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Abstract
The Eems Estuary is a very dynamic area featuring highly variable turbidity and Chlorophyll-a values. There is an interest to decrease the
turbidity and monitoring is being put into place to observe the current status and changes. Remote sensing using Sentinel 3 OLCI
observations is a candidate monitoring technique but should provide robust and validated results. 

Obtaining high quality turbidity estimates starts with validated Bottom of Atmosphere reflectances.

To validate BOA reflectances a WISPstation (Peters et al., 2019) was placed on a fixed structure in open water at 53.4743N and 6.8216W
from 13-11-2018 until 05-11-2019. The WISPstation contains 2 sets of sensors (Lup: 40 degrees, Lsky: 40 degrees and Ed): measurements
were taken in two directions, N and NE. Some shadowing of the Ed sensors occurred and needed to be filtered out.

The hyperspectral measurements (350-1100 nm; 0.44 nm/pixel or 4.65 nm FWHM) were convoluted to OLCI spectral bands using
appropriate spectral response functions. Rrs was calculated using a rho retrieved from the Mobley (1999) table in combination with the
similarity spectrum approach (Ruddick et al, 2006). Because the WISPstation is measuring all channels with one spectrometer, it is very
unsensitive to any uncertainties in the radiometric calibration.

In total 61 cloud free S3 OLCI matchup measurements could be taken (S3A+B) , some of which were later flagged out. The S3 FR matchup
data were collected in 3x3 pixel windows and filtered according to the criteria mentioned in the EUMETSAT validation recommendations
document (EUM/SEN3/DOC/19/1092968, v5B).

Since the WISPstation takes a measurement every 15 minutes we were able to take validation measurements close in time to the overpass,
although one of the conclusions remains that -for this area- validation at exact overpass times would be better.

We tested the C2RCC-alt v1 and C2X neural networks processors (SNAP v6) together with Polymer v4.10. We will show a detailed analysis of
the results of these atmospheric correction processors, in terms of statistical comparison (as e.g. in Warren et al., 2019) and by looking at
averaged spectral shape of the OLCI Rrs spectra.

https://www.eventsforce.net/eumetsat/system/proweb/start.csp?pageID=4842&eventID=11
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For "all datapoints" scatterplots we find R2 values of 0.6 to 0.8 with slopes from 0.5 to 0.76, Indicating that the atmospheric corrections all
underestimate the in-situ measured values with some spread. 

For "band averaged" scatterplots we find high R2 values for all three processors (above 0.95) but -again- with slopes significantly deviating
from unity: all processors underestimate the reflectance, with Polymer giving the biggest underestimation. The underestimations range from
15% (C2X) to 30% (Polymer). For the neural networks the biggest underestimations are found from 490 to 681 nm.

Plots of mean spectra reveal that especially the neural networks C2RCC-alt and C2X underestimate for wavelengths smaller than about 700
nm. Above that range the performance is much better.

Based on the time averaged WISPstation data series we propose tentative correction spectra to improve the accuracy of BOA reflectances for
the studied versions of the atmospheric correction methods. We conclude that the presented method based on stationary in-situ
measurements is suitable to validate the performance of current and future updated atmospheric correction methods.

This research was funded by the Dutch Ministry of Infrastructure and Water Management and the H2020 project MONOCLE (grant agreement
No 776480) 

Introduction   
The Ems-Dollard estuary and adjoining Wadden Sea area are highly dynamic in time and space because of tidal influences. The areas have
both an international protection status (Natura 2000, World Heritage) and an economic function (shipping, fishing). Because of climate
change there is a need to know primary production changes in the estuary and Wadden Sea. There is also an interest to decrease the
turbidity and monitoring is being put into place to observe the current status and changes.

Because of tidal dynamics and the extend of the area it is impossible to monitor it efficiently with conventional monitoring methods in a
sufficiently high resolution and frequency. Earth observation can provide a valuable addition to an integrated monitoring system
(Hommersom, 2009 and 2010).

Remote sensing using Sentinel 3 OLCI observations is a candidate monitoring technique but should provide robust and validated results.
Obtaining high quality turbidity estimates starts with validated and -if necessary- calibrated Bottom Of Atmosphere (BOA) reflectances.

