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Multispectral remote sensing may be a powerful tool for ardaetrieval of biogeophysical
parameters in the Arctic sea ice. The MultiSpectral Instruent on board the Sentinel-2
(S-2) satellites of the European Space Agency offers new pegbilities for Arctic research;
S-2A and S-2B provide 13 spectral bands between 443 and 2,202hm and spatial
resolutions between 10 and 60 m, which may enable the monitang of large areas of
Arctic sea ice. For an accurate retrieval of parameters suclas surface albedo, the
elimination of atmospheric in uences in the data is esserdgi. We therefore provide
an evaluation of ve currently available atmospheric corion processors for S-2
(ACOLITE, ATCOR, iCOR, Polymer, and Sen2Cor). We evaluatetresults of the different
processors using in situ spectral measurements of ice and snow and open water
gathered north of Svalbard during RV Polarstern cruise PSH)1 in summer 2017. We
used spectral shapes to assess performance for ice and snow wfaces. For open
water, we additionally evaluated intensities. ACOLITE, £DR, and iCOR performed well
over sea ice and Polymer generated the best results over opewater. ATCOR, iCOR
and Sen2Cor failed in the image-based retrieval of atmosphi& parameters (aerosol
optical thickness, water vapor). ACOLITE estimated AOT wiiin the uncertainty range
of AERONET measurements. Parameterization based on exteahdata, therefore, was
necessary to obtain reliable results. To illustrate consespnces of processor selection
on secondary products we computed average surface re ectamwe of six bands and
normalized difference melt index (NDMI) on an image subseMedians of average
re ectance and NDMI range from 0.80-0.97 to 0.12-0.18 whilemedians for TOA are
0.75 and 0.06, respectively.

Keywords: remote sensing, atmospheric correction, sea ice, A rctic, Sentinel-2

INTRODUCTION

The limited accessibility of Arctic sea ice makes satelétaate sensing an important tool for
synoptic observations in this region. The retrieval of partarg such as the spectral albedo of sea
ice or snow and properties of melt ponds and leads, relies on igdeéctormation; the retrieval

of optical properties of target surfaces and waterbodies fbe¥ds necessary. Optical sensors
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FIGURE 1 | Comparison of Sentinel-2A (S-2A) and 3A (S-3A) spatial coverage and resolution [contains modi e€opernicus Sentinel data (2017) processed by
ESA/EOMY].(A) Coverage of S-3A/OLCI and S-2A/MSI scenes, the red dot indicas the location of(B). (B) Ice oe acquired with S-3A/OLCI (300 m, RGB: 665, 560,
and 490 nm) at 2017-06-10 14:00:15 UTC.(C) The same oe acquired with S-2A (10 m, RGB: 665, 560, and 490 nmput 2017-06-10 14:58:01 UTC. (D) S-2A details.

such as the Advanced Visible High Resolution Radiometerstomina and Heygster (2017ublished a retrieval algorithm
(AVHRR; e.g.Huck et al. (2007)and the MODerate Resolution for sea ice albedo and melt pond fraction from S-3/OLCI
Imaging Spectroradiometer (MODIS; e.@Rpsel et al. (2012) observations. Despite a high temporal and spatial coverage
Tschudi et al. (200§)have long been used in Arctic researchof the abovementioned sensors (swath widths: AVHRR
(Pope et al., 2014; Nasonova et al., J@tadviding observations 2,900 km, MODISD 2,330km, S-3/OLCD 1,270km), their

of di erent parameters such as sea ice extent, sea ice thisknemarse spatial resolution (AVHRR: 1.1-4km, MODIS: 250-
and albedo. The Sentinel-3 satellites (S-3) from the Eunopeal,000 m, S-3/OLCI: 300 m) impedes detailed observationsaof se
Space Agency's (ESA) Copernicus program, carrying the Oceére features such as melt ponds and ridges, which exist at bpatia
and Land Color Instrument (OLCI), continue this tradition scales of meters to tens of meteiSigure 1). Studies based
(Donlon et al.,, 2012; Malenovsky et al., 2p1Recently, on optical sensors with a higher spatial resolution30 m),
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FIGURE 2 | S-2A MSI band widths, central wavelengths and spatial resations.

however, are rareMarkus et al. (2002)demonstrated the Radiative transfer through the atmosphere is strongly
potential of Landsat 7 ETK (L-7; 30m) for the classi cation inuenced by Rayleigh and Mie scattering as well as aerosol
of summertime sea ice surface conditions and retrieved thand gas absorption. This combination is particularly chadieg
spatial distribution of ponded/unponded ice and open waterover water areas, where the atmospheric path radiance is
(Markus et al., 2003 while Landy et al. (20140sed this sensor typically >85% of the total signal in oceanic waters60% in
to observe sea ice developmeRtisel (2013underlined that sediment-rich waters, ang 94% in very dark waterd @QCCG,
high resolution satellite data enable determining melfiegtures 2010Q. Low sun-zenith angles>(70 ) and correspondingly long
on Arctic sea ice and provide a basis for the comparisomtmospheric paths further aggravate the processing of dateeat t
with coarse resolution satellite data. The ECM3-bit sensor, beginning and the end of summer in high latitude©CCG,
however, showed saturation problems in the contrast-richtisr  2015. An adequate AC is therefore essential for the derivation
environment @indschadler et al., 2008; Rosel, 2013 of physical surface properties and follow-up multi-temporal
ESAs Sentinel-2 mission (S-2) o ers new opportunities foranalyses. Another challenge resulting from atmospheric feans
optical sensors in the Landsat-like spatial domain. S-2 st&isi and the scattering of radiation is the neighboring or adjame
of the twin satellites S-2A and S-2B, launched in 2015 and 201e ect, i.e., the scattering of light from neighboring suréadnto
respectively. Both satellites are equipped with the MultiSpéctrthe sensors eld of view resulting in information overlaytérckx
Instrument (MSI), which provides 13 spectral bands with a 12etal., 2015p Adjacency e ects depend on the brightness contrast
bit radiometric resolution in the wavelength region from 314 between a target pixel and its neighborhoéddhter et al., 2006
to 2,202 nm. Depending on the band, spatial resolution varie¥he Arctic sea ice is a mix of snow, ice, melt ponds and ocean
between 10, 20, and 60 raropean Space Agency, 2015, 20.18awater, with typical broadband albedos in the visible wavgtlen
Figure 2 illustrates the spatial and spectral settings of S-2Aegion (VIS) ranging from> 0.90 for fresh snow te 0.05-0.1
Compared to L-7, S-2 has a larger swath width (290 km) anébr ocean waterferovich et al., 1998Moreover, while being
geographical coverage reaches up to 88rth. The two S-2 negligible for wavelength regiomsl.5nm, the adjacency e ect
satellites are shifted by 18@n the same orbit, which results increases with shorter wavelength&dchter and Schlapfer, 20,7
in a return period of 5 days. In higher latitudes, overlappingi.e., the wavelength region used for water remote sensing is
swaths further increase the return period to up to one imagéeavily a ected. Due to the characteristic spatial mixturedan
per day European Space Agency, 2015, 2Q@apernicus EO high contrasts of deep, clear ocean waters, melt ponds, bdght
Support, personal communication). Due to the terrestrial focu and snow surfaces in the seaice, we expect the adjacencye ect t
of the S-2 mission, geographical coverage in the Arctic Oceamave a large impact on S-2 imagery of Arctic sea ice.
is currently limited to areas around islands but areas oéliast Several AC processors are available for S-2, and some papers
may be added to the Mission baseline “if su cient resourcesalready compared processors for lakes (edgsnhofer et al.,
are identi ed” (European Space Agency, 2D1Malenovsky 2016; Martins et al., 20170nly recently,Doxani et al. (2018)
et al. (2012mentioned the potential of S-2 for albedo retrieval, performed an inter-comparison of AC processors for di erent
derivation of snow properties and mapping of polynyas andsurface types in temperate and tropical zones. Yet, to our
leads; nevertheless, they also highlighted the demand f&nowledge, no study exists for Arctic sea ice; therefore, th
“precise corrections for atmospheric propagation, topographybjective of this paper is to evaluate the performance of AC
and directional re ectance behaviorMalenovsky et al., 20),2 processors for S-2 over dierent surface types in the Arctic
pointing to the importance of atmospheric correction (AC) of sea ice. For this, we processed S-2A data applying ve AC
optical remote sensing datdege et al. (2015lso emphasized processors (ACOLITE, ATCOR, iCOR, Polymer, and Sen2Cor)
the importance of AC for the retrieval of melt pond fraction and and evaluated the results usimg situ data from open water
surface albedo. and ice oe surface measurements acquired during an RV
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FIGURE 3 | Location of S-2 granule(A) and ice oe (B) in the Arctic Ocean on June 10, 2017.
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FIGURE 4 | Speci ¢ surface area of snow at different locations between 217-06-04 and 2017-06-15.

