
Ž .The Science of the Total Environment 268 2001 59�77

Retrieval of water quality from airborne imaging
spectrometry of various lake types in different seasons

K. Kallioa,�, T. Kutserb, T. Hannonena, S. Koponenc, J. Pulliainenc,
J. Vepsalainena, T. Pyhalahtia¨ ¨ ¨

aFinnish En�ironment Institute, P.O. Box 140, 00251 Helsinki, Finland
bEstonian Marine Institute, 1 Paldiski Road, EE-0001 Tallinn, Estonia

cLaboratory of Space Technology, Helsinki Uni�ersity of Technology, PL 3000, 02015 TKK, Helsinki, Finland

Abstract

The suitability of the AISA airborne imaging spectrometer for monitoring lake water quality was tested in four
surveys carried out in southern Finland in 1996�1998. Altogether, 11 lakes were surveyed and the total number of
stations with concurrent remote sensing and limnological measurements was 127. The ranges of the water quality
variables were: the sum of chlorophyll a and phaeophytin a 1�100 �g l�1, turbidity 0.4�26 FNU, total suspended
solids 0.7�32 mg l�1, absorption coefficient of aquatic humus at 400 nm 1.2�14 m�1 and secchi disc transparency
0.4�7 m. For the retrieval analyses, 24 AISA channels in the 450�786 nm range with a channel width of 6�14 nm
were used. The agreement between estimated and observed water quality variables was generally good and R2 for
the best algorithms was in the range of 0.72�0.90 over the whole dataset. The channels used for May were, in most
cases, the same as those for August, but the empirical parameters of the algorithms were different. After seasonal
grouping, R2 varied from 0.84 to 0.95. The use of apparent reflectance instead of radiance improved the estimation
of water quality in the case of total suspended solids and turbidity. In the most humic lake, the empirical algorithms
tested were suitable only for the interpretation of total suspended solids and turbidity. � 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Lakes are optically complex waters, as the con-
centrations of optically-active substances can vary
considerably between lakes and independently of
each other. Moreover, the variation in specific
inherent optical properties, e.g. due to different
origins of substances, makes it even more difficult
to monitor lakes by remote sensing. To develop
specific interpretation methods for remote sens-
ing which are not specific to region or lake type,
the testing data should cover a wide range of lake
regions.

Hyperspectral radiances or reflectances have
been measured from lakes for water quality re-

Žtrieval using airborne spectrometers Dekker et
al., 1992, 1993; Mille et al., 1992; Dekker, 1993;
Hamilton et al., 1993; Jupp et al., 1993; Fraser,

.1998 , above-water spectrometers aboard vessels
ŽVertucci and Likens, 1989; Gitelson et al., 1993;
Jupp et al., 1993; Yacobi et al., 1995; Kutser et

.al., 1998a; Schalles et al., 1998b and underwater
Žspectrometers Dekker, 1993; Kutser, 1997;

.Schalles et al., 1998a . The interpretation of water
quality in lakes has mainly been based on the use
of empirical algorithms. The most common
chlorophyll a algorithm has been the reflectance
ratio between two channels in the region 670�720
nm. The algorithms for total suspended solids
Ž . Ž .TSS , turbidity TURB and secchi disk trans-

Ž .parency Z have varied between studies. An-SD
other interpretative approach is analytical mod-
elling, in which reflectance spectra are simulated
by using the specific inherent optical properties of
substances in water. Such models, also referred to
as bio-optical models, can be used for sensitivity
analyses of the effect of optically active sub-
stances on reflectance and to determine the best

Žretrieval algorithms for each case Dekker, 1993;
Hoogenboom et al., 1998a; Kondratyev et al.,

.1998; Pozdnyakov et al., 1998 . Bio-optical models
have also been used in the retrieval of water
quality variables in lakes from their reflectance

Žspectra using inverse modelling Kutser, 1997;
.Kutser et al., 2000 and the matrix inversion tech-

Ž .nique Hoogenboom et al., 1998b .
In Finland, monitoring of lakes is a huge task

since they account for approximately 10% of the

total surface and the number of lakes larger than
2 Ž0.01 km is 56 012 Raatikainen and Kuusisto,

.1988 . Even the large lakes are usually character-
ized by the presence of several subbasins and
islands, resulting in spatial differences in water
quality. Monitoring of lakes in Finland by tradi-
tional methods based on water sampling at a few
fixed stations cannot produce information on all
the lakes or the spatial differences within a lake.
Because of the wide spatial coverage, remote
sensing is a technique with potential for improv-
ing the effectiveness of lake monitoring. One of
the main water quality problems in Finnish lakes
is eutrophication, which is measured in terms of
chlorophyll a concentration in routine monitoring
programmes and can therefore be detected by
remote sensing.

The main objective of this study was to de-
termine the best empirical algorithms for the
retrieval of water quality from airborne spec-
trometer data in typical Finnish lakes. The algo-
rithms tested are taken from the literature or
specially developed for our own data. The main
problems with similar studies published in the
literature have been the small number of in situ
samples and that they have focused on one sea-
son or on one lake only. Therefore, special atten-
tion here has been directed at finding algorithms
that are not specific to lake type and to studying
the limitations imposed by differences in water
quality and optical properties related to season or
lake type.

2. Data and methods

2.1. Description of the sur�eys and lakes

Airborne spectrometer, limnological and opti-
cal measurements were carried out in southern
Finland in four surveys: August 1996, May 1997,

Ž .August 1997 and August 1998 Table 1 . Al-
Ž .together, 11 lakes were surveyed Fig. 1 and the

number of lakes included in each survey ranged
from 1 to 10. The main criterion in lake selection
was the inclusion of lakes with differing water
quality and optical characteristics. The lake types
ranged from oligotrophic to eutrophic and from
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Table 1
Main characteristics of the lake surveys

Ž .Year Date s Lakes Limnol. Optical Flight altitude
Ž .stations stations m

1996 August 5, 6, 7 & 14 6 23 � 1000, 1600, 2400
1997 May 7 4 20 3 700�1000
1997 August 11 & 18 10 52 8 1000
1998 August 11 1 15 � 1000, 3000

Ž .clear to brown water Table 2 . The ranges of the
water quality variables in May and August are
presented in Table 3. In the data set of May 1997,
station 4 in Lake Enajarvi was excluded from all¨ ¨
analyses as it proved to be a clear outlier, particu-
larly in the terms of TSS and TURB.

Water samples were collected as close to the
Žthe aircraft overpass as possible within 3 h of the

.overpass . In May and August 1997 two of the
lakes were sampled the day after the airborne
measurements. All the samples were taken from
the 0�0.4 m surface layer. The exact coordinates
of the sampling stations were determined using a
differential GPS receiver with an accuracy of 2 or
10 m.

