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Abstract 
 

Sensitivity of HCHO retrievals to air 
mass factor (AMF) for the 

environmental geostationary satellite 
application 

 
Kwon, Hyeong-Ahn 

School of Earth and Environmental Sciences 

The Graduate School 

Seoul National University 

 

Formaldehyde (HCHO) is produced by the oxidation of non-methane volatile 

organic compounds (NMVOCs) by hydroxyl radical (OH) in the atmosphere. 

NMVOCs are precursors of tropospheric O3 and organic aerosols and play a 

significant role in air pollution. Therefore, an accurate estimate of NMVOCs 

emission is critical for air quality model simulations, but a large uncertainty still 

remains with the bottom-up emission inventory of NMVOCs in chemical 

transport models. In particular, the biogenic emission of NMVOCs is poorly 

quantified and is one of determining factors for O3 and aerosol simulations. 

Previous studies have used HCHO column abundance measurements from the 
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instruments onboard sun-synchronized satellites such as GOME, SCIAMACHY, 

OMI, and GOME-2 to improve the bottom-up emission inventory of NMVOCs 

especially from the biogenic sources. However, the measurements onboard the 

polar orbit satellites are limited temporally by the frequency of the satellite 

overpass time, which is at best once a day at the same local time. This is further 

challenged by the presence of cloud. In order to overcome the limitations and 

monitor air quality changes in East Asia in near-real time, the Ministry of 

Environment in Korea plans to launch GEOstationary-Korean MultiPurpose 

SATellite (GEO-KOMPSAT) with Geostationary Environment Monitoring 

Spectrometer (GEMS) in 2018. Here, I examine the HCHO retrieval algorithm 

for GEMS by conducting a sensitivity test with respect to air mass factor (AMF) 

and attempt to improve the retrieval accuracy by providing better a priori 

information. AMF is used to convert satellite measured slant column to vertical 

column density (VCD), and it depends on interfering gases, aerosols, and 

clouds as well as solar zenith angle and the line-of-sight zenith angle. Monthly 

values of AMF are typically used for the measurements onboard the polar orbit 

satellites. Because GEMS measurements are more frequent than those of the 

polar orbit satellites, high temporal variations should be reflected in the AMF 

calculation. Here, I examine the sensitivity of the GEMS HCHO retrieval to the 

temporal variation of AMF. Since the GEMS measurements are not available 
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yet, I use instead a synthetic calculation by integrating the retrieval algorithm 

with a 3-D chemical transport model (GEOS-Chem) and a radiative transfer 

model (VLIDORT). I first generate GEMS measured radiances using the 

VLIDORT with profiles of trace gases and aerosols simulated by the GEOS-

Chem. I then apply the retrieval algorithm to the GEMS radiances to retrieve 

HCHO VCDs. For the HCHO retrieval, I use hourly and monthly AMF values, 

resulting in the two sets of HCHO column abundances. The comparison of the 

two retrievals with the true HCHO VCDs from the GEOS-Chem, allows me to 

understand the retrieval sensitivity to the AMF values with the different 

temporal variability. My analysis shows that the retrieved HCHO VCDs with 

the hourly AMF are significantly correlated with the true values (R2=0.99), 

whereas the VCDs with the monthly AMF show relatively lower correlation 

(R2=0.87), indicating that the use of hourly AMF in the retrieval captures the 

GEMS measured spatial pattern of HCHO better than that with the monthly 

AMF over East Asia (105E-135E, 15N-45N). The discrepancy between the two 

retrievals is due to not only the temporal variation of aerosol loading but also 

that of the chemical composition. Absorbing aerosols such as black carbon (BC) 

and soil dust can reduce AMF while scattering aerosols such as sulfate and 

nitrate increase AMF. My results have also an important implication for the low 

orbit satellite measurements in East Asia. For example, when I compare my 
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calculation with AMF values used in the OMI retrieval, a range of discrepancy 

from -61% to 36% is found over China primarily because of the consideration 

of aerosols in the AMF values. A priori information with high temporal 

resolution is needed to reduce the existing uncertainty with the satellite 

measurements for chemically complex regions such as East Asia, and the need 

is even higher for the high temporal measurements of the geostationary satellite.  

 

Keywords: formaldehyde, retrieval, air mass factor, GEMS, geostationary 

satellite, satellite remote sensing 

Student number: 2012-20333  



   5 

CONTENTS 

 

CHAPTER 1. INTRODUCTION ................................................................... 8 

 

CHAPTER 2. SATELLITE RETRIEVAL FOR TRACE GASES ........... 11 

 

CHAPTER 3. AIR MASS FACTOR ............................................................ 15 

 

CHAPTER 4. DATA AND METHODOLOGY .......................................... 17 

4.1 Model description ................................................................................ 17 

4.2 Methodology ....................................................................................... 18 

 

CHAPTER 5. RESULTS ............................................................................... 21 

5.1 Simulated HCHO from GEOS-Chem and retrieved HCHO ............... 21 

5.2 The effect of AMF temporal variability on HCHO VCDs .................. 23 

5.3 The comparison with OMI AMF table ................................................ 31 

 

CHAPTER 6. SUMMARY AND DISCUSSION ......................................... 33 

 

References ....................................................................................................... 37 