Polarstern cruise in June 2017. We further investigate theesults in a decrease of the snow's speci ¢ surface &igare 4

in uence of di erent AC processors on the retrieval of apparentillustrates that melt occurred between June 4 and 10.

optical properties, i.e., surface re ectance and remote sgnsi

re ectance, which are used to retrieve parameters such as tifgmospheric Parameters

spectral albedo or NDMI. To provide input data for the dierent AC processors, we
used sun photometer measurements conducted on board of
RV Polarstern and published in the Maritime Aerosol Network
(AERONET-MAN, Holben et al., 1998 For later analysis, we

METHODS computed the aerosol optical thickness (AOT) at 550 nm from
Study Area the sun photometer measurements as:

Cruise Overview

During cruise PS106.1 RV Polarstern was moored to an ice oe D AOT (1)
north of Svalbard between June 3 and 16, 2(Higure 3). At (=550)

the beginning of the measurement period, snow and white ice

covered most of the oe. Some few ponds had already formed atith being turbidity, i.e., AOT at 550 nrAOT being the mean
pressure ridges but we did not observe any pond formation on th&OT at (500nm) and being the mean Angstrom exponent

at parts of the oe; bare ice was exposed only very occasionallypetween 440 and 870 nm. We further used data from the weather
Neither ponds nor bare ice were present near the measuremestation on board RV PolarsternS¢chmithtisen, 20)8Table 1

sites. Melting, however, started during the measuremenbpgeri summarizes minimum, maximum, mean and standard deviation
The specic surface area of snow samples from the top 1lef the atmospheric parameters used to atmospherically correct
2cm has been analyzed with an IceCube (A2 Photonic Sensotke S-2 data acquired on June 10, 2017 (details on S-2 data are
France) at di erent locations in the area of interest. Snowltme provided in section Sentinel-2 Data).
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TABLE 1 | Atmospheric parameters.

Parameter Unit Min Mean ( standard Max Data source

deviation)
Aerosol optical thickness at 550 nm -] 0.0217 0.0231 (0.0029) 0.0317 AERONET Microtops Level 2.0 data
Water vapor cm 1.1066 1.1415 ( 0.0226) 1.1881 AERONET Microtops Level 2.0 data
Visibility km 60 65.00 ( 2.2) 70 Weather station on board RV

Polarstern

(A) (B) "

FIGURE 5 | Measurement setups for ASD(A) and Ocean Optics (B) spectrometers. Photos: Natascha Oppelt.

In Situ Data rate <1nm. The spectrometers have also been attached to the
To validate the results of the AC processors, we performednd of a pole to avoid in uences of the polar suits on the
radiometric measurements of snow and ice covered areaseasurementsHigure 5B). For the Ocean Optics Instruments,
(section Snow and Ice Measurements on the Floe) as well as opere used a Labsphere Spectralon 99% di use re ectance standard
water (section Open-Water Measurements). Simultaneousl{tabsphere Inc., United States) as white reference. For both
to the radiometric open water measurements, we tooknstrument setups, we took reference measurements at ialerv
water samples for water constituent analysis (section Water 10 min and when illumination conditions changed. Before
Sampling). All measurements have been localized with Globabnducting a white reference measurement with the ASD, we
Positioning System (GPS) measurements (section Posigiasfi measured the Spectralon panel to control whether illumination

Sampling Points). has changed since the last reference measurement. If we

detected changes, we performed a visual quality check on all
Radiometric Measurements measurements since the previous white reference and deleted
Snow and ice measurements on the oe spectra with unusual shapes. We corrected the Ocean Optics

For spectral measurements on the oe, we used an ASeasurements forirradiance changes using the upwards pgintin
LabSpec5000 spectrometer (Analytical Spectral Devices Inggnsor. To account for the spatial heterogeneity within offe S
United States), covering the wavelength region from 350 tgixel, we either walked around during the measurement process
2,500nm with a 1nm spectral sampling rate. The ASD wasr performed measurements at di erent sites that we chose
equipped with an optical ber with a 23 eld of view (FOV) randomly.Table 2summarizes measurement dates, instruments
mounted to a pistol grip attached to a pole to avoid in uences ofand illumination conditions.

the polar suits during the measurementsdure 5A). We used

a Labsphere Spectralon re ectance standard with 95% di us®pen-water measurements

re ectance (Labsphere Inc., United States) as white referdnc In open-sea water of a polynya, we conducted radiometric
addition, we used a set of Ocean Optics STS-VIS spectrometeneasurements from the deck of the vessel using three
(Ocean Optics Inc., United States). The setup consists of twoyperspectral (380—950 nm) RAMSES sensors (TriOS GmbH,
synchronized spectrometers; one pointing downwards with a 1Germany). The sensors were arranged to measure downwelling
FOV and the other, equipped with a di usor, pointing upwards irradiance Eg), upwelling radiance just above the water surface
to track planar incoming radiation. Both instruments cover a(L,; sensor viewing angle of 40with 90 azimuth angle
wavelength region from 340 to 820 nm with a spectral samplingo the sun), and corresponding sky radiancégy). We
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TABLE 2 | Illumination conditions and instruments used. Positioning of Sampling Points

o N During the measurement periodTéble 2 the ice oe drifted
Date Instrument(s) used lllumination conditions . f

several tens of kilometers. To relocate all eld measuresigna

2017-06-05 ASD Diffuse, solar disk invisible satellite image, we performed a drift-correction. Threeieteiry
2017-06-07 ASD, 00 Variable GPS devices constantly tracked oe movementin a 10-s ialerv
2017-06-09 00 Diffuse, solar disk invisble  Additionally, we determined the locations of all sampling mtsi
2017-06-10 RAMSES Clear sky with GPS measurements (F5521gw, Ericsson, Sweden; Galaxy
2017-06-15 ASD, 00 Diffuse, solar disk visible S7, Samsung, South Korea; eTrex 10, Garmin, United States) in

