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Abstract: Surface reflectance has a central role in the analysis of land surface for a broad
variety of Earth System studies. An accurate atmospheric correction, obtained by an appropriate
selection of aerosol model, is the first requirement for reliable surface reflectance estimation.
In the aerosol model, the type is defined by the physical and chemical properties, while the
loading is usually described by the optical thickness at 550 nm. The aim of this work is to
evaluate the radiative impact of the aerosol model on the surface reflectance obtained from
Compact High Resolution Imaging Spectrometer (CHRIS) hyperspectral data over land by
using the specifically developed algorithm CHRIS Atmospherically Corrected Reflectance
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Imagery (CHRIS@CRI) based on the 6SV radiative transfer model. We employed five
different aerosol models: one provided by the AERONET inversion products (used as
reference), three standard aerosol models in 6SV, and one obtained from the output of the
GEOS-Chem global chemistry-transport model (CTM). The results obtained for the two case
studies selected over Benelux show that in the absence of AERONET data on the scene, the
best performing aerosol model is the one derived from CTM output.

Keywords: atmospheric correction; aerosol model; hyperspectral; CHRIS; CHRIS@CRI;
GEOS-Chem; FlexAOD

1. Introduction

The surface reflectance estimation is a crucial parameter for the quantitative analysis of land surface
properties in geological, agricultural, and urban studies, as well as for long-term applications of social
benefits [1-3]. To obtain reliable estimations of surface reflectance from satellite, the images must be
corrected considering the presence of water vapour, trace gases, and aerosol particles in the overlying
atmosphere. Hyperspectral remote sensing provides the potential for more accurate and detailed
information extraction than any other type of remotely sensed data [4,5].

The atmospheric correction algorithms for land have evolved over the years, from earlier scene-based
empirical approaches [6—8] to more advanced methods based on rigorous radiative transfer modelling [9—-13].
New methods also include spectral smoothing, topographic correction, and adjacency effect correction.
The combined use of models and empirical procedures has been proposed in a few papers [14—16]. The
magnitude of aerosol effects in remotely sensed data mainly depends on aerosol type and amount,
observation geometry, and the wavelength [2]. Several studies have shown the crucial role of aerosol
optical thickness at 550 nm in atmospheric transfer modelling [17-24] and on the atmospheric correction of
multispectral and hyperspectral data for ocean and land properties retrieval [25-31]. The combination of
satellite hyperspectral data, ground measurements, and model-based analysis allows complete information
datasets for accurate surface reflectance retrieval [32].

The aim of this work is to evaluate the radiative impact of the aerosol model on the results of the
atmospheric correction designed for Compact High Resolution Imaging Spectrometer (CHRIS/PROBA)
hyperspectral data acquisitions over land. The reflectance is obtained using the CHRIS Atmospherically
Corrected Reflectance Imagery (CHRIS@CRI) algorithm [21,25], a physically based atmospheric
correction algorithm developed specifically for CHRIS data by adapting the vector version of the Second
Simulation of a Satellite Signal in the Solar Spectrum (6SV) radiative transfer code [33], an improved
open-source code of the 6S [27]. The aerosol radiative impact was investigated, comparing the
reflectance obtained by applying the CHRIS@CRI algorithm with different aerosol models: one using
AERONET (AERosol RObotic NETwork) sun-photometer retrievals, three standard types implemented
in 6SV, and one extracted from the detailed simulations of the chemistry-transport model GEOS-Chem.
The microphysical properties (size distribution, the real and imaginary part of the refractive index) and the
optical properties (single scattering albedo and asymmetry parameter) from AERONET are considered
the reference to inter-compare results obtained using other models.
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This paper is organized as follows: in Section 2, an overview of the area test case of this study is
presented and a complete description of the data used in the study is provided, while in Section 3, the
CHRIS@CRI atmospheric correction is described. In Section 4, the results are shown for the aerosol
properties analysis and for the comparison of the reflectance values obtained after the atmospheric correction
process. The conclusions are finally summarized in Section 5.

2. Data
2.1. Study Area

As a test case, the area of Benelux was considered (see Figure 1). In particular, the CHRIS images
were selected over the urban center of Brussels (Belgium) and the continental site of Cabauw (the
Netherlands), in which two AERONET sun photometers are installed. The AERONET sun photometer
in Brussels is installed on the roof (120 m high) of The Belgian Institute for Space Aeronomy, in Uccle
(south of Brussels), beside the Royal Observatory of Belgium and the Royal Meteorological Institute of
Belgium. The AERONET sun photometer of Cabauw is located in the western part of the Netherlands
in a polder 0.7 m below average sea level. In addition, the aircraft measurements collected in May 2008
during the EUCAARI-LONGREX [34] campaign were also used to validate the simulated aerosol fields
from the chemistry-transport model.

