
OCEANS 2002 MTS-IEEE Proceedings, vol.4, IEEE Catalog Number: 02CH37362C, ISBN: 0-7803-7535-1

0-7803-7535-1/$10.00©2002 IEEE 1968

Informative Water Layer, Determined by Attenuation Depth, in Water
Bodies of Different Turbidity

Helgi Arst,* Vladimir I. Haltrin,† and  Robert A. Arnone †

* Estonian Marine Institute, 1 Paldiski Road, Tallinn, Estonia, 10137, e-mail: <helarst@online.ee>

† Naval Research Laboratory, Ocean Optics Section, Code 7333 Stennis Space Center, MS 39529-5004, USA.
Phone: (228) 688-4528, e-mail: <haltrin@nrlssc.navy.mil>

web page: <http://www7333.nrlssc.navy.mil/~haltrin>

Abstract – By using values of vertical diffuse attenuation
coefficient at certain visible wavelength (or its mean value for
some spectral region) we can estimate the depth of informative
to remote sensing water layer sometimes called penetration
depth, but more often attenuation depth. This value is an
important parameter because about ninety percent of the
information detected by optical remote sensing instruments is
related to the sea layer with this depth.

1. INTRODUCTION

We compare some theoretical and numerically
derived dependencies of diffuse attenuation
coefficient on inherent optical properties of water
mass and solar elevation with the in situ data
measured by us in various seas and lakes and values of
diffuse attenuation coefficient.

Comparison of modeled and experimental data is
discussed and recommendations to improve
effectiveness of in situ measurements and
recommendations to increase effectiveness of
processing remote sensing information to recover
inherent optical properties and biological
productivity of the upper water layer are proposed.

2. EXPERIMENTAL MEASUREMENTS

Using the values of vertical diffuse attenuation
coefficient Kd ( )l  (or its mean value for some
spectral region), here l is a wavelength of light, we
can estimate the depth of informative (for remote
sensing) layer, called sometimes penetration depth,
but more often attenuation depth, zK ( )l . It is an
important characteristic since 90% of the
information detected by optical remote sensing
instruments comes from above a depth where
downward irradiance has fallen to a level which is
1 0 36788/ .e =  less than its value just below the water
surface. So, as it is known:

z KK d( ) ( )l l= 1 . (1)

Through Kd ( )l  the attenuation depth depends on
wavelength of light, on the inherent optical
properties on the water body and on the angular
distribution on downwelling solar irradiance (solar
zenith angle, cloudiness). The variation range for
oceans is easy to describe on the basis of Kd  values
for oceanic and coastal waters, given by Jerlov’s
water types [1]. The respective attenuation depths
for wavelengths 400, 450, 500, 550, 600, 650 and
700 nm are shown in Table 1. It is known that Jerlov
made his water classification a long time ago [1 - 3],
but these data have not lost their value, describing
adequately the variability range of the optical
properties of the oceans. Consequently, in the sphere
of  interest have to be additionally the new data for
marginal seas and lakes, not included into the Jerlov’s
classification. Some examples of the spectral
distribution of the attenuation depth for three
Estonian and four Finnish lakes are presented in
Table 2 [4]. Here the necessary values of Kd ( )l  were
determined from the profiles of downwelling
irradiance in the water, measured by means of
underwater spectrometer LI 1800UW and value of
zK ( )l  was computed by formula (1). In Fig. 1 also
the results obtained for Estonian and Finnish lakes
are presented, demonstrating the variability limits of
zK ( )l  for lakes under investigation ( Kd ( )l
measurements were carried out altogether for 17
lakes in Estonia and Finland). In this figure the
typical minimum (Lake Tuusulanjärvi, Aug.1995) and
maximum (Lake Äntu Sinijärv, Aug.1995) spectra of
zK ( )l , and also comparison with zK ( )l  of Jerlov’s
water types III, 5 and 9, are shown. Considering all
these data it is obvious that the lake waters differ
very much  from  open ocean  and also from oceanic
coastal waters.   From  all  lakes,  we  investigated,
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Fig.1. Spectral distribution of the attenuation depth
zK , computed from the values of diffuse
attenuation coefficient Kd  for the following
lakes: 1. Äntu Sinijärv, Aug.1995; 2.
Paukjärv, June 1997; 3. Päijänne, June 1995;
4. Uljaste, Aug.1995; 5. Tuusulanjörvi,
Aug.1995. For comparison also the zK

spectra for Jerlov's water types III, 5 and 9
are shown.

