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Abstract. Formaldehyde (HCHO), a key aerosol precursor, plays a significant role in atmospheric photo-oxidation pathways.
In this study, HCHO column densities were measured using Multi-axis Differential Optical Absorption Spectroscopy
(MAX-DOAS) instrument at the University of Chinese Academy of Science (UCAS) in Huairou District, Beijing, which is
about 50 km away from the city center, during the period of October 1, 2014 to December 31, 2014, in which the
Asia-Pacific Economic Cooperation (APEC) summit was organized on 3 to 12 November. Peak values of HCHO vertical
column densities (VCDs) around noon and a good correlation coefficient of 0.87 between HCHO and Oj; indicate that the
secondary sources of HCHO through photochemical reactions of volatile organic compounds (VOCs) dominate HCHO
values in the area around UCAS. Dependences of HCHO VCDs on wind fields and backward trajectories were identified and
indicated that the HCHO values in the area around UCAS were considerably affected by the transports of pollutants (VOCs)
from polluted area in the south. The effects of control measures on HCHO VCDs during the APEC period were evaluated.
During the period of APEC conference, the averaged HCHO is 37.95% and 30.75% lower than that during the pre-APEC

and post-APEC period, respectively. The phenomenon could be attributed to both effects of prevailing northwest wind fields
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during the APEC and strict control measures. We also compared the MAX-DOAS results with the Copernicus Atmosphere
Monitoring Service (CAMS) model. The CAMS model and MAX-DOAS results are generally consistent with a good
correlation coefficient of ~ 0.83. The peak values are well consistently captured by both data sets, but the low values are
systematically underestimated by the CAMS model. The finding indicates the CAMS model can well simulate the effects of

transports and the secondary sources of HCHO, but underestimate the local primary sources.

1 Introduction

The 2014 Asia-Pacific Economic Cooperation (APEC) conference was held in Huairou District of Beijing city. To improve
the air quality in Beijing city during the APEC conference, the collaboration group of atmospheric pollution prevention and
control in Beijing-Tianjin-Hebei (Jing-Jin-Ji) region and surrounding areas compiled the {The APEC conference air quality
assurance policy) (Liu et al., 2015). Some provinces, including Beijing, Tianjin, Hebei, Shanxi, Inner Mongolia, and
Shandong provinces, implemented different emission reduction measurements in accordance with the air quality assurance
plan (Wang et al., 2016). From November 1 to November 12, 2014, the air quality was at excellent level, which was known
as "APEC blue."

At present, many studies analyzed the effects produced by emission reduction measures during the APEC summit. Wang et
al., (2016) demonstrates that emission reduction measures in Beijing decreased SO,, NO,, PMyo and PM, 5 concentrations by
74.1%, 48.0%, 66.6%, and 64.7%, respectively, whereas Os rose to 189.2%. Although the traffic and urban station created
enormous pollution due to the emission of motor vehicles, the NO, concentrations of suburban and regional stations
significantly dropped compared with the traffic and urban stations due to the control measures. The NO, emitted by motor
vehicles in Beijing urban area remained high even under the measures to limit the number of vehicles. The CO, NOx, HC,
and PM from exhaust emissions of motor vehicles decreased by 37.5%, 43.4%, 39.9%, and 42.9%, respectively (Fan et al.,
2016). The analytical results of the Chemical Mass Balance (CMB) model showed that the emissions from coal-fired boiler,
dust, and motor vehicles were around 2%, 7%, and 30% during the APEC summit (Cheng et al., 2016). PM, 5 concentration
during the control period decreased from 65.1% to 51.6% (Wang et al., 2017a). Zhang et al., (2017) analyzed the

characteristics of aerosol size distribution and profile of vertical backscattering coefficient during the 2014 APEC summit
2
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using lidar observation. Published studies focused mainly on the effects of commonly measured gas pollutants, PM, and
aerosol, but not HCHO.