Recent studies over inland and coastal waters (e.g. Warren et al., 2019) indicate that specific situations call for specific atmospheric
correction methods. Clear water studies may benefit from the use of e.g. Polymer while optical complex waters studies may benefit from the
use of e.g. C2RCC or its alternative version, iCOR, Acolite or the standard NASA AC). Very turbid waters studies may benefit from e.g. iCOR
or C2RCC-alt (see e.g. Mograne et al., 2019 or Renosh et al., 2020) and the upcoming ACIX-II results). It seems that for any area a
substantial amount of validation measurements is necessary to determine the most suitable approach to atmospheric correction.

Introducing the WISPstation instrument for OLCI validation
One recent development to help validating OLCI BOA reflectance is the WISPstation (Peters et al., 2019). The WISP station is an above water
optical measuring system. The advantage of an above-water system is that there is no biofouling of the sensors. As a result, invalid
measurements are relatively sparse and only very low frequency maintenance is required. This makes it possible to greatly increase the
measurement density without recurrent costs for field visits.

The WISPstation instrument is designed both for satellite BOA reflectance validation and for on-line semi-continuous monitoring of some
essential ecological water quality parameters. In view of these applications a fixed position design was chosen without any moving parts.
Basis for the design is the publication of Mobely (1999), namely that the azimuth angle is optimal around 138° (plus or minus 40°) from the
sun, the Lup angle around 42° from the nadir and the Lsky angle around 42° from the zenith. By having an instrument that measures Rrs
simultaneously looking in NNW and NNE directions, a valid measurement (according to these criteria) can be obtained during most of the
day.

Big advantages of a non-moving sensor are that the time to position the instrument accurately is nihil, the set-up is less prone to
malfunctions and the maintenance can be extremely low. In fact the WISPstation only requires some cleaning of the top Ed sensors.

To correct all measurements to the optimal 138° azimuth angle, the table provided by  Mobley (1998)) with coefficients for different wind
speeds and sun positions is used. In total the WISPstation features 8 channels (Figure 1):

2 Radiance channels collecting Lup and Lsky in the NNW direction
2 Radiance channels collecting Lup and Lsky in the NNE direction
2 Irradiance channels
1 unexposed dark radiance channel for evaluation of radiance channel degradation
1 unexposed dark irradiance channel for evaluation of the degradation of irradiance channels

All channels are connected to one central spectrometer by means of optical fibres and an optical multiplexer. One of the advantages of this
design is that any variability or degradation in the sensitivity of the spectrometer is compensated in the calculation of the reflection. A normal
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measurement cycle in which each channel is measured 10 times at an optimal integration time usually takes less than 1 minute, depending
on ambient light conditions. The system is calibrated with respect to a reference instrument which is calibrated in a certified laboratory using
a lamp and integrating sphere with NIST traceable calibrations.

Figure 1: Configura�on of the op�cal sensors on the WISP sta�on (le�) and WISP sta�on as mounted (right)  

The WISPstation is built around the Avantes Mini mk-1 spectrometer with a maximum wavelength range between 220 and 1100 nm. The
"grating" has 300 lines per mm with a "blaze" of 300 nm. Together with a "slit" of 100 um, this leads to a spectral resolution (FWHM) of 4.65
nm. A scalable PostgreSQL database (WISPcloud) is available to receive and store all measurements autonomously, to perform quality control
and to apply water quality algorithms. Via an advanced API, users can retrieve data directly. In the H2020 project MONOCLE interfaces are
being developed to connect an instrument to a network of sensors via a SOS backbone server (https://monocle-h2020.eu/Home).

Figure 2 -  Examples of matching Rrs spectra from the different regions. WS stands for WISPstation, -ref for the reference instrument  
(which is different per region). Est. = Estonia, Lith. = Lithuania. In Lithuania there are two WISPstation installed.

In the H2020 EU project EOMORES, spectra and derived concentrations from WISPstations have been extensively validated (Examples of
reflectance comparisons can be found in Figure 2). (Riddick et., 2019) 

Set up at the measurement location
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To validate BOA reflectances a WISPstation was placed on a fixed structure in open water at 53.4743N and 6.8216W from 13-11-2018 until
05-11-2019 (Figure 3).

