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INTRODUCTION

CHAPTER 1 INTRODUCTION

This is the second version (V2) of the Validation Report for the PV-LAC coastal activities.
The structure of the document is as follow:

CHAPTER 2 provides the validation results of the atmospheric correction applied to the primary
validation site. Both the intermediate AOT products and the water leaving reflectance values are
compared against in-situ measurements performed at coastal AERONET (OC) stations. For the
atmospheric correction two approaches are inter-compared: (1) spatial extension of the AOT
values retrieved from nearby land and (2) retrieval of aerosol information from the SWIR band
following a SWIR black pixel approach over water.

CHAPTER 3 gives the validation results of the single-band turbidity retrieval algorithm applied to
PROBA-V data from the primary validation site. PROBA-V retrieved Turbidity values are compared
against turbidity data from fixed buoys and a comparison is made against MODIS turbidity maps.

In CHAPTER 4 the validation results of the A/C methods applied to PROBA-V data from the global
test sites are given. AERONET OC sites included in the report are Venice, LISCO and MVCO.

PV-LAC: D-6-A2 Validation report Activity 3 9



CHAPTER 2 A/C VALIDATION ON PRIMARY VALIDATION SITE

CHAPTER 2 A/CVALIDATION ON PRIMARY VALIDATION SITE

2.1.

INTRODUCTION

In this chapter we present and discuss the validation results of the atmospheric correction applied
to PROBA-V data from the primary validation site, i.e. the Belgian coastal waters.

As discussed in the ATBD, two A/C methods are considered:

1)

2)

A/C based on spatial extension of aerosol information retrieved from nearby land
(hereafter referred to as “iCOR land-based”)

A/C based on extending the “black pixel” approach to the SWIR. The SWIR black pixel
approach assumes that the contribution of in-water constituents is zero due to the high
absorption of pure water in the SWIR. The signal in the SWIR can thus be assumed to be
entirely atmospheric and can therefore be employed for the aerosol determination. land
(hereafter referred to as “iCOR SWIR-based”)

The validation is performed on 100 m PROBA-V data, acquired between 15 May 2014 and 31
December 31 2016 from the area given in Figure 1.
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Figure 1: Study area of primary validation site.

The area is significantly larger than the originally foreseen Belgian coastal water site. An extension
of the area was done because of several reasons: 1) through the extension more coastal AERONET
stations can be used for the AOT validation, 2) for the validation of the turbidity results fixed buoys
mainly located in UK waters are used, and 3) through the inclusion of clear and /or offshore waters
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CHAPTER 2 A/C VALIDATION ON PRIMARY VALIDATION SITE

we can have a better understanding of the performance of the selected A/C approach and/or
PROBA-V SNR issues in cleared offshore waters.

In the sections below we present the validation results from both the land-based and the SWIR
based iCOR A/C where we focus first on the direct validation of the retrieved aerosol optical
thickness (AOT) and next on the direct validation of the water-leaving reflectance values.

2.2. AOT VALIDATION

2.2.1. APPROACH

For evaluating the performance of the AOT retrieval approaches the retrieved AOT (550 nm) values
are compared against the AOT (550 nm) Level 1.5 (Real Time cloud-screened) values measured by
AERONET CIMEL instruments located at coastal sites within the study area. In Figure 2 the location
of the AERONET stations are given.

As the iCOR SWIR-based approach only provides AOT results over water pixels, only AERONET-
Ocean Color (AERONET-OC) sites can be used for validation of the SWIR-based AOT retrieval. The
nearshore MOW1 platform (51.36°N; 3.12°E) located 5 km from the harbor of Zeebrugge and the
offshore Thornton_C-power platform site (51.53°N; 02.96°E) located at 26 km from the coast are
used in the study. It should be noted that some of the AERONET stations were not active for the
whole 2014-2016 period.

The threshold for the temporal offset between the time of the PROBA-V overpass and AERONET
measurement was set to + 30 minutes.

Google Earth

Figure 2: Location of the AERONET stations used for AOT validation .

