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Abstract  

The main objectives of the Secchi3000 and Mobiwater work package of 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 and interpreted results with mobile phones.  

Several prototype devices were developed and tested during measurements at 14 sites (including lakes, 

coastal waters and a river) in Southern Finland. The results show that the version based on a container with 

a transparent side and black and white plates at two or three different depths can estimate Secchi depth 

with very high accuracy, and turbidity, TSM and CDOM with good accuracy. This device was not intended 

for estimating chlorophyll concentrations. 

The simulation of the Secchi3000 measurements was based on Hydrolight, Gordon type reflectance model 

and Kirk's Kd model. The simulation with the large nationwide dataset (3549 measurements) showed that 

Secchi depth can be estimated with good accuracy in the 0.5-6 m region in a various combinations of colour 

producing substances (CPS).  All simulations yielded the non-linear CDOM algorithm, which is valid in a wide 

range of CPS combinations. At 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 estimation is expected to be lower than in case of Secchi depth and CDOM. 

The Mobiwater part of the project is still on-going and final results are available in the end of 2011. 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 manner. Thus, some 

water quality parameters can be estimated by measuring and analyzing the light reflected by or passing 

through water. Several measurement devices have been developed with this principle in mind: 

1. Secchi disk is a simple white (sometimes with black stripes) disk that is lowered into water. The 

depth where it can no longer be separated from the background light field by a human observer is 

the Secchi Disk Depth (ZSD). ZSD is a measure of the transparency of the water and is related to the 

euphotic depth (the maximum depth where sunlight is still available for plants for photosynthesis). 

Secchi disk is the oldest optical water quality measurement device still in use. Since it relies on the 

eyes of a human observer the measurement is somewhat ambiguous. A variant of the Secchi disk is 

the black disk described in Davies-Colley (1988). In theory, the black disk in better than the white 

Secchi disk since the measurement is not dependent of the ambient light field. This version is used 

in a horizontal position, which allows estimation of water clarity in shallow water bodies (e.g. 

rivers). However, the horizontal measurement requires either a water scope with a 45° mirror or an 

underwater observer making the measurement procedure more complicated. 

2. Spectrometers measure the light reflected by the water or the light field in water. The reflectance 

of water is related to the backscattering and absorption coefficients of water which are related 

through specific inherent optical properties (SIOPs) to water quality parameters such as chlorophyll 

a (chl a), suspended matter (TSM) 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 spectrometers, such as the ASD Field Spec Pro Jr. by the Analytical 

Spectral Devices Inc., can be used is this manner. However, even a simple spectrometer can cost 

several thousand Euros making them too expensive for the general public. Earth observation 

instruments in aircraft and satellites (e.g. MERIS and MODIS) also use this measurement principle. 

3. Attenuation meters contain a tube where a water sample is placed. A beam of light is passed 

through the sample and detected at a sensor. By comparing this measurement with a control case 

(tube filled with pure water) the attenuation caused by the substances in water can be estimated. 

The attenuation values can then be converted into water quality information. One example of this 

type of device is the ac-9 absorption and attenuation meter by WET Labs. Like spectrometers, these 

professional devices are too expensive for the general public. 

4. Fluorometers use a pulse of light (e.g. from a laser) to excite e.g. chlorophyll a in phytoplankton 

and measure the radiation emitted at a longer wavelength. The quantity of chl a is then related to 

the intensity of the fluorescence signal. Due to the required light source and the need for very 

accurate detectors these devices are expensive. 

The main objective of the Secchi3000-part of the Tekes funded JVP (Water Quality Service for Lakes)-

ǇǊƻƧŜŎǘ ǿŀǎ ǘƻ ŘŜǾŜƭƻǇ ŀ ŎƘŜŀǇ άŜǾŜǊȅƳŀƴΩǎέ ǿŀǘŜǊ ǉǳŀƭƛǘȅ ƳŜŀǎǳǊŜƳŜƴǘ ŘŜǾƛŎŜΦ The original idea for the 

device was to estimate water quality by observing plates of different colors in water with a digital camera. 

Digital cameras were selected as the sensors of the Secchi3000 device for the following reasons: 
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- Digital cameras are in essence three band spectrometers that collect light in Red, Green and Blue 

(R, G, and B) bands and they have been used with some success earlier for water quality estimation 

(see below). 