Figure 3: Location in the Dutch Wadden Sea                                      Figure 4: orientation of measurement pole and WISPstation azimuth
angles

As the station could not be attached to one of the arms of the pole, it was attached to the platform on the north side with an NNO
orientation. This means that the instrument looks at the N and at the NO (see Figure 4). The upward and downward looking sensors had an
unobstructed view. A small part of the construction of the pole is above the instrument and thus in sight of the irradiance sensors. This
probably has a negligible influence on the measurement but if the sun is directly to the south, the shadow of the pole will fall over the
irradiance sensors. If this happens, the reflection measurements are unreliable. There is also a chance that one of the downward facing
sensors will look into the shadow of the pole. In that case, the sensor in the alternative viewing direction is used. The WISPstation was
configured to take a measurement every 15 minutes. The measurement was selected that was closest in time with the S3 match-ups.

Data (pre-)processing
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The hyperspectral measurements (350-1100 nm; 0.44 nm/pixel or 4.65 nm FWHM) were convoluted to OLCI A/B spectral bands using
appropriate spectral response functions. Rrs was calculated using a rho retrieved from the Mobley (1999) table (windspeed fixed at 5 m/s) in
combination with the similarity spectrum approach (Ruddick et al, 2006).

Satellite data
The OLCI data were downloaded from the Copernicus Open Access HUB (https://scihub.copernicus.eu) provided by ESA. In total 61 cloud
free S3 OLCI matchup measurements were selected (S3A+B). The S3 FR matchup data were collected in 3x3 pixel windows and filtered
according to the criteria mentioned in the EUMETSAT validation recommendations document (EUM/SEN3/DOC/19/1092968, v5B).

Satellite data pre-processing
For this study three atmospheric correction processors were compared, C2RCC-v1 (alternative version) (Brockmann and Doerffer, 2016), C2X
v1.0 (Brockmann and Doerffer, 2016) and Polymer v4.10 (Steinmetz et al., 2011). C2RCC and C2Xare based on neural networks which was
build on the Case2Regional (C2R) and CoastColour (CC) atmospheric correction algorithms. C2X was specifically trained for very turbid
waters. Polymer is a spectral optimization algorithm designed for high sun-glint conditions. It combines a bio-optical model with series of
polynomials describing sun-glint and atmospheric transmission.

Flags used for selection of valid pixels were:

C2RCC/C2X: NOT invalid, NOT land, NOT fresh_inland_water, NOT cloud/cloudbuffer (Idepix), NOT OOS.

Polymer: standard flagging was applied which includes: negative back-scattering coefficient, out of bounds exception, thick aerosol, high air
mass and inconsistency flags.  

Pixel extraction
Pixel extraction was done using SNAP at the location of the pole. On the location a window of 3x3 pixels was extracted. If one of the pixels is
flagged as land, the whole window is discarded. The mean value of the 9 pixels was used as match-up value and compared to WISPstation
measurements.

Statistics

For evaluation of the match-ups the statistical parameters were used proposed by Warren et al., 2019. We have calculated the statistics per
OLCI sensor (A or B) to get an impression of the differences between the two.

N             = Number of samples (number of images * number of spectral bands)

R = square of the Pearson correlation coefficient (1 is perfect fit)

Slope       = the slope of the regression line (1 is perfect 1:1 line)

Intercept  = the intercept of the regression line (0 is perfect intercept)

Furthermore we calculated the

BIAS     = a measure of consistent over- or underestimation (smaller is better)

MAPD    = “Mean Absolute Percentage Difference” is the average error as percentage of the in-situ measurements (smaller is better)

RMSD    =  “Root Mean Square Deviation” (same as RMSE) provides an impression of the variation between the two datasets (smaller is
better)

Selected S3 images

2              
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29-3-2019 10:13 19-7-2019 10:10 9-4-2019 09:49

