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Abstract

The sensitivities of oxygen-dimer (O,) slant column densities (SCDs) to changes in
aerosol layer height are investigated using simulated radiances by a radiative trans-
fer model, Linearized Discrete Ordinate Radiative Transfer (LIDORT), and Differential
Optical Absorption Spectroscopy (DOAS) technique. The sensitivities of the O, SCDs
to aerosol types and optical properties are also evaluated and compared. Among the
O, absorption bands at 340, 360, 380, and 477 nm, the O, absorption band at 477 nm
is found to be the most suitable to retrieve the aerosol effective height. However, the
O, SCD at 477 nm is significantly influenced not only by the aerosol layer effective
height but also by aerosol vertical profiles, optical properties including single scattering
albedo (SSA), aerosol optical depth (AOD), and surface albedo. Overall, the error of
the retrieved aerosol effective height is estimated to be 414 m (16.5 %), 564 m (22.4 %),
and 1343 m (52.5 %) for absorbing, dust, and non-absorbing aerosol, respectively, as-
suming knowledge on the aerosol vertical distribution type. Using radiance data from
the Ozone Monitoring Instrument (OMI), a new algorithm is developed to derive the
aerosol effective height over East Asia after the determination of the aerosol type and
AOD from the MODerate resolution Imaging Spectroradiometer (MODIS). The retrieved
aerosol effective heights are lower by approximately 300 m (27 %) compared to those
obtained from the ground-based LIDAR measurements.

1 Introduction

Aerosol is one of the key atmospheric constituents in understanding climate changes
with its effects on direct and diffuse solar radiation (e.g., Haywood and Shine, 1995;
Kaufman et al., 2002), and plays an important role in air quality near the surface (e.qg.,
Watson et al., 1994; Prospero, 1999). For these reasons, observations from satellite
remote sensing have been carried out to investigate aerosol properties in regional and
global scale, including aerosol optical depth (AOD) (e.g., Curier et al., 2008; Levy et al.,
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2007; Torres et al., 2007; Ahn et al., 2014; Veefkind et al., 1999; Zhang et al., 2011),
fine mode fraction (FMF) or Angstrom Exponent (AE) (e.g., Jones and Christopher,
2007; Lee et al., 2010; Nakajima and Higurashi, 1998; Remer et al., 2008), single
scattering albedo (SSA) (e.g., Dubovik et al., 2002; Levy et al., 2007; Jeong and Hsu,
2008; Torres et al., 1998, 2005, 2007; Jethva et al., 2014), and aerosol types (e.g.,
Higurashi and Nakajima, 2002; Kim et al., 2007; Lee et al., 2010). These information
were further utilized to estimate radiative forcing of aerosol (e.g., Christopher et al.,
2006; Chung et al., 2005; Chou et al., 2002), to understand the mechanism of the
changes to the cloud formation (Twomey et al., 1984; Albrecht, 1989; Jones et al.,
1994), and to monitor air quality (e.g., Wang and Christopher, 2003; Hutchison et al.,
2005).

Vertical structures of atmospheric aerosols are affected by processes of formation,
transport and deposition, and vary for different aerosol types over East Asia (Shimizu
et al., 2004). Labonne et al. (2007) also reported that the layer top height of biomass
burning aerosol ranged from 1.5 to 7 km in the wild fire regions. The information on the
aerosol layer height is important, because the variation of the aerosol vertical distribu-
tion affects radiative process in the atmosphere near the surface. Uncertainty in aerosol
layer height also affects the accuracy of aerosol AOD and SSA retrieval algorithms that
use near UV observations (Torres et al., 1998, 2007; Jethva et al., 2014) and com-
plicates the interpretation of the Aerosol Index (Al), a qualitative parameter commonly
used to detect absorbing aerosols (Herman et al., 1997; Torres et al., 1998). In addition,
there have been difficulties to estimate surface concentration of aerosol from AODs, be-
cause the information on aerosol vertical distribution is not readily available and even
hard to predict from the state-of-the-art models due to its large variability. Although
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) have been successful
and provided vertical structures of aerosols, its spatial coverage was very limited with
its measurement characteristics (Omar et al., 2009). Liu et al. (2005) showed that the
Particulate Matter (PM) concentration estimated by the AOD from satellite observation
accounted for only 48 % of the measured surface PM, although their study reflected
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variations of the aerosol types and its hygroscopic growth in the algorithms. One of
the essential factors to consider in estimating PM from AOD is the vertical structure of
aerosols (e.g. Chu, 2006; Seo et al., 2014). Therefore, conventional aerosol products
would benefit significantly with the development of robust algorithm to retrieve aerosol
height using satellite data.

