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Abstract: This paper presents the validation results of Aerosol Optical Depth (AOD) retrieved from
the Spinning Enhanced Visible Infrared Radiometer (SEVIRI) data using the near-real-time algorithm
further developed in the frame of the Satellite-based Monitoring Initiative for Regional Air quality
(SAMIRA) project. The SEVIRI AOD was compared against multiple data sources: six stations of
the Aerosol Robotic Network (AERONET) in Romania and Poland, three stations of the Aerosol
Research Network in Poland (Poland—AOD) and Moderate Resolution Imaging Spectroradiometer
(MODIS) data overlapping Romania, Czech Republic and Poland. The correlation values between a
four-month dataset (June-September 2014) from SEVIRI and the closest temporally available data for
both ground-based and satellite products were identified. The comparison of the SEVIRI AOD with
the AERONET AOD observations generally shows a good correlation (r = 0.48-0.83). The mean bias
is 0.10-0.14 and the root mean square error RMSE is between 0.11 and 0.15 for all six stations cases.
For the comparison with Poland—AOD correlation values are 0.55 to 0.71. The mean bias is 0.04-0.13
and RMSE is between 0.10 and 0.14. As for the intercomparison to MODIS AOD, correlations values
were generally lower (r = 0.33-0.39). Biases of —0.06 to 0.24 and RMSE of 0.04 to 0.28 were in good
agreement with the ground-stations retrievals. The validation of SEVIRI AOD with AERONET
results in the best correlations followed by the Poland—AOD network and MODIS retrievals. The
average uncertainty estimates are evaluated resulting in most of the AOD values falling above the
expected error range. A revised uncertainty estimate is proposed by including the observed bias
form the AERONET validation efforts.

Keywords: SEVIRI; AERONET; MODIS; Aerosol Optical Depth; validation

1. Introduction

It is widely known that small particles suspended in the atmosphere (aerosols) have
profound effects on human health [1] and the physical environment. The aerosols’ effects
on the physical environment emerge as a result of their ability to both scatter and absorb
incident solar radiation and modify cloud properties. Because the impact of aerosols on
climate is an uncertain topic [2], aerosols are the subject of intensive research [3].

The aerosol optical properties can be measured directly using ground-based measure-
ments or derived from remote sensing observations. While both in-situ and ground-based
measurements of aerosol properties provide high precision data, their spatial coverage
is limited [4]. To cover this shortcoming, satellite imagery provides continuous spatial
and temporal products regarding aerosol properties being the best practical solution for
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obtaining global aerosol properties. Nevertheless, the wide variety of sensors, retrieval
algorithms, aerosol models and radiative transfer calculations, all contribute to higher un-
certainty estimates as opposed to other retrieval methods and instruments [5,6]. Retrieval
errors can be induced by sensor calibration issues [7]. Differences in aerosol optical models
may induce retrieval uncertainties based on regional and seasonal aerosol trends [8].

The aerosol optical depth (AOD) is the vertical integral of the aerosol extinction co-
efficient from the earth surface to the top of the atmosphere [9], representing the relation
between the aerosol loading and radiation. Over time, a series of methods for AOD retrieval
over land have been developed for different detectors: Polar orbiting single view—Total
Ozone Mapping Spectrometer - TOMS [10,11]; Advance Very-High Resolution Radiometer—
AVHRR [12,13]; Sea-viewing Wide Field-of-view Sensor—SeaWiFS [14-16]; Moderate Res-
olution Imaging Spectroradiometer—MODIS [16-21]; Ozone Monitoring Instrument—
OMI [22-25]; Visible Infrared Imaging Radiometer Suite—VIIRS [26,27]; Polarization and
Directionality of the Earth’s Reflectance—POLDER [28,29]; Atmospheric InfraRed Sounder—
AIRS [30,31]; Infrared Atmospheric Sounder Interferometer—IASI [32]; MEdium Resolution
Imaging Spectrometer—MERIS [33,34]; Ocean Land Colour Instrument—OLCI [35]; dual
view: The Advanced Along Track Scanning Radiometer—AATSR [33,36,37]; Sea and
Land Surface Temperature Radiometer—SLSTR [38,39]; multi angle: Multi-angle Imag-
ing SpectroRadiometer—MISR [40—-43]; limb view: SCanning Imaging Absorption Spec-
troMeter for Atmospheric CHartographY—SCIAMACHY [44,45]; OMPS [46,47]; Strato-
spheric Aerosol and Gas Experiment—SAGE [48]; Optical Spectrograph and InfraRed
Imaging System—OSIRIS [49,50]; lidar: Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) [51,52]; Geostationary—Geostationary Operational Environmental Satellite—
GOES [53-55]; Spinning Enhanced Visible and Infrared Imager—SEVIRI [56-59]; The
Advanced Himawari Imager—AHI [60-62]. A comprehensive list of satellite instruments
used for column AOD retrieval and/or aerosol extinction profiles can be found in the
scientific literature [63,64].

Satellite AOD related products, however, are characterized by high uncertainties in
the retrieval of aerosol properties over land than ocean due to higher surface reflectance, as
well as considerable temporal variability and spatial disturbances of this parameter [57].
Palacios-Pefia et al., 2018 [65] evaluated the AOD representation of different satellite
sensors, where MODIS AOD showed the best agreement with AERONET observations.
When applying similar algorithm principles to similar sensors, significant differences can
be expected in the datasets [13,17,26]. These differences increase when comparing products
from different sensors and algorithms [66]. The approach to cloud masking is also a bias
source when comparing datasets from similar retrieval algorithms [67,68].

The temporal resolution of data is determined by the satellite type: polar orbiting
satellites have poor temporal resolution due to their long revisit time, while high temporal
resolution is provided by geostationary satellites. The Meteosat Second Generation (MSG)
geostationary satellites monitor Europe with the use of the Spinning Enhanced Visible
and Infrared Imager (SEVIRI) instrument, measures radiance with a high time resolution
(15 min) and a good spatial resolution of 3 km in nadir. SEVIRI-based AOD data product
is validated in this paper. In order to improve the quality of the data concerning the
aerosol properties retrieved by satellites, a comparison of the data provided by different
instruments is generally conducted. Several studies [5,57,69-74] are focused on joint use
of satellite and ground-based observations, mostly collected within the Aerosol Robotic
Network—AERONET [75]. Intercomparison of satellite datasets may be challenging. In
some cases, datasets may end up being mismatched by different retrieval resolutions,
spatial, temporal and channel (wavelength dependent) inconsistencies [5,6]. However, a
multi-sensor validation approach is essential for improving aerosol retrieval algorithms
while also highlighting their limitations.