PV-LAC: D-6-A2 Validation report Activity 3 11



CHAPTER 2 A/C VALIDATION ON PRIMARY VALIDATION SITE

2.2.2. RESULTS

Figure 3 gives the scatter plots of AERONET AOT versus PROBA-V retrieved AOT (550nm) values for
respectively the land-based and the SWIR based atmospheric correction (A/C) approach. The SWIR-
based method only contains results for AERONET stations situated in water. iCOR land-based has
results for both: land and water AERONET stations.The SWIR-based approach seems to
systematically overestimate the AERONET-OC AOT values, with an offset of 0.15, while the land-
based approach overestimates the AOT at low AOT-values, but underestimates at higher AOT
values (>~0.2, regression slope lower than 0.5) for the AERONET-OC stations. Overall, the SWIR-
based approach with a R? of 0.46 performs better than the land-based approach with a R? of 0.22
for the AERONET-OC stations. However, the land AERONET stations the land-AOT approach gives
better results. This suggests that the lower correlation at AERONET-OC stations for land-AOT is due
to the spatial extrapolation.
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Figure 3: Scatter plots of AERONET AOT versus PROBA-V retrieved AOT (550 nm) values for
respectively the land-based and the SWIR based A/C approach. The solid black line is the 1:1 line,
dotted RED line is the regression line. The Y-error bar gives the standard deviation of PROBA-V
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CHAPTER 2 A/C VALIDATION ON PRIMARY VALIDATION SITE

derived AOT values within a 1km x1km box around the AERONET location. The X-error bar gives the
standard deviation of the AERONET AOT within max 30 min of PROBA-V acquisition.

2.3. RWN VALIDATION

2.3.1. APPROACH

The retrieved PROBA-V water leaving reflectance values are compared with the corresponding in-
situ AERONET-OC measurements from the MOW1 platform and the Thornton_C-power platform.
For this the normalized water leaving radiances (L,,, = pw-Fy/m), measured by AERONET-OC
CIMEL instruments are converted to water leaving radiance reflectance (p,,).

As can be seen in Figure 4, the PROBA-V spectral bands are much broader than the AERONET-OC
spectral bands, which complicates the “direct” comparison. In order to take into account the
difference in center wavelength and band width “a spectral shift” correction is applied before
performing the “direct” comparison.

Spacteal reipoae

Wavelength [nm)

Figure 4: Comparison of spectral response of AERONET-OC (in grey) and PROBA-V spectral bands.
To determine the spectral shift correction coefficients, hyperspectral in-situ measured p,, spectra
acquired from the North Sea from the Coastcolour dataset are used. In Figure 5, the spectral shift

correction functions for the blue and red band based on Coastcolour dataset from the North Sea
are given. For more details on the spectral shift correction we refer to the ATBD.

PV-LAC: D-6-A2 Validation report Activity 3 13



CHAPTER 2 A/C VALIDATION ON PRIMARY VALIDATION SITE
. 006
0.6 1 Blue Band
s Blue Band § 0,05 - y=1,1787x + 1€-05
0,05 R?! = 0,99
3 y = 0,736x + 0,0005 2 o004 0,9983
- gg.o_- R? = 0,9935 & g
- W
2200 500 4
&% 23 /
S<°0,m *® ¢ g
2 0,01 C o g o001
o 2
0 S 0
0 00t 002 003 004 005 0,06 0 0,01 0,02 0,03 0,04 0,05 0,06
CostColor NorthSea to PROBA-V CostColor NorthSea to PROBA-V
0,469 pm (CW) 0,469 pm (CW)
0,06
™ Red Band .
3 0,05
= y = 1,0312x + 3£-05
'g‘ 0,04 - R120,9927
z
o
é gc,oz
o
édqm
5 o001
S
i 0
S 0 001 0,02 003 004 005 0,06
CostColor NorthSea to PROBA-V
0,692 pm

Figure 5. Spectral shift correction functions for the blue and red band based on Coastcolour dataset
from the North Sea.