   6 

LIST OF FIGURES 
 
Figure 1. This work uses a synthetic simulation as part of developing HCHO 

retrieval algorithm. GEOS-Chem simulates atmospheric compositions that 
are inserted into VLIDORT. As a result, radiances and AMF are calculated. 
The radiances can be regarded as measured radiances on the geostationary 
satellite in the future. HCHO vertical column densities are retrieved with 
radiances and AMF. If perfectly retrieved, HCHO VCDs from the retrieval 
should be consistent with those from GEOS-Chem. .................................. 20 

 
Figure 2. HCHO VCDs simulated by GEOS-Chem and HCHO SCDs retrieved 

by HCHO retrieval algorithm at 11, 12, 13 local standard time of Seoul in 
June 21, 2009. HCHO VCDs are maximized over tropical forests in 
Indonesia where isoprene, a dominant precursor of HCHO production, is 
emitted. HCHO over China is caused by anthropogenic emission as well as 
biogenic emission. HCHO SCDs overestimate over the whole domain and 
have to be converted to VCDs using AMF. ............................................... 22 

 
Figure 3. Retrieved HCHO VCDs with monthly (top) and hourly AMF 

(bottom). The spatial pattern of retrieved HCHO VCDs is consistent with 
that from GEOS-Chem. The results using hourly AMF is in better 
agreement with simulated HCHO VCDs while the results using monthly 
AMF overestimates over China. ................................................................. 24 

 
Figure 4. Left panels show averaged HCHO VCDs for 11-13 LST at 21 June, 

2009. There is the discrepancy over China between HCHO VCDs using 
monthly and hourly AMF. Scatter plot (right panel) represents the 
comparison of retrieved VCDs using monthly (black, diamonds) and hourly 
AMF (red, triangles) to the model over East Asia (105E-135E, 15N-45N). 
Correlation of the results using hourly AMF (𝑅2 = 0.99, red) is higher than 
using monthly AMF (𝑅2 = 0.87, black) in the comparison of averaged 
HCHO VCDs for 3 hours. .......................................................................... 25 

 
Figure 5. The difference between hourly AMF and monthly AMF (top) due to 

the HCHO profile difference (middle) and aerosols (bottom). Hourly AMF 
is lower over northern China than monthly AMF while it is higher in the 
middle of China. HCHO profile effects on AMF are calculated by 
considering hourly and monthly variation of HCHO profiles with other 
variables as monthly values. Aerosol effects on AMF are obtained by using 



   7 

hourly and monthly variation of aerosols with other variables as monthly 
values. ......................................................................................................... 28 

 
Figure 6. Top panels are the difference between hourly AOT and monthly AOT 

at 300 nm, and bottom panels are the difference between hourly SSA and 
monthly SSA at 300 nm. Hourly AOT is higher than monthly AOT over 
China where hourly AMF increases and decreases. Hourly SSA is lower 
over northern China than monthly SSA while it is higher in the middle of 
China. The results reflect that absorbing aerosols can make AMF decreases 
and that scattering aerosols are effective to increase AMF. ....................... 29 

 
Figure 7. Averaged AOT of sulfate (left) and soil dust (right) for 3 hours. 

Sulfate aerosols exist in the middle of China, and soil dust aerosols exist in 
the northern China. The spatial pattern of sulfate and soil dust is consistent 
with that of where AMF increases and decreases, respectively. ................ 30 

 
Figure 8. The figures show the difference (left) and relative difference (right) 

between hourly AMF and OMI AMF table. Relative difference is defined 
by the ratio of difference between hourly AMF and OMI AMF table to 
hourly AMF. The figures represent aerosol effects over 
China. ......................................................................................................... 32 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   8 

CHAPTER 1. INTRODUCTION 

 

Formaldehyde (HCHO) in the atmosphere is produced from the 

oxidation of hydrocarbons by hydroxyl radical (OH). Methane (CH4) is the 

most abundant hydrocarbon in the atmosphere, and its oxidation by OH is the 

dominant contributor to the global background concentrations of HCHO. 

HCHO is also formed by the oxidation of non-methane volatile organic 

compounds (NMVOCs), which are emitted by plants and human activities and 

are important precursors of air pollutants such as O3 and organic aerosols. 

HCHO is also directly emitted from biomass burnings and anthropogenic 

emissions such as fuel combustion.  

HCHO measurements are important to constrain the bottom-up emission 

inventories of NMVOCs especially for isoprene that is the most abundant 

NMVOCs naturally emitted by plants [Abbot et al., 2003; Palmer et al., 2003; 

Marais et al., 2012]. Because HCHO is a first oxidation product of NMVOCs 

with a short lifetime HCHO measurements on space-borne satellites can be 

used to constrain the biogenic emission of NMVOCs, which has large 

uncertainties in atmospheric chemistry transport models [Palmer et al., 2003; 

Shim et al., 2005; Stavrakou et al., 2009]. In addition, HCHO retrievals from 

satellites in company with glyoxal (CHOCHO) retrievals can be used as an 
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indicator to sort out biogenic emissions and anthropogenic emissions using the 

ratio of CHOCHO to HCHO retrievals [Vrekoussis et al., 2010]. Also, Veefkind 

et al. [2011] showed that aerosol optical thickness (AOT) is often correlated 

with HCHO concentration in summer season, which can reflect the formations 

of biogenic secondary organic aerosol (SOA). The satellite observations of 

HCHO have provided the observational constraints to enhance our scientific 

understanding on the effect of vegetation on tropospheric chemical composition.  