It is much more challenging to estimate AOD from geostationary satellite retrievals
than it is to do so based on data acquired from low earth orbit satellites [76]. However,
advances in retrieval algorithms for geostationary satellites are found in scientific literature,
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with direct applications of SEVIRI data [29,56,57,59,77-82]. The main advantage in these
approaches is the higher temporal resolution that the geostationary satellites provide,
e.g., [58]. Other works focus on climate data records based on daily and monthly estimates
of SEVIRI AOD over land and ocean surfaces [83].

Zawadzka and Markowicz 2014 [57], developed one- and two-channel algorithms for
deriving AOD from a synergy of satellite and ground-based observations, using data from
Poland measured between 2009 and 2011. They found a good correlation between the AOD
data retrieved from SEVIRI and the sun photometer observations with bias values between
0.01-0.02 and root mean square error values of about 0.05 for both one- and two-channels
methods. Their method was further developed within the SAMIRA project [84] into a
near-real-time (NRT) AOD retrieval algorithm for the domain of Poland, Romania, Czech
Republic and Southern Norway. Moving forward, we will use the term SEVIRI NRT to
denote the NRT retrieval of AOD for SEVIRI irradiances at 531 nm. The algorithm is
described in detail in [58].

The current paper deals with the validation of the SEVIRI NRT AOD data against
ground-based measurements (AERONET and the Poland—AOD Network) which are inher-
ently not affected by surface reflectance compared to satellite retrievals. The uncertainty
estimate described in [58] is also evaluated in this paper. An intercomparison between
SEVIRI and MODIS AOD is also performed to add to the robustness of the results.

The paper is structured as follows. In Section 2, data use and the methods proposed are
described for both ground-based (AERONET and the Poland-AOD Network) validation
and for the intercomparison between satellite retrievals (SEVIRI and MODIS). In Section 3,
we discuss the validation and intercomparison results based on each individual approach.
A revised uncertainty estimation is also discussed in this Section. Finally, the paper is
summarized and concluded in Section 4.

2. Data and Methods
2.1. Data

This Section describes the data used in the validation and intercomparison of the
SEVIRI AOD with data from two ground-based networks (AERONET and the Poland-
AOD Network) and with MODIS data, respectively.

2.1.1. SEVIRI AOD Retrieval Algorithm and Data

The SEVIRI instrument on board Meteosat Second Generation 2 is monitoring aerosol
loadings over land at high temporal and spatial resolutions [85]. The MSG2 is a geostation-
ary satellite developed by the European Organization for the Exploitation of Meteorological
Satellites (EUMETSAT) in collaboration with the European Space Agency (ESA). The SE-
VIRI instrument collects data in 12 spectral channels in the visible, near-infrared and
thermal-infrared part of the spectrum (between 0.635 and 13.4 um), although the AOD data
analysed in this study is derived from radiance measurements conducted within channel
1 (635 nm). The visible Earth disk as seen by SEVIRI is contained in 3712 x 3712 single
pixels, each pixel being roughly a 5 x 5 km; actual size of the pixel varies with geographical
position [57]. The spatial resolution of AOD values from the NRT application used in
validation is between 4.5 x 5 km and 5.5 x 5 km depending on geographical positioning,
with a temporal resolution of 15 minutes.

Regarding the SEVIRI AOD retrieval algorithm [57], it is important to mention that
the removing of cloud-contaminated pixels was the first step and was done in accordance
with a method developed by [86]. The next step, specifically for the one channel retrieval,
was to determine the surface reflectance for a reference clear day (T.f) using radiance and
aerosol optical properties. The AOD on reference days is obtained from the Copernicus
Atmospheric Monitoring Service (CAMS) AOD forecast product which is corrected using
ground-based observation (AERONET and Poland-AOD Network) and the optimal in-
terpolation method [87]. Note that, the AERONET and Poland-AOD network data are
not used for correcting the SEVIRI-AOD, but for correcting the CAMS data. Moreover,
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this is done for different days than those used for the AOD calculations. The next step
requires a minimization function, of the difference between the look-up tables and SEVIRI
measured reflectance, in order to estimate the surface reflectance. As a result, AOD values
are retrieved for several days following the reference day [58].

The degree of uncertainty of the retrieved AOD is dependent on the specific conditions
of a particular day: when the difference between a clear day (T.) and a polluted day (Tret)
is high, the uncertainty is low (2-9%), while in the other case, when the retrieval is done
throughout a day with low AOD values (Tt = 0.2) the uncertainty varies from 4% to
23% [57]. A similar variation in the uncertainty of the retrieved AOD is manifested in
accordance with the time of day: lower uncertainty for early morning (9-17%) and higher
uncertainty for midday (12-35%). The SEVIRI NRT uncertainty estimations were achieved
using a threshold approach which was less time consuming than analytic calculations. The
total AOD uncertainty consisted of five components: surface reflectance estimates, AOD
on the reference day, the AOD derived on the calculation day, cloud edges factor, and
so-called “other sources” related to aerosol atmospheric parameters. Thus, the total SEVIRI
AOD uncertainty amounts to =10 % to 40 % of the SEVIRI pixel level AOD. A detailed
description of the SEVIRI AOD uncertainty estimation procedure can be found in [58].

2.1.2. Ground-Based Remote Sensing Data (AERONET and Poland-AOD)

The analysis was performed on data collected between 1 June and 30 September 2014.
The SEVIRI AOD validation was done against six ground-based stations from AERONET
and three stations from the Poland—AOD Network (Figure 1, the AERONET sites locations
indicated as red squares and the Poland-AOD sites as blue triangles). The stations represent
different orography (flatland, costal, mountains) and characteristics (urban, rural).
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Figure 1. Ground stations used in the SEVIRI NRT AOD validation in the framework of SAMIRA.