 Lake Äntu Sinijärv is an exception, comparable with
Jerlov’s water type III (Fig.1). All the other lakes
have smaller values of zK ( )l  than Jerlov’s water
type 5 and many even smaller than Jerlov’s darkest
coastal water type 9. The most informative region is
between 500 and 600 nm for lakes of medium
transparency and beyond 600 nm for highly turbid
lakes.

The Baltic Sea is a good example describing a
marginal sea under strong human impact. The data
about its attenuation depth show that zK  has here
considerable spatial variability. Results published in
[5], using measurement data by Kopelevich et al. [6]
for absorption coefficients of light in the Baltic, give
variation limits of zK  for open Baltic somewhere

Table 1a. Attenuation depth zK ( )l  (in m) computed
with equation (1) using Kd ( )l  values given
for Jerlov’s water types [2]. The case of
open ocean waters.

l \ Type I IA IB II III
400 35.7 26.3 19.6 10.4 5.40
450 52.6 38.5 27.8 14.7 7.41
500 37.0 31.2 23.8 14.3 8.70
550 15.9 14.9 13.9 11.2 8.33
600 4.25 4.17 4.08 3.85 3.39
650 2.78 2.70 2.67 2.50 2.25
700 1.79 1.75 1.72 1.64 1.52

 Fig.2. Spectral distribution of the attenuation depth
zK  obtained for two regions of the Baltic Sea:
Gotland Deep (G) and Gulf of Riga (R). For
comparison the values of zK  calculated for
Jerlov's coastal water types 3, 5, 7 and 9 are
shown (dashed lines).

 between Jerlov’s water types II and 3, but for the
Gulf of Riga between types 7 and 9. Later (in 1987)
series of measurements were carried out in the Baltic
[5, 7]: 1) between islands Hiiumaa and Saaremaa; and
2) near southern coast of the Gulf of Finland, in the
Kunda Bay. The results, describing the spectral
distribution of the attenuation depth in these areas
are presented  in Fig.2. We can see, that in the first
case the Baltic waters lie between water types 3 and
5, but in the Kunda Bay even lower values of zK  than
for type 9 were recorded.

In 1986–87 and 1991–93 the waters of the Pärnu
Bay (Baltic Sea) were investigated [8, 9]. The values
of attenuation depth for 1986-87 mostly exceeded
those for 1991-93 and zK ( )l  for the last

Table 1b. Attenuation depth zK ( )l  (in m) computed
with equation (1) using Kd ( )l  values given
for Jerlov’s water types [2]. The case of
coastal waters.

l \ Type 1 3 5 7 9
400 1.96 1.28 0.91 0.62 0.53
450 4.00 2.56 1.78 1.12 0.62
500 5.88 3.45 2.78 1.72 1.01
550 8.33 5.26 3.33 2.17 1.59
600 3.33 3.03 2.50 2.08 1.67
650 2.22 2.17 1.85 1.59 1.32
700 1.54 1.41 1.25 1.09 0.91
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Table 2. The values of the attenuation depth zK ( )l
(in m) for some Estonian and Finnish lakes
measured in the period 1995-97. The values
of the Secchi disc depth zSD  (in m) are also
shown.

Lake: NM V T LP KN P NV
l \ zSD 0.6 1.0 1.2 1.9 3.0 5.1 4.9
420 0.02 0.09 0.13 0.1 0.24 0.44 0.61
460 0.04 0.12 0.19 0.22 0.36 0.72 0.98
500 0.06 0.17 0.27 0.33 0.59 1.16 1.48
540 0.09 0.22 0.37 0.50 0.94 1.67 2.05
580 0.14 0.29 0.47 0.67 1.35 2.17 2.31
620 0.18 0.36 0.48 0.72 1.05 1.72 1.78
660 0.22 0.45 0.49 0.90 1.37 1.58 1.55
700 0.29 0.49 0.49 0.76 1.00 1.27 1.28

Legend, Lakes:
NM: Nohipalu Mustjärv
V: Valkeakotinen
T: Tuusula
LP: Lammi Pääjärvi
KN: Kurtna Nõmmjärv
P: Päijänne
NV: Nohipalu Valgjärv
VJ: Võrtsjärv

                                                                           

period often shows very low values, similar to highly
turbid lakes Võrtsjärv and Tuusulanjärvi (see Tables 2
and 4).

If the water transparency is very low (Secchi disk
depth is less than 2m), remote sensing measurements
can yield information only on rather thin surface
layer (down to 1 m) and on the state of water surface.
Considering the spectral distribution of the
attenuation depth it follows that for lakes and inland
seas the most informative spectral region is often
located beyond 500 nm and sometimes even beyond
580 nm. This have to be taken account choosing the
wavelengths for color indices and other remote
sensing characteristics.