Space-borne satellites have measured the HCHO vertical column 

density (VCD) since 1995 using GOME, SCIAMACHY, OMI, and GOME-2 

instruments. Those satellites are sun-synchronized satellites, and thus their 

measurement frequencies are quite limited at most once a day, which is even 

further constrained by the presence of clouds. Therefore, the observations of 

trace gases including HCHO onboard the geostationary satellites have been 

planned in the U.S., Europe, and Asia in order to overcome these limitations. 

Along with these activities the Ministry of Environment in Korea will launch 

GEOstationary-Korean MultiPurpose SATellite (GEO-KOMPSAT) with 

Geostationary Environment Monitoring Spectrometer (GEMS) in 2018 in order 

to monitor the changes of air quality and climate over East Asia where the most 

rapid increases in anthropogenic emissions have occurred for the past decades. 
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GEO-KOMPSAT is expected to monitor intercontinental long-range transport 

of trace gases and aerosols with the other geostationary satellites. 

In this study, a part of the retrieval algorithm of HCHO for GEMS will 

be developed, and various tests will be conducted in order to examine the 

retrieval sensitivities to a number of factors determining the retrieval accuracy. 

Among them, this study focuses on air mass factor (AMF), which is one of 

crucial factors to convert the measured slant column density to the vertical 

column density. In the sun-synchronized satellites, the monthly averaged AMF 

values have been typically used for HCHO retrievals. However, high frequency 

measurements of GEMS on GEO-KOMPSAT within a day require temporally 

finer resolved AMF values such as daily or even hourly, which can reflect the 

variation of solar zenith angle, interfering gas concentrations, and aerosols. 

Therefore, the sensitivity test of HCHO retrieval to monthly versus temporarily 

finer AMF is conducted in order to assess the impact of temporal variation of 

gas profiles and aerosol optical properties. For the study, a synthetic simulation 

is used including atmospheric chemistry model, radiative transfer model, and 

HCHO retrieval algorithm because the GEMS measurements are not available 

yet. 
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CHAPTER 2. SATELLITE RETRIEVAL FOR 

TRACE GASES 

  

The HCHO retrieval uses backscattered UV radiances on the absorption 

wavelength (327.5-358 nm) of HCHO. Measured radiances from the satellite 

are fitted to the equation (1) [Chance, 2002], which explains the absorption of 

trace gases and the scattering by molecules in the atmosphere and is solved 

using a non-linear least square method with fitting parameters [Chance et al., 

2000]. The A is surface albedo, the 𝐼0  is solar irradiance, the 𝜎𝑖  are 

absorption cross sections of interfering gases, 𝜎𝑅  is Ring effect correction 

induced by inelastic scattering [Joiner et al., 1995; Chance and Spurr, 1997], 

and the 𝑐0 − 𝑐3 are coefficients of the closure polynomial [Chance, 2002] to 

account for the Rayleigh and Mie scattering. 

𝐼(𝜆) = 𝐴𝐼0 exp�−�𝑁𝑖𝜎𝑖(𝜆)
𝑛

𝑖=1

� + 𝑐𝑅𝜎𝑅 + 𝑐0 + 𝑐1�𝜆 − 𝜆� + 𝑐2�𝜆 − 𝜆�
2

+ 𝑐3�𝜆 − 𝜆�
3

                                                                           (1)  

The HCHO absorption band overlaps the O3 absorption band, which is 

the strongest interference in the HCHO retrieval, so the fitting window should 

be selected to avoid the strong O3 absorption region. HCHO absorption is so 
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weak that the accuracy of retrievals is very sensitive to fitting window 

selections [Hewson et al., 2013]. Instruments such as GOME, SCIAMACHY, 

OMI and GOME-2 have used slightly different fitting windows. In this study, I 

use the OMI fitting window (327.5-358.0 nm) and AMF at 346 nm for the 

HCHO retrieval. In the fitting, Ring effect, O3 at 228 K and 273 K, NO2 at 220 

K, SO2 at 298 K, and HCHO at 300 K are considered. 

In general, the fitting method such as differential optical absorption 

spectroscopy (DOAS) is used on the sun-synchronized satellites. The DOAS 

method uses the linearized equation as taking the logarithm of the equation 

divided by solar irradiance (𝐼0), and yields slant column densities [De Smedt et 

al., 2008]. However, the DOAS method is susceptible to large uncertainty of 

fitting radiances at high solar zenith angles, where the residual of the direct 

fitting method is typically smaller than that of DOAS [Van Roozendael et al., 

2012]. Geostationary satellites can measure HCHO every hour in the daytime 

and confront observations at high solar zenith angles. In this regard, the direct 

fitting method should be applied rather than the DOAS method in order to 

improve radiance fitting with lower residuals at high solar zenith angles. 

Therefore, the direct fitting method is used in this study. 

As a result of fitting radiances, slant column densities (SCD, 𝑁𝑖) of 

HCHO are yielded, dependent on the light path. Therefore, SCD should be 
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converted to VCD that is physically meaningful, and air mass factor (AMF), 

defined as the ratio of SCD to VCD, is necessary. AMF is identical to the 

correction factor to convert the light path dependent on angles (solar zenith 

angles and the light-of-sight angles of satellite) and molecules to the 

independent light path such as vertical coordinate in Lambert-Beer’s law. 