the World Geodetic System 1984 reference system. To lottate a
ASD, Analytical Spectral Devices spectrometer; OO, Ocean Optics spaometer. measurements from di erent dates and times in a single gedell
image, we rst applied a Savitzky-Golay Iter to smooth the
positioning data of each of the stationary GPS devices; then w
calculated remote sensing re ectand&s, according to the used a second order polynomial to interpolate points in a 1-s
following equation: interval. In this way, we could allocate every eld measureime
to three stationary GPS positions. Using this data, we computed
the distances from every eld measurement position to each of
(2) the three stationary GPS devices at the respective time af dat
Eq acquisition €insitw). To nd the measurement locations on the
oe at the time of satellite overpass4eiitd We t the distances
The sea surface re ectance factordepends on the sun-viewing to the three stationary GPS devices aidjite t0 the distances
geometry and wind-dependent roughness of the surface. Windomputed ati, sity Using the method of least squares. Finally, we
was light to moderate, but the limited fetch reduced rougésie performed a visual quality control.
(mean square slope of the waves) compared to open sea. We
applied the usually recommended surface re actance factor @entinel-2 Data
Mobley (1999}o determine the mean re ectance, in this case  On June 10, 2017, clear sky conditions allowed acquisition of
D 0.0272. Moreover, we applied four di erent surface re ectances-2A data of the oe at 14:58:01 UTC. For this study, we
factors between 0.0176 and 0.080bley, 2015; Hieronymi, ysed the S-2 L1C top of atmosphere (TOA) re ectance product
2016 to account for potential e ects of reduced roughness andprocessing baseline: 02.@5jropean Space Agency, 2)1For
polarization. This methodical variability together wittt@oral  AC evaluation, we used S-2 bands which are in the spectraérang
changes of the single measurements were taken into accountdfthe eld instruments, i.e. S-2A bands 2—7 (490-783 nm) é& s
determine the standard deviation of tiresitu measurements. ice surfaces and bands 2—7 plus band 8A (490-865 nm) for the
We resampled all eld spectra to S-2A bands usingopen water surface. All processors provide a 10 m output, except
the spectral response functions and central wavelength§TCOR. Which only o ers a 20 m output. To provide spatially
(European Space Agency, 2018a,c comparable results, we therefore downsampled 10 m output data
to a spatial resolution of 20 m by 2 2 pixel block averaging.

L,.40, 90/  Lgy.40, 90/
R< 40,90 D — sky

Water Sampling

We took water samples from the polynya simultaneously to th&kegions of Interest

radiometric measurements. Water samples were ltrated an@h general, a point-by-pixel comparison is necessary for
optically analyzed in the ship's laboratory. We determined th an accurate validation of remote sensing data ina situ
spectral absorption properties using a PSICANI{tgers and measurements. With a steadily drifting oe, however, we are
Doer er, 2007, a QFT-ICAM (Rottgers et al., 20)6and a unable to assess precise accuracies of GPS measurements and
Liquid Waveguide Capillary Cell (World Precision Instrunien trilateration; we therefore dismissed a point-based vailihat
United States). During the S-2A acquisition on June 10instead, we dened a region of interest (ROI) for each
the 1.7C cold seawater had a salinity of34 PSU. The measurement Section by computing a circular bu er with a 20m
particle concentration was very low, yielding a total patéte radius around all GPS points belonging to one measurement
absorption coe cient at 440 nmay(440) of approximately 0.013 section. We de ned all pixels intersecting the respective bu e
m L. The colored dissolved organic matt€@OM) absorption  area to be one ROTable 3lists the respective number of pixels
at 440 nm, aggon(440), was 0.038 nt. The spectral shape of and eld spectra as well as the measurement device used for
the particulate absorption indicates only to the presence ogach ROI.

organic phytoplankton particles and no sediments; there is no Regarding the RAMSES measurements, we manually de ned
signi cant particulate and CDOM absorptioninthe nearinfed  one ROI in the open water area next to RV Polarstern and
(>700nm). The chlorophyll-a concentratiorCtil-a) from the excluded pixels with unusual shape presumably in uenced by
photometric measurements was 0.190(1) mg m 3; additional  oating ice. Figure Gillustrates locations of the respective ROIs.
measurements with an AlgaeTorch (bbe Moldaenke GmbH,

Germany) yieldedChl between 0.2 and 0.3mg rA. These Atmospheric Correction Processors

results con rm that the sampled water was very clear during th For our study, we selected common, publicly available AC
measurement period. algorithms. The level of user-controlled parametrizati@pdnds
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TABLE 3 | Number of pixels, number ofin situ spectra and measurement device.  and desert) and six water vapor column contents (0.4-5.0cm).
Varying ozone concentrations are addressed via an extraezo

ROI bate No.of spectra  No. of pixels  Device database. The dense dark vegetation method is used to derive
05A  2017-06-05 211 12 ASD AOT and the aerosol type can be estimated by comparison
058 2017-06-05 686 15 ASD of derived path radiance with MODTRAN standard aerosol
05C 2017-06-05 346 16 ASD ty.pes. WV is estlmated using the Atmospherlc. Ere-corrected
07A 0170607 177 . ASD Di erential Abso”rptlon algorithm. The resulting unit is “b@m
07B 2017-06-07 400 - 00 of atmosph_ere (BOA) re ectance_RQchter and Schlapfer,
07C  2017-06.07 100 ” 00 2017. The |r_1terfa?e hof ATCOR gwdehs_ Lhe uselr through the
09A 2017-06.09 150 20 00 paramgtrlzatlobr; of t eh proces”sor, V\tI)IC fega?(e; tc; Qddrﬁss
10A 9017-06.10 1,000 15 RAMSES emerging problems. T e small number of dark pixels in the
15A 9017-06.15 330 20 ASD image hampered an image-based retrieval of aerosol type and
AOT. A WV map could be generated, but values near the
158 2017-06-15 60 9 ASD .
15c 2017.06.15 60 17 ASD vessel were high (1.8cm) compared to the AERONET data.
To parametrize the processor in accordance to the AERONET
15D 2017-06-15 180 27 (e]e]

data, we therefore selected the pre-de ned maritime aerosol
00, Ocean Optics; ASD, Analytical Spectral Devices spectrometer for ed ROI (Figure  type and a stable WV of 1.0 cm, which is the closest selectable
3 shows the locations of ROIs). default value, compared to the AERONET data. Visibility as a
measure for AOT was set to 65 km. ATCOR considers adjacency
e ects as averaged re ectance of the neighborhood of a pixel
on the respective processor and is described in the followingRichter and Schlapfer, 20);7ts impact therefore depends on
Table 4summarizes the most relevant parameters. the dierence in re ectance of a pixel and its neighborhood

