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This paper describes the third part of a series of investigations to develop algorithms for simultaneous
retrieval of aerosol parameters and surface spectral reflectance from GEOstationary Trace gas and Aerosol
Sensor Optimization (GEO-TASO) instrument. Since the algorithm is designed for future hyperspectral
and geostationary satellite sensors, such as Tropospheric Emissions: Monitoring of Pollution (TEMPO), it
is applied to GEO-TASO data measured over the same area by different flights as part of the Korea-United
Stated Air Quality Study (KORUS-AQ) field campaign in 2016. While GEO-TASO has a spectral sampling
interval of ~0.28 nm in the visible, its data is thinned through a band selection approach with consider-
ation of atmospheric transmittance and different surface types, which yields 20 common spectral bands
to be used by the algorithm. The algorithm starts with 4 common principal components (PCs) for sur-
face spectral reflectance extracted from various spectral libraries; constraints of surface reflectance and
aerosol model parameters are obtained respectively from k-means clustering analysis of the Rayleigh-
corrected GEO-TASO spectra and AERONET data. The algorithm then proceeds iteratively with an optimal
estimation approach to update PCs and retrieve aerosol optical depth (AOD) from GEO-TASO measured
spectra until state vector converges. The comparison of AODs between GEO-TASO retrievals (y) and 7
AERONET (x) sites reveals that the iterative updates of surface PCs (and so surface reflectance) improve
the inversions of fine-mode AOD, fine-mode fraction of AOD, Angstrém exponent, and AOD at all (440,
550, 550, 675 nm) wavelengths. At 440 nm, the linear fitting equation, the Pearson correlation coefficient
(R?), and mean absolute error are improved respectively from y = 0.72x + 0.1, 0.53, and 0.05 (without
update of PCs) to y = 1.055x + 0.01, 0.76, and 0.033. Future work is to prepare the algorithm for TEMPO
that carries an enhanced version of GEO-TASO instrument.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

demonstrated the ability to observe aerosols and other pollutants
(such as SO, and NO,) affecting air quality [6-14]. However, the

Aerosols are an important component of the global atmosphere.
They are composed of liquid and solid particles suspended in the
air and can originate from either natural or manmade sources
[1,2]. By scattering and absorbing solar radiation and further mod-
ifying the properties of clouds, aerosols have a significant impact
on climate change, air pollution, visibility and the ecological en-
vironment [3-5]. In the past decades, polar-orbiting satellites have
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impact of polar-orbiting observations has been limited by their
coarse temporal resolution (usually once per day) with respect to
change of aerosol source distributions that have distinct diurnal
cycle (such as urban emissions) or are sporadic (such as fires
and dust). This limitation is insufficient to observe the details
of the diurnal nature of air pollution events that can develop
over timescales of an hour to within a day [7,15,16]. Conversely,
observations of geostationary (GEO) satellites can overcome these
problems and provide observations many times throughout the
day [17-23]. Recently, an international effort has been developed to
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Table 1
List of the instruments and their associated models for OE-based inversion of aerosols.
Acronym Full name Surface model Forward/OE model* Reference
AATSR Advanced Along Track Scanning Radiometer MODIS surface albedo ORAC [45,46]
AirMSPI Airborne Multi-angle spectroPolarimeter Imager RPV, Modified Fresnel model MarCh-AD [62-64]
APEX/ESA Airborne Prism Experiment/European Space Agency ASTER spectral library libRadtran [67]
AVIRIS-NG Next Generation Visible/Near Infrared Imaging - MODTRAN [68,69]
Spectrometer
CAPI Cloud and Aerosol Polarimetric Imager Linear mixture of actual surface spectra ~ UNL-VRTM, VLIDORT  [52,53]
DPC Direction Polarimetric Camera Improved BRDF, Maignan BPDF model UNL-VRTM [54]
EPIC/DSCOVR Earth Polychromatic Imaging Camera | Deep Space - ARTDECO [56]
Ovservatory
GEMS Geostationary Environment Monitoring Spectrometer OMI surface reflectance dataset VLIDORT [24]
GEO-TASO Geostationary Trace gas and Aerosol Sensor Optimization PCA UNL-VRTM [34,35]
I1ASI Atmospheric Sounding Interferometer - Atmosphit [44]
MISR Multi-angle Imaging SpectroRadiometer - SCIATRAN [47]
OMI Ozone Monitoring Instrument Lambertian, TOMS climatology database  VLIDORT [42]
POLDER/PARASOL  POLarization and Directionality of the Earth’s Reflectances RPV, Maignan BPDF model GRASP [48,49]
| Polarization and Anisotropy of Reflectances for
Atmoshperic Science coupled with observation from a
Lidar
Ocean model SRON [50,51]
PSAC Chinese Polarized Scanning Atmospheric Corrector Maignan BPDF model UNL-VRTM [55]
RSP Research Scanning Polarimeter Bréon model VSO0S [57]
RPV, Modified Fresnel model SRON [59]
Ross-Li BRDF, Maignan BPDF model SRON [58]
Ocean model MAPP, VRT-SOS [60,61]
SAGE 11 Stratospheric Aerosol and Gas Experiment II - Mie/OE [43]
SeaWiFsS Sea-Viewing Wide Field-of-View Sensor Ocean model CAO-LDISORT [37]
SEVIRI Spinning Enhanced Visible and Infrared Imager MODIS BRDF ORAC [39]
RPV model SVATs/LDA [38,40]
RPV model CISAR [41]
SPEX Spectropolarimeter for Planetary Exploration | Aerosol RPV, Maignan BPDF model SRON [66]
airborne/ACEPOL Characterization from Polarimeter and Lidar campaign Ocean model SRON [65]

* The definition of the acronyms in this column are as follows. ORAC: Oxford-RAL aerosol and cloud, MarCh-AD: Markov chain/adding-doubling, libRadtran: library
for radiative transfer, MODTRAN: Moderate spectral resolution atmospheric transmittance algorithm and computer model, UNL-VRTM: Unified linearized vector radiative
transfer model, VLIDORT: Linearized pseudo-spherical vector discrete ordinate radiative transfer, ARTDECO: Atmospheric radiative transfer database for earth and climate
observation, Atmosphit: Atmosphere radiative transfer model, SCIATRAN: radiative transfer model for SCTAMACHY, GRASP: Generalized retrieval of aerosol and surface
properties, SRON: Netherlands Institute for Space Research model, VSOS: Successive order of scattering model for solving vector radiative transfer, MAPP: Microphysical
aerosol properties from polarimetry algorithm, Mie: Mie scattering code, OE: optimal estimation, CAO-LDISORT: Coupled atmosphere-ocean linearized discrete ordinate
radiative transfer, SVATs: Soil-vegetation atmosphere transfer schemes, LDA: Land daily aerosol algorithm, CISAR: Combined inversion of surface and aerosol.

launch a constellation of GEO satellite instruments focused on air
quality over Asia, North America and Europe, including the Geosta-
tionary Environment Monitoring Spectrometer (GEMS) [24,25], Tro-
pospheric Emissions: Monitoring of Pollution (TEMPO) [26,27] and
Sentinel-4 [28] missions, respectively. However, while GEO sensors
can have an advantage in temporal sampling, they do suffer from
reduced spatial resolution and must cope with increased chal-
lenges associated with viewing geometry and scattering angles.
This paper presents the third part of a series of studies that aim
to develop hyperspectral remote sensing techniques for aerosol
retrievals from a newly developed instrument called Geostationary
Trace gas and Aerosol Sensor Optimization (GEO-TASO) [29,30].
As the airborne version of the upcoming air quality satellite
instruments onboard GEMS and TEMPO, GEO-TASO measures
hyperspectral backscattered ultraviolet (UV), visible (VIS) and
near-infrared (NIR) radiation. TEMPO has been selected as the first
Earth Venture Instrument by the National Aeronautics and Space
Administration (NASA), and will be launched in 2022 to measure
atmospheric pollution over North America from space, by using
the hyperspectral UV and VIS spectroscopy hourly and with the
spatial resolution about 4 x 4km?2 [26]. Meanwhile, to improve
the use of satellites to monitor air quality for public health and
benefit, several field campaigns have been carried out by NASA,
such as the Deriving Information on Surface Conditions form Col-
umn and Vertically Resolved Observations Relevant to Air Quality
(DISCOVER-AQ) in Houston and Denver during 2013-2014 [29,31],
and the Korea-United Sated Air Quality Study (KORUS-AQ) in Korea
during 2016 [32,33]. From the DISCOVER-AQ and KORUS-AQ cam-
paigns, a series of airborne hyperspectral observation of GEO-TASO

have been obtained and a three-part of study was carried out to
explore and develop algorithms to retrieve aerosols from the real
hyperspectral data in support of missions such as TEMPO.