 Palmer et al. [2001] suggested a new AMF formulation considering 

vertical distribution and scattering weight of the absorber. They divided vertical 

distribution term and scattering weights in the AMF calculation to control 

HCHO vertical variation. However, they did not take into account cloud and 

aerosol effects. Martin et al. [2002] included cloud effects in the AMF 

calculation using cloud fraction, cloud top pressure, and cloud optical thickness 

but did not also consider aerosol effects. In De Smedt et al. [2008], they also 

showed the sensitivity of AMF to cloud, surface albedo, and profile. However, 

most previous studies do not account for the extinction of aerosol in AMF 

calculation. Martin et al. [2003] and Lee et al. [2009] showed the impact of 

aerosols by using aerosol correction factor, which is the ratio of AMF with 

aerosols to AMF without aerosols. They suggested that the aerosol correction 

factors for scattering aerosols should be increased by 5-10% and by 15% over 

industrial regions such as China and the United States, respectively, while 

aerosol correction factors are decreased by 15-30% over desserts. In this regard, 
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high temporal variation of aerosols has to be considered in AMF calculation in 

order to improve retrieval accuracy especially for the GEMS hourly 

measurements over East Asia, where dust and anthropogenic aerosols are 

frequently emitted, mixed, and transported by synoptic meteorological systems. 
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CHAPTER 3. AIR MASS FACTOR 

 

AMF is identical to the correction factor of a path length of a light. In 

other words, AMF is equal to sec𝜃 to convert the slant path length to the 

vertical path length in the absence of scattering (Lambert-Beer’s law). 

Geometric AMF can be defined from the modified Lambert-beer’s law 

(equation 2a) that describes a backscattered light to be attenuated at UV-visible 

wavelength if we neglect multiple scattering [Liou, 2002]. 𝑑𝑠 is a differential 

displacement along with solar zenith angle (SZA), and 𝑑𝑠′ is a differential 

displacement along with direction of line-of-sight (viewing zenith angle, VZA). 

Geometric AMF without multiple scattering is defined as follow equation 2b.  

𝐼 = 𝐼0 exp �−�𝑘𝜆𝜌 𝑑𝑠 − �𝑘𝜆𝜌 𝑑𝑠′� 

                                     = 𝐼0 exp�−�𝑘𝜆𝜌 𝑑𝑧 �
1

cos𝜃𝑆𝑍𝐴
+

1
cos 𝜃𝑉𝑍𝐴

��       (2𝑎) 

                                  𝐴𝑀𝐹𝐺 = sec 𝜃𝑆𝑍𝐴 + sec 𝜃𝑉𝑍𝐴                                          (2𝑏) 

However, molecules in the atmosphere attenuate incoming and outgoing 

radiance by not only absorption of gases but also Rayleigh or Mie scattering in 

the UV-visible region. If there is no interaction with the atmosphere except for 

the gas to be retrieved, AMF is only dependent on SZA and VZA. 
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Palmer et al. [2001] showed a new formulation of AMF including 

scattering and absorption of gases (equation 3a, 3b, and 3c). AMF is calculated 

by the vertical integration of function multiplying scattering weight and vertical 

shape factor. The decoupling of scattering weight and vertical shape factor has 

an advantage to calculate them in a radiative transfer model and a chemical 

transport model, respectively.   

𝑤′(𝑧) = −
1

𝐴𝑀𝐹𝐺
𝜕 ln 𝐼𝐵
𝜕𝜏

                      (3a) 

𝑆𝑧′(𝑧) =
𝛼(𝑧)𝑛(𝑧)

∫ 𝛼(𝑧)𝑛(𝑧)𝑑𝑧∞
0

                      (3b) 

𝐴𝑀𝐹 = 𝐴𝑀𝐹𝐺 � 𝑤′(𝑧)𝑆𝑧′(𝑧)𝑑𝑧
∞

0
       (3c) 

The scattering weight (𝑤′(𝑧)) represents the extinction of backscattered 

radiance by scattering, and the vertical shape factor (𝑆𝑧′(𝑧)) means normalized 

profile of optical thickness. 𝛼(𝑧) is the absorption cross section, and 𝑛(𝑧) is 

the number density. 

In this study, AMF is calculated from VLIDORT with temporal 

variation of HCHO and aerosol profile (equation 4). 

𝐴𝑀𝐹 = −
1

∫𝑘𝜆𝜌 𝑑𝑧
�
𝜕 ln 𝐼
𝜕𝜏

𝑑𝜏          (4) 
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CHAPTER 4. DATA AND METHODOLOGY 

 

4.1 Model description 

Gases and aerosols concentrations are simulated from a 3-D global 

atmospheric chemical transport model (GEOS-Chem). The GEOS-Chem v9-01-

02 is used in this study with the Goddard Earth Observing system (GEOS-5) 

meteorological field. The model has a 2o x 2.5o (latitude x longitude) horizontal 

resolution, and it has 47 levels from the surface to the 0.01 hPa. 

The MEGAN v2.1 inventory [Guenther et al., 2006] is used as a 

biogenic emission of isoprene that is one of the most important precursors 

producing HCHO. Anthropogenic emissions are from the EDGAR v2.0 

inventory [Olivier et al., 1996] for the globe and from the inventory developed 

by Streets et al. [2003] for Asia. Monthly biomass burning emission is from the 

GEFD3 inventory [van der Werf et al., 2010], which is compiled with satellite 

measurements of fire activity. Aerosol optical properties are calculated using 

FlexAOD that converts aerosol concentration from the GEOS-Chem to aerosol 

optical properties such as aerosol optical depth, single scattering albedo, and 

asymmetric factor [Hess et al., 1998; Mishchenko et al., 1999; Sinyuk et al., 

2003]. 
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A radiative transport model, Vector linearized discrete ordinate radiative 

transfer (VLIDORT) [Spurr, 2006], is used to calculate radiances and AMF. 

