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ABSTRACT

With the advent of Sentin@A new, unpreceehted
opportunitiesemergedfor andyzing lakes by remote
sensing with respect to spatial, radiometric, spectral and
temporal resolution. This study is based on a Sentinel
2A scene acquired at Lake Starnhemg oligotrophic,
peri-alpine lake. Atmosphericorrection with Sen2Cor
worked well showinghowever,a small overcorrection

in some bandsThe lake was anatgd with WASI2D

for suspended particulate matter (SPM) and absorption
by coloured dissolved organic mattercd@wao) Iin
optically deep watelin optically shallow water bottom
coverages and water depths were retrievedddition
Compared to in situ measurements, SPM was
overestimated whereascpomuag) agreed well. Water
depths estimation performedasonablyp tomeasured
Secchi deptiRMSE 0.42 m).

1. INTRODUCTION

Lakes represent important ecosystems which offer a
variety of ecosystem servicg. Several stressors such
as climate change, eutrophication, morphological
alterations and contaminations, however, threaten their
ecological functions [2]. To address these threats
various national (e.g. US Clean Water Act) and
international (e.g. European Water Framework
Directive) legislations exist which include regular
monitoring of water bodief3]. Optical remote sensing
can assist to obin indicatorsof lake ecologyincluding
chlorophylta (chl-a), suspended particulate matter
(SPM), coloured dissolved organic matte2[OM); in
shallow watetbottomcoverageand water depthsan be
retrieved as well4]. Sentinel2 offersgreat potentiato
investigate and monitor indicators of lake ecology at
spatial and temporal scales which traditional point based
in situ samplingsare unable to coverSentinel2 is
thereforeexpected to have a high potential for deriving
information on optically actie water constituents and
shallow watebenthos.

This study focused on Lake Starnberg, a deep,
oligotrophic, peralpine lake. Earlier studieat Lake
Starnbergused airborne hyperspectral data to derive
water depths [5] or macrophytes and water constituen
[6]. Reference [7] used uitispectral RapideEydatato

map invasive macrophytes [fQur studyaimed to test
Sentinel2A (S-2A) data for their suitability for
estimating water constituentsshallow water bottom
coverage and water depfhor the entirgprocessing we
used freely available software. We applied Sen2Cor
atmospheric correction [8] and the Water Colour
Simulator WASI2D [9] for analying the water body.

In situ measured reflectance spectra and water samples
enabled an evaluation of modellingsults.

2. METHODOLOGY
2.1.Study areaand in situ data

Lake Starnberg is 6.4 km2large perialpine lake
| ocated in southern
47 A4 9 6 Fidg a)0TheNlake is up to 128 m deep
(average depth: 53.2 nand developed duringhe last
ice ageRel ative to the
(314.7 km?) is small anid predominated by forests and
cultivated grasslands. The inflow consists of few small
creeksand groundwateresulting ina long residence
time of water (21 years)rhe outflow, the river Wirm

is located in the North [10]Since the 1970slake
restoration programmesuch as the construction of a
circular sewer line systemeduceda formereutrophic
development. Currently, its trophic state is classified as
oligotrophic[11].

On August 1% 2015, radiance reflectance
measurements abovhe water surfacewere conducted
with an Ibsen spectroradiometer (3880 nm,0.5 nm
sampling interval concurrently to a A overpass -l

and +2 hours)Measured Secchi depth was in average
4.2 m (x0.3 m)On the day before, water samples were
collected at the same locations (Fig and analgedin

a laboratoryfor acpom, chl-a and SPM concentrations.
For acpow estimation water samples were filtered
through a Whatman GF/F filter (pore size 0.7 um). The
filtrates were measured photometrically with a Perkin
Elmer Lambda 1050 spectrophotometer according to
[12]. SPM was determined gravimetrically by filtering
water (1 1) through preveighed cellulos@acetatefilters
(pore size 0.45 um). After drying at 105°C filters were
weighed again to retrieve SPM concentration by
subtraction (cf. [13]). For cka, water (1 1) was filtered
through GF/F filters (pore size 0.7 um); pigments were
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extraded with acetone (99.%) and analged byhigh
performance liquid chromatography
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Figure 1. S2A tue-colour composite (20 m) of the
study area and location of measuarentpoints.