2.2. Data Description
2.2.1. AERONET Measurements

The automatic tracking sunphotometer CIMEL CE-318 measures the direct spectral solar irradiance
between 340 and 1020 nm (440 nm, 670 nm, 870 nm, and 940 nm are standard wavelengths) and
sky radiance for solar almucantar or principal plane scenario at six nominal bands (440, 670, 870, and
1020 nm) [35]. It provides the aerosol optical thickness at the six nominal bands, the columnar content
of water vapour (wv), and ozone (O3) from the direct component of the solar irradiance. The aerosol
micro-physical and optical properties (aerosol complex refractive index, single scattering albedo, and
the scattering phase function) are retrieved from the diffuse components of sky radiance on four bands
(442, 668, 870, and 1020 nm) at specific angles [36]. Aerosol optical depth data and inversion products
are provided for three data quality levels: Level 1.0 (unscreened), Level 1.5 (cloud-screened), and Level
2.0 (cloud-screened and quality-assured). For the atmospheric correction, Level 2.0 data were preferred
when possible. However, the AERONET inversion products are often available only at quality Level
1.5, so these are usually used for atmospheric studies worldwide.

2.2.2. CHRIS Data

The CHRIS (Compact High Resolution Imaging Spectrometer) on PROBA satellite is a high
resolution multi-angular imaging spectrometer, with a spectral range from 400 to 1050 nm and a spatial
resolution of 17 or 34 m. CHRIS provides acquisitions up to 62 narrow and quasi-contiguous spectral
bands. The specific feature of CHRIS is that it provides data from five observation angles during the
same overpass. One of the main advantages of the CHRIS instrument is the high configurability of its
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operation mode. CHRIS is characterized by five operational modes, which are associated with the five
spectral configurations (Mode 1-5). In particular, in Mode 3 (full swath, full resolution) CHRIS acquires
images characterized by 17 m of nominal spatial resolution, 18 spectral bands, and 13 km of nominal swath
width. The combination of the 18 spectral bands typical of this mode is specifically used for land studies.
CHRIS data is supplied in HDF (Hierarchical Data Format) data files (version 4.1r3). The HDF file
contains the image file and the ancillary data, such as spectral and geometric parameters. All CHRIS
images in this work were acquired in Mode 3. CHRIS images were selected if simultaneous AERONET
(Level 2.0 or Level 1.5) acquisition data were available. Other specific requirements for imagery
acquisition were clear-sky conditions, the aerosol loading defined by an AOT (Aerosol Optical Thickness)
value >0.1, and high solar irradiation (solar zenith angle < 60°). Table 1 shows date and time of selected
CHRIS images and of the corresponding atmospheric aerosol data (AOT@550nm, wv, and O3 columnar
contents) from simultaneous AERONET measurements. The value of AOT@550 nm obtained from
GEOS-Chem model simulations is also specified. For each case study, the solar zenith angle relative to
the two CHRIS overpasses and the AERONET data quality levels are also displayed. These two
parameters are important because they were used for the two images selected, as previously mentioned.

Table 1. Date and time of the two selected CHRIS images over Cabauw and Brussels (see
Figure 1) and of the nearly simultanecous AERONET acquisitions. The corresponding values
of the solar zenith angle (SZA), the aerosol optical thickness at 550 nm (AOT@550 nm)
from AERONET data and from GEOS-Chem simulations, the water vapour (wv) and ozone
(O3) columns, and the quality level of AERONET data are also shown.

Cabauw Brussels
Date (dd/mm/yyyy) 10/05/2008 19/08/2009
Time AERONET (hh: mm) 10:27 (Level 1.5) 09:48 (Level 1.5)
Time CHRIS (hh: mm) 9:38 9:51
AOT@550 nm AERONET 0.149 0.122
AOT@550 nm GEOS-Chem 0.166 0.133
03 (gm™) 0.373 0.314
Wy (gm™?) 1.058 2.598
Zenith angle (°) 37 45

3. Methods
3.1. Atmospheric Correction

An important requirement for an accurate atmospheric correction is an appropriate selection of aerosol
loading and type. The aerosol optical thickness at 550 nm (AOT@550 nm) is widely used to describe the
aerosol loading [26-30]. The physically based atmospheric correction algorithm CHRIS@CRI needs, as
input, the aerosol AOD at 550 nm, the water vapour and ozone columnar content, and a standard or
user-defined aerosol type, defined by its size distribution function (SD) and the real (mr) and imaginary (mj)
part of the complex refractive index. The algorithm for the atmospheric correction of CHRIS images
was implemented following the method reported in Bassani et al. [21], as shown in Figure 2.
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Figure 1. The two RGB (R: channel 7; G: channel 4; B: channel 1) CHRIS images selected:
over Cabauw on 10 May, 2008 (red) and over Brussels on 19 August, 2009 (blue).