2.3.2. RESULTS

Figure 6 shows the validation results from the Thornton and Zeebrugge AERONET-OC stations for
the PROBA-V water leaving reflectance in the blue, red and NIR band. The PROBA-V reflectances
are converted using the coefficients from Figure 5.

For all the VNIR bands both the SWIR based approach outperforms the land-based approach. For
the SWIR based approach a strong correlation is found with the in-situ measured water reflectance
in the blue and red band with a R? of respectively 0.78 and 0.85. The land-based approach tends to
systematically overestimate the water leaving reflectance values. This might be related to the
underestimation of the AOT as shown in section 2.2.2.

For the NIR band the correlation between the AERONET-OC water reflectance and the PROBA-V
water reflectance is very low probably due to the low SNR for the very low NIR radiances. This
suggests that the PROBA-V NIR band cannot be used to derive turbidity in low to moderately turbid
waters.
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Figure 6: Regression plots of the water leaving reflectance from in situ (AERONET-OC) and from
PROBA-V. The squares are results from the Thornton AERONET-OC station, the triangles are results
from the Zeebrugge-MOW AERONET-OC station.
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CHAPTER 3 PROBA-V TURBIDITY VALIDATION ON PRIMARY VALIDATION SITE

3.1. INTRODUCTION

The one-band algorithm developed by Nechad et al. (2009) is selected to derive turbidity from the
PROBA-V water reflectance. The algorithm relates turbidity (T, in FNU) to the water reflectance
pw through,

AR-pw (W)

(=)

T

T=

where A’; and Cﬁ are wavelength dependent calibration coefficients. In the linear region where
pw(A) << Cﬁ the C{f has a very minor impact on the retrieved turbidity. Therefore an error in Cﬁ
will have a negligible impact in the linear region. C{f is calculated using standard inherent optical
properties. The A’; coefficient was obtained by a non-linear regression analysis using in situ
measurements of T an p,, and tabulated for every 2.5 nm in Nechad et al. (2009) and later
improved in Dogliotti et al. (2011) (only for MODIS bands) based on an extended set of in-situ data.
In Table 1 the C? and A%. for the PROBA-V RED and NIR bands are given. For the calculation of A%
(NIR) the tabulated values in Nechad et al. (2009) are spectrally resampled and the retrieved value
is adjusted considering the percentage change proposed by Dogliotti et al (2011) with respect to
the Nechad et al. (2009) values.

Table 1: Resampled calibration coefficients A’T’ and C’T’ used to retrieve T for the PROBA-V RED and
NIR bands.

p P
PROBA-V band Ap(resampled) | Cp(resampled)

RED (583 — 732 nm) 237.891 0.168
NIR (743 — 942 nm) 2535.41 0.209

The turbidity algorithm given in equation 1 is applied to the PROBA-V RED-band water leaving
reflectance images generated on the basis of both the land-based and the SWIR based approach.

3.2. VALIDATION APPROACH

The retrieved PROBA-V turbidity is validated using the CEFAS SmartBuoys (Figure 7,Table 2) (Mills
et al, 2003). These autonomous systems are moored, automated, multi-parameter recording
platforms used to collect marine environmental data. Turbidity data are typically collected every 30
minutes at 1m water depth. The data are freely available for research purposes.

In the North Sea study area there are three Buoys currently in operation. These are: 1) Warp (TH1)
NMMP in the turbid waters of the Thames; 2) West Gabbard (mid 2016 replaced by West
Gabbard2) and 3) Dowsing located more offshore. One more buoy outside the study area is used:
the Liverpool Bay Coastal Observatory.

PV-LAC: D-6-A2 Validation report Activity 3 16



CHAPTER 3 PROBA-V TURBIDITY VALIDATION ON PRIMARY VALIDATION SITE

Cefas/AFBI

sfas/RIKZ

Figure 7: Location of Smartbuoys used for turbidity validation (marked with red circles).

