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Abstract

Themainobjectives of the Secchi3000 amdobiwater work packagef the Tekes funded JVP project were
to develop an in situ water quality measurement device based on digital camera technology and to find
methods to transfer measurement aridterpreted resultswith mobile phones.

Several prototype devices were developed and tested during measurements at 14 sites (including lakes,
coastalwatersand a river) in Southern Finland. The results show that the vebsisad on a container with

a transpaent side and black and white platestato or three different depthscan estimate Secchiepth

with veryhighaccuiagy, and turbidity TSMand CDOM with goodccuracyThis device was not intended

for estimating chlorophyll concentrations.

The simulatiorof the Secchi3000 measurementasbased on Hydrolight, Gordon type reflectance model
and Kirk's Kmodel. The simulation with thiarge nationwide datasg3549 measurementshowedthat
Secchi deptltan be estimated with good aac@acy in the 0.5 m regon in avariouscombinatiors of colour
producing substances (CP3JI simulations yielded the nelinear CDOMalgorithm, which is valid in a wide
range of CPS combinatios high CDOM levels the accuracy is expected to be lower and accuracy also
depends on camera's ability to measure low light levels. According to the simulations the accuracy of
turbidity estimaion is expected to be lower than case of Secchi depth and CDOM

The Mobiwater part of the project is still egping and final radts are aailable inthe end of2011. A test
using the EnviObserver system developed by VTT was performed and while some modifications are still
necessary, the system performed well.
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1 Introduction

Various substances in water absorb and scatter light with a wavelength dependent mahuasjsome
water quality parameters can be estimated by measuring and analyzing the light refleategassing
throughwater. Several measurement devices have been developed with this principle in mind

1. Secchi disks a simple white (sometimes with black s&®) disk that is lowered into water. The
depth where it can ndongerbe separated from the background light field by a human observer is
the Secchi Disk DeptHs). Zspis a measure of the transparency of the water and is related to the
euphotic depth (he maximum depth where sunlight is still available for plants for photosynthesis).
Secchi disk is the oldegpticalwater quality measurement device still in use. Since it relies on the
eyes of a human observer the measurement is somewhat ambigéousiant of the Secchi disk is
the black diskdescribed in Davie€olley (1988)in theory, the black disk in better than the white
Secchi disk since the measurement is not dependent of the ambient lightTleklversions used
in a horizontal positionwhich allows estimation of water clarity in shallow water bodies (e.g.
rivers).However, the horizontal measuremergquireseither a water scope with a 45° mirror or an
underwater observer making the measurement procedure more complicated.

2. Spectrometerameasure the lighteflected by the water or the light field in watéFhe reflectance
of water is related to thdvackscattering and absorption coefficients of water which eglated
through specifiégnherent optical propertieSIOPs)o water quality paameters such as chlorophyll
a (chl a), suspended matt€FSM)and colored dissolved organic matter (CDOM). The estimation of
these parameters can be performed by inversion of the measured reflectance or by using band
ratio algorithms. Portable spectromeatg such as the ASBield Spe®ro Jr. by the Analytical
Spectral Devices In@an be used is this manner. However, even a simple spectrometer can cost
several thousand Euros making them too expensive for the general piatit observation
instrumentsin aircraft and satellites (e./ERIS and MODI&sousethis measurement principle.

3. Attenuation meterscontain a tube where a water sample is placed. A beam of light is passed
through the sample andetected at a sensor. By comparing this measurement with a control case
(tube filled with pure water) the attenuation causég the substances in water can bstimated.

The attenuation values can then be converted into water quality informatiore examfe of this
type of device is the a@ absorption andcattenuation meter by WET Labs. Like spectrometers, these
professional devices are too expensive for the general public.