The Differential Optical Absorption Spectroscopy (DOAS) technique has been used
widely to retrieve trace gas concentration both from ground-based (e.g., Platt, 1994;
Platt and Stutz, 2008) and space-borne (e.g., Wagner et al., 2010) measurements. Re-
cently, several studies (e.g., Wagner et al., 2004; Friess et al., 2006; Irie et al., 2009,
2011; Lee et al., 2009, 2011; Clemer et al., 2010; Li et al., 2010) provided aerosol
profiles from ground-based hyperspectral measurements in UV and visible wavelength
ranges. Wagner et al. (2010) investigated the sensitivity of various factors to the aerosol
layer height using the data obtained from the SCanning Imaging Absorption SpectroM-
eter for Atmospheric ChartographY (SCIAMACHY) on ENVISAT. The sensitivity of the
Ring effect and the absorption by oxygen molecule (O,) and its dimer (O,) calculated
by DOAS method were examined to estimate aerosol properties including the layer
height. Kokhanovsky and Rozanov (2010) estimated dust altitudes using the O,-A band
between 760 and 765 nm after the determination of the dust optical depth. In addition,
several previous studies are also investigated estimation methods for aerosol height in-
formation by using hyperspectral measurement in visible (e.g., Dubuisson et al., 2009;
Koppers et al., 1997; Sanders and de Haan, 2013; Sanghavi et al., 2012; Wang et al.,
2012). Because in the near UV the surface signal is significantly smaller than the
aerosol signal, the UV and near UV regions are useful to derive aerosol height in-
formation from space borne measurements.

For OMI measurement, the O, band at 477 nm has been widely applied to estimate
cloud information (e.g., Accarreta et al., 2004; Sneep et al., 2008). Furthermore, Vei-
helmann et al. (2007) introduced that the 477 nm channel, which locates major O,
band, significantly adds degree of freedom for aerosol retrieval by using principal com-
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ponent analysis, and Dirksen et al. (2009) adopts pressures from OMI O, band to study
a plume height for aerosol transport cases.

In this study, the sensitivities of the O, bands at 340, 360, 380, and 477 nm to
changes in aerosol layer height and its optical properties are estimated using simulated
hyperspectral radiances, differently from the previous studies using the O,-A band ob-
servation (e.g., Kokhanovsky and Rozanov, 2010). We proposed an improved DOAS
algorithm for the O, absorption bands to retrieve aerosol height information from the O,
slant column densities (SCDs) based on the sensitivity studies. This new algorithm is
applied to the radiance data from the Ozone Monitoring Instrument (OMI) to retrieve the
aerosol effective height (AEH) for a real case over East Asia, including error estimates.

2 Methods

In general, scattering by aerosol at low altitudes leads to an increase in the path length
of light (albedo effect), while those at high altitudes causes a decrease in the path
length of light (shielding effect) (Wagner et al., 2010). These two opposing effects
change the estimated O, SCD values. Furthermore, the measured O, SCD is a func-
tion of wavelength, because the absorption and scattering by atmospheric molecules
and aerosol have spectral dependence. Therefore, radiative transfer calculations are
carried out to estimate the sensitivity of the O, SCD with respect to the change of
atmospheric conditions. Details of the radiative transfer model (RTM) and input param-
eters to simulate radiance are discussed in Sect. 2.1. Analytical method of the DOAS
to estimate the O, SCD is described in Sect. 2.2.

2.1 Simulation of hyperspectral radiance

Figure 1 shows the flowchart of the method to estimate the O, SCD from the simulated
radiance. In order to investigate the sensitivities of the O, SCD at several bands in
UV and visible wavelengths with respect to various aerosol properties, including AEHs,

7937

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosiq |

Jaded uoissnosiq

ACPD
15, 7933-7975, 2015

Utilization of O,4 slant
column density to
derive aerosol layer
height

S. S. Park et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/7933/2015/acpd-15-7933-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/7933/2015/acpd-15-7933-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

aerosol amounts and aerosol types, the hyperspectral radiance is simulated using the
Linearlized Discrete Ordinate Radiative Transfer (LIDORT) model (Spurr et al., 2001;
Spurr, 2002). The LIDORT model is suitable for the off-nadir satellite viewing geom-
etry of passive sensors since this model adopts the spherically curved atmosphere
to reflect the pseudo-spherical direct-beam attenuation effect (Spurr et al., 2001). The
model calculates the monochromatic radiance ranging from 300 to 500 nm with a spec-
tral resolution of 0.1 nm. The radiance spectrum is calculated with a 0.2 nm sampling
resolution applying a slit response function (SRF) given by a normalized Gaussian
distribution with 0.6 nm as the full-width half maximum (FWHM).

