days, reflecting a decrease in the chemical production of HCHO from the
photo-oxidation of VOCs on fog and haze days. The SO2 VCDs are also significantly lower
on fog days than haze or clear days. It is most likely due to the heterogeneous oxidation of
SO2 in fog droplets by H2O2 or O3 [49].

The results show an underestimation in the satellite retrievals against the ground-
based MAX-DOAS data but with a good correlation coefficient. The SO2 retrieval from
EMI has a few limitations that are due to low signal-to-noise ratio, instrumental instability,
and spectral quality [30]. The SO2 retrieval is difficult because of its low concentration and
fitting window that is close to the edge. Owing to the aforementioned reasons, the SO2
levels from EMI are underestimated. The underestimation in SO2 retrieved from EMI was
also observed over India compared to the ground-based station data [30].

HCHO is mostly confined near to the ground’s surface because its residence time
is very short [42]. TROPOMI measurements are less sensitive to HCHO in the lower
troposphere, where its concentration is higher. This results in the overestimation of AMF
and underestimation of HCHO VCDs. The underestimation in HCHO retrievals from the
satellite data was also reported in several previously published studies [29,50].

5. Conclusions

The optimization of the retrieval parameters is the foremost challenge for the accurate
retrieval of trace gases using the DOAS analysis. These retrieval parameters rely mainly
on the composition of the atmosphere and meteorological conditions of measurements.
Therefore, with frequent haze and fog days in the cold season in polluted regions of China,
it had become increasingly important to come up with optimal retrieval settings for the
trace gas retrievals during haze and fog days. Commonly reported retrieval settings for
HCHO and SO2 were compared in this study to find out the optimal settings for haze
and fog days over Nanjing. The results indicated that for HCHO, the fit error and RMS
for column density are improved significantly at wavelength 324.5–359 nm compared to
336.5–359 nm for fog and haze conditions. The observed DSCDs for haze and fog days were
mostly negative at 336.5–359 nm compared to the values at 324.5–359 nm. The effect of the
polynomial order on RMS was also significant, giving the lowest RMS at the polynomial
order of five. For SO2, the RMS and fit error for column density was higher at 305–317 nm,
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while the DSCDs were underestimated at this spectral window. At 307–328 nm, the RMS
and fit error significantly improved for all conditions. The effect of a polynomial on the
RMS was also significant being lowest at the polynomial order of five. Observed HCHO
and SO2 vertical column densities were significantly lower in fog days when compared to
clear days.
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