4. Fluorometersuse a pulse of light (e.g. from a laser) to excite e.g. chlorophyibhytoplankton
and measure the radiation emitted at a longer wavelengthe quantity of chl a is then related to
the intensity of the fluorescence sign8lue to the required light source and the need for very
accurate detectors these devices are expeas

The main objective of the Secchi30@iart of the Tekes fundedVRWater Quality Service for Lakes)

LINE2SOG ¢l a G2 RS@OSt2L) I OKSI LI &S diNEivd igefatde ¢ G SN
device was to estimate water quality by observing plates of different colonsaterwith a digital camera

Digital cameras were selected as the sensors of the Secchi3000 device for the following reasons:



- Digital cameras are in essence three bandcsoeneters that collectight inRed, Green and Blue
(R, G, and Bjandsandthey have been used with some success eaftiewater quality estimation
(see below.

- They have become very affordaklend thus very commoni the recent yearand adigital amera
is included in many mobile phones

Duringthe JVRprojectseveralvery differentprototype devices were developeahd tested.The design
objectives were to keep the device mechanically simple and easy to manufacturenvelileg sure that
the measurement accuradg good

In this report the stepsakenin the development, construction and testing of the devices are described. In
Chapter 2, thse properties of digital camerdhat are relevant to this measuremeate described. In
Chapter 3, he mechanical design of the prototype devices are explained. In Cisdmed 5 the test
measurements&ind the resultsare describd. In Chapter 6 the simulations based on-bical models are
shown. Chapter 7 explaitise current status of the Mobiwatepart of the project (i.e. the methods for
transferring the measurement data with mobile phondsinally, the conclusiaand the final prototype

are described in Chapter 8.

1.1 Earlier studies about water quality estimation with digital cameras

Theuseof water colour measured with digital camera attached to a tultwas been tested for the
estimaton of water qualityin the coastal areas of Irelarfvhite et al. 2005, Goddijn and White 20086,
Goddijn 2007and Goddijn et al. 200%he results showedh srong linear relationship between the
concentration of yellow substances and camera band ratio R/B andlagaglationship between
chlorophyll a and camera ratio B{@&ith low suspended sediment concentrations)

Klaveness (2005) toakgital pictures(through a water scopeajf a Secchi diskuspendedat half Zpin
Norwegian lakesThe RGB values were converted to ligeality of colour)aluesin order to find pictorial
distinction between different lakeg.he results show how the hue changes from lakiake but the

camera values were not compared to water quality data. The conclusion of the study was while digital
cameras produce useful data the data processaking place in the camera prevents the development of a
standardized measurement procedungth the current consumer level cameras.



2 Properties of digital camera s

In this chapter those properties of digital cameras that are relevant t@enechi3000 device are discussed
and the measurement characteristics of a Canon PowerBi6digital camera are examined.

2.1 Camera basics

Current digital cameras collect light withmaatrix sensor element based on CM®Mplementary Metal
OxideSemiconductgror CCDGhargeCoupled Devigetechnologies. In these elementhotons are
converted toelectrical charge which is then converted to voltage and finally digital numbe(DN range
typically between 0 and 25&ith the more common 8 bit data or 0 and 65535 with 16 bit Jl#tat
represents thantensity of the light in the observed scerighe elements contaipixels sensitive to
different wavelengths of light, which allow the sensor to detect light on red, green andbhas The
output of the camera is an R@mRageoften compressed into e.g. a JR@mat.

2.2 Exposure

The brightness of a digital image is controlled by expodtxposure iga function of the followinghree
parameters:

1. Sensitivitysetsthe efficiency of converting incoming photons to electric charge. The
sensitivity is expressed as an I1SO value anéda@ues mean higher sensitivity. However,
with high sensitivity comes more noise and high sensitivity is usually useful only in dim light
conditions.

2. Shutter timesets the time the sensor is allowed to collect light. The longer the time the
higher the xposure and vice versa. Shutter time is measured in seconds and is typically
expressed as a fraction of a second (e.g., 1/20 means 50 ms).

3. Apertureis the size of the hole the light must go through before reaching the sensor. A large
hole allows more ligt to go through increasinthe exposure However, @erture is also
related to the focusing of the camera small aperture will allow a greater depth of field (the
distance range where the camera dam accurately focusedgince this is often desired, the
aperture cannot be too large.