The limnological variables measured were: Z ,SD
TSS, TURB, the sum of chlorophyll a and phaeo-

Ž .phytin a chl-a , absorption coefficient at 400 nm
� Ž .measured from a filtered sample a 400 , a mea-ah

�sure of aquatic humus , dissolved organic carbon
Ž . Ž .DOC and water colour Table 4 . Coloured DOC

was estimated from the DOC concentrations and
Ž . Ž .a 400 Kallio, 1999 . Z was measured usingah SD

Ž .the white top diameter approx. 12 cm of the
sampler. The water quality determinations were
made in the water laboratories of the Uusimaa
and Southwest Regional Environment Centres. In

Žaddition, dominant phytoplankton species all sta-
. Žtions and phytoplankton biomass optical sta-
.tions were determined using a microscope.

2.2. Instrumentation

The spectrometer used in the surveys was the
airborne imaging spectrometer for applications
Ž . Ž .AISA Makisara et al., 1993; Makisara, 1998 .¨ ¨
AISA is a pushbroom imager with a charge-

Ž .coupled device CCD sensor matrix of 286�384
cells. The instantaneous field of view across the
track is 1 mrad, resulting in 1-m wide pixels from
an altitude of 1000 m. The integration time in the
surveys ranged from 60 to 80 ms. The pixel length

Table 2
aHydrographic characteristics and lake type classification of the surveyed lakes

Lake Area Z Lake Surveysmax
2Ž . Ž .km m type

Kiskonjarvi 7.2 8.8 Eutrophic May 1997, Aug 1997¨
Tuusulanjarvi 6 10 Eutrophic Aug 1996¨
Enajarvi, Vihti 5 3.4 Eutrophic Aug 1996, May 1997, Aug 1997¨ ¨
Lohjanjarvi 94 12.6 Meso-eutrophic Aug 1996, May 1997, Aug 1997¨
Hiidenvesi 30 6.6 Meso-eutrophic Aug 1996, Aug 1997, Aug 1998
Vesijarvi 111 41 Mesotrophic Aug 1997¨
Paijanne 77 84 Oligotrophic Aug 1997¨ ¨
Iso-Kisko 6.7 33 Oligotrophic May 1997, Aug 1997
Puujarvi 7 21 Oligotrophic Aug 1996, Aug 1997¨
Paajarvi 13.1 85 Humic Aug 1997¨¨ ¨
Keravanjarvi 1 2.2 Humic Aug 1996, Aug 1997¨

a Ž .The classification of trophic status is based on the maximum chlorophyll a concentrations OECD 1982 .
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Table 3
Ž .The minimum and maximum values of the water quality variables and diffuse attenuation coefficient K , 400�700 nm in laked

surveys of August 1996�1998 and May 1997

Ž .Data Lake Chl-a TSS TURB a 400 Z Kah SD d
�1 �1 �1 �1Ž . Ž . Ž . Ž . Ž .�g l mg l FNU m m m

August Kiskonjarvi 52�100 14�18 13�16 5.1�5.6 0.4�0.7 �¨
Tuusulanjarvi 27�71 13�32 19�26 � 0.4�0.7 �¨
Enajarvi, Vihti 30�39 10�14 6.4�15 1.9�2.0 0.5�1.1 1.4¨ ¨
Lohjanjarvi 6.4�55 1.4�16 1.6�21 2.7�5.3 0.8�2.9 0.8�1.5¨
Hiidenvesi 6.2�70 6.2�16 5.0�17 5.0�6.0 0.6�1.8 �

Vesijarvi 9.4�15 2.0�3.2 1.8�2.5 1.3�1.4 2.8�2.9 0.6¨
Paijanne 2.1�2.8 0.7�1.5 0.5�1.2 2.4�2.6 3.8�5.0 �¨ ¨
Iso-Kisko 2.0�2.3 1.2�1.8 1.2�1.4 1.6�1.9 3.5�4.0 �

Puujarvi 1.3�4.3 1.1�5.2 0.4�0.5 1.2�1.4 6.8�7.0 0.7¨
Paajarvi 5.3�6.8 1.3�2.1 0.8�1.0 7.2�7.4 2.7�2.8 1.0¨¨ ¨
Keravanjarvi 8.4�59 3.0�6.3 1.3�2.9 13�14 1.0�1.7 �¨

May Kiskonjarvi 7.3�9.5 15�23 16�20 6.8�7.9 0.5�1.0 �¨
Enajarvi, Vihti 19�20 14�17 14�15 2.9�4.4 1.0 �¨ ¨
Lohjanjarvi 2.6�9.2 7�21 8.9�20 4.3�9.2 0.7�1.5 1.2�1.8¨
Iso-Kisko 3.3�4.0 1.1�2.1 1.1�1.5 2.4�2.6 3.6�5.0 �

Keravanjarvi 8.8� 3.2�5.8 2.6�2.9 13�14 1.4�1.5 1.7¨

along the track was 4.5 m using an integration
time of 80 ms at an aircraft velocity of 55 m s�1.

ŽFlight altitude was in most cases 1000 m Table
.1 . A pixel size of 2�2 m was selected for the

geometrically and radiometrically corrected
images.

Ž .The AISA was operated in two modes: 1 full
resolution images were stored for each selected

Ž .spectral channel; and 2 full spectral information
Ž .268 channels was stored at a few selected pixels.
During the surveys the first mode was mainly
used. To obtain suitable data for the atmospheric
correction development, some tracks were mea-
sured using the second mode. The selected chan-
nels covered the 450�750 nm range almost con-
tinuously, with a channel width of 5�8 nm. The
channel combinations differed slightly between
surveys: the number of channels was 40 in August
1996 and May 1997, and 53 in August 1997 and
August 1998. From the images measured at an
altitude of 1000 m, the AISA data from an area
of 20�20 m were averaged at each limnological
sampling station. The use of an averaged area of
100�100 m in water quality estimation was tested
earlier and the results did not differ significantly

Ž .from the use of 20�20 m Kutser et al., 1998b .

For the final analyses, 24 channels with approxi-
mately the same channel position and width were

Ž .selected Table 5 . This allowed the combined
analysis of the whole dataset from all four sur-
veys. Before each survey the AISA was radiomet-
rically calibrated in the laboratory against a stable
light source. The calibration was checked after
each survey. The sensor proved to be very stable
as the variation of calibration coefficients between
the surveys was small. The AISA was installed
aboard a Short SC-7 Skyvan, the research aircraft
of the Laboratory of Space Technology. The coor-
dinates of the sampling stations were determined
in advance. The aircraft was equipped with a
differential GPS navigation system that made it
possible to overpass the sampling stations accu-
rately.

