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Abstract: An investigation into the diurnal characteristics of vertical formaldehyde
(HCHO) profiles was conducted based on multi-axis differential optical absorption
spectroscopy (MAX-DOAS) measurements in Beijing during the CAREBEIJING
campaign, covering a month-long period through August and September 2006. Vertical
HCHO profiles were retrieved based on a combined differential optical absorption
spectroscopy (DOAS) technique and an optimal estimation method (OEM). The HCHO
volume-mixing ratio (VMR) was found to be highest in the layer from the surface up to an
altitude of 1 km and to decrease with altitude above this layer. In all retrieved profiles,
HCHO was not detected in the layer from 3—4 km. Over the diurnal cycle, the HCHO
VMR values were generally highest at 15:00 local time (LT) and were lower in the
morning and late afternoon. The mean HCHO VMRs were 6.17, 1.82, and 0.80 ppbv for
the 0—1, 1-2, and 2-3-km layers, respectively, at 15:00 LT, whereas they were 3.54 (4.79),
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1.06 (1.43), and 0.46 (0.63) ppbv for the 0—1, 1-2, and 2-3-km layers, respectively, at
09:00 (17:00) LT. The HCHO VMRs reached their highest values at 15:00 LT on August
19, which were 17.71, 5.20, and 2.31 ppbv for the 0-1, 1-2, and 2-3-km layers,
respectively. This diurnal pattern implies that the photo-oxidation of volatile organic
compounds (VOCs) was most active at 15:00 LT for several days during the campaign
period. In a comparison of the derived HCHO VCDs with those obtained from the Ozone
Monitoring Instrument (OMI) measurements, the HCHO vertical column density (VCD)
values obtained from the OMI measurements tend to be smaller than those from the
MAX-DOAS.
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1. Introduction

Formaldehyde (HCHO) is known to have adverse health effects such as damage to oral fibroblasts
and epithelial cells [1]. Most HCHO is produced by the photo-oxidation of volatile organic compounds
(VOCs) released from biogenic, anthropogenic, and pyrogenic sources [2]. VOCs are one of the causes
of photochemical smog, while non-methane volatile organic compounds (NMVOCS) are a precursor
of tropospheric ozone formation [3,4]. Background levels of HCHO are generally controlled by the
amount of CH4 present in the troposphere, with the concentration of CHa4 being relatively uniform due
to its stability [5—7]. The lifetime of HCHO is only a few hours because it is broken down by
photolysis (wavelengths smaller than 400 nm) and chemical processes (reaction with hydroxyl
radicals) [8].

To date, the analysis of HCHO has been based on in-situ samplers [9—12], tunable diode laser
absorption spectrometer (TDLAS) [11,13,14], Hantzsch fluorometry [9,10,13], fourier transform
infrared spectroscopy (FTIR) [9,11,13,15,16] and active and passive DOAS [9,11-13,16-19].
Honninger et al. [20] introduced the multi-axis differential optical absorption spectroscopy (MAX-
DOAS) technique that utilizes scattered sunlight as a light source and retrieves the spatial distribution
of various trace gases, including HCHO. While this technique can directly retrieve a slant column
density (SCD; a measure of the amount of the absorbing species in a cross-sectional area, integrated
over the light path) of the target species, it is unable to yield vertical profiles of the species directly
without detailed radiative transfer information. However, the MAX-DOAS technique has recently
been employed to retrieve information regarding the vertical distribution of HCHO. Previous
studies [1,21-23] retrieved vertical profiles of trace gases combining MAX-DOAS measurements with
the output from radiative transfer models (RTMs). These studies derived both the vertical column
amount of HCHO and its vertical distribution.

Nevertheless, to understand the diurnal photo-oxidation patterns of VOCs and the temporal
characteristics of vertical HCHO dispersions, there remains a need for further investigation of the
diurnal characteristics of vertical HCHO distributions. We therefore present an investigation into the
diurnal characteristics of vertical HCHO profiles, based on MAX-DOAS measurements in Beijing
during the CAREBEIJING campaign over a month-long period through August and September 2006.
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HCHO vertical column densities retrieved from the MAX-DOAS measurements are also compared,
for this time period, with data from the Ozone Monitoring Instrument (OMI).