In a cheap consumer level camera it is usually not possible to manually set all these parameters. While the
ISO can usually be dey the useraperture and shutter time are often set automatically. The user can
however, in mosbf thesecamerasadjust the Exposure Valuk\j. By selecting a lower EV the camera

takes darker pictures although the shutter time and apertare selected by the camerdlevertheless, EV

is a useful parameter in order to avoid over exposure and saturation.

2.3 Linearity

The sensor elements (CCD or CMOS cells) have a linear response to increasing intensity of light. However,
cameras try to emulate the response of human efwisich have atrongly nonlinear response) to
changing light conditions and the values detected by the sensor element usually urindargmon-linear



processing within the camera. This is done with a camera response function (CRF) which is a camera model
specific set of functions thatontrol the output of the camera.

Certain camera models allow storing the sensor data in RAW format that does not include thieCRF
However, this option is typically available only in the more expensive models.

The CRBf a camera is typically not available for the user. Thus, in most cases the processelli&N
cannot be converted back into the sensor values. Due to this, it is necessay tther means for
estimating the CRF.

The linearity othe CRF can be estitea with e.g., a MacBeth color checker chadfigurel). By taking
images 6the chart in a constarnitlumination and changing exposuaad then plotting the result values as
a function of the charts reference values, thleape of thecamera response function can be obtained
(Figure2). As can be sa® the functions are notinear when the total exposure is higtoial exposure
above600 DN with EV $.66). By selecting a low EV, it is possible to find a regioere the response is
very close to linear (frorB0to 550 DN). Tle conclusion from this sasurement is that the DN value of
each channel should be below 200 in order to make vabasurements fowater quality estimates

yexrite ColorChecker® Color Rendition Chart
Figurel. MacBeth color checker chart.
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Figure2. Total response(R+G+Bdf CanonD10camerato MacBeth color checker chart with different EV
Only the six greyscale areas on the bottom of the MacBeth chart were used in this analysis.

2.4 Spectral response

The simulations (Chapte) €equire information about the spectral response of the camera. This can be
estimated with e.g. LEDBigure3 shows the spectral responses of CamiftOand Nikon Colpix 5200
cameras estimatewvith the following procedure:

1. Apictureof eight LEDs with known wavelengtharacteristicss taken.
2. The DNvaluesof each LED for each chanaet extracted.

3. The relative spec#l responses for each channel a@mputed as a @rcentage of the total
response.

As can be seetthe results are very logicalhe Red channel is sensitive to light above 600 nm, the Green
channel to light between 500 and 600 nm and so Bime only surprise was thtte Blue channel of both
cameras has a response in the red wavelengths.
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3 Prototypes

3.1 Basic measurement prin ciple

Due to scattering and absorptiaf photonsa beam of light is attenuated as it propagates in wgsere
Figure4 for detailg. The amount of this attenuation is largelgntrolled by the types and amounts of
colour produing substanceg§CPSin water (chl aTSM and CDOM). Thusy measuring the attenuan, it

is possible to estimate theoncentrationsof the substancedith a digital camera it is possible to estimate
the attenuation by e.g. taking a picture of a target with known reflectance properties in a known
illumination and by measuring how muohthe light has been lost while it propagates in water.

3.2 Pole

The original idea for the device was to construct a mechanism that allows the user to place colored plates
below water surface and then take pictures of the plates in a convenient mannef>Test version of the
device was constructed and tested during AugBsptember 2009 and with this version the applicability of
basic measurement principle was confirmed. However, it was quickly noticed that since it is not possible to
control the exposte of the camera it is better to modify the device so that measurement relies on the use
of at least two plates at different depths. This way the estimation can be performed by comparing the
brightness values of different areas in the same image and tblelgm of differences due to exposure

between images can be ignored. In the end, a device with three depth levels was constkigteds).
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Figure4. Secchi 3000 measurement principle and interaction of light and waiére downwelling

irradiance (E, where z1 is the depth of the plate) illuminates thehite plate. Part of it is reflected
upwards in a narrow beam ofdht (radiance L;). When propagating in water some of the photons of the
beam of light are scattered g.or absorbed (L). These effects attenuate the beam so that the radiance at
depth z0 (Lg) is smaller than L. L,ocan be computedrom L;; with the equation shown in the figure (K is
the attenuation coefficient).The detected light also includes light scattered upwards from the water
column between the plate and the observerdLThe light reflected from the black plate is smallhus,

the light detected above it is mostlgue to the l,component.