2.1.1 Aerosol properties

The aerosol input parameters for the RTM are important in simulating the radiance
spectra because aerosol optical properties determine scattering and absorption char-
acteristics. The data from the Optical Properties of Aerosol and Cloud (OPAC) package
(Hess et al., 1998) are used as aerosol parameters, which includes the spectral com-
plex refractive indices and size distribution of aerosols, to calculate SSA and phase
function through the Mie calculations. Although the AERONET observation provides
those aerosol parameters in the visible, they are not available at the UV wavelengths.
In terms of the aerosol types, water soluble (WASO), mineral dust (MITR), and conti-
nental polluted (COPO) model to simulate non-absorbing aerosol, mineral dust, and ab-
sorbing anthropogenic aerosol, respectively. The COPO is combined type that includes
both soot and WASO, which represents the pure black-carbon and non-absorbing
aerosols, respectively. The mixture of these two types, adequately describes the fine
mode aerosol from anthropogenic pollution. The SSA is the largest for WASO and
the smallest for COPO. In order to account for hygroscopic growth, the default relative
humidity is assumed to be 80 % (c.f., Holzer-Popp and Schroedter-Homscheidt, 2004).
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2.1.2 Aerosol vertical distribution

In this study, “aerosol height” refers to AEH, defined as the altitude at which the aerosol
extinction coefficient integrated from the surface is (1 — 9_1) of the AOD. According to
Hayasaka et al. (2007), which introduced the AEH, the aerosol extinction coefficient
was found to exponentially decrease with altitude over East Asia based on the ground-
based LIDAR observation data during the Atmospheric Brown Clouds-East Asia Re-
gional Experiment 2005 (ABC-EAREX 2005) campaign. Previous studies used the ex-
ponentially decreasing pattern with altitude to represent the aerosol vertical profiles
(e.g. Hayasaka et al., 2007; Li et al., 2010), and reported that aerosol is present within
5km in altitude for most of the cases (e.g. Sasano, 1996; Chiang et al., 2007). In par-
ticular, the AEH ranges from 1 to 5 km for 95 % of the cases over East Asia (Hayasaka
et al., 2007), and ranges from 0.5 to 2.0 km over southern China (Li et al., 2010). From
these previous studies, aerosol vertical distributions are assumed to be exponential
with the AEHSs ranging from 1 to 5 km for the RTM simulation here.

2.1.3 Trace gases

Table 1 summarizes the absorption cross sections of trace gases used as inputs for the
radiance simulations and the DOAS spectral analysis technique. At wavelengths 340,
360, 380, and 477 nm, the O, absorption cross section values suggested by Hermans
et al. (1999) are used. O3 absorption cross sections at three different temperatures
(223, 243, and 273 K) and NO,, absorption cross sections at two different temperatures
(220 and 294 K) are used to account for the amounts in the stratosphere and the tro-
posphere. The vertical distribution of the O, number density, which is used to calculate
its SCD from the RTM, has been assumed to be the square of the O, number density
in each layer (Hermans et al., 2003). Thus, the total number of the O, column density
from surface to TOA is 1.38 x 10* molecule® cm‘s, where 93 and 73 % of the total O, is
distributed below the altitude of 10 and 5km, respectively. In particular, signals by the
changes of O, SCD are strong below 5 km, where aerosol transports are observed fre-
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quently. The vertical distributions of other atmospheric components are taken from the
US standard atmosphere 1976 (United States Committee on Extension to the Stan-
dard Atmosphere, 1976). The vertical distribution of trace gases and aerosol in the
troposphere are interpolated in the 0.1 km resolution from the sea level to 5 km.

2.2 DOAS analysis

The radiance information obtained from both the RTM simulation and from OMI mea-
surements are analyzed to derive the O, SCDs using WinDOAS software (Van Roozen-
dael and Fayt, 2001). To analyze the simulated radiances, the spectrum calculated with-
out all atmospheric gases and aerosol are used as the Fraunhofer reference spectrum
(FRS), while the irradiance spectrum (OML1BIRR) is used as the FRS for the anal-
ysis of OMI observed data. The simulated spectra are fitted simultaneously with the
absorption cross sections of all trace gases listed in Table 1 and FRS in the respective
wavelength range of 335—-350, 350-370, 370-390, and 460—486 nm, using a nonlinear
least squares method (Platt and Stutz, 2008). Similarly, OMI measurement spectra are
fitted with the Ring spectrum and the FRS in addition to the absorption cross sections
in Table 1 in the same wavelength intervals. Before the fitting process, the NO, and O4
spectra are /, corrected, and the Ring spectrum (Fish and Jones, 1995), accounting for
the effects of the rotational Raman scattering due to air molecules, is calculated from
the FRS using the WinDOAS software. After the fitting, the noise level is estimated to
be on the order of 10™* and 10~ for the radiance spectrum from the RTM simulation
and OMI at 477 nm, respectively.