2. Measurements

The ultraviolet (UV) mini MAX-DOAS system used in this work has been utilized in a previous
study conducted by Lee et al. [24,25]. The sequential MAX-DOAS system comprises a light-collecting
unit and a small spectrograph, both housed in an aluminum box. The entrance optic is connected to a
quartz fiber, which includes a quartz lens with a focal length of 40 mm and a diameter of 20 mm. The
miniature spectrograph (USB2000; Ocean optics, Dunedin, Florida, USA) covers a spectral range of
289431 nm at a spectral resolution of 0.7 nm (FWHM), and employs a charge-coupled device (CCD)
detector (Sony ILX511, 2048 pixels). The intensity of visible light (wavelength > 400 nm) entering the
spectrograph is reduced by the placement of a UGS filter in front of the quartz lens. A Peltier element
is attached to the spectrograph plate to maintain a constant low temperature (10 = 0.5°C) and minimize
the dark current signal to the CCD.

(b) Sun & ay = 3% a, = 5° a3 =10° a, = 15°
as = 20° ag = 25°, a; = 30° ag = 90°

Direct sunlight
—— Scatt d light
Stratosphere cattered sunlig
Lower
troposphere

MAX-DOAS Elevation = «

Figure 1. (a) Location map of the measurement site in Beijing. The direction of the
MAX-DOAS measurement is indicated by the dashed arrow. (b) The MAX-DOAS
observation geometry used during the CAREBEIJING campaign.
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MAX-DOAS measurements were collected between 09:00 and 17:00 local time (LT)
(corresponding to 47° and 75° solar zenith angle) on the rooftop of the Mathematics Building
(39.59°N, 116.18°E; 55 m above ground level) on the campus of Beijing University. The viewing
azimuth angle of the MAX-DOAS was 340°, pointing toward the north of Beijing (Figure 1a). The
aluminum box containing the MAX-DOAS system was connected to a stepper motor, and sequential
recordings of scattered sunlight signals were made at elevation angles (EAs) of 3°, 5°, 10°, 15°, 20°,
and 90° above the horizon during the measurement period (Figure 1b). Elevation angles lower than 3°
were not used to avoid surface obstacles on light paths along the line of sight. The MAX-DOAS
measurements were performed every 2 h in an automated measurement loop, with each loop taking
9—15 min to scan the six EAs. The measured MAX-DOAS spectra were analyzed to quantify HCHO
according to its specific structured absorption features in the UV wavelength range.

3. MAX-DOAS Data Analysis
3.1. Retrieval of HCHO and O+ SCDs

The recorded MAX-DOAS data were analyzed to derive HCHO SCDs using QDOAS software [21]
based on the DOAS technique [26]. Dark current and offset signals from the MAX-DOAS CCD
detector were recorded before and after daily measurements and then removed from the scattered
sunlight spectra. The wavelengths of the spectra recorded by the MAX-DOAS system were calibrated
by fitting the raw spectra to a solar reference spectrum [27]. The DOAS fitting was carried out over
several wavelength intervals with the absorption cross-sections listed in Table 1. The spectral interval
from 335 to 357 nm was found to have the smallest fitting errors, the mean value of which was about
5% of the retrieved HCHO SCDs. In the present study, the HCHO SCDs were therefore derived in the
spectral interval 335-357 nm, where three strong HCHO absorption bands exist. A spectrum recorded
at around 12:00 LT on September 9 was used as the Fraunhofer reference spectrum (FRS). On this
day, the skies were free of clouds and visibility was good. The FRS and Ring spectra, as well as the
absorption cross-sections of HCHO, O3, O4, and NO2 were simultaneously fitted to the measurement
spectra using a nonlinear least-squares method [26,28] within the QDOAS software. The HCHO
absorption cross-section [29], which is also used in the OMI HCHO operational algorithm [30], was
used in this present study. The HCHO cross-section [29] may contain the uncertainty [31]. The BrO
absorption cross-section was excluded in the spectral fitting routine due to either no or negligible BrO
absorption in the measured spectra. Table 1 describes the parameters used for the spectral analysis
using the DOAS method. All reference absorption cross-section spectra were convolved with the slit
function to match the spectral resolution of the MAX-DOAS system used in this study. The Ring
effect describes the so-called “filling-in” of solar Fraunhofer lines in the spectra of scattered light
compared with direct sunlight observations and is caused by rotational Raman scattering by
atmospheric molecules [32]. Ring spectra [32], used to account for rotational Raman scattering effects,
were calculated from the FRS using DOASIS software [33]. NO2 and Os spectra were lo-corrected
using QDOAS software.
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Table 1. Parameter settings used for the spectral analysis using the DOAS method.