Table 2: Coordinates Smartbuoy stations used for validation

Warp (TH1) NMMP | 51.52633°N 1.028167°E
Dowsing 53.53133° N 1.056°E
Liverpool Bay 53.5345°N 3.361833°W
West Gabbard * 51.98033°N 2.082833°E
West Gabbard2 51.9545°N

2.1097°E

*replaced by West Gabbard2 since May 2016.

For each PROBA-V overpass (over the test site) the turbidity of a nominal pixel containing the
location of the field data measurement was extracted. The threshold for the temporal offset
between the time of the PROBA-V overpass and field data measurement was set as +1 hour.

Only valid observation were considered. Observations with a failure of the A/C, with high sun glint
probability, or with a cloud percentage larger than 10% in the 1km x 1km region around the in-situ
location were discarded in the results.

3.3. RESULTS

The validation results using the turbidity from the CEFAS smartbuoys are shown in Figure 8. A
correlation with a R? of 0.73 between the PROBA-V derived turbidity values and the in-situ turbidity
values is found when using the iCOR SWIR-based approach. The land-based A/C shows in general a
positive bias which is probably caused by the atmospheric correction (offset already observed in
the AOT and Rwn validation, see chapter 2).

Scatterplots have been made for all SmartBuoy location separately to see if the performance
differs depending on the location (and turbidity level). No significant or clear dependency of the
performance with the location could be found for the turbidity results obtained from PROBA-V

PV-LAC: D-6-A2 Validation report Activity 3 17



CHAPTER 3 PROBA-V TURBIDITY VALIDATION ON PRIMARY VALIDATION SITE

data corrected with the SWIR based approach. Even for the less turbid Dowsing site with Turbidity
levels less than 6 FNU a relatively good correlation was found with the PROBA-V derived Turbidity
values on the basis of the SWIR based A/C approach.

iCOR Land-based iCOR SWIR based
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Figure 8: Regression plots between in situ and Proba-V turbidity for all the Smartbuoy locations. The
Y-error bar gives the standard deviation of PROBA-V derived turbidity within the 1km x1km around
the Smartbuoy location. The X-error bar gives the standard deviation of the buoy turbidity
measurements performed within max. 1 hour of the PROBA-V acquisitions. The solid black line is the
1:1 line, dotted RED line is the regression line.

3.4. COMPARISON AGAINST MODIS TURBIDITY MAPS

Table 3 lists the MODIS Aqua and PROBA-V images used for the turbidity comparison validation.
For each of these days a quicklook of the North Sea region for MODIS and PROBA-V are shown.
MODIS data is processed with the HIGHROC S3plus processing chain, which makes use of the
SeaDAS I2gen processor, following the Gordon & Wang aerosol approach (Gordan and Wang,
1994). For PROBA-V the two aforementioned A/C are considered: iCOR land-based and iCOR SWIR
based. The turbidity maps were generated using the Dogliotti et al. (2011) algorithm for the red
band on MODIS, and Nechad et al. (2009) adapted for the red band of PROBA-V as described in the
ATBD. In first instance, a relative validation is performed between the MODIS and PROBA-V
satellite products by comparing the patterns of turbidity. Invalid values in the turbidity products
are coloured in white and can be linked to: (i) no data, (ii) clouds, (iii) negative values or (iv) AOT
failure. Next to a relative validation, the absolute values are compared through boxplots.

When comparing the different turbidity maps visually (Figures 9 - 12), the MODIS and iCOR-SWIR
based results are much alike, with the main difference that the higher resolution of PROBA-V
becomes visible in the level of detail of sediment plumes in and around the Scheldt river. The iCOR-
land based results show higher turbidity concentrations, which is in line with earlier observations in
section 3.3. In the SWIR-based results, more pixels are flagged compared to iCOR land-based due to
negative values. The extent of the boxplots for the four different days reveal as well that the range
(without outlier) of PROBA-V land is larger and the median is higher than for MODIS.
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Table 3: List of selected MODIS Aqua and PROBA-V images used for the intercomparison excercise.

