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Abstract. The Secchi depth and its relationships to otherroot-mean-square error of 23% from observations of the
properties of the sea water in the Oslofjord—Skagerrak areavhite Secchi depth. Similar estimates of chlorophyknd
have been investigated. White and black disks of differenttotal suspended material will have rms errors in the range
sizes have been applied, and the Secchi depth has been o#©-90 %. Our conclusion becomes that the Secchi depth ob-
served with the naked eye, through colour filters and with aservation is a very useful tool for checking the value and or-
water telescope. Spectral luminances and illuminances havder of magnitude of other related quantities in the Oslofjord—
been calculated from recordings of radiance and irradianceSkagerrak area.

and attenuation coefficients have been determined. A theo-

retical expression for the Secchi depth based on luminances

has been tested against field observations, and it is found that

the field results for the product of Secchi depth and attenu-l  Introduction

ation coefficients are on average only 4 % less than the pre-

dicted value for the white disk. For the Secchi depths ob-1.1 Motivation for the present study

served through colour filters or for the black disk, the av-

erage field results are more than 30 % smaller than the theThe threshold depth of observation for the Secchi disk is a
oretical estimates. The reduction in the disk diameter fromdirect measure of the vertical visibility in water, and it is one
30 to 10 cm should theoretically reduce the Secchi depths b;Qf several parameters used by environmental authorities to
13-22 %, while the field observations show an average redescribe water quality. In some branches of aquatic science
duction of 10—20%. Similarly we find from theory that the it is termed transparency. The depth is determined by the op-
removal of sun glitter should increase the Secchi depth b);ical properties of the water and can therefore be related to
12 %, while the observed increase is 14 % on average for th&hese properties. Observations of the Secchi depth can never
white disk. Our overall conclusion is that the theoretical ex- 0€ Satisfactory substitutes for direct recordings of the other
pression works well for the white disk, but less so for the optical properties, but they can serve as independent checks
colour filter observations and the black disk. of these properties.

Statistical relationships between Secchi depths and atten- The Norwegian Institute for Water Research and the Uni-
uation coefficients have been determined, and it is found’€rsity of Oslo have collected numerous observations of the
that the root-mean-square errors relative to the mean valueecchi depth as well as recordings of other optical quantities.
are smaller for the beam attenuation coefficients (12—24 %We have analysed parts of this database to check a theoret-
white disk) than for the vertical attenuation coefficients (16—ical expression for the Secchi depth, and we have checked
65 %, white disk). The depth of the 1% level of surface Some of the assumptions on which the Secchi depth the-

quanta irradiance (PAR) can be estimated with a relativeO’y iS based, as well as some results that can be deduced
from the theory. Different disks and a water telescope have
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178 E. Aas et al.: Secchi depth in the Oslofjord—Skagerrak area

been applied, and threshold depths have been determined had set up the equations governing the contrast and the
the naked eye as well as with coloured glass filters in frontupward directed light, but the final step connecting the Sec-
of the eye. The results are based on observations from thehi depth and the attenuation coefficients was not taken. Ac-
Oslofjord—Skagerrak area. The test of the theoretical expreseording to Shifrin (1988) Gershun had solved the problem
sion, as well as the statistical relationships found betweenn 1940, but his results were published in Russian and there-
Secchi depth and other optical properties, has been the maifore not well known outside the Soviet Union. In the west-
motivation for this study. ern world the breakthrough came when Tyler (1968) applied
In Sect. 2 we present what is essentially Tyler's (1968)a contrast formula, presented sixteen years earlier by Dunt-
theory of the Secchi depth, and Sect. 3 describes some of tHey (1952), to derive an expression for the Secchi depth.
regional environmental characteristics and the applied dat&lolmes (1970) tested the constant of this expression by field
sets and instruments. Section 4 estimates the different opticaheasurements. A different contrast formula, including the
properties appearing in the theoretical expression for the Sedialo of scattered light around the disk, was suggested by
chi depth, and the expression as well as an assumption abouevin (1980). Preisendorfer (1986) discussed the assump-
the applied attenuation coefficients are compared to observaions and limitations of the Secchi depth theory and proce-
tions. Empirical relationships between the Secchi depth andiure, using attenuation coefficients of photopic quantities.
other optical properties are discussed in Sect. 5. The results Krimmel (1889) referred to observations made by Aus-