As an abundant product of the oxidation of many volatile organic compounds (VOCs), HCHO is known to harm human
health, such as damage to oral epithelial cells (Nilsson et al., 1998; Pinardi et al., 2013). A variety of other hydrocarbons
generally determine the concentration of HCHO. Thus, HCHO is used as an indicator of VOCs (Fried et al., 2011).
Troposphere formaldehyde comes from two sources. The primary emissions from incomplete combustion, such as
anthropogenic (e.g., industrial emissions) and pyrogenic (mainly biomass burning) sources. The secondary sources come
from the photo-oxidation process of many VOCs. In addition, a small fraction of HCHO is from direct emissions of biogenic
sources (e.g., vegetation). The variability of HCHO over continents is particularly dominated by distributions of local
emissions of non-methane volatile organic compounds (NMVOCSs) (Chance et al., 2000). Although HCHO has a short
lifetime, long-living VOCs, such as methane (CHy,), contribute to the background levels of HCHO (Vrekoussis et al., 2010).
The monitoring NMVOC emissions is essential not only for the hydroxyl radical OH, but also for the formation and
transport of secondary organic aerosols (Palmer et al., 2006; Stavrakou et al., 2009; De Smedt et al., 2015). HCHO is an
important indicator of atmospheric photochemical reaction. As an active gas, HCHO can be photolyzed to generate HO,—
free radicals. HO, rapidly and radically reacts with NO to generate OH—, which can influence the oxidation ability of the
atmosphere. Therefore, identifying the major sources of HCHO is essential for quantifying their contributions to aerosol
formations and effectively controlling photochemical pollution. Implementing a series of temporary reduction measures for
atmospheric pollutants emission in major international events in China is relatively rare. The APEC summits provide an
opportunity for us to study the relationship between the environmental concentrations with pollutant emissions (Cheng et al.,
2016). Therefore, studying the influences of control measures on HCHO is crucial to improve the air.

A kind of passive differential optical absorption spectroscopy system, called as MAX-DOAS, was used in the past decade to
measure tropospheric trace gases (Nninger et al., 2004; Wagner et al., 2004; Sinreich et al., 2005; Wagner et al., 2007;
Vigouroux wt al., 2009). The information obtained from MAX-DOAS measurements includes tropospheric column
concentrations, surface concentrations, and vertical profiles. HCHO can be measured in the ultraviolet spectral range by a

use of the MAX-DOAS technique (Vigouroux et al., 2009; Wagner et al., 2011; Pinardi et al., 2012, 2013; Li et al., 2013;
3
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Borovski et al., 2014; Cheung et al., 2014; Franco et al., 2015; Lee et al., 2015; Schreier et al., 2016; Wang et al., 2017b;
Wang et al., 2017c) .

In this study, we used the ground-based MAX-DOAS instrument installed in Huairou District (suburban area) of Beijing city
to evaluate the effects of the emission control measures on HCHO from October 26, 2014 to November 20, 2014. The daily
variation, transport, source, and the effect of APEC emission control measures of HCHO were analyzed. The relationships
between HCHO VCDs and wind fields were analyzed. The HCHO VCDs retrieved from the MAX-DOAS measurements
were then compared with the results from the CAMS model simulations from October 1, 2014 to December 31, 2014.
Consistencies and discrepancies between model and measurements are discussed. This study can be used as reference in
evaluating the effectiveness of photochemical pollution control measures adopted during the APEC summit. Moreover, this
study could practically help the development of control strategies in the future. And it can also provide the support for

verifying the model simulations.

2 Methodology

2.1 MAX-DOAS Methodology

MAX-DOAS, which is an optical remote-sensing technology and record spectra of scattered sunlight at different elevation
angles, can be used to quantitatively measure trace gases based on Lambert Beer’s Law (H&nninger and Platt, 2002;
Bobrowski wt al., 2013; Roozendael et al., 2003; Trebs et al., 2004; H&ninger et al., 2004; Wagner et al., 2004). In the first
step, the differential slant column densities (DSCDs) are derived by the DOAS spectral analysis with a so called Fraunhofer
Reference Spectrum (FRS, measured in a small sun zenith angle at 90<elevation around noon) (Hermans et al., 2003;
Hdnninger and Platt, 2002; Kraus, 2006). Vertical column density (VCD) is defined as the integrated concentration of trace
gas concentration through the atmosphere along the vertical path, and is calculated from dSCD by a use of air mass factor