Optical measurements in the field were carried
out using an Li1800UW underwater spectrometer
and an ac-9 absorption�attenuation meter during
the surveys in May and August 1997. The wave-
lengths used in the ac-9 were 412, 440, 488, 510,
532, 555, 650, 676 and 715 nm. Due to the longer
measurement time for the optical measurements
Ž .approx. 1 h at each station compared with the
limnological sampling, optical measurements were
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Ž .Fig. 1. Location of the surveyed lakes � in Finland.

Ž .performed at only a few stations Table 1 . The
underwater spectra measured under windy condi-
tions were noisy. To remove the intensity varia-
tion due to wave focusing, spectra were smoothed

Žby the Butterworth recursive filter method Krauss
.et al., 1994; Virta and Herlevi, 1999 . The diffuse

Ž .attenuation coefficient K 400�700 nm was cal-d
culated from downwelling irradiances measured
by the Li1800UW underwater spectrometer at

Ž .depths of 0.5 and 1.0 m Table 3 . In addition, the
absorption spectrum of aquatic humus was mea-

Žsured from filtered water samples Nuclepore
.polycarbonate 0.4-�m filter in the laboratory with

a spectrophotometer using a wavelength range of
Ž .380�800 nm Kallio, 1999 .

2.3. Testing procedure of the retrie�al algorithms

In testing and development of the retrieval

algorithms, both AISA radiances and atmospheri-
cally corrected reflectances were used. The atmo-

Ž .spheric correction Vepsalainen, 1999 was based¨ ¨
Žon the theory of de Haan & Kokke De Haan and
.Kokke, 1996; De Haan et al., 1997 . Reflectances

were calculated from AISA radiances to reduce
effects of the atmosphere and differences in
weather conditions between lakes and measure-
ment surveys. The atmospheric correction of
measured target radiance takes into account the
scattering and absorption in the atmosphere and
the sun as a source of illumination. The effect of

Ž .neighbouring areas adjacency effect can be taken
into account by applying the average measured
radiance from neighbouring areas. The correction
of air�water interface effects was not imple-
mented. Instead, the water surface was assumed
to be a Lambertian surface, in which the reflected
radiance is the same in all directions.

The atmospherically corrected reflectance Rapp
was calculated from the equation:

c �c L �c L1 2 r s ,t 3 r s ,b Ž .R � 1app c �c L4 5 r s ,b

where L is the measured target radiance andr s,t
L is the average radiance from neighbouringr s,b
areas. c represents the atmospheric path radi-1
ance. c is the correction coefficient for measured2
radiance L Together with the correction coef-r s,t.
ficient c for the neighbouring areas c indicates3 2
the adjacency effect. In a situation where there is
no adjacency effect, c �1 and c �0. In water2 3
areas the target radiance is very similar to the
radiance from the surrounding areas and the ad-
jacency effect is minor. The adjacency effect was
therefore neglected in this study, although it
should be taken into account when applying the
correction for water areas near land targets. c is4
the product of transmittances from the sun to the
surface and from the surface to the sensor. c is5
the spherical albedo for the illumination from
below the sensor. The coefficients c , c and c1 4 5
were calculated by three sepatate Moderate Res-

Ž .olution Transmittance Code MODTRAN simu-
lations with surface albedos set at 0.0, 0.5 and 1.0
for the atmospheric path radiance and the ground
radiance. The calculation method of the coeffi-
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Table 4
Methods for determination of water quality variables in the laboratory

Variable Symbol Unit Method Standard

�1 Ž .Sum of chlorophyll a Chl-a �g l Extraction with hot ISO 10260, 1992
and phaeophytin a ethanol

�1 Ž .Total suspended solids TSS mg l Gravimetric EN 872 1996
determination with
Nuclepore
polycarbonate 0.4 �m
filter

Ž .Turbidity TURB FNU Nephelometric ISO 7027 1990
determination

�1Ž .Absorption coefficient a 400 m Absorption �ah
of aquatic humus at 400 measurement of filtered

Žnm sample Nuclepore
.polycarbonate 0.4 �m

�1 Ž .Dissolved organic matter DOC mg l Filtered EN 1484 1997
sample is
oxidated to CO , infra-2
red spectrometry
determination

�1 Ž .Water colour � mg Pt l Comparison with ISO 7887 1994
standard platinum
cobalt chloride disks

cients is in detail described by De Haan and
Ž .Kokke 1996 .

Input data for the atmospheric correction were
obtained from the numerical weather prediction
model High Resolution Limited Area Model
Ž .HIRLAM, Jarvenoja et al., 1997 , which esti-¨
mates air pressure, water vapour and temperature
for several vertical layers above ground. HIRLAM
has a spatial resolution of 22 km and is run by the
Finnish Meteorological Institute. Visibility, which
is not included in the model, was set at 40 km in
all simulations. The prediction is updated with
weather observations four times a day. The
HIRLAM predictions were selected as close as
possible to the AISA measurements, in most cases
less than 1 h apart. With the predicted values of
the atmospheric state it was possible to obtain
better initial values for the atmospheric correc-
tion than by applying the default values of the
MODTRAN code.

The retrieval of water quality from the AISA

data was tested by using:

1. the best algorithms obtained in an earlier
Ž .study Kallio et al., 1998; Kutser et al., 1998a

Ž .using part 1996�1997 of the data included
in this study. More than 70 algorithms devel-
oped for coastal, ocean and lake conditions
were taken from the literature and tested;

2. the algorithms developed in large lake sur-
Žveys based on hyperspectral data e.g. Dekker,

1993; Gitelson et al., 1993; and
3. algorithms modified by ourselves.

The calculated water quality variables were ob-
tained by:

Ž .C �a�bX 2i

where C is the concentration of variable i, a andi
b are empirical parameters and X is an indepen-

Ždent variable single channel or channel combina-
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Table 5
aŽ .AISA channels, mean wavelength range, centre and width nm used in the analyses

Channel Mean range Mean Mean August 1996 May 1997 August 1997 August 1998
no. centre width

1 450�458 454 8 450�458 450�458 450�458 450�461
2 465�473 469 7 467�474 465�472 465�472 465�472
3 473�480 476 7 474�481 472�480 472�480 472�480
4 488�496 492 8 490�497 487�494 488�496 485�496
5 507�515 511 7 506�513 509�516 507�515 507�515
6 515�523 519 8 515�522 516�523 516�523 515�525
7 545�552 549 7 547�554 545�553 544�551 545�553
8 552�560 556 7 554�561 552�560 551�558 552�560
9 560�567 563 7 561�569 560�567 558�566 560�566

10 567�574 571 7 570�577 567�574 566�573 566�573
11 603�610 607 7 602�609 603�611 604�611 603�611
12 618�625 622 7 618�625 618�625 618�625 618�625
13 633�640 637 7 634�641 633�640 633�640 633�640
14 641�648 644 7 643�647 640�648 640�648 640�648
15 648�655 652 8 647�656 648�655 648�655 648�655
16 661�667 664 6 660�665 663�669 662�669 660�665
17 670�677 674 6 672�676 669�676 671�678 671�677
18 677�685 681 8 676�685 676�684 678�684 677�686
19 685�691 688 6 685�690 684�692 684�690 686�690
20 699�705 702 6 701�705 698�705 698�706 699�706
21 705�714 710 8 705�714 705�713 706�713 706�715
22 733�747 740 14 731�746 734�749 734�747 733�745
23 747�755 751 8 746�754 749�757 747�754 745�754
24 779�786 782 7 778�786 780�787 779�786 778�785

a Wavelength ranges of the individual surveys are also shown.