are summed up in Sect. 6. trian oceanographers in the Adriatic and lonian seas in 1880
with disks of different metals and paintings. Lisitzin (1938)
1.2 History observed the Secchi disk through coloured glass filters in the

Baltic Sea as early as in the 1920s, and Takenouti (1950)

The visibility of the Pacific Ocean was studied by the Russianperformed similar measurements in Japanese lakes. Hgjer-
naval officer Otto von Kotzebue as early as 1817 by meanslev (1977, 1978) succeeded in relating such glass filter ob-
of a red piece of cloth being lowered into the sea, and onservations to other marine-optical properties. Levin (1980)
one occasion by a white plate, according to Krimmel (1886).mentioned recordings with glass filters in the Black Sea.
This is probably the first known scientific investigation of An interesting study of the black disk was made in 1988
the optical properties of the ocean. Other early transparency Davies-Colley. Haltrin (1998) reported observations with
measurements and occasional observations are mentioned lojsks that were painted blue, green and red.
Boguslawski (1884), a later work by Krimmel (1907), and  For more than two decades remote sensing of water colour
by Wernand (2010). has been used to estimate the Secchi depttp:(/www.

In 1866, almost fifty years after von Kotzebue’s measure-globcolour.info/data_access_demo.htmihich is one of the
ments, Alessandro Cialdi, Commander of the Papal NavyESA GlobColour products.
published a report containing a section by Frater Pietro An-
gelo Secchi, where the factors influencing the visibility in
the sea of submerged disks of different sizes and colouringg Theory of the Secchi depth
were discussed (Secchi, 1866). In the years to come the white
version of this device became a standard instrument in maAn important factor that enters the theory of the Secchi depth
rine investigations. In some scientific communities the diskis the properties of the human eye as a contrast sensor. Stud-
is referred to as “the white disk”, and in others as “the Sec-ies in air (Blackwell, 1946) have demonstrated that the hu-
chi disk”, although the suggestion of using a white disk cameman eye is able to distinguish a target from its background
from Cialdi. down to a lower limit or threshold value of the contrast be-

Today the marine standard method of measurement is téween the target and its background. In our case the target is
lower a white disk, with a diameter of approximately 30 cm, the Secchi disk, and the definition of the contr@diecomes
supported on a cord and with its plane horizontal, from theC = (Lp — L)/L, whereLp is the luminance from the disk
ship rail and into the sea to a depth where the disk cannot bandL the luminance from the background. The eye integrates
seen any longer. The disk is then hauled upwards to a deptthe total spectrum of radiances within the direction to the disk
where it can be recognised once again. The mean value of thend the background, and weights these radiances by the eye’s
two threshold depths is termed “the Secchi depth”. In limnol- spectral sensitivity. During daylight conditions this is repre-
ogy some communities prefer using a 20 cm disk, painted insented by the photopic sensitivity of the eye, and we have ex-
black and white quarters, but this device will not be discussedoressed it by the CIE 1924 curve for luminous efficiency (e.g.
in this paper. Walsh, 1958). This curve, which is also termed the photopic