In the first two parts of this study [34,35], we have developed
a theoretical framework to retrieve aerosol and surface proper-
ties simultaneously from hyperspectral measurements in the vis-
ible spectrum. Here, we apply that theoretical algorithm to the ob-
servation data collected by GEO-TASO during KORUS-AQ. Our re-
trieval is based on an optimal-estimation (OE) approach to con-
duct the spectral fitting with inline radiative transfer, because the
high dimensionality of state vector with multiple retrieved pa-
rameters may led to the much too large lookup-tables (LUTs). For
computational reasons, the retrievals use the inline forward model
instead of the LUTs approach [9,36] in this study. This strategy
is consistent with the past studies that have applied OE method
to invert aerosol properties from a wide range of optical instru-
ments onboard either space-borne or airborne platforms, includ-
ing the SeaWiFS [37], SEVIRI [38-41], OMI [42], SAG II [43], IASI
[44], AASTR [45,46], MISR [47], POLDER/PARASOL [48-51], CAPI
[52,53], DPC [54], PSAC [55], GEMS [24], EPIC/DSCOVR [56], RSP
[57-61], AirMSPI [62-64], SPEX airborne/ACEPOL [65,66], APEX/ESA
[67], AVRIS-NG [68,69] and GEO-TASO [34,35]. The definition of
these sensors’ acronyms is listed in Table 1, so are the names
of the surface models, the forward models, and the OE models
used by these past studies to implement OE-based inversion. The
Levenberg-Marquardt method and Quasi-Newton methods are usu-
ally used for optimization in the framework of the inversion theory
[70].
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For the hyperspectral remote sensing, the OE approaches have
been already used in the retrieval of gas concentration [71,72] and
atmospheric correction of hyperspectral imaging [68,69] for AVRIS-
NG. However, challenges in these past studies remain regarding the
retrieval of aerosol parameters, especially in the treatment of sur-
face reflectance. In the inversion, since the accuracy of surface re-
flectance estimation can directly affect the separation of the atmo-
spheric contribution of radiances (or path radiance) from the sur-
face contribution to the hyperspectral measurements at altitude of
satellite or aircraft, one major source of uncertainty in the algo-
rithm of aerosol retrievals arise from the approach to characterize
the hyperspectral surface reflectance. To tackle this issue, our al-
gorithm framework as shown in the first two-parts of this study
[34,35], is to simultaneously retrieve the aerosol and surface prop-
erties. The unique part of this framework is to decompose the sur-
face reflectance spectra into different principal components (PCs).
Thus we only need to retrieve several weighting coefficients of PCs
instead of the reflectance band-by-band for full spectra [34]. In-
deed, for the hyperspectral instruments like GEO-TASO, they have
tens to hundreds of bands in the ultraviolet (UV) and visible (VIS)
spectrum and a PC-based characterization of surface reflectance in
these bands are not only computationally appealing but also physi-
cally sound because the reflectance in these bands are often highly
correlated. Hou et al. [35] also showed that the PCs of surface spec-
tra in the atmospheric window channel could be approximately
derived from the top-of the atmosphere reflectance in the cases
of the low AOD. Here, to investigate the feasibility of the OE-based
retrieval framework with principal component analysis (PCA), we
apply its algorithm theoretical basis (as described in the part 1 and
part 2 of this study [34,35]) to conduct the retrievals of aerosol and
surface properties from the real data, i.e., the hyperspectral mea-
surements of GEO-TASO during the KORUS-AQ campaign. For com-
pleteness, we briefly describe the methodology of our OE-based in-
version in Section 2, and then present the GEO-TASO data process-
ing and preparation in Section 3. Afterward, the retrieval results
are investigated and validated in Section 4. Finally, the summary
and collusion are provided in Section 5.

2. Methodology

Fig. 1 shows the flowchart of our algorithm. The algorithm is
based on the OE inversion framework described in Section 2.1.
Because of the fine spectral resolution (~0.28 nm) of the GEO-
TASO, to expedite the inversion, GEO-TASO data thinning is con-
ducted through band selection method in Section 2.2. To recon-
struct the spectral surface reflectance, as an initial guess, the com-
mon PCs for various surface reflectance spectra are first extracted
from the spectral reflectance libraries for different surface types in
Section 2.3. In addition, the Rayleigh correction method from GEO-
TASO measurements is described in Section 2.4. After that, the ap-
proach to update the surface PCs is discussed based on the real
hyperspectral measurements in Section 2.5, and the detailed steps
of inversion are summarized in Section 2.6.

2.1. OE-based inversion method

Based on optimal estimation inversion framework [48,70], the
cost function used in this study can be written as

J0) = 1y~ Ex b S [y - Fex b))

Py xS, (- x), M

where the superscript “T” and “—1" represents the transpose and
inverse operation, respectively, y is the regularization parameter to
adjust the cost function’s contribution of measurement and a pri-
ori, y represents the selected hyperspectral measurement vector of

GEO-TASO, x and b represent the state vector of the retrieval and
the vector of other variables not retrieved but important for the
forward model calculation (hereafter model error), F is a forward
model and corresponds to the Unified Linearized Vector Radiative
Transfer Model (UNL-VRTM) used in this study [19,73-76], S, refers
the error covariance matrix of the a priori estimate x,. Besides, the
covariance matrix S¢ can be written as

Sc = Sy + KbSbKiI;, (2)

here Sy means the measurement error covariance matrix, the ex-
pression of l(bSbl(g represents the error propagation in the forward
model, in which S, is the error covariance matrix for the vector b,
and K, is the Jacobians matrix of measurements y with respect to
b.

Correspondingly, the OE-based inversion model can be seen as
a nonlinear optimization problem subject to (s.t.) some constraint
conditions [34,77]:

min J(x)
st.l<x<uw

(3)

where 1 and u are the per-variable constants representing the
lower and upper bounds for the retrieval parameter vector, X, re-
spectively.

To solve the optimization problem in Eq. (3), the gradient vector
Vx J(x) is usually used in the optimized iterations, which can be
represented in the form of

Vi Jx)=-K' S;' [y-Fx.b)]+y ;' (x—Xa). (4)

here, K means the Jacobian matrix of F(x) with respect to x. In this
study, the code of Limited-memory Broyden-Flectcher-Goldfarb-
Shanno algorithm for Bound constrained optimization (L-BFGS-B)
has been used for the optimized iteration, which is an extension of
the L-BFGS algorithm to handle the problems with simple bounds
[78,79], such as the one in this study where the only constraint is
of the form 1 < x < u in Eq. (3).

In the inversion with real GEO-TASO data, we set the state vec-
tor x as

T
X = V5, V5, w1, wa, ws, wa]', (5)

where V; means aerosol volume concentration, superscripts “f” and
“c” mean the fine-mode and coarse-mode parameter, respectively,
wy — w4 stands for the weighting coefficients of predefined PCs.
Here, only 4 PCs are used to reconstruct the hyperspectral surface
reflectance [34,35]. For simplicity, we assume that each parameter
in the state vector is independent of each other, and the corre-

sponding error covariance matrix of state vector can be written as

T
—di 2 2 2 2 2 2
Sa - dlag(l:avg7 Gvofa Gw, ) Gwzv Gw3s 0W4] ) (6)

Here, the symbol diag means the assignment of vector along
the main diagonal of a matrix.
We set aerosol model vector b as

b = [rlg Vi 1S Vs mi(ho), m{(Ro), bf, bl mf(Ro),
T
mf (ho). bf. bf] . 7)

where 1. and v are the effective radius and effective variance
to represent the particle size distribution, m;(Aq¢) and b, represent
the coefficients of the real part of complex refractive index, m;(1q)
and b; represent the coefficients of the imaginary part of complex
refractive index, Aq is the reference wavelength and corresponds to
550 nm in this study. Thus, the spectral complex refractive index
can be further calculated by

me(h) = me (o) ()

s (8)
mi(h) = mi(ho) (2)
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Step 3:
Extract common PCs
from spectral library

l

Step 4:
Rayleigh correction
to get pS(1)

l

Step 5:
K-means clustering
of study area

l

Step 6:
Obtain the surface
prior knowledges

Step 2:

Select common-used
wavelength bands

flag=1

Start inversion

Step 10:
Updated the surface
prior knowledges

flag=2

Step 1:
Input GEO-TASO
hyperspectral data

flag=2

Step 9:
Update the PCs by
real data with flag=2

flag=
i Step 7: ifflag=1 |
flag=1 State vector x = Step 11:if flag=2 |

i f /¢ T . E
b VS VS, w wa, wa, wy ] Optimized :
i l iteration ;
i 5 flag=2
i | Reconstruct surface L-BFGS-B ;
i | reflectance r = Pw iteration ;

External input: ; . . No 5

Aerosol models 3 Fotr)w%rﬂf-l\%l:l{'_ﬂon ey

based on AERONET | ! DeterM Retrievec? surface
i 74 ] =
: l confggce  Ifflag=1l ofioctance with flag=1
i | Hyperspectral fitting i
i | toget cost function :
! Yes | If flag=2 :
Step 12:
Output final retrieved
results
End inversion

Fig. 1. Flowchart of PCA-based OE inversion of aerosol and surface reflectance from GEO-TASO hyperspectral measurement. Aerosol model parameters based on AERONET are
the external inputs for the step 7 and step 11 in which the computational flows for the iterative retrievals (as enclosed in the box with dash lines) are the same regardless
of flag values. If flag = 1, the step 7 is performed after step 6 in the flowchart; and if flag = 2, the step 11 will be performed after step 10 in the flowchart. Please see details

in the main text.

where m;(A) and m;(1) are the complex refractive index depen-
dent on the wavelength A, respectively [34]. The aerosol model has
been extracted from the Aerosol Robotic Network (AERONET) [80],
which is discussed in next section.