(AMF) as follows:

dSCD. . «v —dSCD. -«»  ASCD (1)
AME . w—-AME -o&v  AAMEF

VCD =

AMF is often used to describe the absorption path of a gas in the atmosphere. Brinksma et al., (2008) proposed the geometric
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approximation method to calculate AMF:
AMHKa) =1/sinax . (2)

Numerous studies compared the error between geometrical VCD and VCD from profile inversion (Brinksma et al., 2008;
Nninger wt al., 2004; Hendrick et al., 2014; H&nninger et al., 2004; Wang et al., 2017b). Wang et al., (2017b) showed that
the geometric approximation are usually underestimate 10% than profile inversion for HCHO VCDs at 20 <elevation, but the
error is larger for lager elevation angles and larger relative azimuth angle (RAA). This study uses the geometric
approximation method to determine HCHO VCDs at an elevation angle of 15<to avoid surface obstacles on light paths along
the line of sight. Meanwhile, it has lower systematic errors because of the geometrical approximation. Besides the geometric
approximation method is more stable and less influenced by the clouds than the profile inversion. (H&ninger et al., 2004;

Clémer et al., 2010; Wagner et al., 2009; Wagner et al., 2011; Erle et al., 2013).

2.2 Monitoring locations

To evaluate the emission control measures, a supersite was established in the Yanqi Lake campus of the University of
Chinese Academy of Sciences (UCAS) in Huairou District, northeast suburban area of Beijing, and the APEC conference
also held in the Yanqi Lake near the campus of UCAS (Fig.1). The field campaign was performed for nearly four months
from October 1, 2014 and January 20, 2015. However, this study only discusses the period from October 2014 to December
2014.

The Yanshan Mountains are in the west of the site, and the Yanqi Lake lies at the edge of the Mountains in the southwest of
the site. Beijing urban areas are also located in the south. Thus, air flow coming from south may bring anthropogenic
emissions. The site is mainly influenced by emission from vehicles on China National Highway 111 that runs the north and

south and some point sources along the highway (Zhang et al., 2017).

2.3 MAX-DOAS instrument and measurement

Fig. 2 shows the structural representation of the MAX-DOAS system. This system comprises a telescope, stepping motor,
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spectrometer, and computer. Sunlight is focused by the telescope, which is installed outdoor and reaches the spectrometer
through an optical fiber. The spectrometer is placed in a temperature-controlled box at 20<C. The spectrometer covers the
range of 290 nm to 420 nm, and its instrumental function is approximated as a Gaussian function with a full width at half
maximum (FWHM) of 0.5 nm.

The MAX-DOAS instrument was deployed on the balcony (without a roof) of a classroom on the 4th floor in the laboratory
building in the campus of UCAS (116.67E, 40.4N) in the northeast suburban of Beijing. MAX-DOAS was routinely
operated for 24 hours. Due to intensity of sunlight, only the daytime measurements are used for analysis. The night time
measurements could be used to correct the dark current and offset. The azimuth angle view of the telescope is fixed at 0°
(North) during the whole observation period. A full MAX-DOAS scan comprises six elevation angles (EA) (3, 5, 10, 15, 30,
and 909 and lasts for approximately 10 min (see Fig. 3). Each measurement has an average of 100 scanning times, and
integration time is adjusted automatically based on light intensity. Table 1 lists the detailed setup of MAX-DOAS

instrument.

2.4 DOAS analysis

The spectra obtained from MAX-DOAS are analyzed using WINDOAS software (Hermans et al., 2003). The fitting range is
from 335 nm to 360 nm. The gas cross-sections of HCHO, BrO, NO,, Oz, and Oy are included in the fit. A spectrum at the 90
EA recorded at 12:09 local time (LT) on November 6, 2014 is used as the Fraunhofer reference spectrum (FRS) for all the
retrievals. The ring structure (Fish and Jones, 2013), which is used to account for rotational Raman scattering effects, is
calculated using Doasis software (Kraus, 2006) based on the FRS and included in the fit. Table 2 lists the parameter settings
used for the HCHO analysis.