ACOLITE is developed at the Royal Belgian Instituteand decreases exponentially with increasing distance. Tbus,
of Natural Sciences and includes AC processors speci callecurrent spatial patterns, adjacency e ects remain similar a
designed for aquatic applications, e.g., it addresses di Uge sdi erent spatial scales; consequently, the absolute rang@ef t
re ectance at the water surface. We used the most recemtdjacency correction is uncritical. Therefore, we setkatiypical
version that applies a new dark spectrum tting AC byrange of 1km Richter and Schlapfer, 20L7The number of
default (Vanhellemont, submitted). The algorithm consigif adjacency zones remained unchanged (1). We further applied a
ve steps {/anhellemont and Ruddick, 20):8(1) Correction cirrus correction and selected the 20 m spatial resolutiotpou
of atmospheric gas transmittance and sky re ectance in the In this study, we also used iCOR version 0.1 in ESAs Sentinel
TOA signal; (2) Construction of a dark spectrum using theApplication Platform (SNAP; v5.0). iCOR, previously known
darkest pixels in each band; (3) Estimation of AOT at 550 nmas OPERA $terckx et al., 201}ais an AC processor for land
for di erent aerosol models (continental, maritime) by liady  and water as it accounts for the non-Lambertian re ectance
interpolating path re ectance from look up tables (LUTs) of water surfaces. The iCOR work ow comprises four steps
generated with the Second Simulation of a Satellite SignéDe Keukelaere et al., 201§1) Classi cation of land/water
in the Solar Spectrum—-Vector (6SV) radiative transfer modepixels; (2) AOT retrieval over land following the approach in
(Vermote et al.,, 1997 (4) Retaining the band resulting in Guanter (2006)and extension to adjacent water pixels assuming
the lowest AOT for each aerosol model; (5) AC with banda spatially homogeneous atmosphere; (3) adjacency correction
and model combination resulting in overall lowest AOT. This(4) AC using pre-calculated MODTRAN 5 LUTs based on a rural
approach is presumably more appropriate for ice surfaces thasmerosol modele Keukelaere et al., 2018 the current iCOR
the black short-wave infrared approach of previous versionSNAP version, WV is xed to 2.0 cm. Over water the adjacency
(Vanhellemont and Ruddick, 20).9nformation on precipitable e ect is corrected using the SIMilarity Environment Correati
water, atmospheric pressure and ozone concentration arfSIMEC) approach $terckx et al., 201%twhile over land the
obtained from ancillary data. Adjacency e ects are to someiser de nes a xed rangeSterckx et al., 2015a; VITO, 2017
extent addressed in the aerosol correction procedure, bet aiWe applied the adjacency correction and increased the default
not entirely extinguished\anhellemont and Ruddick, 20).8Ve  adjacency window for land surfaces to three pixels (testh wit
used the default parameterization but changed the WV defaularger values introduced a re ectance peak at 705 nm). Furthe
value to 1.14 cm according to the AERONET data. The outpuive adjusted the default AOT value to 0.02 according to the
of ACOLITE may be images of di erent re ectances such asAERONET data. Besides that, we used the default parameter
surface re ectance oRs with a 10 m spatial resolution, which setting. iCOR returns BOA re ectances in the native resiolut
was downsampled afterwards. of the respective band.

ATCOR (Atmospheric/Topographic Correction for Satellite  The polynomial-based atmospheric correction algorithm
Imagery;Richter and Schlapfer, 20)Ldses pre-calculated LUTs Polymer (Hygeos FranceSteinmetz et al., 20)1lis an AC
computed with the Moderate-Resolution Atmospheric Radiancg@rocessor for water bodies applicable to multiple sensors,
and Transmittance Model-version 5 (MODTRAN S)¢rk etal., including MSI and OLCI. Polymer is a spectral matching
2009 and image-based retrievals of atmospheric propertieslgorithm, which decouples the re ectance signal of the wate
The LUTs cover four aerosol models (rural, urban, maritimebody from atmospheric and water surface re ectance. It makes
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FIGURE 6 | ROl locations on the investigated oe. Background: S-2A streched pseudo-true color RGB image (RGB: 665, 560, and 490 nmspatial resolution: 20 m)
acquired at 2017-06-10 14:58:01 UTC.

TABLE 4 | Parametrization of AC processors used in this study.

Processor Version References LUT radiative Applied aerosol model  AOT retrieval WV retrieval Adjacency
transfer model correction
ACOLITE 20180419 {anhellemont, 2018; 6SV Image based: continental  Dark spectrum tting Ancillary dta No
Vanhellemont and Ruddick,
2018)
ATCOR-2 9.1.2 Richter and Schlapfer, 201)  MODTRAN 5 User-de ned: maritime User-de ned visibility: User de ned: 1.0cm  Yes
65km
iCOR 0.1 Sterckx et al., 2015a; VITO, MODTRAN 5 Fixed: rural Image-based Fixed: 2.0cm Yes
2017; De Keukelaere et al.,
2018)
Polymer 4.0 Steinmetz et al., 2019 Successive None (polynomial model lIterative coupled No Yes, through
Order of for atmospheric path ocean-atmosphere atmospheric
Scattering re ectance) optimization scheme correction
Sen2Cor 2.4.0.  Muller-Wilm, 2016 libRadtran User-de ned: maritime Image-based Image-based (=]

use of the observation that the sum of atmospheric patliequire an aerosol model@CCG, 201) One of the strengths
re ectance and adjacency e ects can be approximated by af Polymer is the possibility to retrievigs in presence of sun
polynomial consisting of three terms that address (1) non<glint, which leads to a higher yield of evaluable pixels coragar
spectral scattering or re ection, (2) ne aerosol scattgriand to other algorithms. Recently, the Polymer algorithm hasrbee
(3) molecular scattering and adjacency e ects, and does nahodi ed to improve results in high latitudesSteinmetz and
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Ramon, 201B In the processing chain, non-water surfaces argéhen calculate the slopes' Mean Absolute Error (slope MAE):
masked, i.e., Polymer has only been applied to ROI 10A. For this
study, the Polymer 10 m outputs were projected and resampled
to the Sentinel-2 grid using the Nearest Neighbor approach,
and spatially downsampled to 20 m resolution by 22 pixel

block averaging. with (i, ic1) being the slope of the BOA re ectance outputs

Sen2Cor is the Sentinel-2 Level-2A Prototype processor f%rf the respective AC processor aisl? S( ;, ic;) being the

land surfaces. For this paper, we used the stand-alone versig[bpe of the resampleéh situ re ectance between band;
of Sen2Cor 2.4.0, which also allows for an image-baseevelri and band ic1, respectivelyn is the number of band pairs.

of atmospheric parameters. Water vapor is derived with théVe further calculated the coe cient of determination (r?)sa
Atmospheric Pre-corrected Di erential Absorption algorithm the square of Pearson's correlation coe cient to evaluatear
applied to S-2 bands 8A and 9. Sen2Cor estimates AOT rrelations between the respective AC BOA output andithe

X0 o
slope MAED % S0 ic) S, ic) (@)
iD1

means of the dense dark vegetation method using the relatio tumeasurement:
of the re ectance in bands 4, 2, and 12. The image-derived 0 p o . L 1z
atmospheric parameters are then associated with pre-computegiD B. ipp RMSW.y/ Rnsiu ) RC. i/ RAC §(5)
LUTs generated by a libRadtran based radiative transferahod " ~ @ 5 N ———2 P —___ 2

f Rinsitu ./ Rin situ n RAC ./ RAC

iD1 | iD1 L

The LUTs include two atmospheric models (mid-latitude
summer and winter), two aerosol types (maritime, rural), Gix
four di erent WV column values and six ozone concentrations With RAC being the output of the respective AC processor and
(Miiller-Wilm, 2016. We chose the maritime aerosol type andR" *" being the re ectance of the resampletsitu spectrum at
selected the mid-latitude winter model atmosphere as sugdes band i (band 2-7)n is the number of bands.
in Harris Geospatial Solutions Inc (2018Ve activated the ~ For deep polynya water, we performed measurementof
variable visibility option and changed the default value5ké.  from the deck of the vessel parallel to the satellite overpass
under clear-sky conditions. No white referencing was neass
due to the measurement setup, which already integrates @sang
Performance Measures ~_in illumination conditions. We therefore compared resulting
We performed the spectral measurements on the oe withinyg ectance intensities. ACOLITE calculatBs, while ATCOR,
5 days before and after the satellite acquisition. llluri?® jcOR, SEN2COR and Polymer vyield surface re ectances.