- They have become very affordable (and thus very common) in the recent years and a digital camera 

is included in many mobile phones.  

During the JVP project several very different prototype devices were developed and tested. The design 

objectives were to keep the device mechanically simple and easy to manufacture while making sure that 

the measurement accuracy is good.  

In this report the steps taken in the development, construction and testing of the devices are described. In 

Chapter 2, those properties of digital cameras that are relevant to this measurement are described. In 

Chapter 3, the mechanical design of the prototype devices are explained. In Chapters 4 and 5, the test 

measurements and the results are described. In Chapter 6 the simulations based on bio-optical models are 

shown. Chapter 7 explains the current status of the Mobiwater part of the project (i.e. the methods for 

transferring the measurement data with mobile phones). Finally, the conclusions and the final prototype 

are described in Chapter 8. 

1.1 Earlier studies about water quality  estimation  with digital cameras  

The use of water colour measured with a digital camera attached to a tube has been tested for the 

estimation of water quality in the coastal areas of Ireland (White et al. 2005, Goddijn and White 2006, 

Goddijn 2007and Goddijn et al. 2009). The results showed a strong linear relationship between the 

concentration of yellow substances and camera band ratio R/B and a log-log relationship between 

chlorophyll a and camera ratio B/G (with low suspended sediment concentrations).  

Klaveness (2005) took digital pictures (through a water scope) of a Secchi disk suspended at half ZSD in 

Norwegian lakes. The RGB values were converted to hue (quality of colour) values in order to find pictorial 

distinction between different lakes. The results show how the hue changes from lake to lake 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 processing taking place in the camera prevents the development of a 

standardized measurement procedure with the current consumer level cameras.  
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2 Properties of digital camera s  

In this chapter those properties of digital cameras that are relevant to the Secchi3000 device are discussed 

and the measurement characteristics of a Canon Powershot D10 digital camera are examined. 

2.1 Camera basics 

Current digital cameras collect light with a matrix sensor element based on CMOS (Complementary Metal-

Oxide-Semiconductor) or CCD (Charge-Coupled Device) technologies. In these elements photons are 

converted to electrical charge which is then converted to voltage and finally to a digital number (DN, range 

typically between 0 and 255 with the more common 8 bit data or 0 and 65535 with 16 bit data) that 

represents the intensity of the light in the observed scene. The elements contain pixels sensitive to 

different wavelengths of light, which allow the sensor to detect light on red, green and blue bands. The 

output of the camera is an RGB-image often compressed into e.g. a JPG-format.  

2.2 Exposure 

The brightness of a digital image is controlled by exposure. Exposure is a function of the following three 

parameters:  

1. Sensitivity sets the efficiency of converting incoming photons to electric charge. The 

sensitivity is expressed as an ISO value and larger values mean higher sensitivity. However, 

with high sensitivity comes more noise and high sensitivity is usually useful only in dim light 

conditions.  

2. Shutter time sets the time the sensor is allowed to collect light. The longer the time the 

higher the exposure 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. Aperture is the size of the hole the light must go through before reaching the sensor. A large 

hole allows more light to go through increasing the exposure. However, aperture is also 

related to the focusing of the camera: A small aperture will allow a greater depth of field (the 

distance range where the camera can be accurately focused). Since 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 set by the user, aperture and shutter time are often set automatically. The user can 

however, in most of these cameras adjust the Exposure Value (EV). By selecting a lower EV the camera 

takes darker pictures although the shutter time and aperture are selected by the camera. Nevertheless, 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 eyes (which have a strongly non-linear response) to 

changing light conditions and the values detected by the sensor element usually undergo heavy non-linear 
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processing within the camera. This is done with a camera response function (CRF) which is a camera model 

specific set of functions that control the output of the camera. 

Certain camera models allow storing the sensor data in RAW format that does not include the CRF-step. 

However, this option is typically available only in the more expensive models.  

The CRF of a camera is typically not available for the user. Thus, in most cases the processed DN-values 

cannot be converted back into the sensor values. Due to this, it is necessary to use other means for 

estimating the CRF. 