MODIS Aqua PROBA-V
Date overpass overpass Time differece
03/04/2016 13:00 11:19 1:41
12/04/2016 12:55 11:20 1:35
01/05/2016 11:45 11:00 0:45
05/05/2016 13:00 11:11 1:49
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Figure 9: Quicklooks and turbidity maps generated for MODIS and PROBA-V, acquired on
03/04/2016. The latter using the iCOR-SWIR based and iCOR-land based method. The boxplots for
the different results are plotted without outliers. Boxes represent the range between the 25" and
75" percentile, while the whiskers represent the 5" and 95" percentile.
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Figure 10: Quicklooks and turbidity maps generated for MODIS and PROBA-V, acquired on
03/04/2016. The latter using the iCOR-SWIR based and iCOR-land based method. The boxplots for
the different results are plotted without outliers. Boxes represent the range between the 25" and
75" percentile, while the whiskers represent the 5" and 95" percentile.
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Figure 11: Quicklooks and turbidity maps generated for MODIS and PROBA-V, acquired on
03/04/2016. The latter using the iCOR-SWIR based and iCOR-land based method. The boxplots for
the different results are plotted without outliers. Boxes represent the range between the 25" and
75" percentrile, while the whiskers represent the 5" and 95™ percentile.

PV-LAC: D-6-A2 Validation report Activity 3 24



CHAPTER 3 PROBA-V TURBIDITY VALIDATION ON PRIMARY VALIDATION SITE
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Figure 12: Quicklooks and turbidity maps generated for MODIS and PROBA-V, acquired on
03/04/2016. The latter using the iCOR-SWIR based and iCOR-land based method. The boxplots for
the different results are plotted without outliers. Boxes represent the range between the 25" and
75" percentrile, while the whiskers represent the 5" and 95 percentile.
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CHAPTER 4 A/CVALIDATION ADDITIONAL GLOBAL SITES

4.1. INTRODUCTION

In this section, the results of the A/C methods are shown for global test sites. The global AERONET-
OC sites included are (i) Venise (Italy), (ii) Long Island Sound Coastal Observatory (LISCO) (New
York, USA) and (iii) Martha’s Vineyard Coastal Observatory (MVCO) (Massachusetts, USA).

The Venise AERONET-OC station is located at 45.31 °N, 12.50°E and altitude of 10 m, around 13 km
from the shore. The global test validation site at LISCO is on western Long Island Sound 3.2 km
offshore at New York, USA with coordinates 40.95° N, 73.34° W. The MVCO global validation test
site (41.33°N; 70.57°W) is located 5 km offshore on the Air-Sea Interaction Tower, near Rhode
island, USA with platform at 10 meter height. The locations of these stations are shown in Figure
13.

‘\."em se

Figure 13: Location of the LISCO, MVCO Venise AERONET-OC stations.

For the Venise site, PROBA-V data from 2014 till 2016 have been processed both with land and
SWIR-baseds A/C method. For the MVCO and LISCO only PROBA-V data from 2014 are processed.

No match-up analysis of the water leaving reflectance is performed, as no information was
available to derive region specific spectral shift corrections, necessary to link the small spectral
bands of AERONET-OC with the broad spectral bands of PROBA-V (see section 2.3.1).

4.2. AOT VALIDATION

Figure 14 gives the scatter plots of AERONET AOT versus PROBA-V retrieved AOT (550nm) values
for respectively the land-based and the SWIR based A/C approach for the stations Venice, LISCO
and MVCO.

There are less match-ups for the land-based compared to the SWIR-based for the Venice site. This
is caused by cloud contamination over land: the iCOR land approach requires at least 50% of the 30
km x 30 km macro-pixel to be cloud-free for the AOT retrieval. As the PROBA-V subsets for the

PV-LAC: D-6-A2 Validation report Activity 3 26



CHAPTER 4 A/C VALIDATION ADDITIONAL GLOBAL SITES

Venice site were relatively small (i.e. 100 km x 100 km) there were several images for which no
macro-pixels could be found with a cloud-percentage less than 50 %. For these images no AOT was
retrieved. In the SWIR-based AC approach the AOT retrieval is pixel based. If according to the cloud
mask (as provided in the status map of PROBA-V) the water-pixel is cloud free an AOT is retrieved
in the SWIR-based approach.