conditions therefore diered for eld measurements and the The surface re ectances were transformed iRg following
satellite observation (see section Radiometric Measur&spen \jopey et al., 2018

which may a ect measurement result/élinka et al., 2016

Moreover, due to the dierent spectrometer setups described RAC

in section Snow and Ice Measurements on the Floe, ASD and RsD — (6)
Ocean Optics show varying sensitivities to changing illurtiora

conditions. The dierent FOVs result in varying sensitié  with RAC being the surface re ectance output of the respective
to changing sensor-surface geometries. An inter-compario  AC processor. We then computed MAE to account for di erences
ASD and Ocean Optics under eld conditions revealed mearn re ectance intensity according to:

di erences in surface re ectance of about 0.1; a comparison

of in situ spectra and BOA re ectances by means of classic 1 X c i situ
performance metrics such as bias or root mean squared error MAED Re(1) Re*™( ) (7
therefore is unreasonable. iD1

To identify systematic dierences between the respective . . . i
processors, i.e., the average tendency of the BOA re ectrancew'th Rgc being Rrs of the respective AC processor &F"

be larger or smaller than TOA re ectance, we computed théz)eglil _Rr? otfhthe resbamplfeg s:[ju s_ﬁ)_ectruT a;[ band; (banc?
percentage bias (PBIAS) as —8A); n is the number of bands. To evaluate correspondence

in spectral shapes, we computed slope MAE and r?, replacing
p surface re ectance with Rrs and expanding S-2A band selection
RS RTOA()) by band 8A.

PBIAS D 100 : 3)
ip1 (RTOA( 1)
RESULTS
with R and R™* being the bottom and top of atmosphere pye to the di erent measurement designs described above, we
re ectance at band;, respectivelyy is the number of bands. discuss the results for open water as well as snow and ice

Compared to the absolute values, spectral shapes are majgrfaces separately.
stable, especially at the beginning of the melt season and for
the visible wavelength region®¢rovich, 199% We therefore Snow and Ice Surfaces
evaluated the spectral shapes of ice and snow measurementskigures 7A,C,Eillustrates the mean shape and intensity of S2-
the oe, computing the slope between two adjacent bands and TOA re ectances, BOA re ectances of the respective AC
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FIGURE 7 | Mean resampledin situ spectrum, S-2A TOA spectrum and BOA outputs of different AC pcessors for ice and snow ROIS(A), respective standard
deviations (C) and spectral slopes(E). Mean resampledin situ spectrum, S-2A TOA and BOARys outputs of different AC processors for the open water ROl 104B),
respective standard deviationg(D) and spectral slopes(F).

processors and resampled situ spectra from snow and ice values and resemble each other in intensity and shape. Yet, in
surfaces. Due to the low variance, we computed the mearomparisontoiCOR, ATCOR BOA re ectances decrease slightly
spectra of all ROIs on the odn situ spectra show the typical with shorter wavelengths. ACOLITE BOA re ectances are lsiwe
shapes of snow and ice with maximum re ectances in thdor all ROIs and only 6.6% higher than TOA re ectances,
blue-green wavelength region and a decrease toward longen averageFigure 7E illustrates the slopes of the respective
wavelengths. Maximum meaim situ re ectances at band 2 spectra showing largest di erences for Sen2Cor (mean slope
(490 nm) range from approximately 0.8—-1.1 with high standardMAE: 1.17E-03); high slope MAE valuesTiable 5con rm this
deviations presumably resulting from a high spatial varigbil observation. ForiCOR (mean slope MAE: 2.64E-04) and ATCOR
on sub-pixel scale. Values are in line with eld measurementg¢mean slope MAE: 2.29E-04jigure 7Ehighlights di erences in
from other studies (e.gRerovich, 1998; Goyens et al., 2D18 bands 2—4 and similarities in bands 5-7. Overall, ACOLITE t
In comparison to the TOA spectrum, BOA spectra for all ACthe shape of the resampléul situ spectrum best, also indicated
processors show increased re ectances over the entire sppectr by low slope MAE values ifiable 5 (mean slope MAE: 1.92E-
For each ROI, Sen2Cor produces the highest BOA re ectance@4). Coe cients of determination inTable 5con rm this trend

also indicated by high PBIAS value3$able 5. On average, and are highest for ACOLITE (mear?: 0.9758), followed by
Sen2Cor BOA re ectances are about 30 % higher than TOATCOR (meanr2 0.9728) and iCOR (mear?: 0.9702), while

re ectances. BOA re ectances of iCOR (mean PBIAS: 10.8%) arf8ien2Cor shows the weakest linear relationship (m&ah9137),
ATCOR (mean PBIAS: 11.7%) are generally lower than Sen2Con average.
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TABLE 5 | Performance measures of resampled meaitin situ and BOA spectra for
different ROIs on the ice oe.

ROI AC Processor PBIAS r2 Slope MAE
05A ACOLITE 6.6 0.994026 1.41E-04
ATCOR 12.2 0.988867 2.07E-04
iCOR 11.0 0.981445 2.90E-04
Sen2Cor 30.0 0.919942 1.20E-03
05B ACOLITE 6.6 0.980658 1.90E-04
ATCOR 115 0.986336 1.71E-04
iCOR 9.3 0.987513 2.29E-04
Sen2Cor 29.8 0.923357 1.17E-03
05C ACOLITE 6.6 0.970177 1.61E-04
ATCOR 12.2 0.977065 2.27E-04
iCOR 12.5 0.982563 2.46E-04
Sen2Cor 29.5 0.923 1.16E-03
07A ACOLITE 6.6 0.981395 2.09E-04
ATCOR 12.2 0.975791 2.74E-04
iCOR 11.7 0.948195 3.71E-04
Sen2Cor 29.6 0.893718 1.22E-03
07B ACOLITE 6.6 0.986113 2.71E-04
ATCOR 11.7 0.981915 3.16E-04
iCOR 10.4 0.989948 3.70E-04
Sen2Cor 29.9 0.938893 1.25E-03
07C ACOLITE 6.6 0.877007 4.20E-04
ATCOR 10.4 0.844808 4.55E-04
iCOR 9.5 0.815684 4.98E-04
Sen2Cor 29.9 0.758376 1.35E-03
09A ACOLITE 6.6 0.99323 1.38E-04
ATCOR 12.5 0.995584 1.45E-04
iCOR 11.4 0.993827 1.35E-04
Sen2Cor 29.8 0.94577 9.98E-04
15A ACOLITE 6.6 0.990641 1.98E-04
ATCOR 12.4 0.994046 2.41E-04
iCOR 12.7 0.985452 2.95E-04
Sen2Cor 29.8 0.938485 1.18E-03
15B ACOLITE 6.6 0.985177 1.26E-04
ATCOR 12.2 0.990944 1.64E-04
iCOR 11.0 0.994962 1.62E-04
Sen2Cor 30.0 0.943851 1.06E-03
15C ACOLITE 6.6 0.988243 1.44E-04
ATCOR 10.3 0.985885 1.49E-04
iCOR 9.9 0.994527 1.74E-04
Sen2Cor 29.8 0.927905 1.13E-03
15D ACOLITE 6.6 0.987401 1.12E-04
ATCOR 105 0.980002 1.69E-04
iCOR 9.7 0.997854 1.39E-04
Sen2Cor 29.8 0.937539 1.13E-03
Mean ACOLITE 6.6 0.975824 1.92E-04
ATCOR 11.7 0.972840 2.29E-04
iCOR 10.8 0.970179 2.64E-04
Sen2Cor 29.8 0.913712 1.17E-03
Open Water

TABLE 6 | Performance measures of resampled mearn situ and Rys spectra for
respective AC processors in comparison with mean resampleéh situ spectrum at
ROI 10A.