Within the AERONET network, the measurements were made with the Cimel Elec-
tronique 318A sun photometers (675 nm) at four stations in Romania: Cluj, lasi, Eforie and
Bucharest and two in Poland: Belsk and Strzyzow. We used AERONET version 3 and AOD
level 2 data, which was automatically cloud-cleared and manually inspected, with pre- and
post-field calibration applied. Within the Poland—AOD Network, the measurements were
made with the Multifilter Rotating Shadowband Radiometers MFR-7 radiometers (613 and
674 nm) at three stations: Warsaw, Sopot and Strzyzow.
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2.1.3. MODIS Data

The Moderate Resolution Imaging Spectroradiometers (MODIS) onboard NASA's
Terra and Aqua platforms have been retrieving aerosol parameters since 2000 and 2002,
respectively [20]. The polar orbiting satellites perform daily overpasses at 10:30 and 13:30
local solar Equatorial crossing time [88]. The 3-km product offers several parameters,
such as total AOD at 550 nm and fine mode fraction, based on the spectral fitting error.
Detailed descriptions of the Dark Target retrieval algorithm are presented extensively in
the literature [17,89-95]. The 3 x 3 km AOD product selected for this study provides the
highest quality assurance confidence (QAC) for AOD at 550 nm, QAC = 3 over land and
QAC > 1 over ocean surfaces [21,96]. The estimated uncertainty for 66% of retrievals over
land fall within £0.05 £ 0.20 AOD [21]. This product was chosen for validation purposes
since SEVIRI AOD product offers similar spatial resolution of (roughly 5 x 5 km SEVIRI
vs. 3 x 3 km MODIS) and retrieval wavelengths (635 nm SEVIRI vs. 550 nm MODIS).

2.2. Methods

In this section, we provide a description of the methods used for the validation and in-
tercomparison of the SEVIRI-AOD against ground-based networks (AERONET and Poland-
AOD) and MODIS data, respectively. This section also describes the spatial and temporal
matching method between datasets and presents the uncertainties estimation approach.

2.2.1. Validation Methodology against Ground-Based Networks (AERONET and
Poland—-AQOD)

The analysis was performed on data collected between 1 June and 30 September 2014.
AERONET and Poland-AOD datasets were refined in order to allocate the closest in time
columnar AOD value corresponding within 15 minutes to each SEVIRI measurement. The
validation of the SEVIRI AOD data was done by comparing the overlapping pixel with the
ground stations observations. The spatial collocation was done by matching the spatial
coordinates of the AERONET stations to the centre coordinates of the nearest SEVIRI
AOD pixel. Given that the SEVIRI AOD pixel resolution did not exceed 5.5 x 5 km, the
distance between the pixel centre and the AERONET station could not exceed 3.72 km. In
the case of AERONET stations collocated data was not available for each SEVIRI AOD
measurement due to spatial and temporal mismatching. Regarding the Poland—AOD
Network, corresponding measurements were available for most of the SEVIRI AOD data.
The number of collocated data points on a single cloud-free day in a single location is at
maximum of 19 and of 15, respectively, for the SEVIRI retrieval window in the morning
(5:00-9:45 UTC) and afternoon (13:00-16:45 UTC). On average, clouds would affect 50% of
the potentially available data points in summer and up to 80% in winter. Given the fact that
ground-based measurements are considered reference for this study, a comparison was
conducted between the data provided by the AERONET and Poland-AOD networks in
order to determine the consistency of the data. This analysis was conducted for Strzyzow
station where AOD values were available from both, the Cimel (675 nm) and the MFR
7 (674 nm) instruments. The AOD for both instruments was not converted to the same
wavelength because the bias values are influenced in minor proportion by the different
wavelengths at which data were collected (102 order of magnitude). Thresholds for the
minimum values of the AOD derived from columnar ground-based measurements are
commonly used, e.g., [97]. In this paper, an AOD value of 0.15 at 675 and 674 nm was used
as a lower limit for comparisons.

In order to determine if the SEVERI uncertainties are correctly estimated, the delta
values were calculated for each pair of measurements using the following formula:

A = (AODsgyiri — AODAERONET)/Sqrt (02SEVIRT + 02 AERONET + O2RE) )
~ (AODsgyiri — AODAERONET)/ OSEVIRI

where AODggyir; is the SEVIRI pixel level AOD, AODagroNET is the AOD retrieved
from direct sun photometer measurements, osgyr; is the uncertainty of the AODggyry,
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OAERONET is the uncertainty of AODagroNET, and oRg is the uncertainty associated with
the representativity error of the AERONET site. AERONET AOD is substantially more
accurate than satellites products, therefore it is well justified to neglect the uncertainty in
AERONET observations [98]. If, in addition, we disregard the possible issues with their
ability to represent a satellite pixel area, the “error” in the retrieval can be approximated by
the difference between the satellite and AERONET retrievals. Representativity errors are
not accounted for in the SEVIRI AOD data product, therefore, for this simplistic uncertainty
validation approach, we neglected them, even though they can be significant for some
sites [99]. If A is normally distributed, 68.3 % of values should fall within the range
[—1, +1]. If the fraction is smaller, then uncertainties are underestimated, if it is larger, then
uncertainties are overestimated.

2.2.2. Intercomparison Method with MODIS Data

SEVIRI AOD retrievals data from 1 June and 30 September 2014 were selected for
comparison with MODIS AOD data. The interval chosen for the intercomparison was
constrained to this period considering the algorithm limitations such as low elevation
angles and cloud cover during late autumn, winter and early spring conditions. The current
data availability would not be sufficient to draw long-term climatological conclusions at this
stage of development. The SEVIRI measurements windows in the morning (5:00-9:45 UTC)
and in the afternoon (13:00-16:45 UTC) correspond to the Terra/MODIS (morning) and
Aqua/MODIS (afternoon) measurements as follows: 8:30-10:30 UTC, Romania domain;
9:00-11:00 UTC, Poland and Czech Republic domain, for Terra; no retrieval matches within
a one-hour window of the Aqua overpass (10:30-12:30). Hence, a temporal overlap can
be achieved at maximum of twice per day (two matching datasets), since SEVIRI is a
geostationary orbit, while Terra and Aqua are polar-orbiting satellites.