The at-sensor radiance definition [26] was used under the assumption of the isotropy surface to
neglect the influence of the solar and viewing angles on the surface reflectance. For each CHRIS channel,
the surface reflectance pg [21] is computed as:

0, = tgPatm — Proa 1
7 S(tgPatm — Proa) = tsty €]

In the equation, proa = wLv/pisEs is the top of atmosphere (TOA) reflectance, where Ly is the at-sensor

radiance, Es is the TOA solar irradiance, and s is the cosine of the solar zenith angle. The other quantities
in Equation (1) are the gas transmittance tg, the atmospheric reflectance pam (or path radiance), the
atmospheric spherical albedo S [19], and the total transmittance ts. The latter is obtained from the
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downward (t%) and upward (t*) direction components, each one composed of the direct and diffuse
component (¢ 4;7)-

INPUT AEROSOLOPTICAL
PROPERTIES
Aerosol model:
(SD, m,, m))
continental (6SV) Single
maritime (6SV) Scattering
urban (6SV) CHRIS@CRI Albedo
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Figure 2. The diagram of the methodology developed for the atmospheric correction
process of the two CHRIS images, using different aerosol models as input for the
CHRIS@CRI algorithm.

The radiative quantities are simulated by a pixel-by-pixel method over a scan-line with a spectral
sampling of 2.5 nm, covering the domain from 350 nm to 2.5 um by using the latest version of 6SV.
Since the pixel-by-pixel method requires a considerable computational processing time, the 6SV code
runs just for the viewing geometry on a selected number of pixels, equidistant along a scan-line. The
radiative quantities are then interpolated along the pixels of whole scan-line. The CHRIS@CRI
algorithm computes the convolution of radiative quantities on the spectral response of CHRIS channels,
assumed Gaussian with the central wavelength and the full width at half maximum (FWHM) provided
by the HDF file. Furthermore, the HDF file also provides the input for the viewing geometry of the
image: the longitude and latitude, observation azimuth, and zenith angles (see Figure 2). In the atmospheric
correction of satellite data in the visible and near-infrared channels, it is necessary to remove the
adjacency effect (see Figure 2) due to the reflection from neighbors’ pixels. The surface reflectance is
calculated applying the empirical formula used in atmospheric correction algorithms [21,26,27,29,30]

pA) = pg+%[pg—< Pg >] )
where < p, > is the mean of the pixels adjacent to the viewing pixel covering the CHRIS sensors’ swath
(13 km?).

As shown in the diagram of Figure 2, the runs of the CHRIS@CRI algorithm were performed with

all selected aerosol models: the 6SV aerosol standard types (maritime, urban, or continental), one



Remote Sens. 2015, 7 8397

provided by the AERONET inversion products, and one obtained from the GEOS-Chem model
simulations. The 6SV standard types (maritime, urban, and continental) are defined as a combination of

the four basic aerosol components: sea-salt, water-soluble, dust-like, and soot (see Table 2). For Aerosol
loading input, the values provided by AERONET and GEOS-Chem were considered.

Table 2. The volumetric mixing ratio of the four basic components (dust-like,
oceanic, water-soluble, and soot) for urban, maritime, and continental 6SV standard aerosol
models [19,33,37].

Dust-Like Oceanic Water-Soluble Soot

URBAN 0.17 0 0.61 0.22
MARITIME 0 0.95 0.05 0

CONTINENTAL 0.70 0 0.29 0.01

3.2. GEOS-Chem/FlexAOD Model

GEOS-Chem is a global chemistry-transport model (CTM) [38] for atmospheric composition
driven by assimilated meteorology from the Goddard Earth Observing System (GEOS) of the NASA
Global Modeling and Assimilation Office (GMAO). Here we use model version 9-01-03, which is freely
available online together with full documentation at http://geos-chem.org. The meteorological data
versions are GEOS-5 at a spatial resolution of 2° x 2.5° in the horizontal and 47 layers in the vertical
(from the surface to 0.01 hPa), with resolution degrading from ~100 m in the first km, to ~500 m in the
upper troposphere, and a few km in the mesosphere. Anthropogenic emissions of CO, NOx,
SO2, NMVOCs, and primary aerosols are derived from a combination of the global EDGAR v4.2
inventory (http://edgar.jrc.ec.europa.ecu/overview.php?v=42) and regional inventories as described at
http://geos-chem.org. Natural and biogenic emissions from vegetation, soils, volcanoes, and lightning
are also calculated.

The simulation of aerosol relies on work by [39,40] for the sulfate-nitrate-ammonium (SNA) and
carbonaceous fractions. SNA simulation was recently updated with the implementation of the thermodynamic
module ISORROPIA 1II [41] and the account for cloud water pH for in-cloud sulfate formation [42]. For
carbonaceous matter, the secondary organic aerosol (SOA) module was updated with the inclusion of
oxidation products from terpenes [43], isoprene [44], and aromatics [45]. Soil dust and sea salt simulation
are described in [46,47], respectively.

The calculation of aerosol optical properties follows the methodology developed by [48], with updates
on dust size distributions by [49]. In the version employed here, the GEOS-Chem model explicitly simulates
the mass concentration of the aerosol species, and optical properties are derived from the concentration
of six optical aerosol species (inorganic ions (sulfate + nitrate + ammonium), organic carbon, blank carbon,
sea salts, and soil dust) assumed as spherical and externally mixed. Each species is assigned relative
humidity (RH) dependent log-normal size distributions and refractive indices. Optical properties are then
interpolated from the extinction efficiency, the single scattering albedo, and the polynomial expansion
terms of the scattering phase function tabulated as a function of RH. The pre-calculated table is computed
using the MIE code by [50].