The total amount of match-ups for the MVCO AERONET stations is very small (3 in total), as only a
limited number of in-situ measurements fell within the 30 min restriction for match-up analysis. In
iCOR SWIR based no results remained as these pixels were triggered by sun-glint.

We can observe in Figure 14 a lot of outliers in the SWIR-based results. Outliers (a) till (d) are linked
to clouds and contrails at the AERONET-OC stations as illustrated in Figure 10. These clouds were
not marked/detected as cloud in the status map provided with the PROBA-V data. Outlier (e) is
caused by white caps/waves. Despite the outliers, similar regression coefficients were obtained
using iCOR-SWIR for these global validation stations compared to the AOT validation of the North
Sea: there is an offset of 0.14 and a slope of 1.02. iCOR land performs for these sites better than for
the North Sea. Especially LISCO performs very well. The explanation can be found in the absolute
distance from land: the further away from land, the more uncertainty and error propagation
included in the extrapolation. The 26 km of shore for Thornton is most likely too far for the iCOR-
land based retrieval to be valid.
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Figure 14 Scatter plots of AERONET AOT versus PROBA-V retrieved AOT (550nm) values for Venise,
LISCO and MVCO sites. The solid black line is the 1:1 line, dotted RED line is the regression line.
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(a)

(b)
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Figure 15 Visual inspection of outliers in Venice SWIR based AOT retrieval. Left : RGB image
centered at AERONET-OC station; Right : Cloud mask (extracted from status map)
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CHAPTER 5 CONCLUSIONS

PROBA-V data was processed, using two adaptations of iCOR: a land-based AOT retrieval method
(iCOR-land) and the SWIR dark pixel approach (iCOR-SWIR). Different PROBA-V products were
validated: (i) AOT values were compared with AERONET stations located near the North-Sea
(Zeebrugge-MOWT1 and Thornton C_power), Venice (ltaly) and LISCO and MVCO (north-east USA),
(ii) water leaving reflectance data was compared with the AERONET-OC stations in the North Sea
and (iii) turbidity maps were validated against continuous in-situ instruments (e.g. CEFAS
Smartbuoys) and MODIS products.

The AOT validation showed that iCOR-land performs relatively well in regions near the shoreline at
global level. However, the further away from this shoreline, the more uncertain the results yielding
low R? values, as was the case for the Thornton C_power station (26 km from shore). The iCOR-
SWIR approach on the other hand seems to be consistent at first sight for the different test
location considered, with an offset of 0.14 and a slope gradient of 1.02.

In order to fully validate the water leaving reflectance, spectral shift correction factors were
applied to the narrow bands of the AERONET-OC data to make them comparable with the broad
bands of PROBA-V. These spectral shift correction factors are region specific. As such, only results
were derived for the North Sea, thanks to the availability of the extended CoastColour dataset. In
this case the SWIR-based method showed the best results, with a maximum offset of 0.005 (band
668 nm), a slope of 0.91 (491 nm) and 1.02 (668 nm) and an R? higher or equal than 0.78. Only the
VNIR band 870 nm showed in general a weak performance, but can be linked to the absence of
spectral shift correction factor for this band. iCOR-land performs for all bands less accurate.

As a consequence, the turbidity values shows the best performance in the North Sea (R? of 0.73)
using the iCOR-SWIR method, when validating with continuous in-situ instruments of CEFAS
Smartbuoys. A comparison between PROBA-V and MODIS show that similar turbidity levels and
patterns were found and the advantage of the higher spatial resolution of PROBA-V becomes
visible in the Scheldt estuary.

In short, although PROBA-V was not intended to be used to derive water quality parameters, the
radiometric performance is sufficient to derive information on the turbidity from the RED band in
in moderate to high turbid waters. The iCOR-SWIR based method showed the best results, but
closer to land a shift to iCOR-land might be favorable.
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