2.2.Preprocessing of SentineRA data

S-2A acquired a scene of Lak&tarnberg on August
13" 2015 at 12:16 (UTC+2Atmospheric correction of
reprocessed preperational L1C Sentinel2A data
(processing baseline 02.01as conducted with
Sen2Cor (Versior2.0.6 [8]). Tab. 3 lists parameters
which were usedfor atmospheric correctionFor
assessing vertical water vapour column artosol
optical thicknesgAOT) Sen2Cor uses-3A bandsB8a
and B9 resp. B2, B4 and B12

Tablel. Viewing and sun angles over Lake Starnberg
during S2Aimageacquisition

Sun Sun Viewing  Viewing
zenith azimuth zenith azimuth
Min 35.563° 153.53° 7.86° 99.37°
Max 35.68° 153.72° 8.39° 109.33°

Lacking a correction of water surface effe@sn2Cor
calculates bottom of atmosphere BOA) irradiance

reflectanceabove water R(0"). We then applieEq. 1
to convert R(0) into remote sensing reflectancg(&)

R(0" [sr'] = R(0")/(10 000- ) (1)

To evaluate the performance dhe atmospheric
correctionwe calculateds-2A R(0") meanspectraand
standard deviatian from a 3x3 pixel environment
surroundiig each of thén situ measurement postWe
averaged masurementf each measurementpoint,
convolutedthemwith the SentineRPA spectral response
curvesand comparedhe mean valuewith the satellite
spectra. The correlation coefficie(R) and Root Mean
Square Error(RMSE) served aperformancendicators.

R indicates the correspondence in shape whereas RMSE
gives the absolute difference between reflectance
spectra 14].

To distinguishbetweenwater and land we applied the
modified normalised water index gl using the S2A
bands B (560 nn) andB12 (2190 nm)Optically deep
and shallowwater were separatedgccording to the
official 8 m bathymetry line [16].

2.3. Parameterization of WASI-2D

WASI-2D is a software tool for anayng remote
sensing imagerypy spectral inversion and optimaition
[9], downloadable from [17] WASI-2D inversely
models R specta by means of radiative transfer. The
optimization approach aries fit parameters such as
water constituents and water depths within agetned
range until measured and modelled sgeathievethe
best match (residuum < 1.0&). In case ofa non
optimal match WASI-2D stops further iterations at
pre-definedmaximum numberFor modelling R(0") in
optically deep and shallow watere used thdR,s model

of [18]. Conversion between S2@or R(0") and R(0")
followed Eq.1.

S-2A bands B2 490 nn), B3 660 nn), B4 665 nm)
andB5 (705 nn) were the input for inverse modelling in
shallow water;B6 (740 nm) andB7 (783 nmn) were
additionally used in deep watéte thereforeesampled
the WASI spectral database to the spectral response
curves of S2A [19]. In optically deep water, SPM,
acpomuso) and the sun glint factor gqq were fit
parameters.Scattering by SPM was considered as
wavelengthindependent with the WASI default
backscattering coefficient (0.0086 riig

Dinoflagellates were chosen as phytoplankton type
using the specific absorpti coefficient from the
WASI-2D data base. -g8om predominates absorption
processes at LakStarnberg [5]Since both chh and
CDOM strongly absorb ithe blue wavelength region
[20], and the atmospherically corrected dataset currently
offers only one banah this wavelength region (see also
section 3.1),fitting both constituentsmay lead to
ambiguous modelling results, in particulaif
concentrationsare low Therefore,chl-a concentration



was kept constant (0.8 phgiriented at in situ
measurement valugis both optically deep and shallow
water.