AC Processor MAE r2 Slope MAE
ACOLITE 0.0202 0.9613 6.88E-05
ATCOR 0.0007 0.1848 1.78E-05
iCOR 0.0098 0.9709 2.17E-05
Polymer 0.0015 0.8497 1.54E-05
Sen2Cor 0.0128 0.9657 4.90E-05

intensities are one order of magnitude higher than thesitu
values, also demonstrated by high MAE values Table 6
High coe cients of determination (2 0.96), however, indicate

a strong linear correlation between resampiedsitu and Rys
spectra, although the spectral slope is di erent (slope MAE in
Table 6andFigure 7). iICOR averagB;sis almost 10 times higher
than averagé situdata (MAE 0.01), but spectral shape is more
similar compared to ACOLITE and Sen2Cor indicated by a small
slope MAE (2.17E-05) and high( 0.97). Polymer retrievels

are in the same order of magnitude as measuRadillustrated

by a small MAE of 0.0015, while ACOLITE, iCOR and Sen2Cor
overestimateRs. The lowest slope MAE (1.54E-05) indicates
that Polymer resembles the shape of thesitu spectrum most
accurately. The comparably weak correlatioh (0.85) results
from a drop of the spectrum in bands 5-8Ai@ure 7B). The
ATCOR output is also in the correct order of magnitude over
the full spectrum and has the smallest MAE and a comparable
low slope MAE. It has to be noted, however, that the spectral
shape in the visible range di ers, also indicated by a weak linear
correlation ¢2 0.18). The slope MAE is higher than for Polymer,
highlighting the di erence in shape in visible bands 2 (490 nm)
to 4 (665 nm).

Application Examples

To illustrate the consequences of di erent ACs on parameter
retrieval, we computed the average BOA re ectance from band
2 to 7 (490-782nm) as a rough approximation to broadband
albedo Figure 8). In addition, we calculated NDMI, which can
be used as a proxy for melt pond fractidstomina and Heygster,
2017 according to

NDMI D
GreenC NIR

(8)

where greenis S-2 band 3 (560 nm) andyr is S-2 band 8A
(865 nm) from the respective AC product. Theoretically, NDMI
values range from 1 to C1. Due to the specic re ectance
characteristics of the di erent sea ice surfaces in theselgagth
regions the value range, however, is practically limitedaimes

> 0. Increasing values indicate an increasing melt pond foacti
Figure 8illustrates that the AC processor in uences parameter
retrieval and, in reverse, that the application rules the choic
of AC processor. Note that median TOA re ectance of the

Figures 7B,D,F illustrates the results for the open water oe surface is 0.75, and BOA re ectances are approximately
measurements. It is obvious that ACOLITE and Sen2Co06.80 in the ACOLITE product and 0.84 in the ATCOR and
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FIGURE 8 | True color RGB image(A); band 2—7 average of TOA(B) and BOA (C—F); NDMI results for TOA(H) and BOA (I-L); and histograms of the respective
parameters for the image subset(G,M).

iCOR products, reaching 0.97 in the Sen2Cor product. Iropportunities and coincident satellite overpasses are rare. W
general, NDMI results show the same pattern, whereas mediaonducted spectral measurements of the oe surface within
NDMI values are lowest for TOA (0.06), followed by ACOLITEa period of 5 days of the satellite overpass under varying
(0.12), ATCOR (0.13), iCOR (0.14), and Sen2Cor (0.18). Thifumination conditions and possibly changing surface projest

corresponds to the spectral behavior illustratedrigure 7. due to the onset of melt. We postulate, however, that an arglysi
of spectral shapes is reasonable as the anisotropic re ectance
DISCUSSION factor of snow at nadir is 1 (Perovich, 1994and the shape
of the spectral albedo is constant under di erent illumination
Comparability of Field and Satellite Data angles [lalinka et al., 201§ For snow surfaces;oyens et al.