The linearity of the CRF can be estimated with e.g., a MacBeth color checker chart (Figure 1). By taking 

images of the chart in a constant illumination and changing exposure and then plotting the result values as 

a function of the charts reference values, the shape of the camera response function can be obtained 

(Figure 2). As can be seen, the functions are non-linear when the total exposure is high (total exposure 

above 600 DN with EV > -0.66). By selecting a low EV, it is possible to find a region where the response is 

very close to linear (from 50 to 550 DN). The conclusion from this measurement is that the DN value of 

each channel should be below 200 in order to make valid measurements for water quality estimates.  

 

 
Figure 1. MacBeth color checker chart. 
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Figure 2. Total response (R+G+B) of Canon D10 camera to MacBeth color checker chart with different EV. 

Only the six grey-scale areas on the bottom of the MacBeth chart were used in this analysis. 

2.4 Spectral response  

The simulations (Chapter 6) require information about the spectral response of the camera. This can be 

estimated with e.g. LEDs. Figure 3 shows the spectral responses of Canon D10 and Nikon Coolpix 5200 

cameras estimated with the following procedure: 

1. A picture of eight LEDs with known wavelength characteristics is taken. 

2. The DN values of each LED for each channel are extracted. 

3. The relative spectral responses for each channel are computed as a percentage of the total 

response. 

As can be seen, the results are very logical. The Red channel is sensitive to light above 600 nm, the Green 

channel to light between 500 and 600 nm and so on. The only surprise was that the Blue channel of both 

cameras has a response in the red wavelengths.  
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Figure 3. Spectral responses of Canon D10 and Nikon Coolpix 5200 cameras estimated with LEDs of 8 

different wavelengths. 

 

400 450 500 550 600 650 700
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Wavelength (nm)

C
o
lo

u
r 

D
is

tr
ib

u
ti
o
n

 

 

R CANON 

G CANON 

B CANON 

R NIKON 

G NIKON 

B NIKON 



11 

3 Prototypes  

3.1 Basic measurement prin ciple 

Due to scattering and absorption of photons a beam of light is attenuated as it propagates in water (see 

Figure 4 for details). The amount of this attenuation is largely controlled by the types and amounts of 

colour producing substances (CPS) in water (chl a, TSM and CDOM). Thus, by measuring the attenuation, it 

is possible to estimate the concentrations of the substances. With 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 much of the 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 manner. The 1st test version of the 

device was constructed and tested during August-September 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 exposure 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 the problem of differences due to exposure 

between images can be ignored. In the end, a device with three depth levels was constructed (Figure 5). 

 

 
Figure 4. Secchi 3000 measurement principle and interaction of light and water. The downwelling 

irradiance (Ez1, where z1 is the depth of the plate) illuminates the white plate. Part of it is reflected 

upwards in a narrow beam of light (radiance Lz1). When propagating in water some of the photons of the 

beam of light are scattered (LS) or absorbed (LA). These effects attenuate the beam so that the radiance at 

depth z0 (Lz0) is smaller than Lz1. Lz0 can be computed from Lz1 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 observer (LP). The light reflected from the black plate is small. Thus, 

the light detected above it is mostly due to the LP component. 



12 

The distance between the plates is adjustable, however, 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 problem was also noticed during the first tests: The reflection of sky and sunlight (a.k.a. glint) from 

the wavy water surface disturbed the measurements. Also, the waves changed the shapes of the plates 

below water making them difficult to observe. In order to remove these problems a water scope was 

constructed. It allows the user to take pictures through the water surface without glint and geometry 

distortion. However, in conditions where the wave height was more than 15-20 cm, the use of the water 

scope became difficult 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 purpose of these is to allow the 

estimation of the scattering of light in the water column above the plates (see Figure 4)Φ ¢Ƙƛǎ άǇŀǘƘ 

ǎŎŀǘǘŜǊƛƴƎέ ƛǎ ŀƴ ŜǊǊƻǊ ǎƛƎƴŀƭ ǘƘŀǘ ŘƛǎǘǳǊōs the measurement of attenuation. The black plates are assumed 

to be non-reflecting and any light detected above them is assumed to be due to the path scattering. Thus, 

the path scattering error can be reduced by subtracting the DN value of a black plate from a DN value of a 

ǿƘƛǘŜ ǇƭŀǘŜ ŀǘ ǘƘŜ ǎŀƳŜ ŘŜǇǘƘΦ ¢Ƙƛǎ ǇǊƻŎŜŘǳǊŜ ƛǎ ƘŜǊŜ ŎŀƭƭŜŘ άōƭŀŎƪ ǇƭŀǘŜ ŎƻǊǊŜŎǘƛƻƴέΦ 

Nominally the plates are at depths 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, this does not cause a large error. 