Figure 2 shows the comparison of the 477 nm O, SCD between the inversion from
a look-up table (LUT) with the dimension as in Table 2, and the standard OMI product,
OMCLDO2 (e.g., Accarreta et al., 2004; Sneep et al., 2008), for aerosol and cloud free
pixels in Year 2005. Although O, SCD is for the clear sky pixels, the AOD for the RTM
simulation is assumed to be 0.15 at 500 nm with the effective height of 3km, based on
the climatological background AOD of 0.13 ~ 0.14 at 550 nm from the MODIS obser-
vation over ocean (Remer et al., 2008). The clear sky region is selected for latitudes
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from 25 to 50° N and the longitudes from 170 to 180° E with cloud fraction less than
0.02 from OMI observation. Because the standard product of the O, SCD is only esti-
mated at the 477 nm band, the results can be compared only for this band. To minimize
the error from the DOAS fitting, the observed data from OMI is selected by the fitting
precision less than 2 % and the quality flags for spectral fitting and pixel condition, are
considered. As shown in Fig. 2a, the correlation coefficient of determination (Fr’z) is
0.878, with a slope of 1.214, and the LUT exhibits a ratio of 1.24 + 0.04 to the values
obtained from OMI standard values. Despite the statistically significant R? values be-
tween the two values, there exist positive bias by about 20 %, and the slope is greater
than 1. The bias between the retrieved from LUT and estimated from standard product
values can be attributed to the uncertainties in the absolute value of O, cross section
database and the lack of their temperature and pressure dependence as noted from
previous work of Wagner et al. (2009) and Clemer et al. (2010). To account for the
difference between simulated and observed SCD, the correction factor of 1.25 to the
O, cross section is used as suggested by Irie et al. (2011) and Lee et al. (2011). The
corrected result is shown in Fig. 2b, where the R? is 0.880 similar to the value before
the correction, but the positive ratio is reduced to 1.04 £ 0.04 and the regression line
slope is improved to 1.135. Thus, the calculation by the LIDORT simulates the satellite
observation and can be used for sensitivity tests to retrieve aerosol height.

3 Sensitivity test
3.1 Sensitivity of the O, SCDs to the AEH

The sensitivity of the O, SCD to the AEH is investigated for its absorption bands at 340,
360, 380, and 477 nm. Figures 3-6 show the O, SCD as a function of the AEH and the
three different aerosol types of MITR, WASO and COPO at 340, 360, 380, and 477 nm,
respectively. The vertical error bar represents the fitting error estimated by the noise
spectra from the DOAS fitting (c.f. Stutz and Platt, 1996). For the calculation shown in
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the figures, the following geometries are assumed: a solar zenith angle (SZA) of 30°,
a viewing zenith angle (VZA) of 30°, and a relative azimuth angle (RAA) of 0°. In the
four figures, the O, SCDs show the variations for the AEHs ranging from 1.0 to 5.0 km,
and for the AODs of 0.4 and 1.0 at 500 nm. However, the absorbing aerosols in low
AEH cases (AEH < 2 km) are largely fluctuated, and failed to fit due to large fitting error
in 340, 360, and 380 nm. For this reason, the sensitivity result, which is defined the
decrease rate of the O, SCD value in the 1 km interval of AEH (-dO,/dZ), estimates
in the AEH range of 2.0 to 4.0 km.

As shown in Fig. 3, the largest —-dO,/dZ ranges from -3.1 x 10" to 3.6 x
10* molecule? cm™®km™", which corresponds to —1.1 to 20.5% of each binned O,
SCD, depending on the aerosol types. The —-dO,/dZ at 340nm slightly increases
as the AOD increases, due to the enhanced shield effect by the thick aerosol layer.
Furthermore, the —dO,/dZ for the absorbing aerosol is larger than that for the non-
absorbing aerosol, as the absorbing aerosol reduces the path length more effectively
by its shielding effect than non-absorbing aerosol. However, the mean spectral fitting
error of the O, SCD is estimated to be 2.1 x 1 0*? molecule®?cm 2 km™" , which is 2 times
larger than the —dO,/dZ. The large spectral fitting error is associated with the weak
O, absorption at 340 nm. Furthermore, the unrealistic O, SCD value is estimated at
low AEH cases (less than 1.5 km).

Similarly, the O, SCD is estimated at 360nm band as shown in Fig. 4. The
mean value of the —dO,/dZ is found to be in the range from 4.75 x 10*" to 2.76 x
10* molecule?cm™®km™", which corresponds to the relative difference ranging from
2.2 t0 16.9 % of the estimated O, SCD. Moreover, the —dO,/dZ increases as the AOD
increase and the SSA decrease. The —dO,/dZ for the AOD of 0.4 and 1.0is 1.13x1 0*
and 1.61 x 10*? molecule®cm™ km'1, respectively. Furthermore, the —-dO,/dZ is also
calculated to be 1.21 x 1042, 1.29 x 1042, and 1.62 x 10*? molecule®cm~°km™" for the
MITR, COPO, and WASO, respectively. The spectral fitting error is estimated to be
1.9 % of the total O, SCD, which is approximately 28 % for the —dO,/dZ at 360 nm.
Therefore, this absorption band is considered to be useful in estimating the AEH. How-
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ever, the fitting errors increased for SZA or VZA conditions larger than 50° and it also
shows the impractical values at low AEH case. Similarly, the —dO,/dZ at the band of
380 nm is estimated to be in the range of 6.25x 1 0*" t0 2.70x 10** molecule®cm™>km™"
as shown in Fig. 5. The relative difference is calculated to be 2.9 to 17.3 % of the simu-
lated value of the total O, SCD, while the fitting error at the 380 nm band is 4.2 % of the
total O, SCD. Therefore, this result indicates that the O, SCD difference with respect
to the AEH change is insufficient to distinguish from the fitting error, which is the same
order of the -dO,/dZ.