.tion of AISA radiances or reflectances. In addi-
Ž .tion, logarithmic transformation of Eq. 2 was

applied for every retrieval algorithm:

Ž . Ž . Ž .log C �c�dlog X 3i

where c and d are empirical parameters. We also
tested the subtraction of radiance�reflectance at
751 nm from the radiance�reflectance of each
channel to eliminate the impact of sun glint. The
empirical parameters were obtained for each re-
trieval algorithm by comparison with the observed
values of water quality variables and using the
least square method.

3. Results

3.1. Classification of the lakes

Based on differences in the amount of optically
active substances in relation to each other, the

Ž .data were divided into three groups: 1 measure-
Ž .ments made in August; 2 measurements made

Ž .in May; and 3 humic lakes regardless of the
season. In August, phytoplankton biomass was at
the summer maximum and chl-a concentrations
were therefore high. The phytoplankton was
mainly dominated by cyanobacteria. TSS and chl-a

Ž .were positively correlated Table 6 . In May, the
concentrations of optically active substances were

Ž .higher than in August Table 7 . The only excep-
tion was chl-a, which was clearly lower than in
August. Phytoplankton, consisting mainly of dia-
toms, had not yet attained the spring maximum
because the May survey was carried out only
approximately 1 week after the break-up of ice.
Z was about the same in May and August. TSSSD
and chl-a were positively correlated in May, but

Ž .not as strongly as in August Table 8 . In May,
Ž .chl-a in relation to TSS and a 400 was low.ah

This study included two humic lakes: Lake
Paajarvi and Lake Keravanjarvi. In humic lakes¨¨ ¨ ¨
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Table 6
Ž .Correlation coefficients R between limnological variables in

Ž .May 1997 n�19

Ž .Chl-a TSS TURB a 400 Zah SD

Chl-a 1
TSS 0.56 1
TURB 0.50 0.97 1

Ž .a 400 0.12 0.79 0.88 1ah
Z �0.50 �0.83 �0.90 �0.73 1SD

the optical properties are dominated by high ab-
sorption of light by aquatic humus regardless of

Ž .the season Table 4 . Most of the aquatic humus
in these lakes is of allochthonous origin leached
from the peat soils of the drainage basin. TSS and
TURB are fairly low in humic lakes, but the chl-a
can vary considerably.

The optical properties of the three groups were
demonstrated using absorption and scattering co-
efficients, underwater reflectances and AISA

Ž .radiances Fig. 2 . Absorption by TSS was calcu-
lated by subtracting absorption coefficients of
aquatic humus from the total absorption mea-
sured in situ with the ac-9 absorption�attenua-
tion meter. The total scattering coefficient was
obtained from the difference between attenuation
and total absorption measured with the ac-9.

In August 1997, the maximum underwater re-
flectance was at approximately 550�600 nm with

Ž .the exception of humic lakes Fig. 2e . At the
most eutrophic stations, e.g. at station 2 in Lake
Lohjanjarvi, a distinct second maximum was¨
observed at approximately 710 nm. Smoothing of
the spectra did not remove all the noise, and
some unrealistic dips and peaks can therefore be
seen in the reflectance spectra. In May, the un-
derwater spectra were very noisy even after

Table 7
Observed average values of the water quality variables at
those 17 stations that were surveyed both in May and August
of 1997

Ž .Survey Chl-a TSS TURB a 400 Zah SD
�1 �1 �1Ž . Ž . Ž . Ž . Ž .�g l mg l FNU m m

May 1997 7.1 12.0 12.1 5.3 1.79
August 1997 35.5 9.1 8.4 3.7 1.75

Table 8
Ž .Correlation coefficients R between limnological variables in

aAugust 1996�1998

Ž .Chl-a TSS TURB a 400 Zah SD

Chl-a 1.00
TSS 0.77 1.00
TURB 0.81 0.93 1.00

Ž .a 400 0.30 0.44 0.44 1.00ah
Z �0.63 �0.71 �0.69 �0.64 1.00SD

a Number of observation pairs ranged from 47 to 103.

smoothing, but the magnitude of the reflectance
Žspectra at the same stations was higher data not

.shown than in August 1997 due to higher TSS
concentrations. The reflectance of the humic lakes
differed from the other lakes both in May and in
August. The magnitude of the reflectance spec-
trum in Lake Keravanjarvi was very low and the¨

Ž .maximum was at approximately 690 nm Fig. 2 .
The same pattern was observed in the other humic
lake, Lake Paajarvi. The spectral shapes and dif-¨¨ ¨
ferences between lakes in the AISA radiances are

Žclose to those of underwater reflectances Fig.
.2d,e . The only exception is the humic Lake Kera-

vanjarvi, where AISA radiance in the wavelength¨
region of 450�500 nm is close to that of the
oligotrophic Lake Puujarvi. This is due to the fact¨
that AISA radiance includes bi-directional re-
flectance from the water surface.

The absorption of aquatic humus in the most
Ž .humic lake Lake Keravanjarvi was clearly higher¨

Ž .than in the other lakes Fig. 2a . Absorption in
the most eutrophic lakes was similar to that in the
humic Lake Paajarvi. Absorption by TSS, which¨¨ ¨
includes the contribution of phytoplankton pig-
ments and detritus, was low in oligotrophic and
humic lakes. In August, absorption by TSS in
eutrophic lakes was much higher than in the
other lake types, probably due to absorption by
phytoplankton pigments. The total scattering ob-
tained from the ac-9 attenuation�absorption me-
ter was high in eutrophic lakes due to high con-
centration of mineral suspended solids and phyto-

Ž .plankton Fig. 2c . In humic and oligotrophic lakes
the total scattering was about the same.