Correspondingly, the spectral aerosol optical depth (AOD) can
be further derived by

3VE .
are Q). (9)

eff

3v¢
T(h) =G0 + 1T = 75 Qea () +
eff

where 7 and ¢ mean the fine-mode AOD (AOD;) and coarse-
mode AOD (AOD.) respectively, Qex¢ represents the extinction ef-
ficiency factor and is usually calculated by the ratio of extinction

cross section to geometric cross section. Consequently, the fine-
mode fraction (FMF) of AOD and Angstrom exponent (AE) can be
written as

FMF(A) = Ti(A) /Ta (M), (10)
and

_ Ta(M) ﬁ
AE = In Ta(kj) /In v (11)

where the spectral wavelength pairs, A; and A;, correspond to 440
and 675 nm for GEO-TASO in this study.
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For the uncertainty estimates provided by OE inversion, a pos-
teriori error covariance matrix S can be written as
S=(K'S.'"K+S;)", (12)
and the square root of diagonal elements are the posterior errors
(absolute errors). Because the retrieval uncertainties of hyperspec-
tral surface reflectance have been investigated in our part 1 work
[34], we only discuss the posterior errors of aerosol parameters in
this paper. Here, the symbols evé, €V €xtr Exg and €;, are used

to represent the posterior errors of Vf, Vi, AODy, AOD. and AOD,
respectively. Based on the posteriori error results of €, and €ve
0

calculated by Eq. (12), and we can further have
Cor = fafevof/v(g
€rc = Ty€ve/Vg . (13)
€r, = FMF €1 + (1 — FMF) €;¢

In this way, the uncertainty estimates of retrieved AOD¢, AOD,
and AOD could be obtained.

2.2. GEO-TASO data thinning and error characterization

Owning to its dense spatial measurements in one thousand
spectral channels with the spectral sampling interval of 0.28 nm
in the visible wavelengths from 415 nm to 695 nm, GEO-TASO con-
tains more aerosol and surface information than traditional multi-
spectral measurements as shown in our previous work [34,35]. Al-
though the spectral full width at half maxima (FWHM) is usually
2.5-3.6 times of the band or spectral sampling interval, consider-
able redundant information inevitably exist in hyperspectral mea-
surements because of the high correlation of the measurement (or
radiance intensity) between different bands [81]. To improve the
efficiency of aerosol retrieval, the best bands containing most of in-
formation content and less noise are needed to reduce the dimen-
sionality of hyperspectral measurements in the inversion. By com-
bining the simulations and real data, the 20 spectral bands of GEO-
TASO are selected for retrieval over different surface types [34,35].
We can set the vector of hyperspectral measurement in the form
of

y=[hy Ly ,IAZU]T, (14)

where I,, means the normalized GEO-TASO radiance (with respect

to the incoming solar radiance at the top of the atmosphere at ;)

after calibrations in the common wavelength bands A; with i = 1,
-, 20.

For the design of GEO-TASO instrument, the calibration error is
about 2.8% in VIS [29,30]. Because the measurement errors are not
totally independent among the common-used wavelength bands,
the measurement error covariance matrix Sy is a non-diagonal ma-
trix [9], and in the past we have used Monte Carlo methods to
estimate the its off-diagonal values [82]. But, this is shown to be
challenging because it requires knowledge of instrument and for-
ward model error (I(bSbl(g) covariances (both of which are not di-
agonal). To facilitate the analytic expressions of cost function and
gradient vector, following our past work [75,76], we simplify S¢ as
a diagonal matrix and its diagonal element (S ); ; follows

Sy i=0f. (i=1.---. 20), (15)
with
oy, =ei1)w i=1,---, 20), (16)

here e; = 5% represents the total relative error of measurement and
forward model at each common band for simplicity, which is cal-
culated by the combination of 2.8% calibration error of GEO-TASO
and about 2.2% mean error propagation of forward model to the
airborne measurement based on the information content analysis
in our part 2 work [35].

0.8
-~ IStpC
- k- d
\ 31 pC
. Ath
i A 4thpc

Common-used PC's value
(=]
< [3%]
B

£ ¥* 5
8 o A A
-0.2 3 e K Zﬁ* F)
-
04 1 1 1
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 2. Four PCs extracted from USGS and ASTER spectral libraries at 20 selected
bands for different surface types. Those PCs are referred as common PCs in the text
and are used as the first guess in the retrieval algorithm. The specific values for the
20 bands can be found at Section 3.2.

2.3. Extract the common PCs of surface spectra from spectral libraries

Following the theoretical framework for hyperspectral remote
sensing [34], a Lambertian surface has been assumed in the for-
ward model, and surface reflectance spectrum for a given sample
can be approximately reconstructed by the PCs as

r ~ Pw, (17)

where r is the vector of surface reflectance spectrum in 20 com-
mon used bands, P is the matrix that constituted by the first
4 PCs as the column vectors, and weighting coefficients vector
W = [wy,wy,w3,wy4]T. Since P is an orthogonal matrix by the col-
umn vector and can satisfy the condition that PTP = E with E as
the identity matrix (also called unit matrix), w can be calculated
by

w ~ PTr. (18)

Fig. 2 shows the extracted common-used PCs from USGS and
ASTER spectral library [83,84], in which the various datasets of the
green vegetation, yellow vegetation, bare soil, rangeland, rock, con-
crete, water and man-made martials (such as roofing martial) have
been considered. With the 4 PCs (e.g., common PCs for different
surface types), the spectral reflectance datasets in these spectral li-
braries can be reconstructed with the relative error of ~2%—3%.

In this study, the common PCs are only used as the initial guess
to start the retrieval, and then the PCs will be updated interactively
by the retrieved surfaces from real GEO-TASO data to conduct the
inversion again, which is further described in Section 2.5. In addi-
tion, because these 4 PC vectors are orthogonal to each other, they
unavoidably have the negative elements in the PC vectors, and thus
the negative values cannot be interpreted from a physics point of
view. However, in relatively sense, the linear increase in the first
PC may reflect the spectral variation of soil, while other PCs hav-
ing peaks in the 500-600 nm may reflect the spectral variation of
greenness for various canopies.

For the purpose of optimization, the Jacobian results of hyper-
spectral measurements with respect to weighting coefficients vec-
tor w has been implemented as part of the new development of
UNL-VRTM ([34]:
dal,,  dI;,
aw = o, B RaRaRall (=1, ), (19)
where [ is the normalized GEO-TASO radiance, P;;, P;5, P;3 and Pj4
are the elements in matrix P, d is the number of spectral bands
used, and is equal to 20 here.
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Fig. 3. The simulated coupling contribution and Rayleigh correction to GEO-TASO hyperspectral measurements. Panel (a—b): contribution of Rayleigh scattering, path radiance
and surface reflectance (p°) to the GEO-TASO reflectance (%) at about 8.4 km simulated by UNL-VRTM with consideration of gas absorption and AOD 7, = 0.5 at 550 nm
for green vegetation and bare soil surface types, respectively. Panel (c—d): comparations of the real surface reflectance (known from the spectral libraries and used in the
forward calculation) and the approximated surface reflectance (ps) by the Rayleigh correction of TOA measurements for vegetation and soil surfaces, respectively. See the

text in Section 2.4 for details.

2.4. Rayleigh correction of hyperspectral measurements

UNL-VRTM has been used as the forward model to simulate
hyperspectral measurements and corresponding Jacobian results,
which comprises a linearized pseudo-spherical vector discrete or-
dinate radiative code (VLIDORT) for radiative transfer [85], a lin-
earized Mie/T-Matrix code for aerosol single scattering, a Rayleigh
scattering module, and line-by-line gas absorption calculation with
HITRAN database, as well as liberature-based modules for charac-
terizing the surface properties [19,73].