 
Figure 5. Pole prototype. The pole itself is made from aluminum (painted black with spray paint) while 

the black and white plates are made from polystyrene (PS) plastic (2 and 3 mm thickness, respectively). 

The weight of the device (without a camera) is 1.7 kg and the total length is 1.56 m. The first plate is 30 

cm from the camera. The distances between plates are 40 cm from plate 1 to 2 and from plate 2 to 3.  

Plate 1 

Plate 2 

Plate 3 

Camera 
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3.3 Bucket 

Since the pole version requires a water proof camera (or a water scope) and it was quite bulky and difficult 

ǘƻ ǳǎŜ ŦǊƻƳ ŀ ōƻŀǘ ŀƴƻǘƘŜǊ ǇǊƻǘƻǘȅǇŜ ǿŀǎ ŘŜǾŜƭƻǇŜŘΦ ¢ƘŜ ǎƻ ŎŀƭƭŜŘ ά.ǳŎƪŜǘέ ǾŜǊǎƛƻƴ ƛǎ ŀ ǿŀǘŜǊ ǇǊƻƻŦ 

container that has one of the sides made from transparent plastic (polycarbonate) (Figure 6). Inside the 

container black and white plastic plates were placed at depths 13.5, 35.5 and 57.5 cm from the bottom of 

the water scope, which is placed on the top of the container in order to remove 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 (e.g. on the shore) 

- Since the water is placed in the container a water body of virtually any depth can be measured (e.g. 

rivers and shallow lakes) and the measurement procedure is more convenient than with the black 

disk (see Chapter 1). Water can also be taken from below ice and measured with the bucket during 

winter time (freezing temperatures may lead to problems though). 

- All plates have the same illumination, which makes the analysis steps easier. 

3.4 Other prototypes  

Three other test devices were also constructed. However, 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  

¢ƘŜ ά¢ƛƭǘŜŘ ǇƻƭŜέ ǇǊƻǘƻǘȅǇŜ όFigure 7) is a modified version of the pole with three horizontal plates. The 

main idea behind the modification was to test if the use of continuously increasing depth (instead of 

discrete depths as in the 1st 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 the camera 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 smaller version (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 prototype (Figure 8). 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 this version. Additionally, 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 depths did not outweigh these disadvantages. 
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Figure 6. Bucket prototype. The non-transparent sides and the bottom of the container are 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 non-transparent sides with screws and silicone. The 

upper part of the container is open so that the water-scope can be put there after the container has been 

filled with water. The plates are made from plastic painted with black and white spray paint (black and 

white plastic plates, like in the pole version, can also be used). The distance between the plates is 22 cm 

from plates 1 to 2 and 22 cm from plate 2 to 3. The 1st plate is 13.5 cm below the bottom of the water 

scope. The weight of the device is 5.7 kg and when empty and 18 kg when filled with water. The device is 

69 cm high (with the water scope, 61.5 cm without), 20 cm wide and 12 cm long. 

Camera 

hole 

Plates 

Water scope 
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                (a)                      (b) 

Figure 7. Tilted pole prototype. a) Overview of the prototype, b) Measurement at Lauttasaari on June 17, 

2010. 

 
Figure 8. Bucket Zebra prototype. 

3.4.3 MacBeth pipe  

The main idea behind 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 would be possible. Thus, basic 

measurement principle is similar to the use of above water spectrometers. A MacBeth color checker chart 

(see Figure 1) was attached in front of the camera on a plastic plate (Figure 9). Next to the MacBeth chart is 

a hole where the water is visible through a pipe. The purpose of the pipe is to eliminate the glint from the 

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

When tested during the campaigns some problems were noticed. Water 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 chart. Thus, the normalization would require extrapolation. Also, when the EV 

was increased in order to see the water better, most of the grey scale areas on the MacBeth chart became 

saturated.  
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  (a)   (b) 

Figure 9. MacBeth pipe prototype: (a) Camera view showing the MacBeth chart, water through a pipe 

and white, grey and black plastic plates, and (b) view from side. 