The differences in optical properties between
May and August in Lake Lohjanjarvi are shown¨
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Ž . Ž . Ž . Ž .Fig. 2. Absorbance of aquatic humus and pure water a , absorbance of TSS b , total scattering c , AISA radiance d and
Ž . Ž . Ž .underwater reflectance e in a eutrophic Lake Lohjanjarvi, Station 2 , mesotrophic Lake Lohjanjarvi, Station 8 , oligotrophic¨ ¨

Ž . Ž .Lake Puujarvi and humic lake Lake Keravanjarvi . All results are from August 1997 with the exception of Lake Keravanjarvi,¨ ¨ ¨
were the optical properties where measured only in May 1997. See text for details.

in Fig. 3. Total scattering and absorption by
aquatic humus were higher in May than in Au-
gust at the same stations, thus the differences in

Ž .concentrations between the 2 months Table 6
can also be seen in the optical properties. The
higher absorption by TSS in May can be due to
resuspended detritus from the bottom sediments.
During the May 1997 survey the conditions were
favourable for resuspension because the lakes
were not yet thermally stratified and the wind

Ž �1 .speed was high approx. 10 m s .
The seasonal differences in the behaviour of

optically active substances can also be seen in the

correlations between the water quality variables
Ž .and the AISA channels Fig. 4 . The correlation

for TSS and TURB was high throughout the
spectrum both in May and in August. The corre-

Ž .lation for Z and a 400 was higher in MaySD ah
than in August. In the case of chl-a the correla-
tions were higher in August than in May in the
red region of the spectrum.

3.2. Retrie�al algorithms

Several studies have shown that chl-a can be
best estimated in lakes ranging from oligotrophic
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Ž .Fig. 3. Absorption by aquatic humus a , absorption by TSSah
Ž . Ž .a and total scattering b in May and August 1997 atTSS total

Ž .Station 5 mesotrophic of Lake Lohjanjarvi.¨

to hyper-eutrophic status by using two channels
Žof approximately 675 and 705 nm e.g. Millie et

al., 1992; Dekker, 1993; Gitelson et al., 1993;
Yacobi et al., 1995; Fraser, 1998; Schalles et al.,

.1998a . The algorithm is based on the absorption
maximum of chl-a at approximately 660�680 nm.
The peak at 685�715 nm is due to scattering by
phytoplankton and other suspended solids and by
fluorescence of chl-a at approximately 685 nm
Že.g. Gitelson, 1992; Dekker, 1993; Schalles et al.,

.1998a . Because the exact position and width of
the two channels of this chlorophyll algorithm are
variable, we tested all the single-channel ratios
for the six channels between 661 and 714 nm
Ž .Table 9 . Chlorophyll a correlated best with the

Ž .ratio L �L Table 10, Fig. 5 . This699�705 670 � 677
Ž .ratio was also used by Gitelson et al. 1993 in a

large study involving 20 inland waterbodies lo-
Ž .cated in four countries. Dekker 1993 pointed

out that due to the shift in the reflectance peak
with increasing chl-a concentration, wider chan-
nels should be applied for lakes with trophic
status ranging from oligotrophic to eutrophic. In
the present study, the use of radiance ratio
L �L , similar to the ratio suggested699 � 714 670 � 685

Ž .by Dekker 1993 , did not improve the algorithm’s
Ž .performance Table 9 . The MERIS sensor aboard

the ENVISAT satellite is planned to have three
channels in the 660�714 nm range: 660�670,

Ž .677.5�685 and 705�714 nm ICCG, 1998 . After
approximate reconstruction of MERIS channels
from the AISA channels, chl-a was best estimated

Ž 2by using the ratio L �L R �0.91 for699 � 714 661 � 667
.August data, Table 9 .

In May 1997, when the chl-a concentra-
tions were less than 21 �g l�1, the ratios
L �L and L �L gave685 � 691 670 � 677 685 � 691 677 � 685

2 Ž .higher R 0.93 and 0.95, respectively, Table 10 .
In August, at oligotrophic and mesotrophic mea-

Ž �1 .surement stations chl-a �25 �g l the use of
a shorter wavelength in the numerator
Ž . 2L �L improved the R from 0.67685 � 691 670 � 677
Ž .for L �L to 0.83. In the humic Lake699 � 705 670 � 677
Keravanjarvi, none of the tested chl-a algorithms¨
worked sufficiently and the correlation with

Ž 2L �L was negative R �0.42, n�5,699 � 705 670 � 677
.Fig. 5 . Another anomalous result was the eu-

trophic Lake Tuusulanjarvi that was surveyed only¨
in August 1996 with observations from 15 sam-
pling stations. R2 with L �L was 0.48699 � 705 670 � 677
and the radiance ratio remained quite constant
even though the chl-a concentration varied from

Ž .27 to 71 Fig. 5 .
TSS and TURB increase the magnitude of the

Fig. 4. Correlation between water quality variables and the 24
Ž . Ž .AISA channels in May upper and in August lower . In the

Ž .case of a 400 , the humic Lake Keravanjarvi was excluded¨ah
from the calculations.
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Table 9
Ž . Ž .The main channels and channel combinations of AISA radiances L or reflectances R tested, and their correlations with the

awater quality variables in the August dataset

2Variable Channel or channel combination R n Reference

Chl-a L �L 0.91 88699 � 705 670 � 677
L �L 0.86685 � 691 670 � 677

Ž .L �L 0.90 Dekker 1993699 � 714 670 � 685
L �L 0.90705 � 714 670 � 677
L �L 0.79705 � 714 685 � 691
L �L 0.91 MERIS channels699 � 714 661 � 667

TSS R 0.85 73705 � 714
R 0.84699 � 705
R �R 0.82699 � 705 747 � 755

Ž .max R . . . R 0.78450 � 458 779 � 786
Ž . Ž . Ž .R �R � R �R 0.35 Gitelson et al. 1993560 � 567 515 � 523 560 � 567 515 � 523

TURB R 0.93 105705 � 714
R 0.92699 � 705
R �R 0.90699 � 705 747 � 755

Ž .max R . . . R 0.84450 � 458 779 � 786
Ž . Ž . Ž .R �R � R �R 0.35 Gitelson et al. 1993560 � 567 515 � 523 560 � 567 515 � 523

Ž . Ž .Z L �L � L �L 0.86 103SD 488 � 496 747 � 755 618 � 625 747 � 755
Ž . Ž .L �L � L �L 0.87677 � 685 747 � 755 699 � 705 747 � 755
Ž . Ž .L �L � L �L 0.86661 � 667 747 � 755 699 � 705 747 � 755
Ž . Ž .L �L � L �L 0.88670 � 677 747 � 755 699 � 705 747 � 755
Ž . Ž . Ž .L �L � L �L 0.68 Decker 1993 ,699 � 705 705 � 714 670 � 677 677 � 685

logarithmic transformation

Ž . Ž . Ž .a 400 L �L �L 0.84 47 Kutser et al. 1995ah 567 � 574 603 � 610 603 � 610
Ž . Ž . Ž .L �L � L �L 0.70 Kutser et al. 1998a560 � 567 747 � 755 618 � 625 747 � 755