Remote Sens. 2015, 7 8398

In this work, the aerosol optical properties are calculated off-line using the post-processing tool
FlexAOD [51]. The GEOS-Chem optical properties are typically calculated online and the output is
given at one wavelength for the aerosol optical depth. The FlexAOD tool is used to repeat calculations
at all pertinent AERONET wavelengths (440, 675, 870, 1020 nm) and all input wavelengths in the 6SV
radiative transfer model (350, 400, 412, 443, 488, 515, 550, 590, 633, 670, 694, 760, 860, 1240, 1536,
1650, 1950, 2250, and 3750 nm). Moreover, the tool is used to calculate the total aerosol size distribution
interpolated on the 6SV size bins and column-average values of the refractive index, the single scattering
albedo, and the asymmetry parameter directly comparable to AERONET inversion products.

For each CHRIS scene presented in the manuscript, a GEOS-Chem run is carried out first in order to
simulate the aerosol fields for the specific time and location of the scene. The aerosol profile extracted
from the model grid point nearest to the scene is then used as input to FlexAOD to calculate the aerosol
properties needed to run 6SV and compare the data with AERONET products.

4. Results
4.1. Comparison of GEOS-Chem-FlexAOD Aerosol Simulation with Aircraft Campaign Observations

The GEOS-Chem chemistry transport model is employed in this work to represent a state-of-the-art
aerosol profile simulation, specific to the time and place of the satellite observation, to provide input
for the atmospheric correction algorithm. The skills of GEOS-Chem in reproducing the observed aerosol
profiles across the globe were summarized by [52], comparing simulations with measurements from 17
aircraft campaigns. Typically, sulfate concentrations are in the range of observed values, while organic
matter is underestimated by a factor of 3—4 in polluted regions (which are of main interest here). The
comparison of the campaign-average profile over the region of interest of this manuscript (Benelux) is
presented in [52] for sulfate and organic matter, using data collected during the EUCAARI-LONGREX
campaign [34] in the period of 622 May 2008. Here we present a comparison of our simulations with
selected profiles collected during the EUCAARI campaign in three days (6, 8, and 12 May), close to the
acquisition of the CHRIS image over Cabauw (10 May).

In Figure 3, we show the comparison of aerosol species' mass concentration, measured with the Aerosol
Mass Spectrometer (AMS) [53] and the Single Particle Soot Photometer (SP2) [54], with model results.
The three flights are chosen with the following criteria: (1) the flight path is an ascending or descending
vertical profile, i.e., long horizontal legs were not considered; and (2) the distance of the profile is within
100 km of Cabauw. This is to assure that we (1) test model skills along the vertical, which is the relevant
dimension for the aerosol radiative effects we are evaluating in this study; and (2) account for the model
horizontal resolution, which is approximately 200 km. Data are averaged in 200 m-thick altitude bins,
and presented as mean profiles with standard deviations.

Regarding the inorganic secondary species (sulfate, ammonium, nitrate), the model under-predicts
concentrations observed on 6 May, over-predicts those on 8 May, and is in the range measurement
standard deviation on 12 May. On the other hand, organic matter is systematically under-predicted.
The statistical summary of the comparisons presented in Table 3 confirms that the average model
fractional bias (MFB) of inorganic species is less than 10%. That the root mean square error (RMSE) is
substantially larger than the mean bias points out that the model bias is unsystematic rather than
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systematic for those species. The correlation of simulated concentrations with measurements is between
0.46 and 0.56 for those species, indicating a discrete capability of the model in reproducing the observed
variability. The model underestimates organic matter on average by a factor of two (MFB of —99%), and
this bias is largely systematic (RMSE is similar to MB). The deficiency in simulating organic matter is a
well-recognized problem of current CTMs and it is mostly attributable to unconstrained secondary organic
aerosol sources [55]. The variability of the observations is poorly represented (correlation of 0.17). The
black carbon concentration is overestimated by a factor of two (MFB of +91%), and the bias is systematic
(RMSE is almost equal to MB). The correlation is relatively poor at 0.15. Although a factor of two
uncertainty in reproducing black carbon (BC) observations is expected [56], we speculate that the
positive systematic bias may be due to a too-long BC lifetime in the model, which is due to an

underestimated wet deposition term as recently reported [57].
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Figure 3. Comparison of observed and modelled aerosol species profiles during May, 2008
over Cabauw. From left to right, the columns show the concentration of sulfate, ammonium,
nitrate, and organic matter in aerosol particles. STP refers to standard atmospheric conditions
of pressure and temperature (1 atm, 273 K). From top to bottom, results are show for three
flights on 6, 8, and 12 May, 2008, respectively. Data are averaged in 200 m—thick altitude bins,
and the error bars denote the standard deviation.



Remote Sens. 2015, 7 8400

Table 3. Statistical indices of the comparison of observed and modelled aerosol species
concentration relative to flights shown in Figure 3. Statistical indices are defined in the Appendix.