The availability of MODIS and SEVIRI data for a specific region does not always
overlap. The differences are in the geometrical configuration of overpasses, their timing
and spatial resolution. The given intervals of the SEVIRI measurements windows in the
morning (5:00-9:45 UTC) and the afternoon (13:00-16:45 UTC) are strictly related to the
limitations of the SEVIRI algorithm, that are discussed in detail in [57,58]. Mainly two
of them are related to the given above retrieval windows: the low solar elevation angle
(limiting observations during wintertime and in early morning and late evening) and the
solar angle close to zenith (limiting observations around noon). The average area for each
domain is described in detail by [58]. Spatial collocation was done using a closest-pixel
approach where each SEVIRI AOD pixel was matched with the closest MODIS AOD pixel.
If the dataset from Terra was retrieved within one hour or less of any of the SEVIRI datasets,
the two closest datasets were matched. The SEVIRI temporal resolution is 15 minutes;
however, due to algorithm constraints, not all the 15-minute slots were compared with
the corresponding Terra or Aqua overpass. In cases where there was no exact matching
timestamp, the two closest datasets were used, but in this case the difference in time
was thresholded in order not to exceed one hour. In some cases, since the retrieval area
from the MODIS granule did not always correspond to the entire surface domain of the
selected country, it was necessary to use two MODIS granules, at 5 minutes time interval,
overlapping the entire domain. Matching datasets from MODIS and SEVIRI may result in a
low spatial overlap due to cloud cover variability. In cases were cloud screening resulted in
less than 50% of SEVIRI total pixel count for any given domain area the matching datasets
were discarded. A further selection criterion was applied specific to each domain based on
daily SEVIRI total pixel count. Thus, to maintain a high statistical relevance, we selected
matching datasets in which the number of collocated MODIS pixels represents at least
50% of the total number of SEVIRI AOD pixels, on any given day for any given domain.
Following the recommended threshold for “clean” reference days, AOD values <0.15 were
discarded [58]. Daily cases that satisfy the criteria were constructed from one SEVIRI
dataset and one matching MODIS dataset, specific to each of the three domains.
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In order to assess how SEVIRI uncertainties are estimated, the following equation for
each pair of matching AOD pixels to MODIS was used:

Y = (AODsgyir1 — AODnmopis)/sqrt (6°sgvirt + 02MODIS), )

where AODggyigy is the SEVIRI pixel level AOD, AODyjopis is the MODIS pixel level AOD,
osgviri is the uncertainty of the AODggyr; with values ranging from £0.1 AOD to £0.4
AOD depending on surface reflectance, AOD on reference day, AOD on calculation day,
cloud edges and other sources [58] and onopys is the uncertainty of the AODyopis with
values ranging from +(0.05 + 0.20 AOD) [21]

3. Results and Discussion
3.1. SEVIRI AOD vs. Ground-Based Networks Validation

We validated the SEVIRI AOD against AERONET and Poland AOD ground-based
AOD observations.

A preliminary analysis was conducted for Strzyzow station to compare the AOD
values using both Cimel (675 nm) and MFR 7 (674 nm) instruments. The results presented
in Table 1 show very good correlations between data provided by the two instruments
with a low bias of 0.002 and RMSE of 0.01. Values are also in good agreement with those
obtained by [100].

Table 1. Summary statistics: Poland—AOD vs. AERONET AOD.

Station N r Bias RMSE
Strzyzow 375 0.979 0.002 0.01

This shows that the same validation approach can be used for both ground-based
AOD observations.

3.1.1. SEVIRI AOD vs. AERONET Network

The number of analysed pairs varies between 122 at Strzyzow and 295 at Bucharest
for validating the AOD of SEVIRI against AERONET. These data, along with the average
uncertainty and the correlation coefficient (r) are listed in Table 2 along with the mean bias
(Bias) and the root mean square error (RMSE). When RMSE and mean bias have similar
values, this can be an indication of the presence of systematic errors.

Table 2. Summary statistics: SEVIRI AOD (635 nm) vs. AERONET AOD (675 nm).

. SEVIRI AERONET SEVIRI Mean .

Station N Mean AOD  Mean AOD Uncertainty (%) ! Bias RMSE
Cluj 277 0.26 0.12 18.5 0.57 0.13 0.15
Tasi 261 0.25 0.13 20.7 0.61 0.13 0.15

Eforie 149 0.29 0.14 21.3 0.83 0.14 0.16
Bucharest 295 0.27 0.18 21.7 0.48 0.09 0.12
Belsk 167 0.26 0.16 17.7 0.69 0.10 0.11
Strzyzow 122 0.24 0.13 18.1 0.53 0.11 0.13

The correlation plots of the AERONET AOD measured at the Romania and Poland
sites with the SEVIRI AOD pixel, for each site location, are plotted for the observation
period of June-September 2014 in Figure 2.

For the Romanian AERONET AOD sites, the correlation coefficient (r) ranges between
0.48 at Bucharest and 0.83 at Eforie, with the mean bias of 0.09 and 0.14, respectively. Sites
in Poland registered correlations ranging from 0.53 to 0.69 with a mean bias of 0.11 and
0.10 respectively. The different correlation values between the sites could be explained by
the different reflectance values specific to the land cover and orography within the satellite
pixel. Higher land cover homogeneity within a single SEVIRI pixel results in better surface
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reflectance estimation. For example, the AERONET station in Cluj-Napoca is in an urban
area; however, the collocated pixel overlaps a larger area which also includes forest and
agricultural lands resulting in higher uncertainty of the surface reflectance estimation.
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Figure 2. Correlation plots of the AOD (675 nm) measured in the Romanian AERONET sites in
Bucharest, Cluj-Napoca, Eforie and Iasi, and Polish AERONET sites in Belsk and Strzyzow versus
the SEVIRI AOD pixel (635 nm) derived for these locations during the period of June-September
2014. The red line shows linear fit.