Ž .L �L 0.20 Althuis et al. 1996450 � 458 670 � 677

a Lake Tuusulanjarvi and Lake Keravanjarvi were excluded in the case of chl-a and Lake Keravanjarvi in the case of Z and¨ ¨ ¨ SD
Ž .a 400 .ah

Table 10
aCorrelation between chl-a and the AISA radiance ratios L �L and L �L699 � 705 670 � 677 685 � 691 670 � 677

2Ratio Data R n a b R.M.S.E. R.M.S.E.
�1Ž . Ž .�g l %

L �L May and August 0.90 107 �64.8 90.2 6.01 33699 � 705 670 � 677
May 0.76 19 �51.0 69.0 2.79 33
August 0.91 88 �62.6 89.0 6.03 29

L �L May and August 0.79 107 �187.0 241 8.74 47685 � 691 670 � 677
May 0.93 19 �102.0 129 1.44 17
August 0.86 88 �192.1 250 7.48 36

a Lake Keravanjarvi and Lake Tuusulanjarvi are excluded.¨ ¨
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Fig. 5. Correlation between chl-a and the AISA radiance
ratios L �L excluding Lake Tuusulanjarvi and¨699 � 705 670 � 677

Ž .the humic lake Keravanjarvi upper and for Lake¨
Ž .Tuusulanjarvi and Lake Keravanjarvi only lower . Statistics¨ ¨

are presented in Table 10.

reflectance throughout the visible and near-
infrared parts of the spectrum. For the interpre-
tation of these variables, wavelengths with a mini-
mal absorption of optically active substances have
usually been applied: in the range 500�600 nm
Ž .e.g. Gitelson et al., 1993; Kutser et al., 1998b or

Ž .near 710 nm Dekker, 1993 . The best algorithm
was obtained with reflectance of the single chan-

Ž .nel R Tables 9 and 11, Fig. 6 , which is705 � 714
close to the channel 698�716 nm used by Dekker
Ž .1993 in Dutch lakes. The seasonal correlations
were considerably higher than for the whole

Ž .dataset Table 11 . The use of the maximum value
of the reflectance in the 450�786 nm range also

Ž .yielded quite high correlations Table 11 . The
best algorithm using radiances instead of re-
flectances was the difference L �L ,705 � 714 747 � 755
but the R2 for the whole dataset was lower than
for the best algorithm based on reflectances: 0.78
and 0.82 for TSS and TURB, respectively.

Best results for Z were obtained using theSD
Ž . Žradiance ratio L �L � L �488 � 496 747 � 755 618 � 625

. Ž .L Tables 9 and 12, Fig. 7 . The most747 � 755
Žhumic lake Keravanjarvi was a clear outlier Fig.¨

.7 . We also tested all the channel ratios in the
Ž661�714 nm range, of which the ratio L �661�667

. Ž .L � L � L yielded highest747�755 699 � 705 747�755
Ž .correlations Table 9 . As the channels of this

algorithm are close to those used for chl-a esti-
mation, it is based on the correlation between
Z and chl-a. The empirical parameters a and bSD
were quite different between May and August
due to the fact that chl-a concentrations in May
were much lower than in August, but Z wasSD
about the same.

Ž .The best algorithm for a 400 was the radi-ah
Ž . Ž .ance ratio L �L �L Table 13, Fig. 8 ,571 607 607

which has previously been applied by Kutser et al.
Ž .1995 . The correlation was quite low for the

Table 11
aCorrelation of TSS and TURB between the AISA reflectance R705 � 714

2Variable Data R n a b R.S.M.E. R.S.M.E.
�1Ž . Ž .mg l , FNU %

TSS May and August 0.82 92 �0.827 620 3.15 33
May 0.91 19 �6.51 734 2.25 18
August 0.85 74 �0.925 677 2.86 32

TURB May and August 0.90 124 �2.537 689 2.29 26
May 0.95 19 �5.47 692 1.60 13
August 0.93 105 �3.02 755 1.90 23

a 2 Ž .All lakes are included. R �coefficient of determination, n�number of samples, a and b, empirical parameters in Eq. 2 ,
R.M.S.E., root mean squared error.
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Ž . Ž .Fig. 6. Correlation between TSS upper and TURB lower
and the AISA reflectance R . All lakes are included.705 � 714
Statistics are presented in Table 11.

whole dataset, but the seasonal correlations were
Ž .considerably higher Table 12 . This algorithm is

probably based on the correlation between TSS

Žand aquatic humus in the lakes studied Tables 6
.and 8 rather than on the optical properties of

aquatic humus, since humus is spectrally almost
Ž .neutral in the 571�607 nm range as a 400 isah

Ž .very low Fig. 2a . This is also indicated by the
fact that the exclusion of the most humic lake

Žimproved the algorithm considerably Table 12,
.Fig. 8 . Similar to the findings of this study,

Ž .Schalles et al. 1998b found a low correlation
Ž .between aquatic humus measured as DOC and

reflectance at short wavelengths in coastal waters.
However, the correlation between DOC and the
ratio of reflectances at 440 and 550 nm was high.
In our dataset, the corresponding ratio
L �L yielded very low correlation for450 � 458 545 � 552
the August data. Other determinations for aquatic
humus in this study were coloured DOC and

Ž .water colour Table 3 . The coefficients of de-
termination were 0.64 for coloured DOC and 0.62
for water colour, when using the same algorithm

Ž . Ž .as for a 400 Table 13 .ah

4. Discussion

Most studies on the use of hyperspectral data
in lake monitoring have been conducted on one
lake only, or are based on data collected during a
1-day survey. The dataset described in this study
provided good material for the testing of airborne

Ž .remote sensing, because: 1 measurements were
made from several lakes with differing water

Ž .quality; 2 data were collected at different sea-
sons under differing water quality conditions; and
Ž .3 measurements were carried out during four
surveys on 8 days over a period of 3 years.

Table 12
aŽ . Ž .Correlation between Z and the AISA radiance ratio L �L � L �LSD 488 � 496 747 � 755 618 � 625 747 � 755

2Data R n a b RMSE RMSE
Ž . Ž .M %

May and August 0.84 122 �0.909 2.66 0.57 33
May 0.95 19 �1.442 3.94 0.38 22
August 0.86 103 �0.935 2.60 0.51 30

a The humic Lake Keravanjarvi is excluded. R2, coefficient of determination; n�number of samples, a and b, empirical¨
Ž .parameters in Eq. 2 , R.M.S.E., root mean squared error.
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Fig. 7. Correlation between Z and the AISA radiance ratioSD
Ž . Ž .L �L � L �L . All lakes are in-488 � 496 747 � 755 618 � 625 747 � 755
cluded. Statistics are presented in Table 12.