In optically shallow waterthe sun glint factor was fixed
at -0.0L. During inverse modelling, the negative value
slightly alleviates overcorrection of J0) spectra by
Sen2Cor SPM, acpomuaoy Water depths andbottom
coverageg(sedimentsand macrophyteswere considered
as fit parametersTo estimate the latter, WASID
requires irradiance reflectance spedfaediment resp.

macrophytes as model input. The macrophyte spectrum

(Chara contrarig originated from the WASI spectral

database; the sediment spectrum was measured ex sit

in the field (SO05,
spectroradiometdFig. 2).
0.30

Fig.1) using the Ibsen

=—e sediment
0.25}| ®—= macrophytes

0.00

450 500 550 600 650 700
Wavelength in nm

Figure 2. Resampled irradianceeflectance spectra of
the two bottontypes sediment and macrophytes.
3. RESULTS AND DISCUSSION
3.1. Atmospheric correction

During atmospheric correctioBen2Corcalculatedan
AOT of 0.218 + 0.004 (550 nm)for Lake Starnberg

and water depthAt all measurment points Sen2Cor
retrieved laver R¢(0") values compared to in situ
measurements. This overcorrectiomynmresult from a
erroneousaerosol parameteation. Sen2Cor estimated
a higher arosol optical thicknesscompared to
microtops measurementAOT=0.145 (550 nm), cf.
[21]). At point SO2 which is located very close to the
shoreling Sen2Cor overcorrected®") in all bands.

3.2.Optically deep water

In optically deep water, ®@omuaa0y SPM and thesun

uglint factor gqwere fitted during inveles modelling Fig.

4 illustrates the resultingonstituentmaps they clearly

demonstrate that no processing artefacts such as striping

close to masked pixels occurrdfl]. Low residuals
(mean:2.06E4 +1.2F-4 sr') between measured-ZA
and inversely modelled spectruinrther indicated well
working modelling. The average SPM concentration
was 2.9 +0.4 mgl; averageacpomuaoWas 0.51 +0.09
m?. Value ranges of both SPM an@pdmwaso) Were
reasonable and correspaid well to in situ
measurements and concentratiogtseved from remote
sensing datérom other studies atake Starnberg (e.qg.
[5], [6]).

Referring to the spatial patterns of water constituents,
SPM exhibited only small variationg-ig. 4). Lowest
SPM valuesappeared in the northern part, east of the
smal | i sl and 6 Ro s eoncentraieant 0 .
occurredin the southern part close to shallow water
CDOM originates from decaying algae and plants or
enters the lake from allochthonous sourf®g. Water
samples revealed very low concentratioof chia (06
+0.2 ugL™). Therefore,the present CDOMpresumably
originates from allochthonous inputs. Only small
surfacewatersflow into the lake.Thus, theretrieved
low acpomaa0) Valueswerereasonablgthe same applies

pixels Water vapour above water pixels corresponds to ¢y, highestacpomac) absorptionwhich occurredin the

the scene mean abovand. Water vapour was 1.42
+0.14 cm for pixels within a 9x9 km land area
surrounding the southern endAtmospherically

southern partclose to the major inflowaccordingly
lowestabsorptiorwasin the centre of the lakdhe sun
glint factor gq ranged betweerD.1 and 0.mean:0.09

corrected spectra showed reasonable magnitudes and; 0.06. Positive values indicating a proportion of sun

shapes of water spectra. Songencerns however,
remainedwith water pixels. R(0") values of band31
(443 nm)showed a constant value 6f001 st over
water surfaces. Furthermor&2909 pixelsshowed no
data values in banB6 (740 nm) and/oB7 (783 nm)
These pixels aréocated close to the shoreline in the
southern part of Lake Stmberg and presumably
resulted from overcorrected
values)