. Wavelength Range Polynomial Absorption Cross-Sections Included in
Target Species L .
(nm) Order the Spectral Fitting Routine
HCHO 335-357 i HCHO [29], O3 [34], 04 [35], NO» [36],
r .
0, 338-367 Ring spectra

Figure 2 shows the temporal variations of HCHO SCDs at each EA, and excludes data from cloudy
and rainy days. The HCHO SCD values ranged from —5.11 x 10'6 to 2.30 x 10'7 molecules cm2.
There are some negative O4 and HCHO SCDs as shown in Figure 2 due to the optical density fitting
when the SCD of a trace gas (which is absorbed in the FRS) is smaller than that in other spectra that
are to be analyzed. The high values observed at low EAs (3° and 5°) suggest higher concentrations of
HCHO near the surface than at higher altitudes. HCHO differential slant column densities (DSCDs) at
other EAs were then obtained by subtracting the SCD at each EA from the SCD at 90° within the same

measurement loop [37].
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Figure 2. Temporal variations in HCHO SCD values obtained at EA = 3°, 5°, 10°, 15°,
20°, 25°, 30°, and 90°.

The recorded MAX-DOAS data were also analyzed to derive Os4 SCDs, which can be used to
simulate vertical distributions of aerosol extinction coefficients (AECs) needed to obtain the HCHO
volume mixing ratios (VMRs). O4, NO2, O3, HCHO, FRS, and the ring spectrum were simultaneously
fitted to measurement spectra in the wavelength interval 338—-367 nm, using the same nonlinear least
squares method used for the HCHO SCD retrieval. This wavelength interval was chosen to provide the
vertical distribution information of AECs at 352 nm, which is within the wavelength interval used for
the HCHO vertical profile retrieval. Figure 3 shows an example of deconvolution of the DOAS
spectrum in evaluating HCHO and O4 slant column densities at 15:00 LT on 17 August 2006.
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Figure 3. Example of deconvolution of the DOAS spectrum in evaluating HCHO and O4
slant column densities. Blue lines represent the absorption signal and red lines represent

the sum of the absorption signal and the fit residual. The residual is small compared with
HCHO and O4 absorption. The example spectrum was obtained at 15:00 on 17 August 2006.

The O4 absorption cross-section was obtained from Hermans et al. [35]. Wagner et al. [38] and
Clémer et al. [39] suggested a need for a correction factor of 1.25 for the O4 absorption cross-section.
Recently, Irie et al. [40] reported that adopting an elevation-angle-dependent factor for the Os
absorption cross-section correction effectively reduces the difference between the measured and
simulated O4 DSCDs at high EAs. However, we multiplied the O4 absorption cross-section by a factor
of 1.25 prior to the fitting procedure as done in previous studies [24,37,41] since our aerosol profile
retrieval algorithm has not been updated to adopt an elevation-angle-dependent correction factor
suggested by Irie ef al. [40]. Figure 4 shows the temporal variations of Os SCDs at each EA. The O4
SCD values range from —5.01 x 10*? to 6.50 x 10** molecules*:cm™>. The O4 DSCDs at each EA were
calculated by subtracting the SCD at each EA from the SCD at 90° within the same measurement loop.
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Figure 4. Temporal variations in O4 SCD values obtained at EA = 3°, 5°, 10°, 15°, 20°,
25°, 30°, and 90°.