However, during the first century of Secchi depth mea-luminosity function, has its maximum at 555 nm, half-peak
surements a satisfactory theory describing the relationshiwalues at 510 and 610 nm, and 1% of the maximum at 438
between the threshold depth and the optical properties ofind 687 nm. The resulting integrals become the luminances
the sea was missing. The factors influencing the depth werd.p and L. If the eye of the observer is at the deptk- 0,
known (Kriimmel, 1889), and Sauberer and Ruttner (1941)which in this paper will mean just beneath the surface, or if
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a water telescope is being used, that is a tube through thand therefore approximately equal to the path funciiQrfz)
water surface with a glass window at the bottom, then theof the background. This assumption may be questioned, and
observed contragt(0) at this depth between the nadir lumi- especially at positions close to the disk. However, let us as-
nancesLp(0) andL(0) from the white Secchi disk and the sume that it is still valid for most of the path between the
background, respectively, will be disk and the surface. By making the approximatiep (z) ~

L and subtracting Eq3j from Eq. @) we obtain
L@ - LO «(2) g Eq3j a. @)

o @ diLo@ -L@]

dz
When the_ Secchi disk IS Iowgred(O) remains constant Providedc is constant with depth the integration of this
while Lp(0) is reduced until the disk reaches the depth where : .
- . . equation between the surface and the Secchi deptl¥p
it disappears from sight, namely the Secchi depth. TH) results in
has been reduced to the threshold vafije According to
Blackwell (1946)Ct is not a constant, but depends on the an-[Lp(0) — L(0)] = [Lp(Zp) — L(Zp)] e “?P. (5)
gle a subtended by the observed target, the luminai@) ) i _ .
of the background, the probability of detection and the expo- Ve recognise the left side of this equation as the numer-

sure time C; decreases with decreasing detection probability@tor of Eq. ). On the right-hand side we have the radiance
and with increasing, L(0) and exposure time. Lp(Zp) which is the reflected part of the downward irra-

Photometric luminance is not a practical quantity if we dianceE4(Zp) incident at the disk. The reflectance of this

want to use thequation of radiative energy transfdrecause ~ 'adiance may be termesb, , defined by
the luminance represents a spectral integral, and therefore its Lo(Zp)
attenuation coefficients are not constant in space, even in op?bL = Ea(Zp) (6)

tically homogeneous waters. However, when we determine ) ] )
the Secchi depth, we notice that the colour of the disk is At the same level outside the disk the upward radiance

the same as that of the surrounding waters. This colour cor-(Zp) Will be related to the downward irradiance by the ra-

responds to the wavelength region where the water has itdiance reflectancy :
maximum beam transmittance, which is also where the up- L(Zp)

) o ; (Zp) = (7)
ward scattered radiance obtains its spectral maximum. weL(Zp) = Eq(Zp)

can therefore assume as a first approximation that the ob- o . .
Pp In Egs. 6)—(7) it is assumed that the downward irradiance

served luminances in Eql) correspond to the radiances . . i
at the wavelength of the spectral transmittance maximum?at the Secchi depth is practically unaffected by the presence
In the present discussion we have let the symbokepre- of the disk, and has the same value above as outside the

sent these monochromatic radiances as well as the spectragSk' By using Eqs.@—(7) the radiances on the right side of

narrow-banded photopic luminances. The magnitude of the-d: ©) may be written as functions dfq(Zp), and Eq. §)
errors introduced by the monochromatic assumption will be ecomes
discussed in Sect. 4.8.

The equation of radiative energy transfer for the nadir ra-

Co
c[Lp(z) — L(2)]. (4)

[Lp(0) — L (0)] = [ppL Ed(Zp) — RL(ZD) Ed(Zp)le™ “7P.

dianceLp from the Secchi disk sounds (8)
dLp(z) At this point we see that it would be very convenient if
% —cLp(z) + L«p(2), (2)  we could also express the denominalg0) on the right-

hand side of Eq.1) as a function ofEq(Zp). L(0) can be
wherez is the vertical coordinate with zero at the surface andtransformed in several ways, but the simplest expression is
positive downwardsg is the beam attenuation coefficient at obtained by usingZq4(z) and R, (z) and writing L(z) as an
the wavelength of maximum transmittance, ahg is the exponential function of:
path function along the path from the disk to the observer.