3.1.2. SEVIRI AOD vs. Poland-AOD Network

A second analysis was conducted by comparing SEVIRI AOD to Poland-AOD ground-
based measurements. The number of colocations ranged from 130 at Sopot to 238 at Warsaw.
The main reason for the smaller number of collocations is that the Strzyzow station is
located on a hilltop, therefore the results could be influenced by the orography, while Sopot
is located very close to the Baltic coast being affected by unfavourable weather conditions
such as a high frequency of cloud cover. The correlation coefficient (r) ranges between
0.57 at Sopot and 0.71 at Warsaw (613 nm). For the 674-nm channel, the correlations were
slightly lower, 0.55 at Sopot to 0.68 at Warsaw, as listed in Table 3. The mean bias ranges
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between 0.04 at 613 nm in Sopot and 0.13 at 674 nm in Warsaw. Correlation plots for the
three Poland—-AQD stations are seen in Figure 3.

Table 3. Summary statistics: SEVIRI AOD vs. a geostationary Poland—-AOD.

Mean Mean . .
Station N SEVIRI AOD AOD r r Bias Bias RMSE RMSE
Mean AOD 613 nm 674 nm 613 nm 674 nm 613 nm 674 nm
613 nm 674 nm
Strzyzow 176 0.24 0.15 0.14 0.60 0.60 0.06 0.08 0.10 0.11
Warsaw 238 0.27 0.17 0.13 0.71 0.68 0.09 0.13 0.10 0.14
Sopot 130 0.26 0.18 0.15 0.57 0.55 0.04 0.07 0.11 0.13
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Figure 3. Correlation plots of the AOD measured in the Poland-AOD network sites in Warsaw Sopot
and Strzyzow at 613 nm (left) and 674 nm (right) versus the SEVIRI AOD pixel (635 nm) derived for
these locations during the period of June-September 2014. The red line shows linear fit.

3.1.3. SEVIRI AOD Uncertainties Validation

The number of A values within the [—1, +1] range (expected errors) for measurements
at each station can be consulted in Table 4. Values for this interval ranged from 2.68 to
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12.54 (%). The A distribution summarized for Poland and Romania is shown in Figure 4,
considering the different thresholds of SEVIRI uncertainties. The values are randomly
distributed, but generally above the [—1; +1] interval, an indication that the SEVIRI AOD
uncertainties are underestimated.

Table 4. AOD uncertainties distribution (AERONET - 675 nm; POLAND-AOD - 674 nm).

Station N No. of A Values between [—1;+1] Percentage (%)
AERONET
Clyj 277 8 2.88
Eforie 149 4 2.68
Tasi 261 10 3.83
Bucharest 295 37 12.54
Strzyzow 122 5 4.09
Belsk 167 10 5.98
POLAND-AOD
Strzyzow 176 8 4.54
Warsaw 238 8 3.36
Sopot 130 12 9.23
m <015 m <015
15-20 15-20
57 . A 2025 (%) 5] "k " A 2025 (%)
4 K, , v 2530 4 8 ° o v 25-30
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Figure 4. Expected error distribution versus SEVIRI AOD values for Poland (left) and Romania
(right). Uncertainty thresholds, <15 to >30 (%) are represented by different coloured symbols.

3.2. SEVIRI NRT AOD vs. MODIS Level-2 AOD Intercomparison

From a maximum possible of 366 cases, the analysis was conducted on 35 cases,
following our selection criteria, for Romania, Poland and Czech Republic. The comparable
low number of co-located data is due to a multiple instances of high cloud coverage,
spatial and temporal mismatching, and the lack of the SEVIRI data in August for the
Czech Republic domain [58]. Table 5 shows the results representing the Romania domain.
Correlation values ranged from —0.13 to 0.66 with 13 out of 19 cases resulting in average
correlation between 0.33 and 0.66. We did not identify any obvious links between these
values and pixel count nor the temporal differences. Mean bias values ranged from —0.01 to
0.18 with one outlier of 0.23. RMSE values ranged from 0.04 to 0.21 except on 14 September
when it reached 0.26. In 6 of 19 cases more than 50% of AOD values fall within the expected
error, while the remaining 13 cases fall above the interval. This is to be expected, as
MODIS is known to underestimate instances of high AOD while overestimating lower
values [19,21]. Another factor responsible for these values above the interval is the strong
overestimation of AOD from the SEVIRI product, in particular for the Romanian domain, as
seen in the SEVIRI-AERONET comparison from Section 3.1.1. Since low AOD values (<0.15)
were discarded, all but one case showed an overestimation of SEVIRI AOD retrievals.
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Table 5. Statistics: SEVIRI AOD vs. MODIS AOD—Romania.

pue M Number GUL OIS Bas  Ruse BELOW  EE ABOVE
AOD AOD

14-August 50 8352 0.24 0.23 0.35 0.01 0.08 2.1 88.3 9.6
12-August 15 5078 0.31 0.34 0.66 —0.01 0.04 10.4 83.9 5.7
21-August 55 4775 0.24 0.22 0.45 0.01 0.08 1.8 84.8 13.4
23-June 45 1750 0.23 0.23 -0.13 0.01 0.11 7.3 78 14.7
3-August 55 7404 0.29 0.24 0.06 0.05 0.13 5.0 63.5 31.6
18-September 35 6237 0.22 0.13 0.28 0.09 0.12 0.2 51.5 48.3
1-August 60 6211 0.28 0.18 0.38 0.11 0.14 1.6 46.3 52.2
30-June 5 2858 0.22 0.13 0.44 0.08 0.12 1.6 46.5 51.9
2-September 50 3886 0.37 0.19 0.44 0.13 0.17 0.1 43.5 56.4
10-June 60 5572 0.31 0.18 —-0.07 0.14 0.20 2.7 43.1 54.2
9-June 20 5220 0.30 0.19 —0.07 0.11 0.17 57 41.7 52.6
8-September 0 3672 0.33 0.18 0.50 0.15 0.18 0.1 31.6 68.4
30-August 5 4227 0.26 0.12 0.52 0.14 0.16 0 26.9 73.1
9-September 40 6833 0.37 0.19 0.36 0.18 0.21 0.8 30.7 68.5
11-September 15 6214 0.38 0.20 0.36 0.18 0.21 0.1 27.7 72.3
27-August 0 2950 0.31 0.15 0.38 0.16 0.19 0.1 28.4 71.5
6-September 5 2811 0.26 0.12 0.48 0.17 0.20 43 27.2 68.5
2-July 40 3323 0.27 0.11 0.22 0.16 0.18 0.2 21.3 78.5
14-September 60 3367 0.44 0.21 0.63 0.23 0.26 0 12 88