3.2. Derivation of Vertical HCHO Profiles

To retrieve vertical distributions of HCHO VMRs, AEC vertical distributions were initially derived
using O4 DSCDs. The aerosol retrieval algorithm using MAX-DOAS data is based on a relationship in
which Os SCD decreases as aerosol load increases, as discussed by Wagner et al. [42]. An aerosol
profile and aerosol optical depth (AOD) can be determined by simultaneously fitting the simulated O4
DSCDs to the O4 DSCDs measured by MAX-DOAS, based on the nonlinear inversion of the optimal
estimation method [43]. The O4 DSCDs are calculated using a radiative transfer model (RTM), which
requires information such as measurement geometries and aerosol optical properties, including AEC
profiles. We used a lookup table (LUT) containing sets of O4 DSCDs obtained from the LIBrary for
RADiative TRAnsfer (LIBRADTRAN) for the following: AOD, the shape parameters of the vertical
distributions (Fi1, F2, F3, and F4), the solar zenith angle (SZA), the relative azimuth angle (RAA, the
azimuth angle between the telescope and the sun), and EA. Mean aerosol extinctions in the layers at
altitudes of 0-1 1-2, 2-3, and 3-4 km are described as AODFi, AOD(1-Fi)Fz,
AOD(1-F1)(1-F2)F3, and AOD(1-F1)(1-F2)(1-F3)F4, respectively. For O4 DSCD simulations using
the RTM, we assumed a single-scattering albedo s = 0.93, an asymmetry parameter g = 0.69 (from the
Henyey—Greenstein approximation), and a surface albedo a = 0.10. The sensitivities of the retrieved
AECs to changing these parameters (g, s, and a) by £0.05 were estimated to be less than 8%, 1%, and
2%, respectively. A priori vertical AEC profiles were used to perform the least squares fit between the
measured and simulated Os DSCDs at several EAs. The a priori values (% errors) were AOD = 0.4 + 4.00,
F1=10.70 = 0.05, F2 = 0.60 = 0.03, F3 = 0.60 + 0.03, and F4 = 0.60 = 0.03. The a priori value of AOD
was obtained from the collocated sunphotometer measurement data during the campaign. A priori
values of F1, F2, F3, and F4 were adopted from a previous study [44]. The overall errors, calculated as
the root-sum-squares of these errors, were 0.03 (12%), 0.02 km™' (18%), and 0.01 km™' (44%) for
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optical depth 7 and aerosol extinction coefficients in the 0—1 and 1-2-km layers, respectively [37]. The
resulting degrees of freedom for signal [43] ranged from 1.1 to 2.8 for the measurement period.

The retrieval of the vertical HCHO distribution was carried out using a similar procedure to the
retrieval of the AEC wvertical distribution described above. HCHO vertical profiles were also
determined by simultaneously fitting the derived HCHO DSCDs to the HCHO at all EAs measured by
MAX-DOAS. The retrieved AEC vertical distributions with HCHO vertical shape variables were used
as inputs to simulate HCHO DSCDs using the RTM. An LUT containing sets of HCHO DSCDs was
obtained using the same RTM variables as for the AEC retrieval. Mean HCHO mixing ratios in the
0-1, 1-2, 2-3, and 3—4-km layers are described as VCDFi, VCD(1-F1)F2, VCD(1-F1)(1-F2)F3, and
VCD(1-F1)(1-F2)(1-F3)F4, respectively, where VCD represents the vertical column density. For the
factors F1, F2, and F3 determining the profile shape, we use the same a priori values as for the aerosol
retrievals. Thus, a priori values used for HCHO retrieval were VCD = 5 x 10'® molecules cm 2,
F1=0.70 £ 0.05, F2 = 0.60 + 0.03, F3 = 0.60 £ 0.03, and F4 = 0.60 + 0.03. The a priori value for VCD
was obtained from the OMI data.

The errors of the retrieved state vector were calculated by the retrieval covariance matrix according
to the optimal estimation method [43]:

S=(K"S’K+57) (1)

where K, Se, and Sa denote the weighting function matrix, the measurement error covariance matrix,
and the a priori covariance matrix, respectively. The overall errors, calculated as the root-sum-squares
of these errors, were 21%, 32%, and 42% for VCD, VMR at the 0—1-km layer, and VMR at the
1-2-km layer, respectively. The DOAS fitting errors were categorized as the random error and were
also included in the estimated overall errors. Detailed descriptions of the error budget can be found in a
previous study [41]. The errors in aerosol extinction coefficients at altitudes higher than 2 km were
~80% because the sensitivity of the measurements decreases with increasing tropospheric altitude [44,45].