Figure 6 shows the sensitivity of the O, SCD at 477nm to the AEH
changes. The -dO,/dZ is estimated to be 1.16 x 1042, 1.21 x 1042, and 0.98 x
10*2 molecule®cm™ km‘1, which corresponds to 4.1, 3.9, and 4.3% of the total
O, SCD for the MITR, WASO, and COPO, respectively, for the AOD of 0.4. The
value for the AOD of 1.0 is estimated to be 1.63 x 10%, 1.56 x 10*%, and 1.51 x
10*? molecule®cm™® km‘1, which corresponds to 6.5, 5.1, and 8.5% for the MITR,
WASO, and COPO, respectively. The calculated —dO,/dZ are significantly larger than
the mean fitting errors of 0.47 %, which implies that the O, SCD at 477 nm is useful
in estimating the AEH. The small fitting errors at 477 nm are due to the larger O, ab-
sorption and less interferences by other trace gases in this spectral window. Although
the retrieval error due to the spectral fitting is the largest for the MITR and the smallest
for the COPO, the AEH retrieval error due to the spectral fitting corresponds to a value
smaller than 100 m.

Table 3 shows the representative —dO,/dZ value as changing aerosol types in four
absorption bands. In summary, the derived O, SCD varies as a function of the wave-
length due to the spectral dependence of the aerosol optical properties and Rayleigh
scattering effects. Considering the amplitude of the fitting errors compared to that of
the -dO,/dZ in the O, absorption bands at 340, 360, and 380 nm, the variations in
the O, SCDs with respect to the AEH changes are calculated not large enough to
derive the AEH, while the O, SCD at 477 nm is considered to be the best candidate
to derive the AEH due to the small fitting error and the large —-dO,/dZ. However, the
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-dO,/dZ at 477 nm depends not only on the AEH, but also on the AOD and aerosol
types, as shown in Fig. 6. Therefore, it is necessary to investigate the sensitivities of
the O, SCDs at 477 nm to various AODs and aerosol types.

For different AODs (7,), the O, SCD at AEHSs of 1.0 and 3.0km is shown in Fig. 7
for the same geometry assumed in Figs. 3—6. The decreasing rate of the O, SCDs
(-dO,/dt,) at 477 nmis found to be larger for the AEH of 3.0 km than for that of 1.0 km.
Among the three aerosol types, the —-dO,/d7, is found to be the largest for the COPO,
which has stronger absorbing characteristics than other two aerosol types. The mean
-dO,/d7, values are estimated to be 1.5, 2.7, and 0.1 % for the AEH of 1.0km as the
AOD changes by 0.2 in the MITR, COPO, and WASO, respectively, whereas they are
estimated to be 3.3, 6.0, and 0.6 % for the AEH of 3.0 km with respect to the same AOD
changes for the three different type, respectively.

Torres et al. (1998) showed that the result of the SSA from OMI can be overestimated
due to the cloud contamination. Furthermore, the SSA varies widely as the categorizing
aerosol types. Therefore, the sensitivity of O, SCDs to the SSA variation is estimated
for the same geometries used in the previous tests. The O, SCDs at 477 nm change
by 1.1 to 6.0 % for absorbing, and 2.0 to 10.5 % for non-absorbing aerosol with respect
to 10 % of its SSA deviation. The difference is proportional to the absolute values of
the SSA for all of the simulated cases.

Furthermore, as the surface albedo affects the —dO,/dZ, the sensitivity of the O,
SCD at 477 nm is also tested with respect to the surface albedo difference of 0.02. The
difference of climatological surface albedo between that obtained from the total ozone
monitoring spectrometer (TOMS) and the global ozone monitoring experiment (GOME)
was known to be up to 0.02 (Koelemeijer et al., 2003). Table 4 shows the sensitivity of
the O, SCDs at 477 nm with respect to the change in the surface albedo. The relative
difference of O, SCD due to the surface albedo variation ranges from 0.76 to 2.62 %
with uncertainties indicated. Furthermore, it is found that the difference of O, SCD due
to surface albedo changes is higher for the absorbing aerosol than the non-absorbing
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aerosol, which can be explained by the albedo effect to the O, SCD is larger for the
absorbing aerosol.