*—————
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The distance between the plates is adjustablewever,during all measurements it was set to a constant
(40 cm between plates 1&2, and 2&3) in order to make the analysis easier.

Another problemwas also noticed during the first tests: The reflection of sky and suriligha glint) from

the wavy water surface disturbed the measuremenitso, the waves changed the shapes of the plates
below watermaking them difficult to observen order b remove these problemsa water scope was
constructed. It allows the user take pictures through the water surface without glantd geometry
distortion. However, in conditions where wave height was more than 220 cm, the use of the water
scope becamdifficult and the pole measurements were in the end performed with a water proof camera
without the water scope

In addition to white plates also black ones were included in the device. The purptisese igo allow the
estimation of the scattering ofght in the water column above the platéseeFigured)® ¢ KA & @G LJ G K
a0 GAOSNRAYIE Aa | ysthémehsbralheabhaRefitaion Th& blatk pRtésaie dzsined

to be nonreflecting and any light detected above them is assumed tdumeto the path scattering. Tis,

the path scattering error can be reduced by subtracting the DN value of a black plate from a DN value of a
GKAGS LXFGS +d GKS alyYS RSLIK® ¢KAa LINROSRAzZNB A a

Nominallythe plates are atlepths 30, 70 and 110 cm. As it was sometimes difficult to hold the pole exactly
at the surface or water (due to waves) the exact depths vary by a few cm. However, since the measurement
is based on the relative brightness differences of the plates, ttés dot cause a large error.

e oRlaes -

R S ey

Figureb. Poleprototype. The pole itself is made from aluminuifpainted black with spray paintyvhile
the black and white plates are made fromolystyrene (PSplastic(2 and 3 mmthickness respectively)
The weight of the device (withoua cameaa) is 1.7kg and the total length id.56m. The first plate is 30
cm from the cameraThe distances between plateare 40 cm from plate 1 t&® and from plate 2 to 3.
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3.3 Bucket

Since the pole version requires a water proof canersa water scopeand it was quite bulky and difficult

G2 dzaS FNBY | o62Fd Fy20KSNJ LINRPG2GeLIS 61 & RS@StE 2LIS
container thathas one of the sides made from transparent plastic (polycarbongktgli(e6). Inside the

container black and white plastic plates werlacedat depths13.5, 35.5 and 57.5 cm from the bottom of

the water scopewhich is placed othe top of the containerin order to remoe the problems related to

water surface. During a measurement the container is filled with water and a picture of the plates is taken
through the water scope.

The advantages of this version are:
- The measurement can be performed on a stable platform @ngdhe shore)

- Since the water is placed in the container a water boflyirtually any depth can be measuréslg.
riversand shallow lakgsandthe measurement procedure is more convenient than with the black
disk (see Chapter IVater can also be takdinom below ice and measured with the bucldriring
winter time (freezing temperatures may lead to problems though)

- All plates have the same illuminatiowhich makeshe analysistepseasier.

3.4 Other prototypes

Three other test devices were also consted:tHowever, due to problems noticed at the testing phase, the
development of these versions was not continued. However, they are still briefly described here in case
they are found valuable.

3.4.1 Tilted pole

¢KS ac¢Af SR HRigare7hi$a mailiBdversiod affhe ple with three horizontal plates. The
main idea behind the modification was to test if the use of continuously increasing deptha@nste
discrete depths as in the'pole version) would make the water quality estimation more accurate. The
purpose of the black parts between the white ones is to allow the estimation of the distance from the
camera.

Due to the shape of the device tlvamera sees the different parts of the white (and black) areas with

different viewing angles. Since the reflectance of light depends on the angle the changing viewing geometry
will complicate the analysis. Also, the device was rather large. Making a swsabl@n (see the next

prototype) is possible; however, due to the viewing angle problem this was not done.