Table 6 shows eight cases analysed for the Czech Republic domain. Like Romania, the
results show no obvious correlations linked to the number of AOD pairs or the average
temporal differences between SEVIRI and MODIS datasets (At). Since this domain was
smaller, the number of successful pixel matches was also lower as opposed to the other
domains. Apart from the case of 8 June, correlations ranged between 0.29 and 0.58. Apart
from 11 June averaging higher RMSE and bias values, the remaining cases showed bias
values of —0.06 to 0.13 and RMSE values up to 0.19. In 4 out of 8 cases, more than 50%
of AOD values fell within the expected error range while the remaining 4 cases showed
values above this range.

The low number of cases, 8, for the Poland domain was mainly due to cloud coverage.
Judging by the values in Table 7, a similar overestimation of SEVIRI AOD values can be
identified. Six out of eight cases showed correlations of 0.22 to 0.72, while the remaining
two showed negative values. Like the Czech Republic, four out of eight cases showed more
than 59% of AOD values within the expected error range while in the four remaining cases
more than 50 % of values fell above the range. RMSE values ranged from 0.09 to 0.21 and
bias values ranged from 0.02 to 0.19.

Visual representations of the AOD differences (SEVIRI-MODIS) were constructed to
better assess their spatial distribution. Figure 5 shows these differences represented for
the Romania domain, while Figure 6 presents the differences form the Poland and Czech
Republic domains. RGB images were also used to identify the presence of clouds and thin
cirrus formations which may have contaminated the AOD retrievals.
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Table 6. Statistics: SEVIRI AOD vs. MODIS AOD—Czech Republic.

Mean Mean
Date ( n’fitn) ljf“g::sr SEVIRI MODIS r Bias RMSE BEEEL(O%V)V (E/OE) ‘?;;?;: )E
AOD AOD
7-July 5 1325 0.27 0.25 0.58 0.02 0.09 13 87.6 11.1
17-September 60 1683 0.29 0.29 036  —0.006 0.11 109 79.1 9.9
5-September 35 2147 0.25 0.32 041  —0.06 0.11 238 73.6 26
19-July 5 1596 0.40 0.31 0.41 0.09 0.17 42 60.5 353
20-July 35 1955 033 0.19 0.34 0.13 0.19 0.4 435 56.1
10-June 0 2781 0.31 0.18 0.29 0.13 0.16 0.3 39.4 60.3
8-June 5 3169 0.26 0.17 0.02 0.09 0.13 17 39.4 58.8
11-June 60 1498 0.46 0.22 0.4 0.24 0.28 0.3 19.6 80.1
Table 7. Statistics: SEVIRI AOD vs. MODIS AOD—Poland.
Mean Mean
Date ( nfitn) 1:;‘[21::: SEVIRI MODIS r Bias RMSE BEEEL(O%V)V (E/S /;1;(();: )E
AOD AOD
7-September 35 4993 0.37 0.34 0.72 0.03 0.09 1.1 86.1 12.8
9-July 45 4157 0.28 0.23 0.42 0.05 0.08 1.9 77.8 20.3
8-June 5 8496 0.26 0.21 0.22 0.05 0.1 3.1 65.4 315
2-August 0 3475 0.37 0.35 014 0.2 0.16 175 59.2 23.4
3-August 45 3280 0.35 0.23 006 012 0.18 3.9 45.7 50.4
16-September 30 5215 0.41 0.26 0.71 0.15 0.18 03 421 57.7
18-September 20 9429 0.32 0.18 0.6 0.14 0.16 0 36.7 63.3
17-September 30 9867 0.39 0.20 0.67 0.19 0.21 0.1 19.8 80.1

In some cases, MODIS and SEVIRI AOD values can be influenced by the presence
of sub-visible cirrus that can escape the algorithm’s cirrus mask [101-104]. Other cloud
contamination source arises in the presence of bright subpixel clouds [105]. Instances of
thin cirrus contamination were identified on 23 June; 3, 12 and 14 August, resulting in
local overestimations of MODIS AOD values (Figure 5, blue pixels). However, in most
cases we identified an overestimation of SEVIRI values. This was especially true in regions
of Romania with higher surface reflectance such as croplands in the East and West as
opposed to darker vegetation in the Central and through the Carpathian regions. This
is to be expected as for darker surface it is easier to estimate AOD, than for bright ones,
since dark targets have a smaller contribution to the signal received by the sensor. For days
with low AOD, 0.15-0.20 (according to MODIS), the largest differences in the regions were
obtained. This difference may also be the result of higher AOD reference values used in
SEVIRI retrievals for the corresponding reference days. In the case of 1 August and 14
September, differences within other regions may be attributed to a larger temporal offset
and the presence of subpixel clouds.

For the Poland domain, the case on 2 August is an example of cirrus and cloud edge
contamination in the MODIS retrievals thus resulting in negative differences. Cases from
16,17 and 18 September may have been influenced by cirrus contamination in both MODIS
and SEVIRI retrievals. The larger differences corresponded to Western regions where sub-
visible cirrus clouds were present and the central region where MODIS retrieved low AOD
values. Despite some areas with significant differences in these three consecutive days there
were good correlations between the two methods (0.60-0.71). The Czech Republic domain
was also affected by cirrus and subpixel cloud contamination on 5 and 17 September
resulting in negative differences. In the remaining cases, there were no obvious reasons
to describe the random distribution of biases. One important factor contributing to low
correlations was the lack of ground-based measurements in Czech Republic. These datasets
are used in the optimal interpolation method for estimating surface reflectance.
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Figure 5. AOD differences between SEVIRI and MODIS for the Romania domain.