The VLIDORT calculates outgoing radiance scattered and absorbed by 

interfering gases in the atmosphere and yields derivatives of radiances with 

respect to optical depths of interfering gases (Jacobians) that are used in the 

AMF calculation (equation 4). 

 

4.2 Methodology 

A synthetic simulation is conducted using GEOS-Chem, VLIDORT, 

and the HCHO retrieval algorithm (figure 1) to estimate how accurate the 

retrieval algorithm is and how temporal variation affects AMF calculation. 

GEOS-Chem produces not only meteorological variables such as temperature 

and pressure but also vertical profiles of O3, NO2, SO2, HCHO, and aerosol 

optical properties at 300 nm, 400 nm, 600 nm, and 999 nm. VLIDORT 

calculates radiances with the simulated profiles and meteorological data from 

GEOS-Chem in the same condition of the launched geostationary satellite. The 

calculated radiances can be regarded as measured radiances (true radiances) on 

GEMS, and the radiances are applied to the HCHO retrieval algorithm in order 

to obtain retrieved HCHO slant column density. However, the calculated 

radiances do not include any noises such as polarization errors and temperature 
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errors of sensor and do not consider signal to noise ratio and slit function in the 

retrieval. Radiances measured from geostationary satellites include errors, but 

in this study, these are neglected in order to idealize radiances. HCHO SCD is 

converted to HCHO VCD with AMF in order to be compared with the GEOS-

Chem HCHO for validation.  

This work focuses on the effect of AMF that can be changed because of 

various factors such as solar zenith angle, profile shape of interfering gases, and 

aerosols. The effect of HCHO vertical profile and aerosol optical properties is 

examined using hourly and monthly AMF. Therefore, temporal variation is 

considered in hourly AMF calculation while monthly AMF is calculated using 

monthly averaged profiles of gases and aerosols optical properties. 
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Figure 1. This work uses a synthetic simulation as part of developing HCHO retrieval 
algorithm. GEOS-Chem simulates atmospheric compositions that are inserted into VLIDORT. 
As a result, radiances and AMF are calculated. The radiances can be regarded as measured 
radiances on the geostationary satellite in the future. HCHO vertical column densities are 
retrieved with radiances and AMF. If perfectly retrieved, HCHO VCDs from the retrieval 
should be consistent with those from GEOS-Chem. 
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CHAPTER 5. RESULTS 

 

5.1 Simulated HCHO from GEOS-Chem and retrieved HCHO 

Figure 2 shows HCHO vertical column densities (VCDs) from GEOS-

Chem and slant column densities (SCDs) from the retrieval algorithm at 11, 12, 

and, 13 local standard time (LST) of Seoul in the summer solstice (21 June, 

2009). Background HCHO concentration in the western Pacific region (130E-

150E, 5N-25N) is mainly produced by oxidation of methane (CH4) up to 

2.6 ×  1015 molecules cm-2 on average for 3 hour. HCHO VCDs in GEOS-

Chem have a maximum concentration 1.2 ×  1016  molecules cm-2 over 

Indonesia because of high isoprene concentrations emitted from tropical forests. 

Also, HCHO VCDs from GEOS-Chem show high concentrations over northern 

Indochina peninsular and eastern China (100E-120E, 20N-35N) by 9.6 ×

 1015 molecules cm-2 that reflect large biogenic emission and anthropogenic 

NMVOC emissions, respectively [Fu et al., 2007].  

Retrieved SCDs overestimate the concentration over the whole domain 

with the comparison of GEOS-Chem. HCHO SCDs should be converted to 

VCDs that are independent on the light path and physically meaningful. In this 

study, monthly and hourly AMF at 346 nm are applied in order to explain 

temporal variation effects of aerosols and HCHO profiles. 
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Figure 2. HCHO VCDs simulated by GEOS-Chem and HCHO SCDs retrieved by HCHO 
retrieval algorithm at 11, 12, 13 local standard time of Seoul in June 21, 2009. HCHO VCDs 
are maximized over tropical forests in Indonesia where isoprene, a dominant precursor of 
HCHO production, is emitted. HCHO over China is caused by anthropogenic emission as well 
as biogenic emission. HCHO SCDs overestimate over the whole domain and have to be 
converted to VCDs using AMF. 
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5.2 The effect of AMF temporal variability on HCHO VCDs 

Retrieved HCHO VCDs after the application of monthly AMF are lower 

than the HCHO SCDs and show an improved spatial agreement with the 

GEOS-Chem VCDs (top panels of Figure 3). However, they slightly 

overestimate the GEOS-Chem VCDs in the whole domain. Retrieved HCHO 

VCDs with the hourly AMF show better agreement with GEOS-Chem than the 

results with monthly AMF over China where the results using the hourly AMF 

captures northern and southern HCHO peaks simulated in GEOS-Chem.  