To investigate the coupling contribution of aerosol and surface
to the GEO-TASO hyperspectral measurement for aerosol retrieval,
the forward simulations are also considered along the visible bands
of GEO-TASO. Fig. 3(a—b) present the separate contributions of
Rayleigh scattering, aerosol contribution, surface reflectance, and
gas absorption to the GEO-TASO measurements for green vegeta-
tion and bare soil surface type, respectively, in which solar zenith
angle 6y = 40°, viewing zenith angle 8, = 20°, relative azimuth
¢ = 20°, the AOD is assumed to 0.5 at 550 nm and flight altitude
is ~8.4 km. The results in Fig. 3 is obtained from several realiza-
tion of UNL-VRTM with different input options. For the separate
contributions of Rayleigh scattering, aerosol scattering/absorption
and surface-atmosphere coupled result, different input options are
set in the UNL-VRTM. With the combination of gas absorption
in forward simulation, the Rayleigh contribution is obtained by
pS = 0 and 7, = 0. The aerosol contribution is approximately cal-
culated by subtracting Rayleigh contribution from path radiance
with pS = 0. The coupled contribution is approximately obtained

by subtracting path radiance from simulated GEO-TASO measure-
ments with hyperspectral surface reflectance.

In the visible spectral range, as expected, contribution of
Rayleigh scattering decreases sharply (e.g., A~4) with the increase
of wavelength, while the variety of aerosol’s contribution with the
wavelength is relatively flat in atmospheric window channels. De-
viations include the oxygen B bands in the range of 685-695 nm
and other gas absorption bands. The smoothed spectral curve
shape of GEO-TASO reflectance after the correction of Rayleigh
scattering is similar as the spectral shape of surface reflectance,
which is illustrated in Fig. 3(c—d). Thus, it is foreseeable that the
a priori spectral curve shape can be approximately obtained after
the Rayleigh correction from the GEO-TASO reflectance.

The wavelength dependent correction of Rayleigh scattering is
made by using a scaling approach, and therefore the approximated
surface reflectance ps(1) before the aerosol retrieval can be calcu-
lated by

P5(A) = pSE (M) — k(L) S (1), (20)

where pS9. means the real measured reflectance of GEO-TASO,
and pg‘;’ﬁ’u means the simulated Rayleigh reflectance, k is an em-
pirical wavelength-dependent scaling coefficient, usually in range
of 0.9-1.4 empirically. For the scaled Rayleigh correction of hy-
perspectral measurements, we use a lookup table that has been
calculated by UNL-VRTM with discrete values of Sun zenith angle
(6g), viewing zenith angle (6y), relative azimuth angle (¢), flight
attitude and ground surface pressure. Then, the corresponding re-
flectance of Rayleigh scattering could be obtained by interpolation
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from the lookup table. With the defined vector of spectral approx-
imated surface reflectance o5 =[p5(A1), p5(A2), - . p5(Ag)]T, the
vector of approximated weighting coefficient W could be calculated
by

W~ PT ps, (21)
here P corresponds to the common PCs and d = 20.

Based on the Rayleigh correction results of GEO-TASO in the
common wavelength bands and Eq. (21), the prior knowledge
could be extracted to constrain the retrieval of surface parameters,
which include the lower bound 1 = [Iy,l,,13,l4]", the upper bound
u = [uq,us,u3,u4]7, the mean value W = [Wq, Wy, W3, W4]”, and the
standard deviation ow = [Ow,, Ow,, Ows,, 0W4]T of weighting coeffi-
cients. Correspondingly, the elements of 1, u, w and o could be
calculated by

I; = min (W}) - oy,
u; = max (vT/{) + Ow,
w; = ZW,] /Npixel '

j
oW, = std (W{ )

i=1, 4 j=1 Npe), (22)

where min, max and std stand for the minimum, maximum and
standard deviation operator of the approximated weighting coeffi-
cients, the superscript j corresponds to the serial number of pixels
in the same surface type, and Ny represents the total number of
pixels used for each surface type classified by the k-mean cluster-
ing method [86].

2.5. Iterative update PCs based on real data

For the hyperspectral airborne and satellite remote sensing, a
pixel usually corresponds to a large area on the ground, making it
a mixture of reflectance spectra of multiple materials [87,88]. Be-
cause the common PCs are extracted from the spectral datasets for
various pure materials and typical surface scences, obviously these
datasets are limited and not able to cover all of the surface materi-
als in reality. Once the training data used to define PCs are missing
some components of real-world variability, or if the surface types
are not a mixture of those typical pure materials (used for con-
structing the spectral libraries), the real surface spectra will not be
reconstructed reliably by the common PCs. Therefore, to better re-
construct the reflectance of complicated surfaces or to account of
local features that are not described by the training datasets for
deriving initial PCs, we update the PCs iteratively in the retrieval
based on the real data of GEO-TASO and the surface reflectance de-
rived at the end of each iteration. In other words, the PCs shown
in Fig. 2 are used as the initial guess to start the iterative retrieval.

Specifically, to update the surface PCs, we define the hyperspec-
tral apparent reflectance vector of GEO-TASO as

T
Prieas = [ Pmeas 1) Prieas(A2). -+ Prneas(Aa)] - (23)
and define the simulated apparent reflectance with the common-
used PCs as

T
Peimn = [P (). PG (R2). -+ PG (Ra) ] - (24)
where the superscript “Geo” represents the GEO-TASO, the sub-
scripts “meas” and “simu” represent the measurements and the
convergence simulation results, respectively. Meanwhile, the vector
of retrieved surface reflectance by the common PCs (at the initial
step of retrieval) can be represented by

T
p:imu = [pssimu (M), p:imu (A2).-- . pssimu()“d)] : (25)
Correspondingly, we have the retrieval residual of reflectance as

Ap — pGeo Geo (26)

meas psimuv

which can be used to the adjust surface reflectance vector for the
next iteration of retrieval

pgdju = p:imu +Ap. (27)

With the adjusted surface reflectance vectors for pixels with the
same surface type (which is obtained from the k-means cluster-
ing), the PCs are updated by performing PCA for that surface type,
which will be discussed in detail in next section with real hyper-
spectral data. Correspondingly, the updated weighting coefficient
vector w of the pixel with pgdju can be calculated by

W~ Pl P (28)

and the elements of 1, u, w, and oy of weighting coefficients are
updated by

l; = min (w{)
U; = max (wlj)

w; = ZW,j /Npixel (i =1

j
ow, = std (w{ )

where P,g;, is the updated PCs, and the definition of operator sym-
bols are same as Eq. (22). Note, P,q;, varies with surface type, and
is the same for those pixels with the same surface type. In con-
trast, w in Eq. (28) can vary with different pixels even for the same
surface type because of different pzdju values; this is understood
because the pixels of the same surface type in optical sense have
the similarity in spectral variation of reflectance, but not in abso-
lutely value of the reflectance value itself. Therefore, the retrieved
values of surface reflectance are pixel dependent and for the same
pixel, their values can vary during different times of the day or
different days, which effectively allow the simultaneous retrieval
of aerosol and surface properties at the same time.

Aj=1,.- szixel)v (29)

2.6. Inversion steps

Fig. 1 illustrate the flowchart of OE-based inversion step by
step, in which “flag = 1” represents the initial inversion with
the common PCs, while “flag = 2” represents another inversion
with the updated PCs. Besides, based on the aerosol products of
AERONET, the parameters of aerosol model have been counted
and extracted in advance for constraining the inversion. The corre-
sponding inversion has the following 12 steps as described below:

Step 1: Read formated GEO-TASO data files to obtain the neces-
sary measurement information.

Step 2: Select the GEO-TASO bands for the retrieval (hereafter
common bands for retrieval, which will be discussed in next
section).

Step 3: PCs for surface reflectance spectral reconstruction are
extracted from the spectral library for the common wave-
lengths obtained in Step 2.

Step 4: The scaled Rayleigh correction is applied to each hyper-
spectral pixel to obtain the approximated surface reflectance
P3(A).

Step 5: Use the unsupervised k-means clustering method to
classify the surface types in the selected region.

Step 6: Based on all of the approximated weighting coefficient
vector W by Eq. (21) for the pixels with each surface type,
the corresponding prior constraints for the retrieval of sur-
face reflectance are calculated by Eq. (22) for each surface
type.

Step 7: By setting the parameters of aerosol model, state vec-
tor, measurement vector, aerosol models and corresponding
prior knowledge, UNL-VRTM and L-BFGS-B are integrated to
carry out the forward simulation and optimized iteration for
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retrievals, from which the multiple parameters for aerosol
and surface reflectance (e.g., state vector in eq. (5)) for each
pixel are simultaneously retrieved.

Step 8: If the optimization gets convergence with flag = 1,
the spectral surface reflectance can be reconstructed by the
common PCs and retrieved weighting coefficients; conse-
quently, the value of flag changes to 2 and the algorithm
moves to Step 9. If the optimization gets convergence with
flag = 2, the algorithm moves to Step 12. Here, the conver-
gence is defined as the change of the state vector between
the two iterations is less than 0.1% (for all retrieved param-
eters).