By comparing Figures 5 and 7, one can identify some instances of large differences that
resulted from cloud edge contaminated pixels and are evident in Figure 7 where SEVIRI
uncertainty values are much higher. Other areas with higher uncertainty values represent
parts of Romania where surface reflectance estimates are higher (croplands). In cases of
negative differences (MODIS cirrus contaminated pixels) SEVIRI uncertainties are also
generally higher, between 20% and 30%. It seems that for days, with low cloud coverage,
such as 9 and 11 September, uncertainties are less than 15% in the matching areas with
higher differences. This may be a result of overestimations of surface reflectance.

Higher uncertainty values are generally seen for Poland and the Czech Republic in
instances with cloud edge contamination, as seen in Figure 8. While in the case of the Czech
Republic higher differences were in general agreement to higher uncertainty estimations,
for Poland this was not always the case. For the cases of 16, 17 and 18 September, lower
uncertainty values were seen over areas covered by thin cirrus. Larger differences were
identified in regions with clear skies and moderate uncertain values, 15-20%. It is unclear
at this point as to what caused these large differences, over 0.2 AOD. However, since these
events were observed over three consecutive days, we may assume that higher AOD values
from one reference day may have been a contributing factor.

The statistical distributions of SEVIRI AOD, MODIS AOD and AOD differences
specific to each domain can be seen in Figure 9.
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Figure 6. AOD differences between SEVIRI and MODIS for the Poland and Czech Republic domain.

Mean SEVIRI AOD values ranged from 0.30 to 0.34, while MODIS AOD values ranged
from 0.18 to 0.23. AOD distributions from both sensors are positively skewed with SEVIRI
skewness values ranging from 0.63 to 1.32, while MODIS skewness values ranged from
0.52 to 0.74. Regarding AOD differences (SEVIRI-MODIS) we obtained a near Gaussian
shape for all three domains with average bias values of 0.08 for the Czech Republic and 0.10
for Poland and Romania. It should be noted that these bias values were also influenced by
the decision to exclude low AOD (<0.15) from the statistical analysis. This factor increased
the average bias by 0.03 (Romania) to 0.05 (Poland and the Czech Republic). Standard
deviation values were also high ranging from 0.12 (Poland and Romania) to 0.14 (Czech
Republic). This fact may in part be attributed to the low number of cases and subsequent
AOD differences. RMSE also averaged high values 0.14 for Poland and 0.15 for the Czech
Republic and Romania domains. In most cases, the largest differences were identified in
areas with low AOD according to MODIS and moderate AOD according to SEVIRI. One
factor influencing SEVIRI bias was the use of different wavelengths in the AOD retrievals,
550 nm by MODIS and 635 nm by SEVIRI. However, this bias is larger if we account for
the spectral shift of AOD magnitude given by the Angstrom exponent. For the given time
period and the selected domains, the average value of the Angstrom exponent (440/675 nm)
was 1.59. This would relate to an increase in the bias by 0.04 for the Czech Republic and
0.05 for the Poland and Romania domain. It should be mentioned that the MODIS 3 km
product is less robust than its 10 km counterpart and may exhibit higher uncertainties
for low AOD situations [19,21]. Compared to the AERONET statistics from Poland and
Romania, the high bias and RMSE values generated by SEVIRI versus MODIS seem to be
in good agreement. However, the AERONET data sets account for a much lower number
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of AOD retrievals the trend in bias and RMSE values was very similar. The same bias
trend was identified compared to the Poland-AOD network; however, bias values were
slightly lower. The latest validation efforts for the MODIS 3 km AOD product [19], for the
European region, suggest good correlations with AERONET, mean r of 0.79, mean bias and
RMSE of 0.043 and 0.11 respectively. However, biases are slightly larger for the MODIS
Terra sensor. Compared to the SEVIRI-AERONET validations discussed in this paper the
values seem to be in better agreement considering the relatively low number of collocations.
In the cases of MODIS comparison, overestimation of SEVIRI values may also be attributed
to factors such as surface reflectance estimates, different cloud masking techniques, spatial
and temporal inconsistencies, retrieval geometry and the limited amount of statistical data.

Romania

Figure 7. SEVIRI AOD uncertainty (UNC in %) specific for the Romanian domain.
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Figure 8. SEVIRI AOD uncertainty (UNC in %) specific for the Poland (upper) and Czech Republic (lower) domains.

3.3. Discussion on the Error Estimates for the SEVIRI NRT AOD

The estimated error of the SEVIRI NRT product was described in [58] and it addresses
the random error that was estimated to be 10% to 40% of AOD. The AERONET validations
in Section 3.1.1 indicate a strong overestimation of SEVIRI NRT AOD, also evident from
the Poland—AOD comparison in Section 3.1.2. This bias representing systematic errors
results in most of the A values falling above the [—1,+1] interval, as shown in Figure 5.
The comparison with MODIS AOD, in Section 3.2., shows a better distribution of AOD
values; however, the expected error range is not as stringent as in the case of AERONET
and Poland-AOD.

Based on the bias values obtained in Section 3.1.1 we adjusted the SEVIRI estimate
error accordingly: 0.12 + (£10 to +40 % of AOD), where 0.12 represents the mean bias
value according to the AERONET validation of the SEVIRI NRT AOD applications. The
results of the uncertainty evaluation are presented in Table 8.

When correcting the estimate error, we can see that a significant number of AOD
values fall within the error range. For the evaluation of SEVIRI AOD against AERONET,
between 75.8% (Cluj-Napoca) and 94.6% (Bucharest) of AOD values satisfy the error range.
For Poland-AOD, between 81.1% (Warsaw) and 94.5% (Strzyzow) of AOD values fall
within the range. For the comparison with MODIS AOD, between 79.8% (Romania) and
83.8% (Czech Republic) of values fit the range criteria. Judging by these results, the
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uncertainty range described by [58] could benefit from a bias adjustment. For a better
estimation of the overall bias the validation efforts would also require a sensitivity test to
different spatial and temporal averaging windows [21]. The limited time interval chosen
for the study, 1 June-30 September 2014, could not account for seasonal differences. Thus,
a further expansion of the SEVIRI NRT datasets would be beneficial for the evaluation of
systematic errors and overall uncertainty estimations.
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Figure 9. Distribution of SEVIRI AOD (left), MODIS AOD (centre) and AOD differences between SEVIRI and MODIS for
Romania, Poland and Czech Republic.