Figure 4 shows HCHO VCDs averaged for 3 hours and the comparison 

between retrieved and GEOS-Chem results over East Asia (105E-135E, 15N-

45N). The retrieved VCDs with the hourly AMF reproduce the GEOS-Chem 

better than those with the monthly AMF. The regression slopes between the 

retrieved and simulated VCDs are close to unity (1.06 with the monthly AMF 

and 0.99 with the hourly AMF case). Correlations, however, slightly differ; 𝑅2 

values between the model and the retrieved VCDs with monthly and hourly 

AMF are 0.87 and 0.99, respectively. 
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Figure 3. Retrieved HCHO VCDs with monthly (top) and hourly AMF (bottom). The spatial 
pattern of retrieved HCHO VCDs is consistent with that from GEOS-Chem. The results using 
hourly AMF is in better agreement with simulated HCHO VCDs while the results using 
monthly AMF overestimates over China. 

 

 

 

 

 

 

 

 



   25 

 
Figure 4. Left panels show averaged HCHO VCDs for 11-13 LST at 21 June, 2009. There is 
the discrepancy over China between HCHO VCDs using monthly and hourly AMF. Scatter plot 
(right panel) represents the comparison of retrieved VCDs using monthly (black, diamonds) and 
hourly AMF (red, triangles) to the model over East Asia (105E-135E, 15N-45N). Correlation of 
the results using hourly AMF (𝑅2 = 0.99, red) is higher than using monthly AMF (𝑅2 = 0.87, 
black) in the comparison of averaged HCHO VCDs for 3 hours. 
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The difference between the two HCHO retrievals is caused by AMF. 

Figure 5 shows the discrepancy between hourly and monthly AMF. Hourly 

AMF over northern China is smaller by -0.61 than monthly AMF while the 

hourly value shows higher up to 0.46 relative to the monthly value in the 

middle of China. To explain what components make a difference, the temporal 

variations of HCHO profiles and aerosol optical properties were considered 

with other variables averaged for a month.  

The middle and bottom rows in Figure 5 show the individual effects of 

temporal variation of two variables. HCHO profile effects determine the entire 

spatial pattern of AMF in comparison with the difference of AMF and are 

dominant in India and the Indian Ocean. However, HCHO profile effects do not 

cause remarkable discrepancy over China. The difference over China is because 

of change of aerosol optical properties over time. The result for the effect of 

aerosol optical properties (bottom row in Figure 5) shows dominant changes 

over China. Previous studies [Martin et al., 2003; Lee et al., 2009] defined 

aerosol correction factors, which is the ratio of AMF with aerosols to AMF 

without aerosol, to represents aerosol effects. The studies showed that aerosol 

correction factor decreases by 30% over desserts where absorbing aerosols exist 

and increases by 15% over industrial regions due to scattering aerosols such as 

sulfate. In the comparison of the values, although the relative difference of 
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aerosol effect is related with monthly AMF, the values decreases by 71% and 

increases by 26% on average for 3 hours due to aerosols. 

Figure 6 compares hourly aerosol optical thickness (AOT) and single 

scattering albedo (SSA) at 300 nm to monthly values. While AOT is enhanced 

than monthly AOT over China where hourly AMF decreases and increases, 

SSA at each time is lower in northern China and higher in the middle of China 

than monthly mean value. That represents that absorbing and scattering aerosols 

exist in northern and the middle of China at that time, respectively. Industrial 

aerosols such as sulfate scatter incoming solar radiation [Charlson et al., 1992], 

and mineral dust can affect UV radiance by absorption [He and Carmichael, 

1999].  

Figure 7 shows that sulfate aerosols exist in the middle of China where 

AMF is increased, and that absorbing aerosols such as soil dust are distributed 

over northern China where AMF is remarkably reduced. These results reflect 

that temporal variation of aerosols can affect the spatial pattern of AMF. 

Aerosol optical properties related with aerosol types make hourly AMF 

different from monthly AMF. Therefore, geostationary satellites should 

consider finer time resolution of AMF to improve HCHO retrievals, especially 

in high AOT case. 
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Figure 5. The difference between hourly AMF and monthly AMF (top) due to the HCHO 
profile difference (middle) and aerosols (bottom). Hourly AMF is lower over northern China 
than monthly AMF while it is higher in the middle of China. HCHO profile effects on AMF are 
calculated by considering hourly and monthly variation of HCHO profiles with other variables 
as monthly values. Aerosol effects on AMF are obtained by using hourly and monthly variation 
of aerosols with other variables as monthly values. 
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Figure 6. Top panels are the difference between hourly AOT and monthly AOT at 300 nm, and 
bottom panels are the difference between hourly SSA and monthly SSA at 300 nm. Hourly 
AOT is higher than monthly AOT over China where hourly AMF increases and decreases. 
Hourly SSA is lower over northern China than monthly SSA while it is higher in the middle of 
China. The results reflect that absorbing aerosols can make AMF decreases and that scattering 
aerosols are effective to increase AMF. 
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Figure 7. Averaged AOT of sulfate (left) and soil dust (right) for 3 hours. Sulfate aerosols exist 
in the middle of China, and soil dust aerosols exist in the northern China. The spatial pattern of 
sulfate and soil dust is consistent with that of where AMF increases and decreases, respectively. 
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5.3 The comparison with OMI AMF table 

Hourly AMF results are compared with OMI AMF table that is used in 

OMI HCHO retrieval. OMI AMF table consists of AMF without cloud and 

snow, AMF with snow, and AMF with cloud with 2o x 2.5o (latitude x longitude) 

resolution for each month. The AMF values are the function of 5 solar zenith 

angles, 29 line-of-sight zenith angles, and 5 cloud top pressures, but AMF table 

in OMI does not consider aerosols. AMF is determined at measured pixels with 

interpolation. In this case, AMF at 328 nm is used because AMF table at 328 

nm has been used in HCHO retrieval from OMI instrument. 