3.5 Ideas that were not tested  

- Horizontally floating pole 

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

- The developed methodology can also be used to construct a device 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 data transfer system. The 

device could be installed to a site and used to collect time series data. The price range for this 

device could be several thousand Euros. 

Pipe 

Camera  

MacBeth and 

other plates 



17 

4 Measurements and analysis methods  

4.1 Reference measurements 

The prototype devices were tested in 14 locations in southern Finland (Table 1) during the summer and fall 

of 2010. At each site Secchi depth (ZSD) was measured with a Secchi disk and water samples were collected 

for laboratory analysis. These were used as reference values for the testing of the prototype devices. 

Water quality varied substantially from site to site. For example, chl a values ranged from 2.3 mg/l to 39 

mg/l and ZSD from 0.65 m to 5.5 m. River Vantaanjoki represents a very turbid case while Lake Puujärvi is a 

very clear water lake. Table 2 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 is low, indicating that the parameters vary independently from each other. Having large 

variation ranges and low cross correlation allows testing the algorithms in very demanding conditions.  

For CDOM (measured as absorption coefficient at 400 nm) the variation range is large but the values are 

not very equally distributed. Most of the values are below 3 m-1 and the stations with high values (>9 m-1) 

are also close to each other. 

The weather conditions varied from sunny to cloudy. In most cases the wind speed was low and wave 

height was also low. 

Measurements were also performed on Aranda during the Syntax 2010 cruise in July 21-30, 2010. However, 

the in situ water quality data have not yet been available and these data have not been used in the testing 

of the devices. 

Laboratory determination methods: 

The concentration of total suspended matter (TSM) was measured using gravimetric determination of the 

ƳŀǘǘŜǊ ǊŜƳƻǾŜŘ ōȅ ŀ ŦƛƭǘŜǊ ό9b утнΣ bǳŎƭŜǇƻǊŜ ǇƻƭȅŎŀǊōƻƴŀǘŜ лΦп ˃Ƴ ŦƛƭǘŜǊύΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǘƘŜ sum 

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 spectra (380ς800 nm) of CDOM were measured 

with a spectrophotometer (5 cm long cuvette) from a sample filtered through a Nuclepore polycarbonate 

лΦп ˃Ƴ ŦƛƭǘŜǊΦ ¢ƘŜ ŀōǎƻǊǇǘƛƻƴ ƳŜŀǎǳǊŜƳŜƴǘ ǿas corrected for residual scattering (due to small particles not 

retained by the filter) by subtracting absorption at 750 nm from the measured values in 400-750 nm (Gallie, 

1994). The absorption coefficient at 400 nm (a400) was used as a measure of CDOM concentration. 

Turbidity (FNU) was determined by the Nephelometric method (EN 27027), based on the measurement of 

light (860 nm) scattered within a 90 degree angle from a beam directed at the water sample, using 

formazine as a standard matching solution. Laboratory measurements were made in the Research 

Laboratory of the Finnish Environment Institute (SYKE) in Helsinki and the AlmaLab laboratory in Lahti. 
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Table 1. Secchi3000 measurement campaigns. Sampling depth: composite sample from 0 m to 0.5*Secchi depth, except at Puujärvi (0-2 m). The 

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

 

 Area name  Short name  

Date 

(yyyymmdd) Time 

ZSD 

(m) 

Chl-a 

(mg/l) 

TSM 0.4 um 

(mg/l) 

Turbidity 

(FNU) 

a400 

(1/m) 