Fig. 4 shows an example of the DOAS spectrum analysis in evaluating the HCHO slant column densities at 12:30 on
November 19, 2014. The red and blue curves indicate the fitted absorption structures and the derived absorption structures
from the measured spectra, respectively. HCHO SCD is 7.21 < 10'® molecules cm™. The root mean square of the residual

error is 1.08x10 3,
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2.5 ECMWF CAMS model

The European Centre for Medium-Range Weather Forecasting (ECMWEF) is at the forefront of research for numerical
weather prediction including probabilistic forecasting. The Copernicus Atmosphere Monitoring Service (CAMS), which is
managed by ECMWEF, publicly provides the generally reliable information about the atmosphere. CAMS model is
established utilizing the wealth of Earth observation data from satellite and ground-based systems. CAMS model produces
real-time analyses and forecasts of atmospheric composition for the global view for each day (Persson and Grazzini, 2001).
CAMS real-time products can be freely downloaded via a platform

(http://apps.ecmwf.int/datasets/data/cams-nrealtime/levtype=sfc/) (Anders, 2015). The operational CAMS uses fully

integrated chemistry in Composition Integrated Forecasting System (C-IFS). C-IFS is a new global chemistry model for
forecast and assimilation of atmospheric composition. In the simulation of HCHO, chemistry originating from the TM5
CTM, had been fully integrated into the C-IFS, in which only gas phase reactions of HCHO are included. The actual
emission totals used in the T255 simulation for 2008 from anthropogenic, biogenic sources and biomass burning were used
in C-IFS (Flemming et al., 2014). All analyzed parameters acquired from the CAMS model are at 00, 06, 12, and 18 UTC.
We use the CAMS model data with grid resolutions of 0.125<<0.125< 0.25<0.25< and 0. 5 0. 5<at 8:00 LT (00:00 UTC)

and 14:00 LT (06:00 UTC).

2.6 Meteorology data

Meteorological parameters, wind speed (WS), wind direction (WD), temperature (T), and relative humidity (RH) were
continuously measured at the UCAS superstation from October 28, 2014 to December 31, 2014 (Fig. 5a). All measured
meteorological parameters are averaged to 1 min time intervals. During the campaign, the temperature showed clearly
diurnal variation of maximum at noon and minimum at night. The temperature was within a range of -10.59 <€ to 20.7 €
with a suddenly drop to below 0 €€ on December 1, 2014. Wind rose indicates that the prevailing wind direction was from
northwest (Fig. 5b). The static weather situation (Halfacre et al., 2014) with a wind speed less than 3.5 m s™. frequently

occurred. And the wind speeds of more than 3.5 m s usually appeared under the northwest and west wind.
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3 Results and discussion

In this session we evaluate the impact of emission control policy on air quality during APEC based on the MAX-DOAS
measurements from the period of October 26, 2014 to November 20, 2014. Because the measurement station is at a rural site
with a distance of about 50km away from the Beijing downtown area, wind fields, namely transports of pollutants, are
considered in the evaluation. And the MAX-DOAS and CAMS model are compared to verify model data using the period of
October 1, 2014 to December 31, 2014. Since a daytime period is relatively short in autumn, the available MAX-DOAS

measurement time is from 06:30 to 18:30.

3.1 Effects of transports of pollutants

Fig. 6 shows the time series of HCHO VCDs measured by MAX-DOAS and meteorological parameters in the period of 3 to
8 November, 2014. Two peak values (November 4, 2014 and November 7, 2014) were observed during APEC (Fig. 6a and
6f). Relative humidity, intensity of solar radiation, and ambient temperature are the important factors of photo-oxidation
(Starn et al., 1998; Solberg et al., 2001; Zhang et al., 2009). The solar radiation and temperature were not significant changes
at the two peaks process of November 4, 2014 and 7, 2014; thus, the enhanced HCHO values should not be caused by an
increasing photo-oxidation rate. The increase of HCHO is probably related to a change of wind direction to south. Fig. 6
presents wind speed increases and is more than 2.0 m s™. The south air flow is dominant during the two days with peak
values of HCHO during the APEC summit. At noontime on November 3, 4, and 7, the wind direction changed to south and
wind speed was relatively strong (approximately 4.0 m s™), thereby leading to a rapid accumulation of HCHO in a few hours.
Thereafter, wind direction changed to northwest and wind speed became less than 2.0 m s™ at the nighttime with the
pollution gradually dissipated, which indicates that the contamination of supersite is affected by the pollution transports from
the southwest areas. And the valley value on November 6, 2014 should be caused by the good dispersion conditions under
northwest winds with a speed of more than 3.5 ms™.