The results indicate that the best wavelength
for the chl-a retrieval depend on the chl-a con-
centration, as the use of shorter wavelengths
685�691 nm instead of 699�705 nm in the numer-
ator of the chl-a algorithm improved the estima-
tions for the oligotrophic and mesotrophic lakes.
This is probably due to the shift in the maximum
radiance in the range 685�715 nm. This pheno-
menon could not be studied in detail here, be-
cause it would require several adjacent, narrow

Ž .channels. According to Gitelson 1992 , the maxi-
mum shifted from approximately 685 to approxi-
mately 715 nm as the chl-a concentration in-
creased from very low values to 100 �g l�1.

Ž .Hoogenboom et al. 1998a simulated the shift
with a bio-optical model and concluded that the
maximum shifted from 696 to 710 nm as chl-a
increased from 10 to 190 �g l�1. The advantage
of sensors like AISA is their large number of

Ž .Fig. 8. Correlation between a 400 and the AISA radianceah
Ž .ratio L �L �L . The humic Lake Kera-567 � 574 603 � 610 603 � 610

vanjarvi is shown separately. Statistics are presented in Table¨
13.

channels which makes it possible to use optimal
channels in the retrieval of water quality of dif-
ferent lake types. In order to avoid excessive
amounts of data, a few channels can be selected
separately for each survey based on the season
and lake types to be monitored.

In Lake Tuusulanjarvi, chl-a concentration¨
could not be estimated with the same empirical
parameters as for other eutrophic lakes with the

Žsame or even higher chl-a concentrations Table
.3, Fig. 5 . The correlation of the chl-a retrieval

algorithm was also low. This could be due to
the impact of other optically active sub-
stances or exceptional optical properties. For ex-
ample, the fact that the ratio between turbidity

Ž .and the chl-a concentration was higher 0.42
Ž .than in the other four eutrophic lakes 0.21�0.29

of this study may indicate exceptional scattering

Table 13
aŽ . Ž .Correlation between a 400 and the AISA radiance ratio L �L �Lah 567 � 574 603 � 610 603 � 610

2Data R n a b R.S.M.E. RSME
�1Ž . Ž .m %

May and August 0.72 66 5.97 �12.1 1.11 26
May 0.89 19 5.536 �32.3 0.71 14
August 0.84 47 6.438 �13.1 0.81 20

a The humic Lake Keravanjarvi is excluded. R2, coefficient of determination, n, number of samples, a and b, empirical¨
Ž .parameters in Eq. 2 , R.M.S.E., root mean squared error.
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properties. Unfortunately, ac-9 data were not
available from Lake Tuusulanjarvi. A thorough¨
investigation of the discreapancy related to the
chl-a algorithm at Lake Tuusulanjarvi would re-¨

Ž .quire: 1 separation of TSS into inorganic parti-
cles, phytoplankton and non-chlorophyllous or-

Ž .ganic particles; 2 determination of their scatter-
Ž .ing and absorption properties; and 3 measure-

ment of the particle properties that affect the
Ž .scattering e.g. particle size .

According to the results, TURB can be esti-
mated by airborne remote sensing with greater
accuracy than TSS. One reason is the fact that
the accuracy of TURB measurement in the
laboratory is higher than that of TSS. The stan-
dard deviations of the duplicates measured in
1997 at the water laboratory of the Southwest
Regional Environment Centre were: 15% for TSS;
2% for TURB; and 8% for chl-a. In addition,
TURB was determined in the laboratory using

Ž .the nephelometric method EN 27027 , which is
Ž .an optical measurement based on light 860 nm

scattered within an angle centered on 90� from
the beam directed at the water sample. TURB
gives an approximation of the scattering proper-

Ž .ties of TSS e.g. Kirk, 1994 , which also affects the
radiance measured by remote sensing.

The same retrieval algorithms were in most
cases valid both in May and August, but with
slightly different parameters for the empirical
equations. This can be expected as the origin of
TSS and the proportion of optically active sub-
stances were quite different. In May, TSS con-
sisted mainly of mineral suspended solids leached
from the drainage basin during high water dis-
charges due to snowmelt. For the same reason
the input of allochthonous humus to the lakes
was also considerable and resulted in a high cor-

Ž .relation of a 400 between TSS and TURB inah
May. In August, the contribution of phytoplank-
ton to TSS was greater than in May; the domi-
nant phytoplankton groups with varying absorp-
tion and scattering properties were also different
between May and August.

Humic lakes are characterized by a low concen-
tration of mineral suspended solids and a high
concentration of aquatic humus, resulting in low
backscattering and strong absorption of light, par-

ticularly in the blue region. Therefore, in humic
Ž .lakes the reflectance is very low Fig. 2 . In the

most humic Lake Keravanjarvi, the detection of¨
Ž .chl-a, Z and a 400 was not possible with theSD ah

algorithms tested, while the results for Lake
Ž .Paajarvi were satisfactory. The a 400 values for¨¨ ¨ ah

these lakes were approximately 13 and 7 m�1,
respectively. It can be concluded that the moni-
toring of water quality by remote sensing is dif-

Ž . �1ficult in lakes with an a 400 of 13 m orah
higher and with low TSS concentrations.

The number of algorithms for aquatic humus
presented in the literature is quite low due to the
fact that its detection has proved to be difficult
compared with other optically active substances.
The main problem is that aquatic humus does not
have a spectral area in the range 450�750 nm
where the impact of other optically active sub-
stances would be minimal. Aquatic humus has the
greatest impact on radiance�reflectance in the
400�500 nm range due to the exponential in-
crease in absorption with increasing wavelength
Ž .Fig. 2a . The AISA spectrometer was not an
optimal instrument for studying this wavelength
range for the separation of aquatic humus be-

Ž .cause: 1 wavelengths less than 450 nm were not
Ž .included; and 2 as in many other electro-optical

sensors, the radiometric sensitivity was low at
short wavelengths.