 Helsinki, coastal  Rajas_M1 20100511 1030 1.65 6.3 9.9 6.4 1.9 

 Helsinki, coastal  Lautt_J1 20100617 1100 2 4.8 4.5 5.4 1.7 

 Vantaanjoki  Vanta_J1 20100617 1245 0.65 12 22 17 9.6 

 Vesijärvi  Vesij_S1 20100623 1015 2.7 5.8 3.5 3.2 1.8 

 Päijänne  Paija_J1 20100623 1320 3.8 2.9 2.6 2 2.8 

 Keravanjärvi  Kerav_A1 20100817 1130 1.3 20 7.3 4.4 12.1 

 Puujärvi  Puuja_S1 20100908 1000 5.5 2.3 1.2 1.0 1.8 

 Vesijärvi  Vesij_So_S2 20100909 1000 2.4 14 <4.0* 2.6 1.4 

 Vesijärvi  Vesij_No_S2 20100909 1200 3.3 7.6 <4.0* 1.4 1.1 

 Vesijärvi  Vesij_Mi_S2 20100909 1310 2.5 9.3 <4.0* 2.4 1.3 

 Helsinki, coastal  Ylisk_S1 20100922 1215 1.2 39 9.1 6.1 2.1 

 Helsinki, coastal  Meris_S1 20100922 1400 1.3 3.8 7.3 6.2 1.5 

 Lammin Pääjärvi  Paaja_We_S1 20100929 1100 2.7 3.7 1.2 1.3 9.5 

 Lammin Pääjärvi Paaja_Mi_S1 20100929 1230 2.6 3.1 1.2 1.0 9.5 
1 SYKE laboratory 
2 AlmaLab laboratory 

* Below the determination limit of AlmaLab. Data not used in the analysis.
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Table 2. Cross correlations (R2) of the reference measurements with all available data points (N = 14, and 

11 for TSM). 

  ZSD Chl TSM Turb 

 Chl 0.24    

 TSM 0.49 0.14   

 Turb 0.48 0.07 0.96  

 a400 0.10 0.00 0.04 0.06 

 

4.2 Camera settings 

The Canon D10 camera was operated with the settings shown in Table 3. For ISO the lowest value available 

was used in order to minimize the amount of noise in the image. 

Table 3. Camera (Canon 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 pixels) 

Image quality Fine 

Flash Off 

 

4.3 Pole 

The pole version was tested at each site, except at River Vantaanjoki, where the transparency of water was 

so low that only the uppermost plate was visible and at Ylisk_S where only two plates were visible. Thus, 

the number of measurements is 12. First the pole was lowered into water so that the plates were in a 

horizontal position (and the pole was in a vertical position). Any bubbles in front of the camera lens were 

removed by tilting the pole and then putting it back to vertical position. Pictures were then taken with the 

Canon D10 camera with different EV settings (starting from -2 and going up to +0.66 or +1 depending on 

when saturation was reached). Figure 10 shows sample pole-measurement pictures from the campaign 

sites. In the clear Lake Puujärvi all white plates are visible. In Lake Vesijärvi there is more greenish color and 

more blurring indicating the presence of TSM (probably phytoplankton). In the humic Lake Keravanjärvi the 

white plates have a red hue since blue (and green) light is strongly absorbed. In Merisatama the lowest 

plate is barely visible due to the scattering.  

The digital pictures (JPG format) were downloaded to a computer for the following analysis (see also Figure 

11): 

1. Extraction of DN values. In this step the brightness (=DN) values of all white and black plates were 

manually extracted from the image with a Matlab-script. The DN values of each plate (for each 

band) were saved in a text file. 
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2. Computation of attenuation (K) for each band. K is computed with an equation: 
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where L(l,z) is the corrected DN value of a white plate at depth z and with band l (red, green or 

blue) and the term z2 - z1 is the distance between the plates. The black plate correction (see 

Chapter 3.2) is performed with:  

L = LW(l,z) - LB(l,z),    (2) 

where LW(l,z) is the DN value of the white plate at depth z and with band l and LB(l,z) is the DN 

value of the black plate at the same depth and with the same band. Since with the pole version 

light is attenuated also when going downward into the water the final K represents the attenuation 

during a two-way path. 

3. Derivation of empirical relationships between K and water quality parameters. Single band, band 

ratio and band difference algorithms are tested. The final algorithm is selected by analyzing criteria 

such as the coefficient of determination (R2), the shape of the data points on the scatter plot and 

the root mean squared error (RMSE).  

  

  
 Figure 10. Sample measurement pictures taken with pole version at sites A) Lake Puujärvi (Puuja_S), B) 

Lake Vesijärvi (Vesij_S), C) Lake Keravanjärvi (Kerav_A) and D) Helsinki, coastal (Meris_S). 

A           B 

 

 

 

 

 

C          D 
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Figure 11. Data processing procedure. 