Sulfate = Ammonium Nitrate Organic Matter Black Carbon
MB (ug/m?) —0.58 -0.22 —0.18 -3.5 +0.31
MFB (%) -8.1 —6.6 —4.0 —99 191
RMSE (ug/m®) 1.7 1.1 2.9 4.8 0.33
r 0.46 0.46 0.56 0.17 0.15
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Figure 4. Comparison of observed and simulated scattering and absorption coefficient
profiles during the same flights shown in Figure 2. Data of flight on 6 May were not collected.
Model values were calculated capping the ambient relative humidity at 30% in order to be

consistent with measurement method [34].

In Figure 4, we compare the observed profiles of the scattering and absorption coefficients during the
flight shown in Figure 3 with model calculations. The scattering coefficient for dry aerosol at 550 nm
was measured by a TSI 3563 integrating nephelometer, while the absorption coefficient at 567 nm was
measured by a particle soot absorption photometer (PSAP) and corrected to 550 nm [34]. For consistency
with observations, model optical properties are calculated capping the ambient relative humidity to 30%.
These datasets are available only for profiles taken near Cabauw on 8 and 12 May. On § May, the model
is in the range of the observed scattering coefficient, but the shape of the profile is not accurately reproduced.
This is consistent with the model overestimation of inorganic aerosol mass between 1000 and 2000 m,
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and a general underestimation below 1000 m. The absorption coefficient is also well-reproduced by the
model. The result is somewhat surprising considering the overestimation of the black carbon profile
by a factor of two. We speculate that other absorbing material (e.g., primary organic carbon) substantially
contributes to the observed absorption coefficient, compensating for the model error on black carbon.
On 12 May, the model overestimates both the scattering and absorption coefficients. This is inconsistent
with the comparison of profiles on 8 May, because the model bias in terms of aerosol mass is similar on
the two flights. We could not identify, at present, a precise reason for this discrepancy. However, we
note that the profile was taken about 100 km to the northwest of Cabauw over the sea, while the profile
on 8 May was taken about 50 km to the southeast of Cabauw over the continent. We thus consider the
profile acquired on 8 May more representative of the model skills in showing the aerosol field over the

continental site of Cabauw.
4.2. Aerosol Microphysical and Optical Properties Comparison

The aerosol microphysical properties, i.e., the volume size distribution, and the real and imaginary
part of the refractive index, are used in the input file of the CHRIS@CRI atmospheric correction
algorithm to define the atmospheric model. Figures 5 and 6 show the comparisons between aerosol
microphysical properties obtained from AERONET data, the GEOS-Chem model, and from 6SV default
aerosol types for 10 May 2008 over Cabauw (CW) and for 19 August, 2009 over Brussels (BR).
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Figure 5. Aerosol volume size distributions from urban (red), continental (green), and

maritime (cyan) 6SV aerosol standard types, AERONET data (magenta), and GEOS-Chem

model (blue) corresponding to CHRIS images of 10 May, 2008 (solid line) over Cabauw

(CW) and of 19 August, 2009 (dashed-line) over Brussels (BR).

In Figure 5, the aerosol volume size distributions are compared. The distributions from AERONET,
GEOS-Chem, and 6SV continental are bimodal, while the other 6SV models are unimodal. The AERONET
size distribution does not show a clear prevalence of fine or coarse particle mode. In the GEOS-Chem
model, the distribution is mostly shifted to the fine mode, the peak concentration is a factor of 3—4 higher
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with respect to AERONET, but the diameter of the fine mode peak is consistent with inversion products.
The 6SV continental model has the same magnitude of the fine mode peak concentration, but is shifted
towards finer diameters with respect to AERONET. The 6SV urban fine mode is similar to that of continental,
but with doubled peak concentration. The 6SV maritime model does not have a fine mode and the coarse
mode is similar to that from AERONET. The GEOS-Chem and the continental coarse modes are shifted
towards smaller and larger diameters, respectively. The urban has no coarse mode.

In Figure 6, the real part of the refractive index shows values near 1.5 for AERONET data. It appears
spectrally constant for Brussels, while in Cabauw it increases to 1.54 for wavelengths higher than 0.7 pm.
The GEOS-Chem real part of the refractive index gradually decreases from 1.52 at 400 nm to 1.48 near
1 um. The 6SV continental values are in the same range of AERONET and GEOS-Chem, while urban
and maritime are higher and lower, respectively.
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Figure 6. Real (a) and imaginary (b) parts of the refractive index obtained from urban (red),
continental (green), and maritime (cyan) 6SV aerosol standard types, AERONET data
(magenta), and GEOS-Chem model (blue) corresponding to CHRIS images of 10 May, 2008
(solid line) over Cabauw (CW) and of 19 August, 2009 (dashed-line) over Brussels (BR).

For the imaginary part, AERONET data show in both sites spectrally constant values near 0.02. The
GEOS-Chem imaginary part is higher, near 0.03, while the 6SV continental and maritime models are
between 0.01 and 0.02. The urban model shows values near 0.1 over the whole spectral range, defining the
absorbing behavior of this aerosol type.