To further demonstrate the effect of regional transports, we performed analysis of 24-h backward trajectories of air mass
using the National Oceanic and Atmospheric Administration Hybrid Single Particle Lagrangian Integrated Trajectory

(http://ready.arl.noaa.gov/HY SPLIT.php) on November 4 to 7, 2014 (Fig. 7). We used the 8:00 LT (UTC 0:00) as the start
8
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time of backward trajectories. As shown in Fig. 7, pollutants over the polluted region, including Shijiazhuang and Baoding,
in the southwest of Beijing, can be transported to the observed area on November 4, 2014. And the observed area was mainly
affected by the pollution in Tangshan and Langfang located in the south and southeast of Beijing on November 7, 2014.
Under the dominant northwest wind (November 5 to 6, 2014), the concentrations of HCHO were significantly lower than
that on November 4 and 7, 2014, and reached the minimum under the high wind speed of up to 7.0 m s™. The change of
dominant wind fields play important roles in the changes of HCHO at UCAS. Regional transport from the south has a
significant impact on the increase of HCHO observed at the site.

We further analyze the relationship between HCHO VCDs and wind direction and speed from October 28, 2014 to
November 20, 2014 in Fig. 8. Both local emission and transports from remote sources can impact observed HCHO VCDs.
The main wind directions of the UCAS site are east, south, and northwest with approximate percentages of 16.5%, 16%,
12%, respectively. The amount of HCHO VCDs is strongly dependent on the wind speed and direction (Fig. 8). HCHO
VCDs considerably depend on wind directions and the averaged HCHO VCDs are 7.57 x 10" molecules cm™ under the
southerly wind (including southwest and southeast). This finding can be attributed to the fact that Tangshan, Baoding,
Shijiazhuang and Tianjin, and other heavily polluted cities are located in the south of UCAS, including the city center of
Beijing. By contrast, the northeast and north directions correspond to a minimum in HCHO VCDs, which are 6.64 <10
molec cm™?on average. The wind from this area prominently contributes to the dispersion of the pollutants. In terms of the
dependence of HCHO on wind speed, the HCHO VCDs decrease along the increasing wind speed under the northerly wind.
And under the southerly wind, the HCHO VCDs increase with the increasing wind speed. In conclusion, when winds are
from the south, the site was considerably affected by the transports of pollutants from the polluted urban area, including

urban superimposed emission from the Beijing city center, Baoding, Shijiazhuang Tianjin, and Langfang.

3.2 Evaluation of HCHO during the APEC
The MAX-DOAS results in the period of October 26, 2014 to November 20, 2014 are used to evaluate the HCHO values
during the APEC. The period is splited into three episodes. The first episode was defined as the period of APEC (from

November 1, 2014 to November 12, 2014), wherein strict air quality policies were implemented at a regional scale. The

9
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second and third episodes were defined as the “pre-APEC” from October 26, 2014 to October 31, 2014 and the “post-parade”
from November 13, 2014 to November 20, 2014.

Fig. 9 presents the varying series of the daily mean values of HCHO VCDs during the APEC in three episodes. The result
shows a “fluctuating effect” with the HCHO VCDs increasing abruptly in several days and dropping sharply for a few days
during the APEC summit. This phenomenon is also observed in NO, VCD observations in Beijing urban area (Liu et al.,
2016). The average HCHO VCDs are 9.65x10%, 5.99x10%, and 8.65x10"® molec cm™ before, during, and after the APEC,
respectively, A noticeable decreasing during the APEC by 37.95%, and 30.75% is found compared with before and after the
APEC. The reduction could be attributed to the control measurements during the APEC. However the systematic difference
of wind fields between the three episodes could also play a role considering the effects of transports of pollutants discussed
in Sect. 3.1. The wind rose for wind speed at the three episodes is shown in Fig. 10. The prevailing wind direction of the
three episodes is from northwest. The frequency of northwest winds in the APEC period is more than in the pre-APEC and
post-APEC periods. And the wind speed in the APEC period is higher. Under the prevailing northwest wind, transports of
pollutants from the polluted south area to the observed area are much fewer than those under the southerly winds. Therefore,
the prevailing northwest wind fields may also contribute to the low HCHO during APEC.