Given above analysis on the variability of the
attenuation depth (and corresponding values of
diffuse attenuation coefficient) for different water
bodies implies to the necessity to elaborate an optical
classification for lakes and marginal seas, additionally
to that for ocean and coastal waters.

As mentioned above, the diffuse attenuation
coefficient depends on angular distribution on
downwelling solar irradiance. The easiest way to
estimate this dependence is to use Kirk’s formulae,
allowing to compute Kd ( )l  values if the absorption
(a) and scattering (b) coefficients are known together
with the data on the solar zenith angle and cloudiness.
[10-13] have proposed the following equations:

Table 3. Comparison of the values of Kd ( )l
computed by equation (2). and by two-
stream model [5, 14] for four values of
solar zenith angle j0  (a  and b  are the
absorption and scattering coefficients).

l , nm 420 500 620 690 765
a, 1/m 0.40 0.08 0.27 0.53 2.40
b, 1/m 0.185 0.182 0.181 0.181 0.180

j0 = Eq. 0.43 0.10 0.29 0.55 2.42

0° M 0.41 0.09 0.28 0.54 2.44
j0 = Eq. 0.51 0.11 0.34 0.66 2.91

48° M 0.51 0.11 0.36 0.67 2.93
j0 = Eq. 0.55 0.12 0.37 0.72 3.18

60° M 0.56 0.13 0.40 0.74 3.23
j0 = Eq. 0.62 0.13 0.42 0.80 3.58

80° M 0.55 0.12 0.39 0.76 3.37

K z
a j ab

jd m( )
. cos .

cos
=

+ -( )2
0

0

0 473 0 218
, (2)

K
a j ab

jd =
+ -( )2

0

0

0 425 0 190. cos .

cos
, (3)

where zm  is the midpoint of euphotic zone (the
depth, where the downward irradiance has fallen to
the 10% of its surface value), Kd  is the average value
of Kd  for monochromatic light through the euphotic
zone, j0  is the angle of photons in the direct solar
beam to the vertical just below the sea surface. For
the light coming from a standard overcast sky
(equivalent to a cardioidal radiance distribution) the
respective equations are:

K z a abd m( ) . .= +1 168 0 1682 , (4)

K a abd = +1 168 0 1622. . . (5)

3. DISCUSSION

The question is whether equations (2) and (3) are
applicable for natural illumination conditions (direct
plus diffuse solar radiation). In Kirk’s opinion [15]
they work best for sunny days with fairly high solar
altitude. The suitability of Kirk’s formulae have been
also estimated in [5], where the results obtained using
(2) have been compared  with  those  by  a two-flow
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Table 4. Dependence of the attenuation depth ( zK ,
in m) on solar zenith angle j0 , estimated
by Kirk’s formula (3).

Lake: VJ, Aug. 1997 P, May 1995
l ,nm 400 550 700 400 550 700

a 8.1 2.0 1.1 2.98 0.41 0.69
b 13.6 10.2 8.2 0.5 0.42 0.39
0° 0.105 0.337 0.542 0.329 2.19 1.362

40° 0.095 0.315 0.512 0.289 1.96 1.208
60° 0.085 0.293 0.483 0.252 1.737 1.061
70° 0.080 0.283 0.470 0.235 1.636 0.995

[5, 14, 16] irradiance models (see Table 3). As we
could see, the differences are small up to solar zenith
angle j0  = 60° and even for  j0  = 80° they do not
exceed 12 %.

Some results, describing the dependence of
attenuation depth on solar zenith angle, are presented
in Table 4. The values of zK  are computed by
equation (1), using the values of Kd  given by
equation (3). The spectral absorption and scattering
coefficients for lakes Võrtsjärv and Päijänne are
estimated from beam attenuation coefficient spectra
by means of method, described in [17]. These data
show that differences between zK (0°) and zK (70°)
vary from 14% to 33%. Consequently, the variations
of Kd  recorded by repeated measurements in some
water body or in different lakes can be caused not
only by differences in inherent optical properties of
water, but also by different light conditions during the
measurements.

4. CONCLUSION

Using the values of vertical diffuse attenuation
coefficient at certain visible wavelength (or its mean
value for some spectral region) we can estimate the
depth of informative to remote sensing water layer
sometimes called penetration depth, but more often
attenuation depth. This value is an important
parameter because about ninety percent of the
information detected by optical remote sensing
instruments is related to the sea layer with this depth.

Comparison of theoretical and numerically
derived dependencies of diffuse attenuation
coefficient on inherent optical properties of water
mass and solar elevation with the in situ data
measured by us in various seas and lakes and values of
diffuse attenuation coefficient showed the
applicability of the equations used here.
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