4. Results and Discussion

As discussed in Section 3.2, the information from the AEC profiles was used as an input for
simulating HCHO DSCDs in the retrieval of the HCHO profiles. Figure 5 shows the mean diurnal
variations in the vertical profiles of the aerosol extinction coefficients over the entire measurement
period. Enhanced aerosol extinction coefficients were observed around 12:00 LT. The highest AEC
values were observed at 13:00 LT, and were 0.46, 0.11, and 0.04 km™! for the 0—1, 1-2, and 2-3-km
layers, respectively. The lowest AEC values, observed at 17:00 LT, were 0.24, 0.06, and 0.02 km™' for
the 0—1, 1-2, and 2-3-km layers, respectively.

Figure 6 shows the mean diurnal variations in the vertical profiles of HCHO VMRs over the
measurement period. HCHO concentrations were low at 09:00 and 17:00 LT, and were higher at 13:00
and 15:00 LT. The HCHO VMRs were 3.54, 1.06, and 0.46 ppbv for the 0—1, 1-2, and 2—-3-km layers,
respectively, at 09:00 LT; they were 6.17, 1.82, and 0.80 ppbv for the 0—1, 1-2, and 2-3-km layers,
respectively, at 15:00 LT. The increased HCHO at 15:00 LT implies that photo-oxidation of VOCs
was very rapid due to the peak solar irradiance at this point in the day. The magnitude of the HCHO
variation was greater near the surface than at altitudes higher than the 0—1-km layer, as shown in Figure 6.



Atmosphere 2018, 6 1824

35 —e— o0g00LT (@) —@— A priori (b)
— v — 11:00LT
| ——m-— 13.00LT
3.0 \ -—-- 1500LT
! A 17:00 LT
2.5 4

201
15 |

Altitude (km)

1.0 1

0.5 1

0.0 T T T . - . . . y .
00 0.1 02 0.3 04 05 060.0 0.1 0.2 0.3 04 05 0.6

AEC (km™) AEC (km™)

Figure 5. (a) Mean values of the AEC (353 nm) vertical profile with error bars obtained
from MAX-DOAS measurements at different times of the day during the CAREBEIJING
campaign. Error bars represent the mean errors estimated from the retrieval covariance
matrix. (b) 4 priori AEC (353 nm) vertical distribution used in the present study.
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Figure 6. (a) Mean values of the HCHO vertical profile with error bars obtained from
MAX-DOAS measurements at different times of the day during the CAREBEIJING

campaign. Error bars represent the standard deviations. (b) 4 priori HCHO vertical
distribution used in the present study.

Figures 7 and 8 show the daily diurnal variations of the vertical HCHO profiles during the
measurement period. No HCHO vertical profiles were retrieved at the time when the corresponding
aerosol vertical profiles were not available due to high AOD values larger than 5, the largest value in
the LUTs in Figures 7 and 8. The lowest HCHO VCDs were observed on September 9, when the
HCHO VMRs ranged from 0.46 to 1.19, 0.13 to 0.37, and 0.06 to 0.16 ppbv for the 0-1, 1-2, and
2-3-km layers, respectively. The highest HCHO VCDs were observed on August 19. On this day, the
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HCHO VMRs reached their lowest values at 09:00 LT, which were 4.23, 1.20, and 0.54 ppbv for the
0-1, 1-2, and 2-3-km layers, respectively. The HCHO VMRs peaked at 15:00 LT, reaching values of
17.71, 5.20, and 2.31 ppbv for the 0-1, 1-2, and 2-3-km layers, respectively. In all cases, the HCHO

VMRs decreased with altitude. This result suggests that the majority of the VOCs were converted into
HCHO in the 0—1-km layer.
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Figure 7. Daily diurnal variations in the vertical HCHO profiles obtained from the