Although two peak values (November 4, 2014 and November 7, 2014) were observed during APEC due to the transport, the
peak values of HCHO decreasing about 25.75% and 18.3% compared to the peak values in the pre-APEC and post-APEC
periods. It implies that the control measures have a certain effect on reducing the concentration of HCHO. It is consistent
with that the implementation of control measures during the APEC summit reduced the concentrations of NO, and aerosols
(Liu et al., 2016; Zhang et al., 2017). Both Chinese stringent control policy and prevailing northwest wind fields lead to the

significant reduction of HCHO in Beijing during APEC.

3.3 Sources of HCHO
The hourly averaged HCHO VCDs on three episodes were analyzed to characterize the diurnal variation (Fig. 11). The
hourly averaged HCHO VCDs exhibited evident daily variation. High values appear at early afternoon and low values

appear in the morning. Atmospheric photochemical reaction is related to the intensity of solar radiation. The atmospheric

10
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photochemistry reaction is generally active when the intensity of solar radiation is strong. Therefore, HCHO productivity of
the secondary sources is high (Anderson et al., 1996). The peaks of diurnal variation generally emerge at 14:00, which is
likely related to the diurnal variations of photochemical reaction rates. Other small peaks appear in the evening for another
period of busy traffic (16:00-18:00 LT), which might be caused by primary pollution sources, e.g. vehicle exhausts. Thus,
the diurnal variation of HCHO was similar to the secondary sources patterns during all the three episodes. The absolute
HCHO values during the APEC period are obviously lower than those in the pre-APEC and post-APEC periods. The
averaged HCHO during evening rush hours after APEC was higher than that before APEC. This finding is an interesting
phenomenon, which may be related to some measures taken before the APEC.

Determining the pollution sources is crucial to controlling air pollution. Three time intervals were used for analysis to
determine the main HCHO sources. The first interval was defined as noontime from 11:00-14:00 with strong photochemical
reactions. And the second and third intervals were defined as morning rush hour from 7:00-9:00 and evening rush hour from
16:00-18:00. To further determine whether the pollution sources of HCHO at UCAS are primary or secondary formations
from other VOCs, the correlations of HCHO with the primary pollutant NO, or secondary pollutant O; are analyzed
(Anderson et al, 1996; Possanzini et al., 2002). Surface O; data were obtained from in situ measurements and the troposphere
NO, VCD were retrieved from the MAX-DOAS measurements. The linear correlation of noon time averaged HCHO VCD
with O3 from 11:00-14:00 and rush hour average HCHO VCD with NO, VCD from 7:00-9:00 and 16:00-18:00 are shown
in Fig.12. Direct analysis of the data shows that noon time average HCHO has a higher correlation coefficient with O3, with
a correlation coefficient of 0.934. By contrast, poor correlation with a correlation coefficient of 0.232 is found between
HCHO and NO, during the rush hours. This result indicates that secondary photo-oxidation formation of HCHO from other

VOCs should be the dominant source in UCAS.

3.4. Comparisons with model data
HCHO VCDs retrieved from MAX-DOAS measurements are compared with those from CAMS model data from the period
of October 1, 2014 to December 31, 2014 (Fig. 13). The average value of the data from MAX-DOAS in the period of 7:30 to