3.2 Error analysis

Errors are also estimated in terms of previously tested variables in the retrieval of the
O, SCD at 477 nm, with the variables and their dimensions as summarized in Table 5.
Table 6 shows the summary of the total error budget for the AEH derivation with a list of
the major error sources and their values, for the errors of each variable in OMI standard
products. Because the differences in the O, SCD at 477 nm are not linearly correlated
with the changes in AEH, the estimation error is modified from the column density units
to the height. To convert the O, SCD difference to the AEH error, the difference of O,
SCD due to the respective error source is divided by that from the change of the AEH
in each bin of the AOD and AEH.

The mean errors from 10 % variation in the SSA for all of the variable conditions in
Table 5 are calculated to be 27, 9, and 85 % for the MITR, COPO, and WASO, respec-
tively. This mean error corresponds to 670, 230, and 2150 m for the MITR, COPO, and
WASO, respectively. For the total error budget calculations, however, 5 % change in the
SSA was used according to Torres et al. (2007), which reported that the variation of
the SSA is less than 0.03 for the given aerosol types. Another important error source is
the aerosol profile shape. The error from the vertical distribution is estimated to be 630,
430, and 1670 m for the COPO, MITR and WASO, respectively, which corresponds to
the relative errors of AEH ranging from 17 to 66 %.

The errors from the SSA and the aerosol profile shape are the two important error
sources in estimating the AEH, followed by the errors related to the AOD and the sur-
face albedo. From OMI standard products, the expected error of the AOD is 0.1 (or
30 %), and 0.1 (or 20 %) for the absorbing and the non-absorbing aerosol over ocean,
respectively. From these results, the errors of the AEH due to the error from OMI AOD
of 0.2 and the surface albedo of 0.02 are less than 200 m. The mean error due to the
uncertainty in the AOD is estimated to be 7.7, 7.1, and 6.6 % for the COPO, MITR,
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and WASO, respectively, whereas that due to the uncertainty in the surface albedo is
respectively estimated to be 4.1, 1.9, and 3.1 % for the COPO, MITR, and WASO.

In addition, the errors in the O, SCD, and thereby the AEH, are associated with the
variations in the column amounts and the differences in the absorption cross section
of each fitted trace gas for the spectral analysis. The variations in the column amounts
of trace gases and the differences in the absorption cross section values do not affect
significantly in calculating the O, SCD at 477 nm. However, the O, vertical column
density is changed by the change in atmospheric pressure. In East Asia, the surface
pressure over ocean is 1010.9+29.6 (3-sigma) hPa from NCEP Reanalysis 2 data since
2004. In clear case, the difference of O, SCD due to the +3 % for pressure variation is
3.4+0.1 % in all geometries, which is about half of the difference due to the uncertainty
of 0.2 in AOD.

Furthermore, the AEH error in terms of inaccurate spectral wavelength calibration is
estimated based on the assumed errors of £0.02 nm, which corresponds to 0.1 pixels
for OMI. Although it is well known that the accuracy in the spectral wavelength cali-
bration before the DOAS fitting affects the trace gas SCD retrieval, the errors in the
O, SCD at 477 nm associated with the wavelength shift of the sub-pixel scale are es-
timated to be negligible due to the broad O, absorption band width around 477 nm.
Overall, the total error budget in the AEH retrieval is estimated to be 16.5 (414 m), 22.4
(564 m), and 52.5 % (1343 m) for the COPO, MITR, and WASO, respectively, with the
exception of the contribution of the errors in the aerosol vertical profiles.

This study uses the AEH for the exponential vertical distribution of aerosols as de-
scribed in Sect. 2.1.2. However, aerosol layers are often elevated above the planetary
boundary layer (PBL) as a result of long-range transport for which the vertical distribu-
tion of aerosol can be better described by Gaussian shape. Therefore, the sensitivity
in the O, SCDs is tested for the two vertical profiles. Table 7 shows the differences in
the O, SCDs between the two vertical profiles of aerosol assumed, with the variables
and their dimensions as listed in Table 5. The estimated errors caused solely by the
change between the two aerosol vertical profiles, range from —13.27 to 8.97 %. There-
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fore, the aerosol vertical distribution is one of the major error sources to estimate the
AEH. From the column density units to the height, the estimation error of AEH due to
aerosol vertical distribution is 433, 634, and 1669 m for the MITR, COPO, and WASO,
respectively.

4 Case study

To demonstrate the feasibility from real measurements, the AEHs are derived using hy-
perspectral data from OMI. OMI channels are composed of UV-1 (270-314 nm), UV-2
(306-380 nm), and a visible wavelength range (365-500 nm) with a spectral resolution
(FWHM) of 0.63, 0.42, and 0.63 nm, respectively (Levelt et al., 2006). The spatial reso-
lution is 13km x 24 km at nadir in “Global Mode”. In the present study, the spectral data
over the visible wavelength range are used to derive the O, SCD at 477 nm and the
AEH information.