Fig. 3 presents imsitu and Sen2Cor R0") spectraof
measurement point©wing to the nedata issue most
measureent points included R0 up to 705 nm.
High R values (>0.8) and RMSE values lower than
0.006 st underpinneda good agreement in both shape
and magnitude of atospherically corrected spectra.
Absolute R(0") valuesvaried depending on substrate

glint mainly occurred in the centre and northern part of
the lake (Fig. 4). Negative values were fitted in the
southern part close to shallow watevhich further
indicates an overcorrectedimospheric scattering

Tah 2 compares WASI derived concentrations with
water sample measuremensthough obtained SPM
concentrationsvere in a reasonable range, WA2D

reflectance (negative qyerestimated SPM coentrations from SA data in

comparison to analyd water samples. Certainly, situ
samping andS-2A acquisition had a time offset of one
day; weather conditionshowever,were stable andid
not indicatechanging water constituent concentrations
SPM measrements contain uncertainties3[2which
may lead todifferencesbetween sample measuorents
and WASI2D derived values
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Figure 3. Comparison between resampled in situ measug@'Rspectra and atmospheric correcte@A8 spectra.
S01S04and S0%re located in optically shallow water; S05 and S07 are located in optically deep Wwaf&06 and
S10 no measurements were conducted.
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As backscattering of SPM was parameidi according

to the default settings of WASI, the results may be
improved by determining site specific backscattering
coefficients.

Modelled and measured:gbmuao) values agreed very
well. Nevertheless, the measureghd@aao) values may
be slightly biased by the used filter of 0.7 um pore size.
The standard pore size to measuggog from a water
sample ranges between 0.2 and 0.45
([22],[24],[25]).

um

Table2. Comparison between in situ an®?8 (WASI
2D) results in optically deep water.

S05  S06  S07 Mean
SPM [mgLY] in situ 1.9 1.0 04 11
SPM [mgL’] WASI 3.2 34 31 32
acpomany [M™] in situ 0.69 0.66 0.62 0.66
acpomaan[M ] WASI 0.63 0.73 0.65 0.67

3.3 Optically shallow water

In optically shallow water, retrieval of water depths and
bottom coverage by sediment or macrophytes was
possiblein additionto the water constituesi{acpowmaao

and SPM).Tah. 3 lists measur@ and modelled water
constituent valuesf the in situsamplingpoints Fig. 6
highlights the resulting mapd$n some cases, striping
occurred close to the deep water mask. Compared to
deep water, retrieved SPM concentrations (4.5 +4.2
mgL™) and @pomuao) (0.71 £0.32 m') were higher in

B 0.53-0.59
M 0.59-0.91
Ay

averageand showed more variability. Modelled water
depthswerereasonablyandrangel between 0 and 8 m.
Only few pixels hd water depths > 8 mAverage
residuals (3.46H +5.55E4) were similarly low as in
deep water indimting a good model performance.
Retrieved 8pomac) Was highest in the south (inflow),
the north (odet) and at the shoreline where small
creeks drain into the lakeacpomuagy Measured from
samplesmatched with S-2A derivedvalues;similar to
shallow water modelled SPM coentrations were
overestimated (Tab3). Obtained SPM concentrations
were lovwer in the southern part whereas higher
concentrations occurred in the north. A reason may be
more intense ship traffic in the north comgd to the
southern end causing sediment resuspension
shallower water.Most pixels in the southern part
contaired no data values in band@®6 (740 nm) and37
(783 nm) Contrary, jxels in the northern part offer
R(0") which couldhave beerinterpretedas scattering
by slightly higher SPM valueduring inversion A lack
of in situ SPM values frommeasureent point S10
(northern end)mpedes a clear explanatidretrieval of
bottom substratesoverageby macrophyts (Fig. 6) was
reasonablePixels withlow macrophyte coverageere
detected in areasith predominating sediment, e.the
narrow strip along the souttastern shorelineThe
sediment spectrum useaks a referencdor unmixing
bottom reflectance during inversion was meased in
the southern p& Neither this spectrum nor the
spectrum of singlemacrophyte specidsom the WASI

in



databasevere able tacoverthe entire range dbottom
conditions in the lakeParametering representative
and accurate R spectra of bottom substrdtewever,s
challenging. Several approaches are currently developed
such as image based retrieval [5], development of
reflectance mdds from in situ measurementsgj2or ex

situ measurementg27]. Suitable bottom spectra are
essential sine they strongly influence acate water
depth retrieval [5].