8:30 LT was selected for comparison with the CAMS data at 0:00 UTC (8:00 LT). And the data from MAX-DOAS in the
11
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period 13:30 to 14:30 LT was averaged for comparisons with the CAMS data at 6:00 UTC (14:00 LT) (Fig. 13a and 13c).
The CAMS model results with different grids are shown in Fig. 13 and their differences are negligible. The CAMS model
underestimates HCHO VCDs by 1.56-2.02 <10 molec cm™ and 1.27-2.12 x10™ molec cm™ compared to MAX-DOAS
measurements on average at 8:00 LT and 14:00 LT, respectively. The correlation coefficients and linear regressions between
the MAX-DOAS and the model results are shown in Fig. 14. The correlation coefficient R is more than 0.827 and 0.886 at
8:00 LT and 14:00 LT, respectively. Comparison results in Fig. 13 and 14 show that the CAMS model and MAX-DOAS
results are generally consistent, especially the peak values are well consistently captured by both data sets, but the low values
are systematically underestimated by the CAMS model. Because the peak values are mostly related to the transports of
pollutants from the southern area, the well consistency of the peak values between MAX-DOAS and CAMS model implies
the CAMS model can well simulate the transports of pollutants. In addition, in the CAMS model, only gas phase chemical
reactions are considered for HCHO as described in section 2.5. Therefore the well consistency of HCHO values between
MAX-DOAS measurements and CAMS simulations indicate that the heterogeneous reactions could not dominate the
secondary formation of HCHO from other VOCs. The underestimations of low HCHO values by the CAMS model
compared to MAX-DOAS measurements could be attributed to worse constraint of local emissions in the model near the
UCAS measurement station. There is a nearby China National Highway 111 that runs along north to south. Because the
UCAS is in the suburban area of Beijing, the vehicle emission could dominate HCHO amount under the situation with weak
transports of pollutants from the polluted southern area. In general CAMS model can well capture the distinct day-to-day
variations of HCHO. In addition day-to-day variations of HCHO could be attributed to variations of transports of pollutants,
secondary formation rate of HCHO, and local primary emissions. Because a constant primary emission rate is assumed in the
CAMS model simulations, meanwhile fluctuation amplitudes of solar radiance and temperature, which impact the secondary
formation rate of HCHO, are much smaller than the day-to-day variations of HCHO, therefore transports of pollutants could
be the dominant factor of the captured distinct day-to-day variations of HCHO

Underestimation of HCHO by the CAMS model becomes significant after December 1, 2014. The phenomenon could be
related to the decreasing of the temperature after December 1, 2014. Time series of coincident hourly averaged

meteorological parameters measured at supersite from October 28 to December 31, 2014 at 8:00 and 14:00 LT are shown in
12
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Fig.13b and d, respectively. The temperature is an important parameter to impact the production rate of secondary HCHO.
When the temperature decreases, the generation yield of the secondary photochemical reaction to produce HCHO decreases,
resulting in low concentration of HCHO. The temperature dramatically dropped after December 1, 2014, which could cause
the low production rate of HCHO. The secondary sources of HCHO can be better simulated than the local primary sources in
the model (Stavrakou et al., 2014; Anderson et al., 2015; Kwon et al., 2017). In another word, the CAMS maodel could
underestimate the local primary emission of HCHO, but the MAX-DOAS measurements can well obtain the HCHO both
from the local primary emission and secondary generation. Thus, when the secondary source of HCHO is reduced, namely
the primary HCHO is dominant, the difference between the MAX-DOAS observation and CAMS model is obvious.

The consistency of Ryax-poas and Ryoder Can be used to characterize the ability of model to simulate diurnal variation of

HCHO. The Ryax-poas and Ryge are calculated as following Eq.(3) and Eq.(4):

HCHO VCDwmax-boAs at 8:00 LT
Rwmax-poas= (3)
HCHO VCDwmax-poas at 14:00 LT
HCHO VCDmodel ats:00 LT
Rmode= (4)
HCHO VCDmodel at 14:00 LT

The scatter plots and linear regressions of daily Ryax-poas and Ryeger @re given in Fig. 15. Although large scatters are found,
but most of the dots are around 1:1 line. Therefore the model can reasonably simulate the systematic diurnal variation of
HCHO.

Clouds could impact the MAX-DOAS measurements. The effects could impact the comparisons between MAX-DOAS and
CAMS model. In order to test the effect, we compare MAX-DOAS and CAMS model HCHO results under different
effective cloud fractions (eCF) from the ECMWEF (Table S1 in the Supplement) (Fig. S1 and S2 in the Supplement). The
consistencies between the two data have slight variety as the cloud fractions increases. This outcome shows that clouds have

little effect on the comparisons of MAX-DOAS and model, which is consistent to the result in Wang et al., 2017b.