3.4.2 Bucket Zebra

A smaller version of the tilted pole was made for the bucket prototypeure8). The black and white

stripes of the aluminum bar allow using more depths than just those three included in the Bucket.
However, the problem of changing viewing angles exists also in tli®reAdditionally, the automatic
detection of the small areas near the bottom is difficult making the analysis step problematic. Also, since
the regular bucket with three depths (or even two) gave very good results the advantages of using
additional deptlts did not outweigh these disadvantages.

13
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Figure6. Bucketprototype The nontransparent sides and the bottonof the containerare made from
plastic plates attached to each other with screws and made waterproof with silicone. The transparent
side is made from polycarbonate and attached to the ntmansparent sides with screws and silicon€he
upper part of the container is pen 9 that the water-scope can be put there after the container has been
filled with water. Theplates are made from plastic paintedith black and white spray paint (black and
white plastic plates, like in the pole version, can also be used). The distancerdxt the plates is 22 cm
from plates 1 to 2 and 22 cm from plate 2 to Bhe ' plate is 13.5 cm below the bottom of the water
scope The weight of the device i5.7 kgand when empty andL8 kg when filled with water. The device is
69 cm high(with the water scope, 61.5 cm without)20 cm wide and12cm long.
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(b)
Figure?. Tilted pole prototype.a) Overview of the prototypep) Measurement at Lauttasaari on June 17,
2010.

Figure8. Bucket Zebra prototype.

3.4.3 MacBeth pipe

Themainideabehind this version was to test if colored plates above the water surface could be used to
normalize an image taken from water so that the estimation of water quality wouldolsiple. Thus, basic
measurement principle is similar to the use of above water spectrometers. A MacBeth color checker chart
(seeFigurel) was attached in front of the camera on a plastic pl&igyre9). Next to the MacB#é chart is

a hole where the water is visible through a pipe. The purpose of the pipe is to eliminagérthirom the

water surfacgthe bottom end of the pipe goes a couple of cm into water).

When tested during the campaigns some problems were notidéater is a very dim target when

compared to the MacBeth chart and plastic plates. The DN of water was usually lower than the DN of the
black area on the MacBeth chafthus, the normalization would requireteapolation. Also, when the EV

was increased inrder to see the water better, most of the grey scale areas on the MacBeth chart became
saturated.

15
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MacBeth and
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(b)
Figure9. MacBeth pipe prototype: (a) Camera vieshowing the MacBeth chart, water through a pipe
and white, grey and black plastic plateand (b) view from side.

3.5 ldeas that were not tested

- Horizontally floating pole
- Use of mirrors to make the path length longer in a compact device

- The developd methodology can also be used to construdeaice intended for a professional
(and industrial) water quality monitoring. In this case the device could include a container that is
periodically filled with water with a pump, a more robust camera and tiaasfer systemThe
device could be installed to a site and used to collect time series Ghagaprice range for this
device could be several thousand Euros.
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4 Measurements and analysis methods

4.1 Reference measurements

The prototype devices werdestedin 14 locationsin southern Finlan@Tablel) during the summeand fall
of 2010 At each site Secchi dep(dsp was measured with a Secchi disk and water samples were collected
for laboratory analysisThese were used as reference values for the testing of the prototype devices.

Water quality variedsubstantiallyfrom site to site. For examplehla values rangetfom 2.3ng/l to 39

ng/l and Zgpfrom 0.65 m to 5.5 mRiver Vantaanjoki represents a very turbid case while Lake Puujarvi is a
very clear water lakelTable2 shows the cross correlations of the reference values. As can be seen, there is
high correlation only between TSM and turbidity (this was expected). For the other parameters the
correlation islow, indicating that the parameters vary independently from each othkaving large
variationranges and low cross correlatiaiows testing the algorithms in very demanding conditions.

For CDOMmeasured as absorption coefficient at 400 rthe variaion range is large but the values are
not very equally distributedVlost of the values are belo@m™ and the stations with high values9m™)
are also close to each other

The weather conditions varied from sunny to cloudy. In most cases the wind s@eeldw and wave
height was also low.