In Figure 7ab, the single scattering albedo (SSA) and asymmetry parameter (g) values are
respectively shown for values obtained by AERONET inversion products and for the values simulated
with MIE and AEROSOL subroutine of 6SV using microphysical properties alternatively from the five
aerosol models considered in this paper. The values obtained directly from AERONET measurements, as
inversion products, are completely superimposed on those obtained from 6SV calculations, as expected.

For the SSA, AERONET shows values near 0.9, while GEOS-Chem values decrease gradually from
near 0.85 to 0.6-0.7. The underestimation of the SSA with respect to AERONET is expected in the
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GEOS-Chem simulation, because of the overestimated concentration of the highly absorbing black
carbon, as reported in the previous section. The continental aerosol has values near 0.9, nearly
superimposed on those of AERONET, while urban and maritime values are higher and lower, respectively.
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Figure 7. (a) Single scattering albedo (SSA) and (b) asymmetry factor (g) retrieved from
AERONET and simulated with 6SV using microphysical properties from the five models.

On the 19 August, 2009 image, the asymmetry factor (g) for AERONET has values from 0.7 to 0.65,
while on the 10 May, 2008 image, they decrease to 0.6. The GEOS-Chem values are lower with respect
to AERONET and vary from 0.65 to 0.4, reflecting an enhanced presence of fine particles with respect
to AERONET. The continental aerosol asymmetry factors are close to 0.65, nearly superimposed on those
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of AERONET for the Cabauw scene. Finally, the urban and the maritime aerosols have spectrally
constant values of g, near 0.6 and 0.75, respectively, with the latter reflecting the prevalence of coarse
particles in its size distribution.

The analysis of the microphysical aerosol properties, considering data from models (6SV and
GEOS-Chem) and ground-measurements (AERONET), shows that they identify aerosol particles that
are extremely different in their volume distribution function. Moreover, AERONET and GEOS-Chem
show the same scattering behavior but with a higher-absorbing feature for the latter. The optical
properties (g and SSA) demonstrate that the AERONET data are comparable with those of a continental
aerosol as defined by the 6SV radiative transfer model, while for GEOS-Chem data analysis, the SSA
and g behavior does not uniquely identify a standard aerosol, with spectral results varying from
continental and urban standard types in both scenes.

The analysis of the microphysical and optical properties shows that the most sensitive parameter to
determine the aerosol optical properties and consequently, the radiative behavior, is the aerosol complex
refractive index. In fact, even if the volume distribution functions of AERONET and GEOS-Chem models
are different, the values of SSA and g seem to be influenced mostly by the relative values of the real and
imaginary part of the refractive index.

4.3. Reflectance Analysis
4.3.1. CHRIS@CRI Algorithm Validation

To validate the atmospheric correction algorithm CHRIS@CRI, the reflectance values obtained using
the reference tool BEAM [58], an open-source toolbox and development platform for the viewing,
analyzing, and processing of remote sensing raster data, were compared to those obtained by applying the
CHRIS@CRI algorithm using AERONET data for aerosol loading and aerosol microphysical properties.
To evaluate and quantify the comparison between the reflectance values, derive the percentage difference:

PAERONET — PBEAM

Ap,n = x 100
Pas = ( Domr ) 3)

This value was calculated for all spectral channels. In Figure 8, the results for the channel centered at
550 nm are shown for both scenes over Cabauw and Brussels. For the image over Cabauw, the analysis
of the percentage difference at 550 nm shows a mean value of 8% with a standard deviation of 2%, while
for the Brussels image, the surface reflectance map at 550 nm shows a mean value of 8.7% with a standard
deviation of 4.5%. The percentage differences for the other channels are presented in Table 4. The
channels 15, 16, and 17 centred at 874, 897, and 911 nm, respectively, are affected by water vapor
absorption and are not considered in the analysis. We focused our attention on the effect of the aerosol
model assumption on the atmospheric correction over land, considering only channels included in the
atmospheric windows. The highest differences are found near the bottom of the image, over an area of
very dark pixels, for which very small differences may result in large relative differences. The
comparison of CHRIS@CRI results is found to be consistent with BEAM reflectances within 10% at
other wavelengths, without any notable systematic bias. This lends confidence in the use of the
CHRIS@CRI algorithm.
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Figure 8. The surface reflectance percentage difference maps at 550 nm between reflectance
values obtained with CHRIS@CRI algorithm using AERONET aerosol data as input and
those obtained applying BEAM atmospheric correction reference tool for (a) Cabauw (red)
and (b) Brussels (blue).

Table 4. Mean and standard deviation of the relative differences of reflectance, obtained
with CHRIS @CRI algorithm using input from the AERONET model compared to those
obtained with the tool BEAM, for the CHRIS image over Cabauw (left) and Brussels (right).