The comparison of eld spectroscopy and satellite observation&018) and Bourgeois et al. (2006pbserved no signi cant
involves a number of di culties, which particularly applies to relationship between variations in re ectance anisotropighw
remote regions such as the Arctic where ideal measuremeiltumination conditions for sun zenith angles65 . In addition,
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the e ect of melt on the spectral shape of nadir re ectanceuna ected by values 1.0. Analysis of water samples in the deep-
of snow and ice is comparably low in the VIS€rovich, water polynia show no signi cant absorption or scattering loét
1994, 1998 Nevertheless, we are unable to exclude potentialater constituents in the near infrared spectral rang@Q0 nm).
di erences in spectral slope due to melt processes. Besides tAecordingly, beyond the visible range, measuReglis smaller
temporal di erences, it is challenging to represent the spatiathan 1.5 10 4, i.e., near zero (black) in the near infrared.
variability within a 20m 20m area measured by S2-A viaMeasurements in uenced by ice oating into the FOV of the
eld measurements, even when measured at di erent locationsRAMSES spectrometer were excluded from the evaluation. The
Moreover, a re-location of the measurement positions on dAERONET AOT values (0.02) are within the range reported
drifting oe in combination with spatial uncertainties of o  for typical Arctic background aerosol concentrations, witlues
GPS devices and satellite image positioning exacerbatesta poibetween 0.02 and 0.08¢masi et al., 2012; IOCCG, 2015
by-pixel comparison. For this reason, we included surrougdin
pixels into the analysis. However, this method is vulnerabl&C Processors
to extreme spectral features in a ROI that can have a gre8l erences between BOA orRs products may originate
impact on the average spectrum. The standard deviations &fom the dierent processors, the integrated LUTs, dierent
the ROIs located on the oe, however, are small indicatingparameterization and image-based parameter retrieval diggr
low spectral variability Figure 70); we therefore assume the WV content, aerosol type and AOT, or dierent adjacency
ROI approach to be a valid method for evaluating the ACcorrection schemes, and the interplay of these components.
processors. ROl 10A over open water was de ned manuallyarying options for the user to modify the parameterization
and excluded pixel with unusual shape, presumably resultinfurther complicate a direct comparison. Moreover, some of the
from sub-pixel contamination due to oating ice. This pre- processors are still under development and not yet entirely
selection may substantially in uence the outcome of thedgtu documented which hinders a detailed reasoning.
as pixel with expected shape are preselected. The pre-selectionThe LUTs applied in the AC processors have been generated
however, avoids integration of extreme spectral featurés;tw  with di erent radiative transfer models (MODTRAN 5, 6SV,
may have a major in uence on the average spectrum due tbbRadtran, and Successive Order of Scattering). Theseelmod
sub-pixel contamination. dier regarding the implementation of physical equations,
approximation of the radiative transfer equation and subinas
which can result in di erences (e.gGallieco and Dell'Acqua,
Quality of In Situ Data 201). Evaluating the impact of a certain radiative transfer
For some ROIs, eld spectrometer data show re ectareds0, model on AC, however, is beyond the scope of this study.
although both eld spectrometer setups were calibrated witiThe aerosol models covered by the pre-calculated LUTs cover
re ectance standards. The Ocean Optics setup also enabéed tbommon aerosol types. The options, however, di er between the
correction of illumination changes. For ASD measuremews, AC processors (section Atmospheric Correction Processdrs).
surveyed changes in illumination by measuring the re ec&an is questionable how well these models represent Arctic akros
standards before each subsequent calibration. We manualipmponents, e.g., mineral dust, sulfate aerosols and segtal
deleted ASD measurements a ected by illumination changes, i Barrow, Alaskalomasietal., 2012; IOCCG, 201 late spring
spectra with unusual shape. Successive spectra with stapke shand summer, a phenomenon known as Arctic Haze results from
showing re ectances> 1.0, however, remained in the dataset.anthropogenic aerosol accumulation in winter is common and
In addition to the di erences regarding sensitivity to chasy occasionally aerosols from forest res or volcanic eruptiors a
in illumination, both setups vary regarding their FOVs. Theobserved [OCCG, 201} To analyze the impact of the aerosol
smaller FOV of the Ocean Optics makes it more vulnerable tonodel we conducted a sensitivity analysis with di erent asro
twisting of the pole and anisotropic e ects due to ice surfacenodels in ATCOR. For the desert, maritime and rural aerosol
topography. An inter-comparison of spectrometers in the eldmodels, di erences in the VIS bands for the bright snow and ice
revealed that Ocean Optics re ectance values afel higher surfaces were 2%, while the urban aerosol model resulted in an
than ASD re ectances, on average, while the spectral shape wasrease of 5-10% re ectance.
very similar.Warren (1982)stated that cloud cover a ects both  ACOLITE is designed for aquatic applications; the main
the spectral distribution of irradiance and the e ective ident  di erences compared to other AC processors are the AOT
zenith angle, which causes an increase in all-wave snodatife retrieval by the dark spectrum tting algorithm and the
up to 11%Painter and Dozier (2004ttributed re ectances 1.0  consideration of skyglint. Its performance over ice suréace
to anisotropic e ects of snow, which depend on the sun zenitthowever, is good regarding the shape of BOA re ectance spectra
angle, the grain size and the viewing geometry. Anisotropi€or sea ice surfaces dierences in surface re ectance due to
e ects may also have in uenced the measurements describeskyglint correction are< 0.02. No water vapor and ozone values
by Goyens et al. (2018and Perovich (1998) who report could be obtained from ancillary data, which might due to the
re ectances> 1.0 at approximately 400 nm measured under cleadevelopmental state of the processor; thus, the default valees
sky conditions.Peltoniemi et al. (2005ncluded snow wetness used for AC and it remains unclear if the retrieval of watepoa
as an additional parameter in uencing the spectral albedo an@nd ozone in the Arctic from ancillary data is possible. Given
anisotropic behavior of snow and ice surfaces. As we evaluatiee applied parameterization, the dark spectrum tting alghnt
the spectra only regarding to their shape, however, resuttaie  results in the application of a continental aerosol model and a
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AOT of 0.0084 at 550 nm, i.e., comparably close to the measur&MEC is based on the assumption that re ectance di erences
value of 0.02 (AERONET-MAN reports uncertaintie®.02 per between water and surrounding surfaces are strongest in the
band; NASA Goddard Space Flight Center, 2D1We assume NIR, which is true for vegetated surfaces but not for ice, ighe
that the highRs values over water result from adjacency e ectsdi erences are strongest in the VIS. We found that iCOR is
which are not addressed by ACOLITE. very sensitive to changes in AOT. Increasing AOT from 0.02 to
ATCOR performs well over ice surfaces while its performanc®.1 resulted in an overcorrection and, consequently, a dsere
over open water is poor as the spectral shapes of BOAimnd of the spectrum matching the situ measurements very well
situdata do not correspond. Due to the lack of dark pixels in the(slope MAE 8.49E-06).
S2-A data set we de ned AOT by visibility (65 km), illustragin Polymer performs best over water and produces reasonable
that the dark vegetation method is unsuitable for AOT retae results even in the high contrast Arctic sea ice matchinginus
in this image. For WV, image-based retrieval resulted in arof Steinmetz and Ramon (2018} is robust to adjacency e ects
overestimation of WV ( 1.8 cm). We therefore de ned a default because the atmospheric model ts any spectrally smooth non-
value (1.0 cm) referring to the AERONET data. Few pixels (1.2water component $teinmetz and Ramon, 2018he manual
1.4%) of bands 5-9 show negative re ectance values at opeée nition of ROl 10A guaranteed that we only considered
water areas, which may be caused by underestimated \igibili deep-water pixels, which may also be important for the good
the aerosol type or calibration issues. Application of hazeoneah  performance of Polymer. Nevertheless, we observe a highrapect
was not possible due to the small amount of clear pixel%). variability in the VIS bands. Moreover, some negative values
Increasing the visibility parameter (up to 120km) only hadappearinthe red-edge and NIR regions. Sub-pixel contaminatio
negligible consequences for the snow and ice surfaces dmibtli due to oating ice should be corrected due to its spectraliyf-
improve the spectral shape of open water pixels. This correspondsentribution to the re ectance signal.
to Huck et al. (2007who found that increasing visibility in a 6S ~ Usually, Sen2Cor applies image-based retrievals to generate
forward simulation for AVHRR only a ects open water surfaces.maps of AOT and WV. The lack of dark pixels in the S-2A
Changing the WV content from 1.8 to 1.0cm had a signi cantimage, however, prohibited an AOT retrieval based on the DDV
in uence, especially in S-2 bands that cover WV absorptiomrmethod; thus, AOT was estimated from the provided visibility
features, i.e., band 8 (842 nm), band 9 (940 nm), and also Band65 km). Values for scene average WV and AOT at 550 nm are
(705 nm). For simulated Sea-viewing Wide Field-of-view 8ens 1.51cm and 0.132, respectively. Compared to the AERONET
(SeaWiFS) like spectra at the edge between sea ice and open waltata, however, both values are very high. A further test with
Bélanger et al. (200found contaminations due to the adjacency xed visibility of 120 km, corresponding to an AOT of0.0780,
e ect up to 24km o the ice edge resulting in unreliable result as proposed by ug et al. (2016)as a good practice for clear
in derived chlorophyll concentrations and optical propertiefs o air and low AOT over Antarctica, did not improve the results
open ocean wateBulgarelli and Zibordi (2018found that for  for BOA re ectance andRs signi cantly. The increased BOA
S-2/MSI adjacency e ects caused by highly re ecting surface® ectance in comparison to the other processors t ndings
(e.g., snow) are theoretically detectable at least 20kmhe t of Li et al. (2018)who report that surface re ectance derived
coast in mid-latitude coastal environments. In contrasthese with Sen2Cor is generally overestimated, in particular foghtr
simulations, the area of interest is characterized by alssgale pixels. The high values over water may be attributed to thahac
mixture of snow, ice, melt ponds and open water, where spatiaorrection of skyglint and adjacency e ects or the providedlsU
patterns and average re ectance are similar on di erent spatia A general challenge in high latitudes is the low sun elewvatio
scales. To check whether this statement applies for sea ice, theoughout long periods of the yeaHuck et al. (2007 found
tested di erent ranges (1, 3, 5, and 10 km) and results con dne that the solar zenith angle has a major inuence on the
that the in uence is negligible for the spectral shape of theven retrieved TOA re ectance of a nadir-viewing sensor. The low
surface and intensity of open water pixels. re ectance levels of water bodies further increase this & ec
iICOR addresses the requirements for aquatic and terréstridecause atmospheric path length increases with decreasing su
surfaces including a correction of adjacency e ects. iCOR weelevation. Consequently, the amount of energy absorbed in
unable to assess AOT from the image as the retrieval algoriththe atmosphere increases while the amount that arrives at the
relies on vegetation and soil pixel®d€ Keukelaere et al., Earth's surface decreases. At the same time, the amourghdf li
2019, questioning the suitability of this approach for the Arctic that is specularly re ected at the water surface increasels wit
sea ice in the absence of situ AOT values. Even though, decreasing sun elevation, while a lower amount is transohitte
the xed WV column height of 2.0cm showed good resultsinto the water body. As a consequence, the water body scatters
over ice, iCOR's unknown sensitivity to WV aggravates Adess light toward the sensoi{eronymi, 2013. Further, the
processor inter-comparison. The good performance over waten uence of surface roughness on the transmission of ligtoi
compared to ACOLITE and Sen2Cor is probably attributed tathe waterbody increases with sun zenith angle which chgéen
the correction of adjacency e ects using the SIMEC algorithmwind speed-dependent ACH(eronymi, 201§. When the sun is
For the application of SIMECSterckx et al. (2015kgoint out  close to the horizon, adjacent ice oes may also have a shading
that aerosol information (AOT and aerosol model) should bee ect. The same applies for ice oes, where shadows of ridges
either estimated using a land-based aerosol retrieval @mfr increase with lower sun elevation and anisotropic e ects é&ase
sun photometer data. While we used AERONET data to set thfor sun-zenith angles>65 (Bourgeois et al., 2006Another
default AOT, we could not parameterize the aerosol type. Faurth issue regarding low sun elevation is the limitation of most
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processors to sun zenith angle’0 . The reason is that the and very high spatial resolution imagery, e.g., from airleorn
LUTs are generated with radiative transfer models that base csensors, to coarse resolution sensors such as Sentinek3. Ev
the assumption of a plane parallel atmosphere rather than athough geographical coverage in the Arctic Ocean is curyentl
actual spherical-shell atmosphel®CCG, 201} Since in our limited to areas close to the shore, coverage may be extended
study the sun zenith angle is 62,5ve assume that this e ect on request European Space Agency, 2D1Bhe temporal scale