30-3-2019 09:47 23-7-2019 10:06 10-4-2019 09:23

31-3-2019 09:21 24-7-2019 09:40 15-4-2019 10:34

1-4-2019 10:36 26-7-2019 10:28 16-4-2019 10:08

2-4-2019 10:10 8-8-2019 09:51 17-4-2019 09:41

7-4-2019 09:40 11-8-2019 10:13 19-4-2019 10:30

9-4-2019 10:28 22-8-2019 10:28 20-4-2019 10:04

10-4-2019 10:02 23-8-2019 10:02 21-4-2019 09:38

11-4-2019 09:36 24-8-2019 09:36 23-4-2019 10:26

14-4-2019 09:58 26-8-2019 10:24 13-7-2019 10:26

15-4-2019 09:32 27-8-2019 09:58 19-7-2019 09:30

17-4-2019 10:21 28-8-2019 09:32 21-7-2019 10:19

18-4-2019 09:55 30-8-2019 10:21 23-7-2019 09:26

19-4-2019 09:28 31-8-2019 09:55 26-7-2019 09:49

21-4-2019 10:17 24-3-2019 10:04 14-8-2019 09:56

22-4-2019 09:51 29-3-2019 09:34 22-8-2019 09:49

23-4-2019 09:25 31-3-2019 10:22 24-8-2019 10:37

3-5-2019 10:06 1-4-2019 09:56 25-8-2019 10:11

6-5-2019 10:28 2-4-2019 09:30 26-8-2019 09:45

10-5-2019 10:25 8-4-2019 10:15 28-8-2019 10:34

30-8-2019 09:41

Table 1: Data with cloudfree Match-up pixels from S3 images.

Statistical results of the validation
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Table 2:  Statistical results of the comparison between WISPstation Rrs and S3A/B Rrs 

In the “all data” columns every data-pair S3A/B-band value vs WISPstation-band value is used (see also Figs 5 and 7). Per sensor also the
band-mean values were calculated and compared (see also Figs 6 and 8).

All data results
The number of valid pixels differs substantially between the 3 processors, where C2RCC provides the highest number of valid pixels and C2X
the lowest number. All atmospheric correction processors have a slope that is significantly below 1. Rrs is underestimated to almost 50%
using Polymer for the S3A images.

The uncertainty related indices vary slightly per sensor. R2 is between 0.8 (S3A-C2X) and 0.59 (Polymer). The variability is also expressed in
e.g. the MAPD.

Band averaged results
Overall the averaged spectral integrity of the processors is very high expressed by R2 values above 0.95. Also for band-averaged values the
slopes are lower than 1 with polymer giving the largest underestimations. Uncertainties in the band averaged comparison follow a slightly
different pattern as the “all data” comparison where C2RCC-alt shows the lowest MAPD’s.
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Consequences for operational processing of S3 images for water quality mapping
Based on these statistical results a choice was made for further operational processing of S3 images in the area. Polymer was not selected
because of the combination: largest underestimation and lowest R2 in the “all data comparison”. Operational processing also requires the
highest number of valid pixels which is an argument for using C2RCC-alt over C2X. This choice is also supported by the observation that C2X
produces significantly more noise in the atmospheric corrected reflectance bands. Therefore C2RCC was chosen for operational processing for
Sentinel-3 in this area.

Operational processing is mostly concerned with estimating SPM and Chlorophyl-a as proxy for eutrophication and as model component for
primary production estimation. Our algorithms use a band around 705 nm for SPM concentrations (Nechad, 2010) and a ratio of 665/705
bands for Chlorophyll-a estimation (Gons, 1999). To assess the effect of uncertainties in atmospheric correction on the outcome of
concentration estimations one can study the mean reflectance of S3A/B compared to the mean reflectance of the WISPstation convoluted to
the S3 bands (Figs 6 and 8). It is clear that the C2RCC-alt 705 nm band is very close to the mean in-situ observed value but the C2RCC-alt
665 nm band is underestimated by 20-30%. Therefore the conclusion is that – for this version of C2RCC-alt- the reflectances have to be
corrected before they can be entered into a concentration calculation.

We have established preliminary correction factors based on the matchup data (table 4). This illustrates that there are significant differences
per band. Probably the accurateness of the correction factors would increase for longer time series.

It is expected that atmospheric correction algorithms will improve over time, becoming more accurate also for the more complex waters like
the Ems estuary. This would mean that over time the compensation factors could be decreased. By regular updates of the compensation
factors for atmospheric correction based on in situ reflectance matchups, the time series of concentrations could be kept continuous for
users. Also for new areas the proposed method to compensate for systematic errors in the atmospheric correction is recommended.

 

Table 4: Correction factors for C2RCC-alt S3A/B version SNAP 6.0 based on WISPstation match-ups
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Fig 5: Scatterplot of Rrs Wispstation vs Rrs S3A
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Fig 6: Mean Rrs spectrum WISPstation and S3A C2RCC-alt
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Fig 7: Scatterplot of Rrs WISPstation vs S3B C2RCC-alt
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Fig 8: Mean Rrs spectrum WISPstation and S3B
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