Figure 8 shows that OMI AMF values are subtracted from hourly AMF 

considering aerosols and HCHO profiles temporally changed. The figure 

reflects aerosol effects over China and HCHO profile effects. The difference 

over China is relevant to aerosols, and the other regions that show the 

difference except for China is caused by temporal variation of HCHO profile.  

That is because OMI AMF table is calculated using climatology of each month 

and does not consider aerosols. As a result, relative difference that is the ratio of 

the subtraction of OMI AMF from hourly AMF to hourly AMF ranges from -61% 

to 36% over China.  
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Figure 8. The figures show the difference (left) and relative difference (right) between hourly 
AMF and OMI AMF table. Relative difference is defined by the ratio of difference between 
hourly AMF and OMI AMF table to hourly AMF. The figures represent aerosol effects over 
China. 
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CHAPTER 6. SUMMARY AND DISCUSSION 

 

HCHO in the atmosphere is formed by the oxidation of NMVOCs that 

are precursors of tropospheric O3 and organic aerosols and are important to 

simulate air quality in chemical transport models. However, the bottom-up 

emission inventories of NMVOCs in the models have a large uncertainty so that 

air pollutants especially for organic aerosols from biogenic sources are poorly 

simulated. Therefore, HCHO measurements on sun-synchronized satellites have 

been used to update the emission inventories of NMVOCs especially for 

biogenic sources because HCHO is a first oxidation product of NMVOCs with 

a short lifetime [Abbot et al., 2003; Palmer et al., 2003; Shim et al., 2005; 

Stavrakou et al., 2009; Marais et al., 2012]. However, frequencies of their 

measurements are limited, at most once a day, and are even further constrained 

by the presence of clouds. To overcome the disadvantages and monitor air 

quality every time, geostationary satellites plan to be launched each continent. 

In East Asia, Ministry of Environment in Korea will monitor the change of air 

quality and climate on GEO-KOMPSAT with GEMS instrument that measure 

trace gases and aerosols. 

The column concentration of HCHO is retrieved as a form of slant 

column densities (SCDs) from satellite using a non-linear least square method. 
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The quantities are required to convert into vertical column densities (VCDs) by 

using air mass factor (AMF). AMF is defined by the ratio of slant column 

density to vertical column density and is identical to a correction factor of the 

light path such as secθ in Lambert-Beer’s law. Monthly averaged AMF has 

been used as a function of solar zenith angles, viewing zenith angles, cloud 

fraction, and cloud top pressure for the measurements on sun-synchronized 

satellites. Because AMF depends on profiles of gases and aerosol optical 

properties as well as geometric angles and cloud, however, temporal variation 

of these variables should be considered in AMF calculation for geostationary 

satellites.  

This work examined the sensitivity of HCHO retrievals to temporal 

variation of AMF for GEMS. The synthetic system was used with GEOS-Chem, 

VLIDORT, and developing HCHO retrieval algorithm as part of developing 

HCHO retrieval algorithm. Measured radiances from GEMS are calculated 

using VLIDORT with atmospheric chemical compositions from GEOS-Chem, 

and HCHO VCDs are retrieved with AMF by a non-linear least square method.  

In order to account for the impact of temporal variation of HCHO 

profiles and aerosols in AMF calculation, the two sets of HCHO VCDs using 

monthly AMF and hourly AMF are compared with HCHO VCDs simulated by 

GEOS-Chem. The analysis shows that HCHO VCDs retrieved with hourly 
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AMF capture the spatial pattern of HCHO VCDs from the model over East 

Asia (105E-135E, 15N-45N) better than the results with monthly AMF. 

Correlations between the model and the retrieved results with monthly and 

hourly AMF are 0.87 and 0.99, respectively. That is because of temporal 

variation of aerosol quantity and aerosol type. Absorbing aerosols such as soil 

dust can reduce AMF while scattering aerosols such as sulfate can increase 

AMF. Although HCHO profiles effects cannot explain the discrepancy over 

East China, HCHO profiles determine the spatial pattern of AMF and are 

effective to AMF in India and the Indian Ocean. In the comparison of hourly 

AMF with OMI AMF table, the discrepancy ranges from -61% to 36% over 

China because of the consideration of aerosols in AMF calculation. As a result, 

temporal variation of atmospheric conditions to calculate AMF can influence an 

accuracy of HCHO retrievals in geostationary satellites, and we need finer time 

resolution of AMF. 

However, a method to consider temporal variation of HCHO profiles 

and aerosol optical properties should be developed on the operation. Hourly 

AMF calculation is time consuming, and it is hard to get data about HCHO 

profiles from satellites. Also, cloud is one of the most important information in 

AMF calculation as well as HCHO retrieval [Martin et al., 2002; De Smedt et 

al., 2008; Lee et al., 2009]. In addition, aerosols can make cloud fraction 
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overestimate and cloud top altitude underestimate, respectively [Boersma et al., 

2004]. They said that AMF calculation could not be decoupled with cloud 

retrieval algorithm in the atmosphere with aerosols. Therefore, cloud retrieval 

algorithm should consider aerosols as well as AMF calculation. In the future 

work, the limitations should be solved to apply AMF considering temporal 

variation for geostationary satellites. 
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국문 초록 

 