Step 9: Obtain the adjusted spectral surface reflectance dataset
for each pixel, and the PCs are updated by PCA (flag = 2) for
each surface type.

Step 10: Derive the prior knowledge of corresponding weighting
coefficient for each surface type based on the updated PCs
and analysis in Step 9 Eqs. (28—29).

Step 11: Repeat the inversion following Steps 7 - 10 until the
optimization is converged with flag = 2.

Step 12: Output retrieved state vector and reconstruct surface
reflected with the retrieved weights and the PCs used in the
last optimization and the algorithm stops.

3. Data processing and preparation

GEO-TASO data in KORUS-AQ field campaign are processed to
suit two purposes. The first is to imitate the geostationary spatial
distribution of TEMPO by focusing on the observations of differ-
ent flights in the same study area, while the second is to ana-
lyze observations over 7 AERONET sites to evaluate the retrieved
properties of aerosols. Meanwhile, a prior aerosol model has been
extracted based on the AERONET to constrain the inversion in
KORUS-AQ field campaign.

3.1. GEO-TASO aircraft instrument

Under the NASA Earth Science Technology Office Instrument In-
cubator Program, the GEO-TASO aircraft instrument has been de-
veloped by Ball Aerospace in order to support geostationary satel-
lite measurements of the trace gas abundance of a variety of
molecules important to air quality, and was originally conceived
as a test bed instrument for GEOstationary Coastal and Air Pollu-
tion Event (GEO-CAPE) [29,89]. Operating as a hyperspectral push
broom scanner, the GEO-TASO instrument measures solar backscat-
tered light in the nadir direction. The incoming radiation is split
into two broad spectral bands by utilizing the 1st and 2nd or-
der diffraction products in combination with a dichroic filter. The
separated orders are then imaged onto 2 detectors, one for the
290-400 nm (UV) range and the other for the 415-695 nm (VIS)
range, in which the spectral sampling is 0.14 nm and 0.28 nm
for the UV and VIS, and the corresponding spectral resolution in
FWHMs are 0.34—0.49 nm and 0.70—1.00 nm, respectively. For the
main characteristics and detailed optical design of the instruments,
readers can refer to the work of Leitch et al. [30] and Nowlan et al.
[29]. By boarding on the NASA UC-12B King Air with the typical
flight altitude of 8.7 km, the 45° field of view (FOV) of GEO-TASO
results in a cross-track FOV of about 7.2 km for each cross-track
swath in KORUS-AQ field campaign. The algorithm based on spa-
tial covariance for cloud mask is first applied to GEO-TASO level
1b product files in VIS and cloud-free pixels are subsequently used
for the OE-based inversion in this study. The nominal resolution of
GEO-TASO data at the ground is 250 m x 250 m but can vary due
to aircraft altitude, latitude, speed and telescope viewing angle. Be-
cause the level 1b data already has the cloud mask processing, the

Table 2
Date and time of 6 flights selected for this study.

Flight No. Day Time (UTC hour)
Flight 1 May 17, 2016 0.00-0.06, 0.50-0.55
Flight 2 May 17, 2016 2.28-2.35

Flight 3 May 17, 2016 5.51-5.58, 6.02-6.18
Flight 4 May 17, 2016 7.77-7.84

Flight 5 May 18, 2016 4.14-4.21

Flight 6 May 18, 2016 7.23-7.30

Table 3

List of AERONET sites where validation of retrieval is performed.

AERONET site Latitude (Deg) Longitude (Deg)

Hankuk_UFS 37.34 127.27
KORUS_Baeksa 37.41 127.57
KORUS_NIER 37.57 126.64
KORUS_Olympic_Park 37.52 127.12
KORUS_Taehwa 37.31 127.31
KORUS_Songchon 37.34 127.49
Yonsei_University 37.56 126.93

description below focuses only the processing of cloudless pixels
only for the retrieval.

3.2. GEO-TASO data processing and thinning

In order to imitate the geostationary hyperspectral measure-
ments of TEMPO, we select the cloudless GEO-TASO data mea-
sured over the same area during different flights in the adjacent
days of the KORUS-AQ campaign (https://espo.nasa.gov/korus-aq),
and then resample and match the cloudless pixels to the same
latitude and longitude coordinate grid. Here, the grid step of lat-
itude and longitude is constructed such that the spatial resolution
is still corresponding to original GEO-TASO pixel spatial resolution
of about 250 m x 250 m. Fig. 4(a—f) show the true color images
of selected 6 flights over the same coordinate grid, and Fig. 5 il-
lustrates the sun zenith angle, viewing zenith angle and relative
azimuth angle distribution, and flight direction of these 6 flights
correspondingly. Following the definition of observation geometry
in UNL-VRTM [73], the relative azimuth angle (¢) is calculated by

¢ =180° — |py — o, if |¢y — o] < 180° (30)
¢ = —180° + |¢y — ol if [Ppv — po| > 180°"

where ¢ and ¢y mean the solar azimuth and viewing azimuth re-
spectively. Since both flight 1 and flight 3 had data collected within
half an hour, these corresponding data are merged as one data
granule for each of these two flights and mapped over the same
study domain that other 4 flights also cover (Table 2). To validate
the retrieved results by AERONET, we select the GEO-TASO data
within the spatial range of 1 km x 1 km over 7 AERONET sites
whose latitude, longitude and site names are listed in Table 3.

To extract common spectral bands from GEO-TASO for the re-
trieval, both the real and simulated data have been considered, and
the following steps are taken:

Step 1: Select the measurements of 6 flights over the same
pixel. An example is shown in Fig. 6(a) for a selected pixel.

Step 2: Transform the radiance to the reflectance, as illustrated
in Fig. 6(b).

Step 3: Smooth the spectral reflectance and remove the noise,
as plotted in Fig. 6(c). Here, we use the “wden” function
code from the wavelet toolbox of Matlab to smooth the
spectral noise.

Step 4: Scatter plot the real reflectance versus the smooth re-
flectance, just as shown in Fig. 6(d), in which the root mean


https://espo.nasa.gov/korus-aq

W. Hou, J. Wang and X. Xu et al./Journal of Quantitative Spectroscopy & Radiative Transfer 253 (2020) 107161

(a) Flight 1 (b) Flight 2

(¢) Flight 3 (d) Flight 4

(f) Flight 6

(e) Flight 5

37.38
3736+ 1 Type 3
S
83734
A
-
83732 . Type 2
-
® 373
-
37.28 1 Type 1
37.26 : : : : ; =
1274 12745 1275 127.55 127.6  127.65 127.7
Longitude (Deg)
Type 1 Type 2 Type 3 i
0257 4 M . M [ P ~e-min(p?)

13,020 ! - Max(@
5 0.15 Mﬂw ~ mean(p®)

g 0.10 g fige o - gt HE
%OOSHII-HPHHHHH pr A VH{HH{HW
i ) o000l 0558 AL B P86 ang. 00000 @P P 0005
400 500 600 700 400 500 600 700 400 500 600 700
Wavelength (nm)
1 1
= 0.8 0.8 AN -o-Lower bound 1
= 0.6 0.6 - —a-Upper bound u
) 0.4 0.4- [ + Mean value w
=}
= 0.2 0.2t
0.2 0.2 i 0.2
wy wa ws wy w1y wa w3 wy wy wa ws wy

Weighting coefficients of common PCs

Fig. 4. Panel (a—f): GEO-TASO three-band (440, 550, 670 nm) true color images resampled over the study area with the same coordinate grids for 6 flights (Table 2) in
KORUS-AQ, respectively. Panel (g): the k-means clustering results for 3 different surface types in the study area. Panel (h—j): the minimum, maximum and mean of approx-
imated surface reflectance with standard deviation error bar in 20 common wavelengths for three surface types, respectively. Panel (k—m): the extracted prior knowledge
to constrain the retrieval of surface parameters, which contains the lower bound 1, the upper bound u and the mean value W of weighting coefficients with the standard
deviation o error bar for 3 different surface types, respectively.
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Fig. 5. Spatial distributions of the solar zenith angle (a—f), viewing zenith angle (g—1), and relative azimuth angle (m—r) for the GEO-TASO data collected during the 6 flights
(Table 2 and Fig. 4a—f); the red arrow represents the direction for each flight. Because the images are constructed by merging the discontinuous measurements within half
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are located on the same side of the main plane.
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y = 0.982x + 0.002. See Section 3.2 for details.

square error (RMSE) is about 0.003 with the linear fit line
y = 0.982x + 0.002. Afterward, we select these bands cor-
responding to the absolute error of reflectance smaller than
0.001 for the next band selection. Therefore, these gas ab-
sorption bands at which the outlier data in Fig. 6 were mea-
sured are indeed not used in the retrieval.

Step 5: Based on the degree of freedom for signal (DFS) analysis
and considering the spectral shape, the sequential forward
selection (SFS) method is used to common bands selection
[35].