is negligible. may be bridged either by comparison of identical granules from
) multiple dates or by multiple images of the same oe. For all
Sentinel-2A Data subsequent applications such as change detection and tines ser

Typically, re ectance spectra of snow and ice (likaitu spectra) analysis, however, AC is a crucial step in the processing chain
are characterized by a steady decrease from the blue domaif S-2 data as it is a requirement for an accurate retrieval of
toward longer wavelength regions. S-2A TOA spectra, howevajeophysical parameters.

show a steep decrease from band 2 to 3 (490 and 560nm, We applied ve AC processors for S-2 (i.e., ACOLITE,
respectively), followed by an increase from band 3 to 4 (560ATCOR, iCOR, Polymer, and Sen2Cor) to a S-2A dataset
665 nm;Figure 7A). A comparison of BOA re ectance spectra acquired north of Svalbard on June 10, 2017 and analyzed the
with typical spectra found in literature (e.gPerovich, 1994, results for snow and ice surfaces as well as for deep-wates.area
1999 indicates that ACOLITE, ATCOR and iCOR produce For this dataset, the ACOLITE dark spectrum tting algorithm
realistic results. As described in section ComparabilitfField resembled the shape of the mean resamgledsitu spectra
and Satellite Data, however, melt processes may have cauggdhe oe surface in the wavelength region 490-783 nm most
re ectance changes betweénsitu and satellite data. Thus, the accurately, closely followed by ATCOR and iCOR. Considering
evaluation of BOA spectral shape is challenging. In genergdotential in uences of melt on the spectral slope, a conclusive
however, BOA shapes of ACOLITE, ATCOR, and iCOR ar@ssessment, however, is challenging as ACOLITE, ATCOR and
similar to the shape of thén situ spectra, i.e., the di erences iCOR resembled the typical shape of snow re ectance. Results of
in slope MAE andr? are small. The shapes of Sen2Cor BOAthis study, however, indicate that the present version o2&em

re ectances do not resemble the typical shapes of snow arid unsuitable for applications in the Arctic sea ice.

ice spectra as they show a steep decrease from the blueDue to the eld measurement setup, our study was incapable
wavelength region toward longer wavelengths, interruptgd bof evaluating AC quality in terms of absolute intensities nele,

a local peak in band 5 at 705nm. Furthermore, Sen2Cor ifuture validation measurements on sea ice are necessaiy. Fi
the only processor that produces re ectance valuds0. Nadir  measurements of the water surface concurrent to the S-2A
re ectances of snow and white ice may exceed 1.0 in the blue pagverpass allowed a direct comparisoniofsitu data and AC

of the electromagnetic spectrum (e.§grovich, 1994; Goyens products. Coe cients of determination indicate a strong dar

et al., 2018 but Sen2Cor BOA re ectances exceed 1.0 everelationship between the mean resampledsitu spectrum and

in bands 3 and 4 (560 and 665nm, respectively). This magCOLITE, iCOR, and Sen2Cor BOA re ectances, respectively;
result from anisotropic e ects due to snow parameters or oetheir spectral slope, however, diers and intensities are one
topography and matches observationslafet al. (2018)who  order of magnitude higher. Regarding absolute intensitied a
found that Sen2Cor overestimates BOA re ectance; ACOLITEslope MAE, Polymer produced the best results, while ATCOR
ATCOR, and iCOR BOA re ectance values, however<ated in  performed poorly over open-water areas. At the time of the S-

all bands. 2A overpass, existing ponds were too small to be included in
L this study. Future investigations should therefore alsoressl
Application Examples the applicability of AC processors on optically shallow melt

As indicated in section Application Examples, the choice of AGyond water.

processor in uences parameter retrieval. The di erences imMBO e further demonstrated the in uence of dierent AC

re ectance illustrated irFigure 7 have a great impact on NDMI  processors on the retrieval of geophysical parameters. Depgndin
and surface albedd={gure 8), which is roughly approximated on the processor, medians of average re ectances and NDMI
here by the mean BOA re ectance of bands 2—7 (490-783nMjgr an image subset range from 0.80 to 0.97, and 0.12 to 0.18,
The shifted peaks in the histograms refer to the o set-likerespectively. Medians of average re ectance and NDMI are 0.75
behavior of the spectra from di erent AC processors illustratedand 0.06, respectively. We expect the impact on models that rely
in Figure 7. The example illustrates well that the application of agn absolute intensities instead of ratios to be even highesur
certain AC processor and resulting BOA re ectances a ects thgtudy, the retrieval of AOT was critical. The absence ofagf

retrieval of geophysical parameters from S-2A imagery. types such as dense dark vegetation (which are relevant for
image-based retrieval of atmospheric parameters such as AOT)
CONCLUSION turned out as a general issue for all processors. ATCOR, Sen2C

and iCOR failed to retrieve aerosol information from the igea
ESAs S-2 mission shows high potential to assist sea icachseaAOT estimated by the new ACOLITE dark spectrum tting
The high spatial resolution allows detailed observatiomoélé-  algorithm, however, was in the margin of uncertainty of the
scale sea ice features such as ridges and melt ponds. ThoanS-2AERONET data. Sensitivity analyses with ATCOR and Sen2Cor,
be used to bridge the spatial scale betwigesitu observations however, indicate that AOT, i.e., visibility, is not a limig
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