In Finnish lakes the concentration of aquatic
humus is high, because allochthonous humus is

Žleached from the drainage basins approx. 30% of
.Finland’s total area consists of peat soils . Moni-

toring of lakes by remote sensing in countries
such as Finland requires that humic lakes are
separated from other lake types. Humic lakes can
thereafter be excluded from the analysis or lake-
type-specific algorithms can be applied. As this
study included only two humic lakes, the data was
insufficient to allow lake-type-specific algorithms
to be developed for them. In large remote sensing
surveys where in situ limnological sampling can-
not be made at every lake, the identification of
humic lakes can be based on the shape of the

Žradiance spectra measured Pulliainen et al.,
.2001 , on the soil type and land-use of the

Ž .drainage basin Kortelainen, 1993 , or on histori-
cal water quality data.
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The width and position of the channels varied
Ž .slightly between the surveys Table 5 . If exactly

the same channels had been used in all surveys,
the coefficients of determination would probably
have been higher. The use of apparent re-
flectances obtained after atmospheric correction
of the AISA radiances improved the algorithms
only in the case of TSS and TURB. One reason
for this is that the applied method cannot provide
accurate atmospheric correction for each AISA
measurement, since the modelling procedure con-
tains several deficiencies; one is the fact that no
ground measurements of atmospheric state vari-
ables or downwelling radiance were made during
the AISA surveys. This was compensated for by
the predictions of the HIRLAM model, but due
to the limited spatial and temporal accuracy and
to the fact that the model is only an approxima-
tion of each measurement situation, it cannot
provide exact input values for the correction. In
addition, the atmospheric models of the MOD-
TRAN code are not necessarily suitable for atmo-
spheric conditions in Finland, e.g. due to the
different aerosol distribution. Therefore, the at-
mospherically corrected reflectances are prelimi-
nary estimations and should not be considered as
absolute reflectance values. The value of atmo-
spheric correction in general is that it provides
retrieval algorithms that are more stable over
time and that can be extended to other regions.

The discrepancy between estimated and
observed water quality can also be due to defi-
ciences in the algorithm, e.g. because of varia-
tions in specific inherent optical properties or
because of the dominance of one optically active

Ž .substance e.g. aquatic humus , which makes it
difficult to detect other subtances. Besides inac-
curacy in the laboratory determination of water
quality variables the results are also affected by
the fact that the remote sensing signal and limno-
logical sampling may not represent the same wa-
ter mass. The maximum delay between a remote
sensing measurement and in situ sampling was in
most surveys 3 h. Therefore, it is possible that the
water quality at some measurement stations has
changed during this time due to transport of
water masses. For example, chl-a concentration
can vary considerably over short distances, partic-

Žularly under calm conditions e.g. Kallio et al.,
.1999 . Vertical differences in the water column

may also exist. In this study, the water samples
were taken from the 0 to 0.4 m surface layer and
were assumed to represent the concentrations of
optically active subtances in the whole layer that
effects the radiance measured by remote sensing.
In reality, there may be vertical differences in
these concentrations that could not be taken into
account in this study.

The main problems with empirical algorithms
are due to apparent correlations and the fact that
interactions between optically active substances
can dominate the retrieval of a particular vari-
able. The best correlations can be obtained using
wavelengths at which the variable in question is
not optically active. If such an algorithm is used
in other regions where the proportions of opti-
cally active substances are different inaccurate
estimations are obtained. For example, in May

Ž .a 400 correlated best with the radiance in theah
Ž .650�750 nm range Fig. 4 , where aquatic humus

is optically inactive. In August the correlations
Žwere lower, but the ‘wrong’ wavelengths 600�700

.nm still yielded highest correlations. Also the
Ž .best retrieval algorithm for a 400 involvesah

Ž .wavelengths 571 and 607 nm where the absorp-
Ž .tion by aquatic humus is very low Fig. 2a . This

algorithm is therefore purely empirical and re-
gion-specific. The impact of TURB on the chl-a
algorithm based on the ratio L �L698 � 706 662 � 669

Ž .was studied by Pulliainen et al. 2001 using a part
of the dataset applied here. The method was
based on the division of data into two groups

Žaccording to TURB 5.5�8.0 FNU and higher
.than 12 FNU . The conclusion was that chl-a

algorithm performed well regardless of the tur-
bidity, which is in agreement with the results of

Ž . Ž .Quibell 1991 and Han et al. 1994 . However,
empirical coefficients of the chl-a algorithm can
be lake-specific as indicated by the results from
Lake Tuusulanjarvi. The best TURB and TSS¨
algorithm based on the reflectance of the single
channel at 705�714 nm can be considered gener-
ally applicable for turbid lakes, as the impact of
other optically substances at this wavelength is
small. The correlation maybe worse if the
backscattering properties of suspended solids dif-
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fer considerably between the lakes. Z is af-SD
fected by the concentrations and optical proper-
ties of all optically active substances in the water
and therefore the Z retrieval algorithms areSD
usually region-specific.

The problems associated with empirical algo-
rithms can be resolved by applying bio-optical
models that make it possible to take into account
regional and lake type differences in inherent

Žoptical properties e.g. Kutser, 1997; Hoogen-
.boom et al., 1998b; Kutser et al., 2000 . The

limitations of remote sensing in the retrieval of
water quality, e.g. in humic lakes, can also be
studied with bio-optical models by making sensi-
tivity analyses at different concentrations of opti-
cally active substances. The use of bio-optical
models, however, requires the determination of
specific inherent optical properties.

5. Conclusions

The results of this study indicate that chl-a,
TSS, TURB, aquatic humus and Z can, inSD
general, be detected by airborne remote sensing
in Finnish lakes. The best algorithms employed
mostly the same channels as used in other lake
studies published in the literature. Retrieval of
aquatic humus was problematic, since the best
algorithm employed wavelengths where humus is
optically inactive.

In the most humic lake, the algorithms tested
were unsuitable for the interpretation of chl-a,

Ž .Z and a 400 . In remote sensing studies,SD ah
humic lakes should therefore be separated from
lake types. Another exception was the eutrophic
Lake Tuusulanjarvi, where none of the chl-a algo-¨
rithms estimated the observed values satisfac-
torily. This was probably due to the impact of
exceptional inherent optical properties or high
TSS concentrations on the chl-a algorithm.

Retrieval algorithms using the same channels
were usually valid in May and August; however,
the empirical parameters of the algorithms dif-
fered, probably due to differences in the propor-
tion of optically active substances and in the

specific inherent optical properties. The use of
radiance measured at shorter wavelengths
685�691 nm instead of 699�705 nm in the numer-
ator of the chl-a algorithm improved the accuracy
of estimations for the oligotrophic and me-
sotrophic lakes.

The use of atmospherically corrected re-
flectances instead of radiances only improved the
estimation of TSS and TURB. The accuracy of
atmospheric correction could be improved by
measurement of atmospheric variables and down-
welling radiance during a survey.

Due to the seasonal and lake type differences
in the algorithms it is obvious that remote sensing
of water quality requires concurrent in situ sam-
pling. This can be performed in connection with
routine limnological monitoring on the days of
satellite overpass if the skies are cloudless. An-
other approach is to use a bio-optical model that
takes into account the optical properties of the
optically active substances in the water. The ad-
vantages of this method are that concurrent in
situ sampling is not necessary and that algorithms
are less site-specific. Bio-optical models, however,
require determination of the inherent optical
properties in different seasons and lake types.
Such measurements are highly recommended and
they should be included in routine limnological
monitoring programmes.
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