4 Conclusions
We studied the tropospheric HCHO VCDs at the UCAS site in Huairou District, Beijing during the APEC summit based on

the MAX-DOAS measurement from October 1, 2014 to December 31, 2014.
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The UCAS site was affected by transport of pollutants from south. Two peak values on November 4 and November 7, 2014
during the APEC summit was caused by a change of wind direction to the south and an increase of wind speed of > 2.0 m s
when the polluted air masses from the south were transported to the UCAS site. Marked wind speed and direction
dependence of HCHO VCDs were identified. Wind direction dependencies indicated that the HCHO values in the area
around UCAS are considerably affected by the transports of pollutants from the south, including southwest and southeast
where heavy polluted cities are located, such as Tangshan, Shijiazhuang, and Tianjin. By contrast, winds from north and
northeast contributes to the dispersion of HCHO.

The impact of control measures on HCHO is evaluated using approximately one month MAX-DOAS data from October 26
to November 20, 2014, which was defined in three episodes. The first episode is the period of APEC (from November 1-12);
the second and third episodes are the “pre-APEC” period from October 26, 2014 to October 31, 2014 and the “post-parade”
from November 13, 2014 to November 20, 2014. During the period of APEC conference, the averaged HCHO is 9.65x10"
molec cm?, which is 37.95% and 30.75% lower than that during the pre-APEC and post-APEC period, respectively.
Prevailing northwest wind fields and strict control measures working together lead to the relative low HCHO values during
the APEC.

The daily variation of HCHO VCDs at the UCAS site indicates that the values at noon and evening rush hour are higher than
those in the morning. And the peak values appear around noon. In addition, a good correlation coefficient of 0.87 between
HCHO and O3 is found around noon time. This finding indicates that the secondary sources of HCHO through
photochemical reactions dominate in the area around UCAS.

The time series of HCHO VCDs retrieved by MAX-DOAS and CAMS model are consistent from October 1, 2014 to
December 31, 2014. The CAMS model underestimates HCHO VCD by about 1.27-2.12 x 10 molec cm™ compared to
MAX-DOAS measurements on average. The CAMS model can well simulate the effects of transports and the secondary
source of HCHO, but underestimate the local primary source, which is more pronounced under the situation with a low
temperature when the production rate of secondary HCHO is relatively low. Generally consistent ratios of HCHO VCDs at
around 8:00 LT and 14:00 are found for the CAMS model simulations and MAX-DOAS measurements. It indicates that the

CAMS model can reasonably simulate the systematic diurnal variation of HCHO.
14
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spectrometer Azimuth | Elevation | Temperature Location Measuring
time
Name Maya 3% 5% Site Yanxi
0° 109 159 Lake
30990% | 20<€ campus of
UCAS
Spectral | 290— Longitud | 116.67<€ | 6:30-18:30
range 420 nm e
FWHM | 0.5nm Latitude | 40.4N
Table 1: Setting of MAX-DOAS.
Parameter Data source Fitting interval: nm

335-360 nm (HCHO)
338-360 nm (NO,)

NO, Vandaele et al., (1996), 294 K X
O; Serdyuchenko et al., (2013), 223 K, 243K X
O, Thalman and Volkamer, (2013), 293 K X
BrO Fleischmann and Hartmann, (2004),223 K X
HCHO Meller and Moortgat, (2000), 293 K X
Ring Chance and Spurr, 1997 X
Polynomial 5
degree

Table 2: Parameter settings used for spectral analysis using WINDOAS, where “x” indicates the cross section is used in the

retrieval.
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Figure 2: Experimental setup of MAX-DOAS.
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5 the retrieved and the measured absorption structures, respectively.
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Figure 5: In the period of October 28, 2014 to December 31, 2014, (a)Time series of the meteorological parameters with a time

resolution of 1 min containing ambient temperature, relative humidity (RH), the wind speed (WS) and direction (WD). (b) Wind
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Figure 11: Averaged diurnal variation of HCHO VCDs measured by MAX-DOAS on three episodes around APEC. Error bars

denote the one sigma standard deviations around the mean analysis values.
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