Figure 8 describes an algorithm for the AEH derivation for the case study. In retrieving
AEH, AOD, FMF and the aerosol types are obtained from a separated algorithm using
the MODIS 4 channel algorithm as described by Kim et al. (2007) (4CA hereafter)
due to simultaneously provide accurate result of aerosol types. After determining AOD,
FMF, and aerosol types, LUT, which is generated as functions of geometries (SZA,
VZA, and RAA), aerosol types and AODs, is used to determine the AEH information by
using comparison between simulated and measured O, SCD value. The variables and
their dimensions for the LUT calculations are shown in Table 8. Due to the limitation of
the accuracy of aerosol type classification and those of AOD over land, this study only
estimates the AEH over ocean surface. Because the temporal and spatial variation of
surface albedo over ocean is less than 0.02, the climatological value from OMI Level 3
(OMLER) is used in this study (Kleipool et al., 2008). Although the error for the surface
albedo affects the AEH retrieval, the retrieval error for the surface albedo is less than
100 m from the error analysis as shown in Table 6.
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By using the observed radiance data from OMI, the AEH is estimated for the trans-
ported dust case. Figure 9 shows the results of the retrieved AEH during the Asian
dust event on 31 March 2007. MODIS 4CA products of AOD and aerosol type on this
date show that thick dust layer with the AOD up to 1.0 is observed from China to the
Yellow sea (Fig. 9b) and the FMF ranging from 0.2 to 0.4, indicating the dominance
of coarse-mode particles (Fig. 9c). The aerosol type over the Yellow Sea is classified
as dust type (yellow color) (Fig. 9d). Using the basis of the prototype algorithm with
the pre-determined AOD and type, the mean retrieved AEH is 2.6 + 1.7 km over 1633
pixels in East Asia (Fig. 9e). The retrieved result is compared with the backscattering
intensity from CALIOP observation over Yellow sea and the backscattering signal of
the ground-based LIDAR data at a site in Seoul (Seoul National University, 37.45° N,
126.95° E, altitude: 118 m) as shown in Fig. 10. From CALIOP observation, the aerosol
layer height over Yellow sea is located 1.0 ~ 1.5 km altitude for most observed regions.
Over the Yellow sea domain in 35~ 40°N and 120 ~ 130° E, the AEH from OMI is
1.7 £ 1.3km over 166 pixels, which is within 1 km difference from CALIOP. The AEH
obtained from the LIDAR measurement is estimated to be 0.9 + 0.3km, according to
the same definition in Sect. 2.1.2. Because of the cloudy condition over the west coast
of the Korean Peninsula region at the satellite overpass time as shown in Fig. 9a, the
observed signal from the LIDAR is saturated by the clouds at the layer below 1 km
in the morning. After removing the saturated backscattering signal by the clouds, the
AEH obtained from the LIDAR is calculated to be 1.1 £ 0.1 km. Then, the estimated
AEH derived from OMI data near the LIDAR site within £1.5° is 0.8 £ 0.7 km at 11 pix-
els as shown in Fig. 9f. It should be noted that the SD of the AEH from the LIDAR
and OMI respectively indicates the temporal and spatial variation of the AEH. From
the retrieved result, the retrieved AEH is underestimated by 27 %, and the investigated
algorithm quantitatively estimates the AEH over East Asia. Furthermore, the retrieved
error ranges within 27 % is still meaningful considering the total error budget suggested
from the error analysis, 22.4 + 19.8 % for dust.
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5 Summary and discussion

The sensitivities of the O, SCD at 340, 360, 380, and 477 nm bands are investigated
with RTM calculations to derive the AEH using the space-borne hyperspectral data.
Among these O, absorption bands, the O, SCD at 477 nm is considered to be suit-
able for the AEH retrieval. In addition to the AEH, AOD, aerosol type, aerosol vertical
profile, and surface albedo are also found to have effects on the O, SCD at 477 nm,
while the spectral calibration and cross section of the atmospheric gases have negli-
gible effects on the O, SCD. The major error source for the AEH retrieval is the SSA
variation, which leads to the AEH error ranging from 9 to 85 % with the SSA variation by
10 %. In addition, the profile shape is also a major error source for the AEH estimation.
According to the error estimations, the total errors are 414m (16.5 %), 564 m (22.4 %),
and 1343 m (52.5 %) for absorbing, dust, and non-absorbing aerosol, respectively, due
to uncertainties of the variation from AOD, SSA, and surface albedo.

In addition to the sensitivity analysis, an algorithm for the AEH derivation is devel-
oped for the first time based on a LUT that consists of the O, SCD at 477 nm in terms
of the AEH, AOD, aerosol types, surface albedo, and measurement geometries. Af-
ter the determination of AOD and aerosol types from the MODIS 4CA, the AEH value
is derived over East Asia via application of the algorithm to OMI measurement data.
To consider the accuracy of the AOD and the aerosol types, the result is shown over
ocean surface. From the case for the dust, the derived AEH shows significant value as
compared to aerosol layer height from CALIOP, and lower values than the result from
the ground-based LIDAR in Seoul by 300 m (27 %), which is within the magnitude of
estimated error.