포름알데하이드는 비메탄 휘발성유기화합물(NMVOCs)과 하이드록시 

라디칼(OH)의 산화반응을 통해 대기 중에 생성된다. NMVOCs 는 

대류권 오존과 유기에어로졸의 전구체이며 대기오염에서 중요한 

역할을 한다. 그러므로 대기의 질을 모의하기 위해서 NMVOCs 

배출량을 정확하게 측정하는 것이 중요하다. 그러나 대기화학 

모델에서 NMVOCs 의 상향식(bottom-up) 배출량은 여전히 큰 

불확정성을 가지고 있다. 특히, 대기화학모델에서 오존과 에어로졸 

형성을 결정하는 요인 중 하나인 생물활동에 의한 NMVOCs 의 

배출량은 제대로 정량화되어 있지 않다. NMVOCs(특히, 생물활동에 

의한 NMVOCs)의 상향식 배출량 인벤토리를 개선하기 위하여 이전 

연구들에서는 GOME, SCIAMACHY, OMI, GOME-2 와 같은 

기기들에서 관측된 HCHO 연직농도 값을 사용해왔다. 이 기기들은 

태양동기화된 위성에 탑재되어 있다. 그러나 극궤도 위성으로부터의 

관측은 시간적으로 제한적이다. 극궤도 위성의 관측 빈도수는 같은 

지역시간에서 하루에 최대 한번 정도이다. 또한 구름에 의하여 관측 
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횟수는 더욱더 제한된다. 이러한 한계를 극복하고 실시간으로 

동아시아 지역의 대기질 변화를 관찰하기 위해 환경부에서는 

2018 년에 GEMS 기기를 탑재한 환경정지궤도위성(GEO-

KOMPSAT)을 발사할 계획이다. 이 연구에서는 air mass factor 

(AMF)와 관련된 민감도 테스트를 수행함으로써 GEMS 를 위한 

HCHO 산출 알고리즘을 평가하고 더 나은 입력정보(a priori 

information)를 통해 산출 정확도를 향상시키고자 한다. AMF 는 

위성에서 관측된 경사농도(slant column density)를 연직농도 

(vertical column density)로 전환하는데 사용되고 이 값은 

태양천정각과 위성의 보기각도뿐만 아니라 간섭기체, 에어로졸, 

구름에 의해 결정된다. 월 평균된 AMF 값은 극궤도 위성 관측에서 

일반적으로 사용되었다. GEMS 는 극궤도 위성보다 더 자주 관측하기 

때문에 AMF 계산에서 시간적 변화가 반영되어야 한다. 이 

연구에서는 AMF 의 시간적 변화가 GEMS HCHO 산출에 어떠한 

영향을 미치는지 평가한다. GEMS 기기의 관측 값은 아직 이용할 수 

없으므로 이 연구에서는 3 차원 대기화학모델(GEOS-Chem), 

대기복사전달모델(VLIDORT), 산출 알고리즘이 통합된 계산을 

사용한다. 첫 번째로, GEOS-Chem 에서 모의된 에어로졸과 
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미량기체들의 연직분포를 이용하여 GEMS 에서 관측될 radiances 를 

VLIDORT 를 통해 생성한다. 그 후 이 radiances 에 대한 HCHO 의 

연직농도 값을 산출 알고리즘을 통해 계산한다. HCHO 의 산출에서 

실시간 AMF 와 월 평균된 AMF 를 적용하여 두 경우의 HCHO 

연직농도를 산출했다. 두 산출물과 GEOS-Chem 에서 모의된 참값 

HCHO 의 비교를 통해 AMF 의 시간적 변화가 HCHO 산출에 영향을 

준다는 것을 밝혔다. 이 분석에서 월 평균된 AMF 를 적용한 HCHO 

연직농도는 상대적으로 낮은 상관관계( 𝑅2 = 0.99 )를 나타낸 반면 

실시간 AMF 를 이용한 연직농도는 참값과 잘 일치하였다(𝑅2 = 0.99). 

이 결과는 실시간 AMF 를 사용하는 것이 동아시아 지역에서 월 

평균된 AMF 를 사용하는 것보다 GEMS 에서 측정될 HCHO 

연직농도의 공간적 패턴을 잘 모의한다는 것을 보여준다. 두 가지 

산출물의 차이는 에어로졸의 존재유무뿐만 아니라 화학적 조성의 

시간변화 때문이다. 숯검정(BC)이나 황사와 같은 광흡수성의 

에어로졸은 AMF 를 감소시킬 수 있는 반면 황산염, 질산염과 같은 

산란성의 에어로졸은 AMF 를 증가시킨다. 이 결과는 동아시아 

지역의 저궤도 위성 관측에 대해서도 중요한 의미를 가진다. 예를 

들어, 이 연구에서 계산된 AMF 와 OMI HCHO 산출에 사용되는 
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AMF 를 비교할 때 에어로졸의 고려 여부 때문에 중국지역에서 -

61%에서 36%까지의 차이를 보였다. 동아시아 지역처럼 화학적으로 

복잡한 지역에 대한 위성 관측의 불확정성을 줄이기 위해서는 

시간적으로 더 조밀한 입력정보가 요구되며 정지궤도위성과 같이 

시간적으로 더 조밀하게 관측할 경우에 더욱더 필요하다. 

 

주요어 : 포름알데하이드, 산출, air mass factor, GEMS, 

환경정지궤도위성, 위성 원격 탐사 

학  번 : 2012-20333 
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