MAX-DOAS measurements in August during the CAREBEIJING campaign.
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We compared the HCHO VCDs retrieved from the MAX-DOAS measurements with the HCHO
VCD data obtained from the OMI measurements (OMI Formaldehyde Level2G Global binned data;
OMHCHOG). The OMI data were supplied by the NASA Goddard Earth Sciences Data and
Information Service Center (http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI) [30]. Figure 9 shows
the temporal variations in HCHO VCDs retrieved from the MAX-DOAS measurements, and those
obtained from the OMI measurements in Beijing. In Figure 9, the error bars of the MAX-DOAS VCDs
were calculated using Equation (1). The MAX-DOAS HCHO VCDs, which were temporally
collocated within £45 min of the OMI overpass time at 13:45 LT, are plotted in Figures 9 and 10. The
OMI data were plotted in Figures 9 and 10 when the OMI data were available on the MAX-DOAS
measurement location and the collocated MAX-DOAS data also existed. Data screening was done for
optically thick cloud conditions by the maximum AOD value of 5 in the LUTs, which is thought to
exclude large optical depth cases mostly due to optically thick clouds. The mean HCHO VCD value
retrieved from the MAX-DOAS measurement was 1.79 x 10'® molecules-cm ™, which is higher than
1.07 x 10" molecules-cm 2, the mean HCHO VCD value obtained from the OMI measurement. The
maximum HCHO VCD retrieved from the MAX-DOAS measurements on August 18 was
3.83 x 10'® molecules-cm ?; the equivalent maximum from the OMI data was 2.78 x 10'® molecules-cm .
The minimum HCHO VCD value retrieved from the MAX-DOAS measurements was
2.32 x 10" molecules-cm 2 on September 8, while that of the OMI data was 3.56 x 10'*> molecules-cm >
on September 5. In Figure 9, the HCHO VCD values retrieved using the MAX-DOAS data are plotted
against the OMI data. The coefficient of determination (R2) is 0.62, and the slope of regression
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equation is 0.56. A possible reason for this tendency could be a weak sensitivity of the UV satellite
sensor to HCHO, which mostly exists near the surface. The uncertainties in the air mass factor (AMF)
for the OMI HCHO retrieval due to the uncertainties related to the aerosol information and HCHO
vertical profile shape could also lead to the difference between the HCHO VCDs obtained from those
two methods. The uncertainty in AMF due to assumptions of the vertical profile shape is known to be
up to 20%, which leads to 20% uncertainty in the HCHO VCDs [46]. Moreover, the satellite averages
over the whole pixel area while the MAX-DOAS is probably more sensitive to a smaller coverage.

5.0

4.0

3.0

2.0

OMI HCHO VCD [ x 10" molec cm™

0.0 4 . ; . .
0.0 1.0 2.0 3.0 4.0 5.0

MAX-DOAS HCHO VCD [ x 10" molec ecm™)

Figure 10. Correlations between HCHO VCDs retrieved from the MAX-DOAS
measurements and those obtained from OMI measurements during the CAREBEIJING
campaign. The error bars (MAX-DOAS) represent the mean errors estimated from the
retrieval covariance matrix whereas the error bars (OMI) represent the retrieval uncertainties

5. Conclusions

We investigated the diurnal characteristics of vertical HCHO profiles based on MAX-DOAS
measurements in Beijing during the CAREBEIJING campaign for a one-month period over August
and September 2006. In general, the highest HCHO VMR was found at the 0—1-km layer at 15:00 LT,
implying that photo-oxidation of VOCs was most active near the surface at that time of day. In all
retrieved profiles, the HCHO VMRs were found to decrease with altitude. No HCHO was detected in
the 3—4-km layers during this measurement period. The mean HCHO VMRs were 3.54 (6.17), 1.06
(1.82), and 0.46 (0.80) ppbv for the 0—1, 1-2, and 2-3-km layers, respectively, at 09:00 (15:00) LT. In
addition to investigating the diurnal characteristics of the vertical HCHO profiles, we compared the
retrieved HCHO VCDs with those obtained from the OMI measurements. The HCHO VCDs obtained
from the OMI measurements were smaller than those from the MAX-DOAS. This tendency might be
associated with a weak sensitivity of the UV satellite sensor to HCHO, which is mostly present near
the surface.
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