Measurements were also performed on Aranda during$lyatax 201@ruisein July 2330, 2010. However,
the in situwater quality data hae not yet been available and these data have not been used itetteng
of the devices.

Laboratory determination methods:

The concentration of total suspended matter (TSM) was measured using gravimetric determination of the
YIEGGSNI NBY2OSR o6& | FAEGSNI 69b yTHI bdzOf SisignNB LJ2 f
of chlorophyll a and phaeophytin a (Chl a) was determined with a spectrophotometer after their extraction
using hot ethanol (ISO 10260, GF/C filter). The absorption spectre8@8dm) of CDOM were measured
with a spectrophotometer (5 cm long cuvettedm a sample filtered through a Nuclepore polycarbonate
noén >Y FAL{GSN® ¢ KS abcorse@edIalirdsilufl scatieting @z ¥réayl partides not
retained by the filter) by subtracting absorption at 750 nm from the measured value®iAzmnm (Gallie,
1994). The absorption coefficient at 400 nm (a400) was used as a measure of CDOM concentration.
Turbidity (FNU) was determined by the Nephelometniethod (EN 27027 based on the measurement of

light (860 nm) scattered within a 90 degrargle from a beam directed at the water sample, using
formazine as a standard matching solutikaboratory measurements were made in the Research
Laboratory of the Finnish Environment Instit&YKEh Helsinki andhe Almalab laboratgrin Lahti.

17



Tablel. Secchi3000 measurement campaigi@&mpling depth: composite sample from 0 m to 0.5*Secchi depth, except at Puuj&iniQ The

minimum and maximum values for each parameter are indicated with bold font.

Date Zsp Chla TSM 0.4 um| Turbidity a400
Area rame Short mame | (yyyymmdd)] Time (m) (mg/l) (mgll) (FNU) (2/m)
Helsinki, coasta] Rajas_M 20100511 | 1030 1.65 6.3 9.9 6.4 1.9
Helsinki, coasta] Lautt_J 20100617 | 1100 2 4.8 4.5 5.4 1.7
Vantaanjoki Vanta_J3 20100617 | 1245 0.65 12 22 17 9.6
Vesijarvi Vesij_$ 20100623 | 1015 2.7 5.8 3.5 3.2 1.8
Paijanne Paija_J3 20100623 | 1320 3.8 2.9 2.6 2 2.8
Keravanjarvi Kerav_A 20100817 | 1130 1.3 20 7.3 4.4 12.1
Puujarvi Puuja_$ 20100908 | 1000 55 2.3 1.2 1.0 1.8
Vesijarvi Vesij_So 5 | 20100909 | 1000 2.4 14 <4.0* 2.6 14
Vesijarvi Vesij_No_% | 20100909 | 1200 3.3 7.6 <4.0* 1.4 11
Vesijarvi Vesij_Mi_$8 20100909 | 1310 2.5 9.3 <4.0* 2.4 1.3
Helsinki, coasta| Ylisk_$ 20100922 | 1215 1.2 39 9.1 6.1 2.1
Helsinki, coasta] Meris_$ 20100922 | 1400 1.3 3.8 7.3 6.2 1.5
Lammin P&&jary Paaja_We S| 20100929 | 1100 2.7 3.7 1.2 1.3 9.5
Lammin Paéjér\IPaaja_Mi_S 20100929 | 1230 2.6 3.1 1.2 1.0 9.5

! SYKHaboratory

2 AlmaLaHaboratory
* Below the determination limit oAlmalab. Data not used in the analysis.
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Table2. Cross correlations @Rof the reference measurementsith all available data points (N = 14, and
11 for TSM)

Zsp Chl | TSM | Turb
Chl 0.24
TSM 049 | 0.14
Turb 048 | 0.07 | 0.96
a400 0.10 | 000 | 0.04 | 0.06

4.2 Camera settings

The Canom10camera was operated with the settings showrTiable3. For ISO the lowest value available
was used in order to minimize the amount of noise in the image.