Cabauw Brussels
CHRIS Channel Mean % Difference Standard Deviation Mean % Difference Standard Deviation
1 -10.0 8.1 -10.4 9.6
2 4.0 4.8 10.4 8.0
3 3.2 3.0 5.2 5.4
4 8.1 2.6 8.7 4.5
5 9.5 33 10.2 7.2
6 8.7 34 10.1 6.8
7 1.4 3.2 1.0 6.7
8 2.5 33 3.2 7.5
9 -2.0 1.9 6.7 3.9
10 -2.0 1.4 -3.8 2.1
11 -0.1 1.3 -0.1 1.7
12 1.5 2.4 2.6 1.5
13 0.6 3.0 1.0 1.2
14 -4.0 32 —4.5 1.1
18 —4.9 2.7 —5.8 0.5

4.3.2. Aerosols Microphysics on Reflectance at 550 nm

The aerosol radiative impact has been quantitatively investigated, comparing the reflectance obtained
by applying the CHRIS@CRI algorithm with the five different acrosol models illustrated so far. The aerosol
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loading is described by the aerosol optical depth at 550 nm from AERONET data for all cases except
GEOQOS-Chem, in which the simulated value is directly used. The aerosol model defined by AERONET data
is used as the reference, and the relative difference with its corresponding reflectance is used as a metric
to evaluate the differences among models:

P(c,um,f) — PAERONET

Ap(c,u,m,f) = ( ) X 100 4)

PAERONET

In Figure 9, the difference at 550 nm is shown, while in Table 5, the mean and standard deviation of
the differences in all pixels are reported. For both CHRIS images, the best agreement is achieved with
the GEOS-Chem model (near 0% difference for Cabauw and 0.3% + 1.2% for Brussels), and the continental
model (0.40% + 0.66% for Cabauw and 1.4% + 1% for Brussels). The urban and maritime aerosol
models overestimate and underestimate the surface reflectance value, respectively, as expected from the
analysis of the microphysical properties.
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Figure 9. Relative difference at 550 nm between the surface reflectance values obtained
from the CHRIS@CRI atmospheric correction algorithm with the continental (top left), the
urban (top right), the maritime (bottom left), and the GEOS-Chem (bottom right) models
and those obtained with AERONET data, used as a reference. The results are shown for
CHRIS images over (a) Cabauw; and (b) Brussels.
Table 5. Mean and standard deviation of the relative differences of reflectances obtained
with different aerosol models (continental, urban, maritime, and GEOS-Chem), compared to
those obtained with the AERONET model, for CHRIS images over Cabauw and Brussels.
Cabauw Brussels
Percentage L. Percentage L.
Aerosol Model Standard Deviation Standard Deviation
Reflectance Difference Reflectance Difference
Continental 0.39 0.66 1.4 1.0
Urban 9.3 3.7 7.7 3.1
Maritime —7.4 7.3 =5.00 34

GEOS-Chem 0.00078 0.00075 0.31 1.3
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4.3.3. Reflectance Spectral Behavior

To evaluate the capability of the atmospheric correction algorithm to reproduce the reflectance
spectral behavior, the surface reflectances obtained using the BEAM tool and applying to the
CHRIS@CRI algorithm using AERONET data and are presented for the Cabauw and Brussels images,
considering three different targets: a vegetated area, a bare soil area, and an industrial roof (Figure 10).
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Figure 10. On the left: the two RGB (R: channel 7; G: channel 4; B: channel 1) CHRIS
images over Cabauw (red) and over Brussels (blue), atmospherically corrected with the
CHRIS@CRI algorithm using AERONET data. On the right: the surface reflectance obtained
using the BEAM tool (black line) and applying the CHRIS@CRI algorithm using AERONET
data (pink line) for three different targets (vegetated area, bare soil area and industrial roof)
identified with the associated colored circles in the two images.

The two reflectance curves show the typical behavior expected for the three different targets. For the
vegetated area, the reflectance values are lower than 0.1 from 400 to 700 nm, while in the NIR channels,
they are higher than 0.3 for Brussels and 0.6 for the Cabauw target, respectively. The soil target displays
reflectance values increasing from 0.08 (at 400 nm) to 0.2 (for Cabauw) and to 0.3 (for Brussels) (at
1000 nm), while for the brighter target, the relative values vary similarly between 0.15 and 0.3 for both
scenes. A dip near 900 nm is evident in the CHRIS@CRI reflectance values. As already mentioned, the
CHRIS channels centred at 874, 897, and 911 nm are affected by water vapor absorption, and this specific
behavior is common to all aerosol models. The reflectance spectral behavior obtained with the two
methods is in agreement with the results of the surface reflectance percentage difference (Apas) analysis
shown in Section 4.3.1.

In Figure 11, the surface reflectance relative differences (Apumc.f) are presented as a function of
wavelength for the two images over Cabauw and Brussels, considering the same targets.
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Figure 11. Spectral relative differences of the atmospherically corrected CHRIS images of
(a) Cabauw and (b) Brussels calculated with the five aerosol models for vegetation (left),

bare soil (center), and industrial (right) pixel types.

For both scenes, the main percentage differences are in the first part of the spectrum from 400 to 700 nm,
reflecting the highest influence of aerosol scattering and absorption in the visible wavelength with
respect to those in the infrared. The Cabauw analysis confirms that the use of the GEOS-Chem and the
continental models for the atmospheric correction process provides similar reflectance to those obtained
using sun photometer data. The other models show higher differences in the first part of the spectrum,
from 400 to 700 nm, with 30% to 5% for urban and —20% to —10% for maritime models. The (Apum.c.f
values obtained for the brighter surface case (the industrial roof) are all within —10% and +10%.