Following the steps above, 20 spectral bands are selected as
common bands for the retrieval in this study, including the wave-
lengths in 418.09, 442.11, 468.93, 491.01, 501.63, 514.50, 520.93,
524,29, 529.88, 536.87, 550.02, 556.74, 565.69, 585.01, 608.25,
622.25, 642.98, 662.88, 672.69 and 681.38 nm. Here, those 20
wavelength bands can cover more than 85% total information con-
tent of 1000 bands of GEO-TASO measurements for the retrieval of
aerosol and surface parameters [35].

To obtain the prior knowledge of surface spectra from GEO-
TASO measurements over land, the k-means clustering method
based on the 20 common wavelengths is further used to classify
the surface types in the selected region. Specifically, to do the clus-
tering of the study area in Fig. 4(a—f), the Rayleigh correction has
been firstly made, and then the mean approximated surface re-
flectance of 6 flights could be obtained for each pixel. With the
mean approximated surface reflectance of each pixel in 6 flights,
we carry out the k-means clustering and divide the study area
into 3 surface types approximately, as shown in Fig. 4(g). Here, the
number of clusters is mainly decided based on the visual examina-
tion of the images since the study area is rather small. The even-
tual application of this algorithm to TEMPO application may not
require the image-based classification of surface types to obtain
reprehensive PCs for each pixel, because for each pixel the TEMPO
can provide multiple observations each day. A brief discussion of
this issue is provided in Section 5.

Table 4

List of AERONET sites where the aerosol model is derived.
AERONET site Years Data level
Yonsei_University ~ 2011-2015 Level 2.0
Seoul_SNU 2000-2003, 2012, 2013, 2015  Level 2.0

Fig. 4(h—j) further provides the minimum, maximum, mean and
standard deviation results of all approximated surface reflectance
in 20 common wavelength bands for 3 different surface types in 6
flights. Correspondingly, Fig. 4(k—m) illustrates the extracted prior
knowledge to constrain the retrieval of surface parameters, which
contain the lower/upper bounds, the mean value vector and the
standard deviation of weighting coefficients.

3.3. AERONET data processing for aerosol model

The long-term aerosol inversion data from 2 AERONET Yon-
sei_University and Seoul_SNU sites (Table 4) are used to derive
the suitable aerosol optical model for the retrieval algorithm. From
a total of 12 accumulative years of observation at these two
AEROENT sites (~ 6 yr for each site, Table 4), only ~2102 data
points have the AOD value larger than 0.4 at 440 nm (the require-
ment for the valid AERONET level-2 inversion product), and they
are subsequently analyzed. Results shown in Fig. 7(a) are the fre-
quency distribution of the fine-mode fraction of volume (fmfy). In
Fig. 7(b—f), shown as a function fmfy, are the mean and standard
deviation values of Angstrém exponent (AE), the real and imagi-
nary part (my, m;) of complex refractive index, and the effective
radius (ref) and effective variance (veg), respectively. Our retrieval
algorithm assumes a bi-lognormal size distribution for aerosols,
with one mode representing fine and another representing coarse.
Therefore, the volumetric fine-mode fraction (FMFy) can be derived
from the retrieved fine- and coarse-mode aerosol volume concen-
tration (V, V) [75,76]. Though the parameters of fine- and coarse-
mode aerosol size distribution are prescribed (and static) in our
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retrieval algorithm, the aerosol size distribution model is still dy-
namic because FMFy, is adjusted (e.g., indirectly retrieved) through
direct retrieval of V{ and V§.

Fig. 7(a) shows that fmfy values are mainly distributed in the
range of [0.3, 0.8], and the accumulative frequency in this range
is more than 88%. For AE, the mean value of AE firstly increases
significantly from 0.41 to 1.49 with the increasing fmfy, from 0.1 to
0.7. After that, AE value decreases to 1.36 with fmf, reaching 0.9.
At all wavelengths (440, 675, 875 and 1020 nm), the real part of
refractive index, m;, decreases as fmfy increasing from 0.1 to 0.9;
while the imaginary part, m;, first increases with fmfy, and reaches
nearly a constant after fmf, = 0.6 (except at 440 nm where m;
shows slight decrease). In contrast, the values of effective radius
(refr) and effective variance (vq¢) show nearly no changes as a func-
tion of fmfy for both fine-mode and coarse-mode aerosols, which
supports the assumption of a bi-lognormal size distribution for
aerosols in the retrieval algorithm.

To determine the parameters of complex refractive index in the
aerosol model, the mean values of m, and m; with fmf, > 0.8
have been extracted as the results of the fine-mode aerosols at
each wavelength, while the mean values of m, and m; with fmfy, <
0.2 are regarded as the results of the coarse-mode aerosols corre-
spondingly. Based on the extracted m,; and m; at 440, 675, 875 and
1020 nm, the coefficients m;(Aq), br, mj(Ag9) and b; can be fitted
by Eq. (8) with the least squares fitting method for the reference
wavelength Ay = 550 nm. Furthermore, to determine the parame-
ters of particle size distribution in aerosol model, the mean values
of Tefr and vegr in fine-mode dominated (Fig. 7e) and coarse-mode
dominated (Fig. 7f) are obtained respectively as the effective radius
and effective variance for the fine-mode and coarse-mode aerosols.
Table 5 lists the aerosol parameters derived from AERONET for the
retrieval algorithm, in which the mean fine-mode and coarse-mode
aerosol volume concentrations (V) values are used for the first

guess in inversion with the prior values Vf = 0.052 and VT)C = 0.061,
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Table 5
Aerosol model parameters extracted from AERONET
(Ao = 550 nm).
Parameters Fine-mode Coarse-mode
me(Ag) 1.412 1.506
b, —0.0065 —0.0261
m;(Ao) 0.0069 0.0037
b; 0.1984 1.602
Tegr (4M) 0.160 2.185
Vefr 0.305 0.483
Vo (um3pum-2) 0.052 0.061

respectively, and the corresponding prior errors are both set to 80%
[75,76].

4. Results and validations
4.1. OE retrieval results in the study area

Fig. 8 illustrates the retrieved surface reflectance at the ini-
tial step, the adjusted surface reflectance, as well as the updated
PCs (for 20 selected bands) and corresponding prior constraint
of weighting coefficients for 3 different surface types. We carried
out the initial retrieval process with the common PCs (flag = 1)

based on surface types classified in Fig. 4(g), and consequently,
the retrieved surface reflectance for these 3 different surface types
were obtained and are shown in panel Fig. 8(a—c). After that, the
adjusted surface reflectance vector pgdju with the real GEO-TASO
data is calculated from Eq. (27) and are plotted in panel (d—f) of
Fig. 8 for three surface types. Subsequently, the updated PCs can be
extracted from the dataset of pgdju, and are shown in panel (g—i) of
Fig. 8. Correspondingly, the prior knowledge or constraint parame-
ters of surface reflectance are also obtained, as shown in Fig. 8(j—1).

The results for the fitting with GEO-TASO hyperspectral mea-
surements are compared in Fig. 9 between the two cases, one with
the common and another with updated PCs, over the same pixel of
the surface (clustering) type 1. To quantitatively evaluate the good-
ness of OE fitting, we compute the sum of absolute value of residu-
als, ¥ Ap, and the values of the cost function. By comparing these
OE fitting results from using common with using updated PCs,
the sum of absolute value of residuals decrease form 0.064, 0.277,
0.061, 0.257, 0.057 and 0.274 (Fig. 9a—f) to 0.052, 0.049, 0.035,
0.068, 0.036 and 0.038 (Fig. 9g-1) for 1st to 6th flights, respectively.
This comparison suggests that the fitting has been significantly im-
proved with the updated PCs. Likewise, for the surface reflectance
results retrieved respectively by using common (Fig. 9m) and up-
dated PCs (Fig. 9n), their spectral shape and values have some mi-
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Fig. 9. Comparison of the GEO-TASO measured reflectance with the fitting results using either common or updated PCs for a pixel belonging to the surface type 1. The
reflectance is described with 20 bands selected by this study. (a) — (f) represent the fitting results with common PCs for flight 1 to flight 6, respectively, while panels
(g) — (1) represent the fitting results with updated PCs from flight 1 to flight 6, respectively. (m) — (n) show the summary of retrieved surface reflectance for each of 6
flights by common and updated PCs, respectively. The symbol X Ap denotes the sum of absolute values of the residuals from the OE fitting.

nor changes and adjustments with different PCs, which further led
to the changes of the OE fitting and retrieved aerosol results.