Table 8. Comparison between the SEVIRI NRT AOD estimated error [58] and the bias-corrected estimated error.

Estimated Error
+10 to £40 % of AOD

Bias Corrected Estimated Error
0.12 + (£10 to =40 % of AOD)

Location
BELOW EE (%) ABOVE BELOW EE ABOVE
EE (%) EE (%) EE (%) (%) EE (%)
AERONET

Clyj 0.0 29 96.8 0.0 75.8 23.8
Eforie 0.0 2.7 97.3 0.0 80.5 19.5
Tasi 0.0 3.8 96.2 0.0 81.2 18.8
Bucharest 5.8 12.5 81.7 1.0 94.6 44
Strzyzow 0.8 41 95.1 0.0 90.2 9.8
Belsk 1.2 6.0 92.8 0.0 94.0 6.0
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Table 8. Cont.

Estimated Error Bias Corrected Estimated Error
. 410 to +40 % of AOD 0.12 + (£10 to +40 % of AOD)
Location
BELOW EE (%) ABOVE BELOW EE ABOVE
EE (%) ° EE (%) EE (%) (%) EE (%)
Poland-AOD
Strzyzow 2.3 4.5 93.2 0.6 91.5 8.0
Warsaw 0.0 3.4 96.2 0.0 81.1 18.5
Sopot 0.0 9.2 90.8 0.0 90.0 10.0
SEVIRI vs. MODIS
Romania 2.1 48.4 49.6 04 79.8 19.9
Poland 24 49.6 48.0 0.6 80.5 18.9
Czech Republic 5.0 54.8 40.2 0.6 83.4 16.0

4. Conclusions

The study presents the validation of the SEVIRI NRT AOD product developed in the
framework of the SAMIRA project. The AOD data sets were compared against three differ-
ent instruments, AERONET, Poland—AOD network and MODIS over three domain areas
corresponding to Romania, Poland and the Czech Republic. The validation efforts were
conducted for a four-month period spanning from June to September 2014. Comparing SE-
VIRI AOD with AERONET AOD results in the best correlations followed by Poland—-AOD
network and MODIS retrievals. The AERONET data suggested good correlations (r) rang-
ing from 0.48 to 0.83 representing the four stations in Romania (Cluj-Napoca, lasi, Eforie
and Bucharest) and 0.53 to 0.69 from two stations in Poland (Belsk and Strzyzow). AOD
values where overestimated by SEVIRI retrievals registering a bias of 0.09-0.014 for the
sites in Romania and 0.10-0.11 for sites in Poland. Correlations between POLAND-AOD
and SEVIRI range from 0.55 to 0.71 on three separate locations (Strzyzow, Warsaw and
Sopot) with biases ranging from 0.04 to 0.13. RMSE values were in good agreement, 0.11 to
0.15 for AERONET and 0.10 to 0.14 for Poland—AOD network. MODIS AOD values did
not correlate as well with average r values of 0.33 for Romania, 0.35 for the Czech Republic
and 0.39 for Poland. However, average biases ranging from 0.08 to 0.1 and RMSE of 0.12 to
0.14 were in good agreement to the ground-stations retrievals.

On average, MODIS AOD values were larger when contaminated by cirrus and cloud
edges or sub-pixel clouds. As for SEVIRI retrievals, consistent biases were identified over
areas with higher surface reflectance such as croplands. Higher uncertainty estimations
seemed to correlate well with high AOD differences in case of cloud contaminated pixels.
However, this was not the case for cropland areas. Significant AOD differences may also
be attributed to spatial and temporal inconsistencies when matching satellite datasets. For
ground-based retrievals, the overestimation of SEVIRI AOD values can be attributed to a
multitude of factors such as wavelength inconsistencies, the limited amount of statistical
data, surface reflectance estimations and orography. The uncertainty evaluation for the
ground-based measurements shows that most values fall above the error range since SEVIRI
AOQOD values are overestimated. When comparing SEVIRI NRT AOD to MODIS AOD, more
values fall within the interval since this expected error range is larger. Based on the average
bias collected form the AEROENT validation, a correction to the random estimated error
was proposed. When applying this correction to the uncertainty evaluation we obtained the
following uncertainty estimate: 0.12 + (10 to £40 % of AOD). The difference is significant
for both ground-based and satellite comparisons. For the evaluation against the ground-
based measurements, between 75.8% and 94.6% of AOD values satisfy the revised interval.
The comparison between SEVIRI AOD and MODIS AOD shows between 79.8% (Romania)
and 83.8% (Czech Republic) of values that fit the new interval. Further work is needed to
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evaluate this bias when seasonal differences and different temporal and spatial collocation
criteria are considered.

In the framework of the SAMIRA project, the SEVIRI NRT AOD product was further
used as input data in order to derive near-surface hourly PM; 5 maps for the study areas.
Alongside the SEVIRI NRT AOD, WRF-CHEM model outputted aerosol species for the
domain areas have been grouped in order to reconstruct the aerosol components defined in
Global Aerosol Data Set (GADS) [106]. Mishchenko T-Matrix Inversion computation was
applied to calculate the mass-to-extinction conversion factors for a wide range of aerosol
classes in various humidity conditions and mass proportions. The data obtained from the
T-matrix Inversion code were saved in the form of a Look-up Table (LUT). The Mishchenko
code was run on 360.000 mixing ratios for the different species of aerosols that contribute to
PM, 5. Finally, the mass-to-extinction conversion factor from the LUT’s was used to derive
PM; 5 from the SEVIRI NRT AOD data. An extended overview on the role of the SEVIRI
AOD product in the SAMIRA project can be found in [84].
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