The derived water depth map (Figé) showed
reasonable gradients from shallow water at the shoreline
towards higher depths close to thdeep watermask.
Very shall ow water deptbhs
(blue subset in Fig6) were detected well. Retrieving
the depth gradient between island and shoreline,
however, failed presumably due toinappropriate
bottom reference spectraThe same applik for the
northern part of the lake where water depths rdye
exceeded 2 mEor a quantitative accuracy assessment
echo sounding datwereavailable for the southerpart
(Fig. 6, yellow subset, white point$p]. We calculated
the mean of all measureent points within a 20x20 m
pixel; standard deviations rangedttveen 0.001 m and
0.78 m (mean: 0.11 mfig. 5 shows the comparison
between averaged echo sounding depths and modelled
water depths from -2A data.Overall, the RMSEwas
high (0.95 m). Major deviations fromthe 1:1 line
occurred in modelledlepths>4 m which was slightly
lower than the average measured Secchi depthr().

In this depth range (@ m) the RMSE was distinctly
lower, i.e.0.42 m.Referring to the water depth values in
Tab. 3, measured and23 depths correspoed well
(except S04)taking into accounta certainvariability
within a 20 m pixel. S04 is located close to a brefik
edge, so that little GPS variations magve led to
highly differing values.

Table3. Comparison between in situ aneé8 results
(WASIH2D) in optically shallow water. No water
samples were taken at S09.

S01 S02 S03 S04 S10 Mean
T

SPMImgL] 7 06 01 01 - 04

in situ

SPM [mgL7]

WAS 00 00 14 13 40 13

8cow(440) 083 065 059 059 1.03 0.74

[m™] in situ

AcpoM(440)

maWAs) 081 117 055 066 065 077

Waterdepth 4 g5 g6 275 385 - -

[m] in situ

Water depth

(m] WAS| 132 065 263 25 - -

'RMSE: 0.95 m
| n:376

~ w [=)] ~

w
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Water depth from Sentinel-2A [m] (WASI-2D)
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% S
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Figure 5. Comparison between echo sounding

(acquisitionJune2012) and A (WASH2D) derived

water depths
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4. CONCLUSIONS

In this study, we used-2A data to test its suitability for
mapping indicators of lake ecology. To this end, we
chose the freely availablatmospheric correctiotool
Sen2Corand the freely available bioptical modellng
software WASI2D. We evaluatedhe performance of
the atmospheric correctionusing in situ R0
measurements. ®Wer sample (acpom, SPM, chia)
supportechotha regional parameteztion of WASI2D
and an assessment of results. In optically deep wate
SPM and apoma40) Were successfully retrieved from S
2A data. In optically shallow water, SPM angb@uao)
could be deriveds well as water depth atite presence
of bottom macrophyte or sedimentacking of S2A
band Bl in the bluempeded chl and acpomaao)
retrieval The applied atmospheric correction lacks a
correction of water surface effects; considering
wavelength dependent surface reflectance during
WASI-2D inverse modelling however, allowed the
retrieval ofreasonablaevater constituentanges.In this
context, site-specific bottom reflectance specpeoved

to be important for obtaining reliable results in optically
shallow water

Overall, S2A data allowed for gathering spatial
information on relevant indicators of lake ecology at
Lake Starnberg. Testing its suitability for lake
monitoring should be expanded for lakes with differing
optical properties and trophic characteristics.



Figure6. Results of shallowwat er i nver si on. Bl ue subset in water dept
depicts validation area with echo sounding track (white polés)kground is grayscaled A bandB5 (705 nm)
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