There are many works to be done to improve the newly introduced algorithm as it
requires the products from MODIS to determine the AOD and aerosol types before the
AEH retrieval. The vertical distribution and the optical properties of the aerosol need
to be quantified using the observation database, such as MPLNET and AERONET.
Furthermore, the spatial variation of the AOD, surface pressure and the contamination
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by the cloud in the sub-pixel scale need to be investigated as they are also thought to
affect the retrieved results. If the surface reflectance can be characterized with sufficient
accuracy, the retrieval of the AEH can be extended to over land. In addition, the O, SCD
method in this study can be applied to the surface pressure estimation in clear regions.
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Table 3. Sensitivity of AEH (-dO,/dZ) in four O, bands from the simulation.

-dO,/dZ MITR WASO COPO
(molecule2 cm™ km'1)

340 nm 1.29x10% 1.83x10% 1.52x10%
360 nm 1.21x10% 1.62x10"% 1.29x10%
380nm 1.31x10% 1.33x10"” 1.61x10%
477 nm 1.40x10¥ 1.24x10% 1.39x10%
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Table 5. Dimensions of simulation cases for the error analysis of the AEH retrieval.

Variable name No. of Entries  Entries

SZA 4 0, 20, 40, 60°

VZA 7 0, 10, 20, 30, 40, 50, 60°

RAA 6 0, 40, 60, 120, 140, 180°

AOD 5 0.4,1.0,1.6, 2.5, 3.0

AEH 8 1.0,1.2,1.6,2.0,2.4,3.0,4.0,5.0km
Aerosol Model 3 MITR, WASO, COPO
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Utilization of O,4 slant

Table 6. Summary of error sources and total error budget for the AEH retrieval. — column density to
derive aerosol layer
Error source MITR WASO COPO % height
AOD 180+£128m  166+113m 195+138m @ S, S. Park et al.
(AAOD = 0.2) )
SSA 671 £551m 2155+ 1501 m* 2294208 m o
(0% crange) g
Surface Albedo 48 +98m 79+93m 104 +£283m % 0 Fee
(Aa =0.02) — Abstract Introduction
Atmospheric Gases <5m - -
Atmospheric Pressure” 3.4+0.1% (O, SCD) g
(AP =3%) 2 :
Instrument <10m g
(Shift: 0.02 nm) S
=
Total Error 224+19.8% 52.5+38.0% 16.5+£21.0% = n _
soam)  (lodsm)  (@1ém) . RN I
& Calculation results for the SSA decrease of 10 %. o
For clear sky calculation. o
o
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:
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v
e
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Table 7. The difference of O, SCD and error for AEH due to the change of aerosol vertical %
distribution. =
@ Title Page
Reference shape MITR WASO COPO ,
(Exponential) (Gaussian) (Gaussian) (Gaussian) -
Difference of -5.40+£10.24 -13.27+£10.98 8.97+14.55 %
estimation [%)] 2 — -
Error for AEH [m] 433+ 1644 1669 + 2492 634 + 1096 %
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Table 8. Dimensions of LUT for the AEH algorithm using OMI.

Variable name

No. of Entries

Entries

SZA
VZA
RAA
AOD
AEH

Aerosol Model

7
7
10
13
16

3

0, 10, 20, 30, 40, 50, 60°

0, 10, 20, 30, 40, 50, 60°

0, 20, 40, 60, 80, 100, 120, 140, 160, 180°
0.0,0.2,0.4,0.6,0.8,1.0,1.3,1.6,1.9,2.2,25, 3.0,5.0
0.0,1.0,1.2,14,1.6,1.8,2.0,2.2,2.4,2.6, 2.8, 3.0, 3.5,
4.0, 5.0, 10.0km

MITR, WASO, COPO
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Figure 1. Flowchart of the simulated O, SCD estimation.
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Figure 3. The O, SCD at 340 nm band for (a) MITR, (b) WASO, and (c) COPO as a function of

AEH.
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Figure 4. Same as Fig. 3 except for the O, SCD at 360 nm band.
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Figure 5. Same as Fig. 3 except for the O, SCD at 380 nm band.
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Figure 6. Same as Fig. 3 except for the O, SCD at 477 nm band.
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Figure 7. The O, SCD at 477 nm band of (a) MITR, (b) WASO, and (¢) COPO types as a func-

tion of AOD.
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Figure 8. Flowchart of the retrieval algorithm for AEH using OMI radiance.
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Figure 9. (a) MODIS RGB, (b) AOD, (c) FMF, (d) aerosol classification from 4CA, (e) AEH
distribution from OMI over East Asia, (f) and AEH distribution near the lidar site at Seoul (Seoul

National University, 37.45° N, 126.95° E, altitude: 118 m) on 31 March 2007.
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