Table3. CamergCanm D10 settings during the measurements

Mode P (Program)
ISO 80
EV From-2 to (about) +1 with a step of 0.33

White balance | Day light

Image size 3000 * 4000 pixels (full image 12 M pixel

Image quality | Fine

Flash off

4.3 Pole

The pole version was tested at each site, exaRiver Vantaanjoki, where the transparerafywater was

so lowthat only the uppermost plate was visibtdadat Ylisk_Svhere only two plates were visibl&hus

the number of measurements is 1Rirst the pole wakweredinto water so that the plates were in a
horizontal position (and the pole was in a vertical position). Any bubbl&ent of the camerdenswere
removed by tilting thepole and then putting it back to vertical positioRictures werethen taken with the
CanonD10camera with different EV settings (starting frethandgoingup to +0.66or +1depending on
when saturation was reachedjigurel0 shows sample poleneasurement pictures @m the campaign
sites.In the clear Lake Puujarvi all white plates are visible. In Lake Vesijarvi there is more greenish color and
more blurring indicating the presence ©8M(probably phytopankton). In the humic Lake Keravanjarvi the
white plates have a red hue since bi{@ad green)ight is strongly absorbedin Merisatama the lowest

plate is barely visible due to the scattering.

The digital pictures (JPG format) were downloaded to a computehéfollowinganalysigsee alsd-igure
11):

1. Extraction of DN valuedn this stepthe brightnesg=DN)valuesof all white and black plates were
manually extracted from themage with a Matlakscript The DN values of each plater(each
band)weresaved in a text file
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2. Computation of attenuation (K) for each ban& is computed witlan equation:
1 eL(/,z,)o
Ing U

-z éL(/,z)q
where I{l ,z)is the corrected DN value of a white plate at deptma with band (red, green or

blue)and the term z - z; is the distance between the plateBheblack platecorrection(see
Chapter 3.2)s performed with:

K(/)=-

(1)

L=W(.2)-Le(l ,2), (2)

where ly(l ,z) is the DN value of the white plate at depth z and with Haadd lg(l ,z) is the DN
value of the black plate at the same depth and with the same b8mte with the pole version
light isattenuated also when going dowvrard into the water the final Kepresents the attenuation
during a tweway path

3. Derivation ofempirical relationshipsbetweenK and water quality parametersSingle band, band
ratio and band difference algorithms are testéthe final algorithm is selected by analyzing criteria
such as the coefficient of determination’(Rhe shape of thelata points on thescatter plot and
the root mean squared error (RMSE).

Figurel0. Sample measurement pictures taken wiffole version at sites A) Lake Puujarvi (Puuja_S), B)
Lake Vesijarvi (Vesij_S), C) Lake Keravanjarvi (Kefeané D)Helsinki, coastal (Meris_S)
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Red Green Blue

Extract DNs White 1 196 196 201
White 2 177 177 167

(manua”y with White 3 159 159 135

Matlab) Black 1 16 17 18
Black 2 31 32 32
Black 3 34 36 33

Path scattering correction:
White_c(i) = White(i) i Black(i)

Red | Green | Blue
White ¢1 | 180 | 179 183
White_ c2 | 146 | 145 135
White ¢3 | 125 | 123 102

Figurell Data processing procedure

4.4 Bucket

The bucket versiowas tested atll sites (N = 14) First the container was filled with water and the
transparent plasticidewas cleaned of water drops. As with the pole version pictures were then taken with
the CanorD10camera with different EV settings (froi to about +0.66)Figurel2 shows sample bucket
measurement pictures @m the campaign site#t Lake Puujarvi the plates have very similar color
indicating low attenuation. The opposite happens at River Vantaanjoki where the lowest plate is barely
visible. At Keravanjarvi there is again reddish hue due to strong absorption of blue (and gfgen) lig

The analysis steps are simitarthose ofthe pole versionNow theattenuation only includes the oneay
attenuation between the plates sindight at the surface of each plate is the same and attenuation only
takes place when the light goes towartth® camera on top of the device.