For Brussels, the percentage difference values are higher, with values from —40% (for maritime aerosol
at 680 nm) to 60% (for urban aerosol near 500 nm) for the dark (vegetated) target, and from —10% to
10% for the brighter ones. The GEOS-Chem aerosol model displays the best agreement with Apr < 5%
throughout the whole spectral range, except in the first two channels for the vegetated area pixels. The
continental model has values similar to GEOS-Chem, except for the forest case, where the Ap has peaks
around 20% in the first two channels. The urban model shows the higher Ap in the whole spectral range,
except from 650 to 700 nm, where the Ap associated to the maritime model reaches comparatively higher
values. In particular, for the urban and maritime aerosol models, the atmospheric correction leads to an
overestimation and underestimation of the surface reflectance for all the CHRIS channels.

5. Conclusions

The CHRIS@CRI atmospheric correction algorithm was applied to two scenes from the
CHRIS-PROBA hyperspectral satellite instrument over land (Cabauw on 10 May 2008, Brussels on 19
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August 2009). The algorithm was used with five alternative aerosol models (one obtained from
AERONET inversion products, three from 6SV radiative transfer model standard types, and one
simulated with the chemistry-transport model GEOS-Chem) to evaluate their impact on the surface
reflectance retrieval. The reflectance derived from AERONET was chosen as a reference for the
inter-comparison of the results obtained from other models.

The GEOS-Chem aerosol simulation was compared with the EUCAARI-LOGREX aircraft campaign
observations over Cabauw in the period of 6-12 May 2008. The average model fractional bias of
inorganic species is less than 10% and the value of the root mean square error points out that the model
bias is unsystematic. The model underestimates organic matter, on average, by a factor of two and this bias
is proven to be largely systematic. The underestimation is consistent with current state-of-the-art
chemistry-transport models. Black carbon is overestimated systematically by a factor of two, probably
because of underestimated wet deposition fluxes. These results affect the microphysical characterization
leading to the underestimation of the SSA simulated by 6SV reducing the accuracy of the reflectance
retrieved by the CHRIS@CRI algorithm.

The general quality of the CHRIS@CRI algorithm was benchmarked against results obtained with
the standard BEAM software on the two images; we found differences in the spectral surface reflectance
of less than 15% and 10% for Cabauw and Brussels, respectively, which lends confidence to the use of
the algorithm.

The analysis of the relative differences between the surface reflectance calculated with the different
aerosol models displays a generally better agreement for the GEOS-Chem model and for the continental
6SV standard model. These results are consistent with the microphysical and optical properties of the
aerosol models. The AERONET data, for both CHRIS scenes, have aerosol properties mostly similar to a
continental standard type. The aerosol properties from the GEOS-Chem model are similar to AERONET,
but are more absorbing and have a size distribution shifted towards the fine mode. For these test cases,
the role of the real and imaginary part of the refractive index was shown to be more relevant to
determining the radiative behavior rather than the size distribution function. In fact, aerosol models
characterized by similar refractive index, but with very different volume size distribution, displayed a
similar optical behavior.

The comparison of retrieved reflectance by CHRIS@CRI using modeled and observed microphysical
properties and the reflectance obtained by aerosol standard types confirms the results shown by [59] in
case of water targets. Indeed, the darkest pixels as the forest targets (Figure 10) are more sensitive to the
microphysical properties adopted during the atmospheric correction.

The same analysis should be extended to other hyperspectral scenes, characterized by different
atmospheric conditions and aerosol properties. In particular, it would be interesting to consider an
atmospheric scene characterized by highly absorbing aerosol and characterized by a complex and
documented mixing state.

This work showed that the use of output from chemistry-transport models, which is now becoming
an operationally available quality product [51], may be fruitfully exploited in satellite retrieval algorithms.
In fact, this study revealed that the best performing model, with respect to the observationally based
atmospheric correction with AERONET input, is the detailed one, because it better reproduces the
characteristics, specific in space and time, of the aerosol field on the two scenes.
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Finally, this work provided a first evaluation of the impact of different microphysical properties on
the radiative field characterization and, consequently, on the retrieved reflectance, showing that the most
sensitive parameter is the aerosol complex refractive index.
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Appendix
Definition of Statistical indices Used in Table 3

Let Obs; and Mod, be the observed and modeled values at time 7, and N the number of observations.

e Mean Bias (MB):
N
MB = %ZModi — Obs,

i=1

e  Mean Fractional Bias (MFB):

ZN:( Mod, — Obs,

MFB:i
N ‘= Obs, +Mod, /2

)x100

e Root Mean Square Error (RMSE):

N
RMSE = \/% > (Mod, - Obs,)’

i=1

e The Pearson’s Correlation (7):

r= %ﬁ: Z,(Mod)Z.(Obs)

i=1

7(x) =228 —(X)

Ox

where X is a generic vector, Z(X) is its standard score, and ox is the standard deviation.
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