To further illustrate the importance of updated PCs for the
OE fitting comprehensively for different surface type, we show in
Fig. 10 the fitting results of GEO-TASO and retrieved surface re-

flectance for another pixel that belongs to the surface type cluster
2. For the fitting results, the sum of absolute value of residuals de-
creases significantly form 0.349, 0.123, 0.073, 0.051, 0.198 (Fig 10a-
f) and 0.071 to 0.051, 0.024, 0.036, 0.035, 0.071 and 0.028 (Fig. 10g-
1) for the sequence of 6 flights, respectively. Similar to the results
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Fig. 10. Similar as Fig. 9 but for another a different pixel belong to the surface type 2.

in Fig. 9, the spectral shape and values of retrieved surface re-
flectance also have some changes for 2 different PCs (Fig. 10m-n).

The bar chart in Fig. 11 shows the normalized cost function
J(x) as a function of the iteration sequence for 2 different pixel
cases in 6 flights, in which the cost function values of the 6th it-
eration in panels (a—d) correspond to the fitting cases shown in
Fig. 9 (a—f), (g-I), Fig. 10 (a—f) and (g-1), respectively. In gen-

eral, regardless of the inversion with common or updated PCs, the
optimized iteration achieves the convergence after the 6th iter-
ation in most cases. That is to say, the cost function no longer
changes discernably and approaches a constant value after the
6th iteration in most cases. Therefore, we only consider the iter-
ation sequence from the initial setting to the 6th iteration in this
study.
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Fig. 9(a—f), Fig. 9(g-1), Fig. 10(a—f) and Fig. 10(g—I), respectively.

While Fig. 9 to Fig. 11 are examples of the fitting results, they
reveal the following interesting details that we find are common
for the retrievals of different pixels in this study.

(1) With the common PCs, the GEO-TASO hyperspectral mea-
surement cannot be well fitted in part of the spectral wave-
length bands, especially in the spectral reflectance valley
around 500 nm and the spectral peak around 550 nm.

(2) With the updated PCs, the GEO-TASO data can be well fit-
ted in most cases, and the spectral details can be covered
and reconstructed finely. Correspondingly, the values of cost
function are much smaller than those results with the com-
mon PCs when the iteration converges.

(3) The spectral shapes and values of retrieved surface re-
flectance have some difference between the reconstructed
results by common and updated PCs, which further influ-
ences the fitting effect of GEO-TASO data and the conver-
gent cost functions. Obviously, some spectral details cannot
be covered by common PCs, and thus the fitting results of
GEO-TASO with updated PCs are much better than those re-
sults with common PCs.

(4) The regularization parameter y in the Eq. (1) play an impor-
tant role in the optimized inversion, which is used to adjust
the cost function’s contribution of measurement and a pri-
ori. If the value of y is not suitable (y = 7.5 in this study),
the value of cost function J(x) cannot be effectively reduced
along the iteration sequence, which further results in out-
liers in the validations of AOD and AODy in Section 4.2. In
other words, OE optimization has the risk of hitting a local
rather than global minimum. Therefore, the iteration should
be terminated when the J(x) reach the minimum along the
iterated sequence by additional intervention in order to get
the better spectral fittings. Furthermore, in each interaction,
the hyperspectral surface reflectance values are updated, so
that the retrieval here is not solely to minimize the cost
function, but also to ensure the constraints of physics, i.e.,

the convergence of surface reflectance and aerosol retrievals
at the end of the retrieval.

Based on the results of retrieved state vector, the spectral AOD
values are derived as the part of the retrieval out as well. Fig. 12
shows the comparison of AOD at 550 nm retrieved with common
and updated PCs in the study area for flight 1 to flight 6. From the
map results, the spatial distribution of AOD retrieved with com-
mon PCs appears to be smeared by the surface types; the AOD re-
sults over the vegetated surface are much lower than those over
bright surface type (Fig. 12a—f). By the contrast, the spatial distri-
bution of retrieved AOD with updated PCs is much smoother and is
less affected by surface distribution (Fig. 12g—I), which is thought
to be more reasonable.

4.2. Validation at 7 aeronet sites

The retrieved spectral AOD results are compared with the coun-
terparts of AEROENT at 7 sites (that are listed in Table 3) during
May 17 to 18 in 2016 (https://espo.nasa.gov/korus-aq). In the com-
parison, for each site, the retrieved spectral AODs are derived by
averaging the GEO-TASO retrievals for each pixel in 1km x 1km
area centered over that site. For AERONET, the mean of AOD values
within the time window of 15 min before and after the GEO-TASO
observation time are used for the comparison. This method yields
a total of 26 pairs between GEO-TASO and AERONET AODs that are
spatially and temporally matched. For AERONET, its AOD values at
550 nm are interpolated by the Angstrém exponent equation [90].
For each AOD pair, the corresponding values of fine-mode AOD
(AODy), coarse-mode AOD (AOD.) and fine-mode fraction (FMF) are
also obtained from GEO-TASO retrieval and from the AEROENT’s
spectral deconvolution algorithm (SDA) products. It is worth not-
ing that SDA reports AOD at 500 nm [91], and therefore this is also
the wavelength we extract GEO-TASO retrievals for the compari-
son with SDA products. In addition, the Angstrém exponent (AE) is
calculated by the AODs at 440 nm and 675 nm from AERONET to
validate the counterparts retrieved from the GEO-TASO.
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Fig. 12. Spatial distribution of AODs retrieved at 550 nm from GEO-TASO measurements taken in 6 different flights. (a—f): the results retrieved with common PCs for the 6

flights; (g—1): the results retrieved with updated PCs.

Fig. 13 shows the scatterplot of retrieved AODs by common
and updated PCs versus the AERONET AODs in 440, 500, 550, and
675 nm, respectively. As a reference of expectation, we also show
in Fig. 13 the uncertainty envelope of AOD retrieved from MODIS
Dark-Target Algorithm [92,93]. By definition, ~75% of the AOD re-
trievals would fall into this expected uncertainty envelope. Regard-
less of using common or updated PCs in the retrieval, Fig. 13 shows
that nearly 92% AODs values from GEO-TASO fall within this un-
certainty envelope, suggesting that our retrievals have a slightly
reduced uncertainty (as compared to MODIS AOD global retrieval
statistics). Comparison of GEO-TASO AODs (y) retrieved from us-
ing common PCs with AERONET AODs (x) reveals the linear least
squared regression lines of y = 0.72x + 0.11, y = 0.72x + 0.10,
y = 0.75x + 0.08 and y = 0.75x + 0.06 and the corresponding
Pearson correlation coefficients (R2) in range of 0.53—0.54 for 440,
550, 550, 675 nm, respectively. In contrast, the counterparts for
evaluating GEO-TASO AODs retrieved from using updated PCs are
y = 1.05x + 0.007, y = 1.04x + 0.015, y = 1.08x + 0.008 and
y = 1.05x + 0.013 with R? in range of 0.75-0,77. This contrast
suggests that the approach of using updated PCs much improved

GEO-TASO retrievals of AODs, yielding a 20% increase in R? values
(as well as better fitting equations with AERONET AODs) .

While the Ordinary Least Square (OLS) fitting, as used in Fig. 13,
is commonly used in the literature, it might not be best method
for this study to fit the AODs retrievals with the AERONET AODs
because the homoscedasticity (a requirement for using OLS [9]) in
the retrieval uncertainty is difficult to quantify with limited num-
ber of data samples here. Nevertheless, the statistics from OLS in
Fig. 13 can be viewed as the first-order assessment of retrieved
AODs. To further validate the retrieval, we compute mean abso-
lute error (MAE) and root mean squared error (RMSE). For the val-
idations of AODs at 440, 550, 550, and 675 nm, the MAE values
decrease from 0.051, 0.041, 0.034 and 0.025 for the retrievals with
common PCs (left panes in Fig. 13) to 0.033, 0.032, 0.031 and 0.024
for the retrievals with updated PCs (right panels in Fig. 13) respec-
tively; meanwhile, the RMSE values decrease from 0.067, 0.056,
0.047 and 0.034 to 0.049, 0.045, 0.042 and 0.032 (Fig. 13). From
the results of these statistic metrics, we can find that retrieval ac-
curacies of spectral AODs is significantly improved by the updated
PCs rather than by the common PCs.
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One advantage of using OE is its ability to compute posterior er-
ror at the pixel level. The uncertainty estimates of retrieved AODs
are equal to the absolute posterior errors (€r,) calculated by the
linear combination of € o and €1¢ with the FMF as listed in Eq. (13),

after con51der1ng 80% prlor (relative) errors for the aerosol param-
eters, V and Vg, in the OE inversion. These posterior errors at the
pixel level are shown as the vertical bars for each data points in
Fig. 13. We found that the mean absolute errors (and the mean
relative errors) have a slight decrease from 0.133 (33%), 0.117 (34%),
0.106 (35%) and 0.086 (39%) in the retrievals of using common PCs
to 0.118 (31%), 0.105 (32%), 0.096 (34%) and 0.079 (37%) in the re-
trievals of using updated PCs, for the wavelength of 440, 500, 550,
675 nm, respectively (Fig. 13).