4.5 Other measurements

Water colour measuremesijust below water surface were made with the Canon D10 camera (with

different EV settings, without plates) at all campaign sites except Vanta_J and LEigtirell 3 shows

example pictures. In the absence of the plates the camera uses slower shutter times and the images appear
brighter. For example, in the clear water Lakeifawi case, the image looks green. The humic Lake
Keravanjarvi has a red hue again.

Goddijn and White (2006) and Goddijn et al. (2009) developed a method where pictures were taken with
several EV and a point where the total exposure (the sum of DNafaihels) was 400 is found with
interpolation and the channel DN values at this point are used in the estimation of water quality. For CDOM
the best correlation was found with a band ratio algorithm R/B and for chl a the best algorithm was based
on a logaithm of B/G. The same procedure was followed with the pictures taken from 12 sites.
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Figurel2. Sample measurement pictures taken witiucket versionat sites A) Lake Puujarvi (Puuja_S), B)

River Vantaanjoki (Vanta_J), C) Lake Keravanjarvi (Kerpand D)Helsinki, coastal (Meris_S)

- -
Figurel3. Samplewater colour measuremerg (with CanonD10) without platesat sites Lake Puujarvi
(Puuja_S), B) Lake Vesijarvi (Vesij_S), C) Lake Keravanjarvi (Kerav_A)HeldibRi, coastal(Meris_S)

22



5 Results

5.1 Pole

Figurel4 shows the attenuation estimated with the pole prototype with 80 and 40 cm path lenigifts.
the 80 cm path length the attenuation is so strong that it cannot be estimated with the Bluedbane
humic lakesR&ajdvi and Keravanjarvilhe shorter path lengtbf 40 cmseems more reliable since with it
the attenuation at Paajarvi can be estimated also with the blue bAhthe clear water Puujarvi, the
attenuation is low as expected. Aekinki coastal (Meris_&ftenuation is high at all bands.

Figurel5shows the relationships between reference values and algorithms based on different
combinations of K(R), K(G), and K(B). The estimatiogwbrks well (Ralmost 0.9 and RMSE 0.4 m). The
estimation of turbidity and CDOM is also possible, although adtlightly poorer accuracy. The use of the
shorter path length improves the accurdoy all parametersThe estimation of chl a is hot possible with
this device.

The algorithms are based on Red and Green chanilgjsrithms usinghe Blue channelvere tested but
those did not give good results

5.2 Bucket

Figurel6 shows the attenuation of water at the validation sites estimated with the bucket prototype when
two different path lengths are used. With the 44 cm path length the estimation is performad tis

highest plate and the lowest plate and with the 22 cm path length the highest plate and the middle plate
are used. The humic lakes Keravanjarvi and P&&jarvi have a characteristic attenuation spectra with high
attenuation at blue wavelengths. At Rivéantaa the attenuation is high with all bands. Lake Puujarvi has
the lowest attenuation values. The analysis has been done with images taken wih\ENh higher EV
values the DN values of the highest plate are approaching thdinear region of thecamera response.

Figurel7 shows the attenuation differences between the 44 cm and 22 cm path length cases. According to
the results the path lengthffects the magnitude of the attenuation. When the black plate correction is not
performed the differences caused by the change in the path length decrease. The attenuation difference
with the black plate correction seems to be dependent gs(Figurel8) when the black plate correction is
used. The difference is smaller when the black plate correction is not used.

Figurel9shows the relationships between reference values and algorithms based on different

combinations of K(R), and K(G) when the path length of 44 cm was used. The best algorithms were found
empirically by testing different combinations and similarly to the pole version K(B) was not included in the
final algorithms. Forgthe correspondence between reference measurement and the bucket estimate is

very good when the mean attenuation at red agiben bands is used. For turbidity a simple algorithm

based on K(R) gives good results although there is a bit more scatter than with Secchi depth. Since TSM was
highly correlated with turbidity the algorithm for that is also based on K(R). For CDOM afri&{R) and

K(G) gives good results, except for River Vantaa. No good algorithm was found for chl a. This was expected
since the estimation of chl a requires narrow bands at and near the absorption maximums of chl a.
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Figurel4. Attenuation at selected stationavith the pole prototype with: (a) 80 cm path length and (b) 40
cm path length.