4.4 Bucket 

The bucket version was tested at all sites (N = 14). First the container was filled with water and the 

transparent plastic side was cleaned of water drops. As with the pole version pictures were then taken with 

the Canon D10 camera with different EV settings (from -2 to about +0.66). Figure 12 shows sample bucket-

measurement pictures from the campaign sites. At Lake Puujärvi the plates have very similar color 

indicating low attenuation. The opposite happens at River Vantaanjoki where the lowest plate is barely 

visible. At Keravanjärvi there is again reddish hue due to strong absorption of blue (and green) light. 

The analysis steps are similar to those of the pole version. Now the attenuation only includes the one-way 

attenuation between the plates since light at the surface of each plate is the same and attenuation only 

takes place when the light goes towards the camera on top of the device. 

4.5 Other measurements 

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

different EV settings, without plates)   at all campaign sites except Vanta_J and Lautt_J. Figure 13 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 Lake Puujärvi case, the image looks green. The humic Lake 

Keravanjärvi 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 DN of all channels) 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 logarithm of B/G. The same procedure was followed with the pictures taken from 12 sites. 

 Red Green Blue 
White 1 196 196 201 
White 2 177 177 167 
White 3 159 159 135 
Black 1 16 17 18 
Black 2 31 32 32 
Black 3 34 36 33 

 Red Green Blue 

White_c 1 180 179 183 

White_c 2 146 145 135 

White_c 3 125 123 102 

Path scattering correction: 

White_c(i) = White(i) ï Black(i)  

Extract DNs 

(manually with 

Matlab) 
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Figure 12. Sample measurement pictures taken with bucket version at sites A) Lake Puujärvi (Puuja_S), B) 

River Vantaanjoki (Vanta_J), C) Lake Keravanjärvi (Kerav_A) and D) Helsinki, coastal (Meris_S). 

 

    
Figure 13. Sample water colour measurements (with Canon D10) without plates at sites Lake Puujärvi 

(Puuja_S), B) Lake Vesijärvi (Vesij_S), C) Lake Keravanjärvi (Kerav_A) and D) Helsinki, coastal  (Meris_S). 

A           B 

 

 

 

 

C          D 

A                B         C   D 
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5 Results 

5.1 Pole 

Figure 14 shows the attenuation estimated with the pole prototype with 80 and 40 cm path lengths. With 

the 80 cm path length the attenuation is so strong that it cannot be estimated with the Blue band at the 

humic lakes (Pääjärvi and Keravanjärvi). The shorter path length of 40 cm seems more reliable since with it 

the attenuation at Pääjärvi can be estimated also with the blue band. At the clear water Puujärvi, the 

attenuation is low as expected. At Helsinki coastal (Meris_S) attenuation is high at all bands. 

Figure 15 shows the relationships between reference values and algorithms based on different 

combinations of K(R), K(G), and K(B). The estimation of ZSD works well (R2 almost 0.9 and RMSE 0.4 m). The 

estimation of turbidity and CDOM is also possible, although with a slightly poorer accuracy. The use of the 

shorter path length improves the accuracy for all parameters. The estimation of chl a is not possible with 

this device. 

The algorithms are based on Red and Green channels. Algorithms using the Blue channel were tested but 

those did not give good results.  

5.2 Bucket 

Figure 16 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 performed using the 

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 Keravanjärvi and Pääjärvi have a characteristic attenuation spectra with high 

attenuation at blue wavelengths. At River Vantaa the attenuation is high with all bands. Lake Puujärvi has 

the lowest attenuation values. The analysis has been done with images taken with EV -2. With higher EV 

values the DN values of the highest plate are approaching the non-linear region of the camera response. 

Figure 17 shows the attenuation differences between the 44 cm and 22 cm path length cases. According to 

the results the path length affects 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 on ZSD (Figure 18) when the black plate correction is 

used. The difference is smaller when the black plate correction is not used. 

Figure 19 shows 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. For ZSD the correspondence between reference measurement and the bucket estimate is 

very good when the mean attenuation at red and green 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 a ratio of K(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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(a) 

 
(b) 

Figure 14. Attenuation at selected stations with the pole prototype with: (a) 80 cm path length and (b) 40 

cm path length. 
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