To further evaluate the retrieval, Fig. 14 compares AOD; by com-
mon and updated PCs respectively against AERONET SDA prod-
ucts at 500 nm, and shows the ratio of retrieved error from up-
dated PCs verses common PCs respectively for AOD; and AOD.
The scatterplots for the validation of AOD., FMF and AE are not
shown, because these parameters have a much smaller variation
in our case studies that are dominated by fine-mode aerosols. In
the OE inversion, the mean absolute errors (mean relative errors)
for AODy, and AOD. have slightly decreased from 0.076 (26%) and
0.041 (79%) to 0.064 (22%) and 0.038 (72%) at 500 nm for the in-
version with common and updated PCs, respectively. In general,
because values of AOD. are all smaller than 0.1 at 500 nm in
this study, the relative errors of AOD. at the pixel level are much
larger than those results of AODy. That is to say, in the visible spec-
trum, the coarse-mode AODs are more difficult to be retrieved than
fine-mode AODs from measurements in the atmosphere dominated
by fine-mode aerosols in the VIS. Furthermore, both FMF and AE
are the indirectly-retrieved parameters that are inferred from ei-
ther the GEO-TASO retrievals or AERONET measurement of AODs.
Hence, using them to assess the retrievals of spectral AODs some-

times can lead to the confusion and difficulty in understanding or
interpretation of the results. This is understood because retrievals
of AOD may have large uncertainty at each wavelength, but still
can yield a perfect FMF or AE retrieval to match AERONET’s coun-
terpart. In essence, the variations of FMF and AE values may not be
directly driven by the variation of AOD (that is the main objective
of the AOD retrieval); for example, the same value of FMF or AE
can correspond to a wide range of paired AOD values at a differ-
ent combination of two wavelengths. To avoid the aforementioned
non-ideality in assessing FMF and AE retrieval at the pixel, we only
discuss the their RMSE and MAE values against the AEROENT coun-
terpart in below, while the linear regression and scattering plots
for FMF and AE are not pursued further.

For the AODs retrieved by common and updated PCs, the
values of MAE and RMSE decrease from 0.043 and 0.059 to
0.04 and 0.052, and the linear least squared regression lines are
fromy = 0.59x + 0.13 to y = 0.86x + 0.08, with the correlation co-
efficient R? increasing from 0.47 to 0.67, respectively (Fig. 14a—b).
Besides, the ratios of retrieved errors from updated verses common
PCs for AOD; and AOD at 500 nm are all smaller than 1 and in the
value range of 0.7-0.98, which yield an average of ~10% reduction
of error by the updated PCs. For the validations of retrieved AOD,
(figure not shown), the values of MAE and RMSE decrease from
0.024 and 0.02 to 0.021 and 0.017 respectively after the updated
PCs are used. For FMF, the corresponding values of MAE and RMSE
are both 0.055 and 0.072 regardless of using common or updated
PCs. Similarly, for AE, the MAE and RMSE values show no change
with the updated PCs, and the corresponding values are 0.12 and
0.13 respectively. Overall, the retrieval accuracies of AOD; and AOD,
are improved by the updated PCs. In contrast, the retrieval accura-
cies of FMF and AE showed no improvement with updated PCs.
Again, this is understood because the variations of FMF and AE are
not necessarily associated with the change of AOD while the AOD
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is the aerosol parameter that the GEO-TASO instrument is most
sensitivity to [35].

For the reason that there are only few GEO-TASO measurements
that were carried out with the consideration to mimic observations
from TEMPO, the cases we had in KORUS-AQ is among the first of
its kind for us to test our algorithm from a view point of TEMPO.
Therefore, more case studies are needed to further evaluate the ap-
plication of the algorithm developed here to TEMPO that carries an
enhanced version of GEO-TASO instrument.

5. Summary and conclusion

As the third part of a series of studies to retrieve aerosol prop-
erties form the hyperspectral radiance measurements by new in-
strument GEO-TASO and future geostationary satellite TEMPO, we
developed and conducted the PC-based OE algorithm to retrieve
spectral AODs from the GEO-TASO data collected in the KORUS-AQ
field campaign. We can summarize our work as follows.

(1) With the combination of the band selection method pre-
sented in our previous work [35] and the real data from
GEO-TASO, those best bands containing rich information
content and less noise for the retrieval of aerosols are se-
lected to reduce the dimensionality of hyperspectral mea-
surements and to improve the computational efficiency of
the retrieval algorithm. Using this approach together with
the consideration of the necessity to cover spectral details
of surface reflectance, we select 20 bands that are used
throughout this study for the inversion of aerosol properties
from GEO-TASO.

(2) By applying the Rayleigh correction from GEO-TASO data,
the datasets of approximated (or the first guess of) surface
reflectance are obtained, and the surface types can be clas-
sified by the k-mean clustering method in the study re-
gion. Based on this initial classification, prior constraints are
also obtained for surface reflectance parameters, such as the
lower and upper boundary as well as the mean and stan-
dard deviation for the weighting coefficients, which are very
important for the initial inversion.

(3) For the aerosol models, the fine- and coarse- mode parame-
ters of aerosol size distribution as well as the complex re-
fractive index are obtained from the statistical analysis of
the long-term AERONET level-2 inversion data of aerosol
properties. While the climatology of aerosol parameters, as
obtained by AERONET in the study region, is used here, it
is not the essential component in the inversion. Even with-
out the local AERONET data for aerosol model, our inversion
can still work with the priori aerosol model from the liter-
ature, such as the global aerosol properties used in MODIS
[94] and other aerosol models based on cluster analysis
[95,96].

(4) For the initial inversion, the common PCs of surface spectra
are extracted from typical surface spectral dataset in USGS
and ASTER spectral libraries. However, the datasets in these
libraries are limited and not able to cover all of the sur-
face materials over the world. Correspondingly, the results of
OE-based fitting with GEO-TASO data show that some spec-
tral details at the pixel level are not able to be well recon-
structed by the common PCs even when the cost function
may be well reduced to the global minimum; this caveat
renders unsatisfactory retrievals of spectral AODs and sur-
face reflectances.

(5) Based on the retrieved surface reflectance by common PCs
in initial inversion and the GEO-TASO data, the PCs can be
updated for each surface type of clustering, and the corre-
sponding constraints for the weighting coefficients can be

further obtained. With the updated PCs for the inversion,
the OE fitting with GEO-TASO can lead to the improved re-
trievals of both spectral AODs and surface reflectance. When
the optimized iteration gets convergence after 6 iterations in
most cases, both the sum of absolute value of residuals and
the value of cost function are decreased significantly in com-
parison with the counterparts in the retrievals by common
PCs.

(6) The spectral AODs retrieved from GEO-TASO data are val-
idated over 7 AERONET sites for the inversion by com-
mon and updated PCs in sequence, and quantitatively
evaluated against the AERONET AODs in 440, 550, 550,
675 nm, respectively. The mean absolute errors (MSE)
decrease from 0.025-0.051 to 0.023-0.033 with updated
PCs, while the root mean squared errors (RMSE) decrease
from 0.034-0.067 to 0.032-0.049. The comparison reveals
that the updates PCs (and so surface reflectance) yield
significant enhancement in AOD retrievals, improving the
mean linear fitting equations from y = 0.735x + 0.088 to
y = 1.055x + 0.01, and the Pearson correlation coefficient
(R?) from 0.54 to 0.76, respectively.

(7) The fine-mode AOD (AODy), coarse-mode (AOD.), and fine-
mode fraction (FMF) retrieved respectivley by common and
updated PCs methods are validated against the SDA products
of AERONET at 500 nm; also compared are the Angstrém ex-
ponent (AE) calculated by the AODs at 440 nm and 675 nm.
The validation results show that the retrieval accuracies of
AOD¢ and AOD. are improved by the updated PCs, and the
retrieval accuracies of FMF and AE exhibit no change with
updated PCs. The values of MAE and RMSE are about 0.055
and 0.072 for the validation of FMF, and 0.12 and 0.13 for the
validation of AE.

The PC-based OE approach for AOD retrieval, as shown by us-
ing GEO-TASO data collected during KORUS-AQ in this study, has
important implications for TEMPO. TEMPO will provide hourly ob-
servation eight times per day for the North America. This frequent
sampling can facilitate the principal component analysis at the
pixel level, and hence, the surface type clustering analysis devel-
oped here as part of the aerosol algorithm for GEO-TASO may not
be needed. Since the surface reflectance and its corresponding PCs
vary in a much slower pace than the aerosol loading at the same
location, dozens of cloud-free measurements by TEMPO over the
same pixel within a week can be used as a combination to ex-
tract the prior constraints of surface reflectance as well as to fur-
ther obtain the updated PCs for conducting the OE inversion. In
this manner, although further studies are needed, the parameters
of aerosol and surface reflectance may be retrieved simultaneously
at each daytime hour from TEMPO for each of its cloud-free pixels
over the North America.
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