The same equation for the nadir radiadicom the back- (0 = L(Zp)e""? = Ry.(Zp) Ea(Zp)e"*®, ©
ground becomes where K is the average vertical attenuation coefficient of

dL (z) L(z) in the depth range (p.
— ~ —cL(z) + L«(2). 3) If we insert for the numerator in Eql)from Eq. @) and

de for the denominator from Eq9J, we obtain:

HereL, is the path function along an upward directed path e,
outside the disk. Cc = Lo©@-LO = Leow = RL(Z?]; °

Tyler (1968) applied Duntley's (1952) contrast formula L© Ri(Zp)e™ 7o
and assumed that at each deptthe path functionL+p (z) LpoL — RL(ZD)]K—(C+KL)ZD (10)
above the Secchi disk is practically uninfluenced by the disk, R1(Zp) ’
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which can be more conveniently written as

pDOL
RL(Zp)

1
cO '

The contrastC(0) is equal to the threshold valué,
provided the eye of the observer is below the surface
Tyler (1968) presented a version of E4.1}, and Hou et

Zo(c+KL) :In< (11)

E.
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The contrastC(0) has to be greater than, and in inverse
proportion to the blurring effed¥. C(0) will also be a linear
function of the ratiaL, /L, between the reflected and water-
leaving radiances. The greater the surface reflection is, the
greaterC(0) has to be. It will be convenient for our purposes
to expres<.; and Ly, as functions of the same input above
the surface, namely the downward irradiadtg. L, can be
written as

al. (2007) obtained a similar expression by using modulation

transfer theory.

Ly= ,5L,air Eair, (17)

If the observer’s eye is above the surface, the radiance from

the direction of the disk will consist of two terms. The first is
Lp(0) /n?, wherer is the radiance transmittance for a ray
of normal incidence at the water—air interface, anis the
index of refraction for water. This is the transmitted part of
the radiancd.p(0). The other term is the radiandg from

where o1, air = Lt/ Eair is the Fresnel-reflected radiance to-
wards the zenith, depending on the slope distribution of the
surface and the angular distribution of radiance from sky and
sun. Ly, can be transformed by using the quantRyintro-
duced by Morel and Gentili (1996):

sun and sky reflected at the surface towards the observer. The

sum of the terms becomdsy(0) t/n? + L. Similarly the
radiance from the background will now Hg0) t/n?+ L.

It should be noted that the first part of the latter sum is the

guantity that is usually termed the water-leaving radiabge

L= L(O)%. (12)

= = — . 18
L(O) Eair Eair RL(O) ( )

By inserting forL, and L,y from Egs. (7) and ({8) into

Eqg. (16) we obtain
)= (i)

w

1+ i ,5L,air
RRL(0)

™ (19)

C
C(O):#(

The contrast of the Secchi disk observed in air through a

flat sea surface becomes
(Lo@% +Le) — (LOE +Li)
(L(O)% +Lr>
_ Lp(O—-LO)  C(@O
B L) 14 Lt
LO)(1+ £ Lw

Cair =

(13)

If capillary waves are present, they will have a blurring

Equation (1) can then be written, by substituting f6Y0)
from Eq. @9), as

pDL
RZo) W

OL ,ai
1+ SRRLa(IrO) Ct

Zp(c+Kr)=1In =In(A), (20)

where A is defined as the product of the two fractions in-
side the greater parentheses. This is our basic equation for
the threshold depth of the white Secchi disk observed from

effect on the image of the disk, and as a result the apparemibove the surface. The numerator of the first fraction is a
contrast will be reduced. Preisendorfer (1986) expressed thfnction of the reflective propertigsy, of the disk and the
transmittanceéV of C(0) at the water—air interface as a func- radiance reflectanc®; (Zp) of the background at the Secchi
tion of the angular subtense of the Secchi disk as seen frordepth, the denominator is a function of the ratio between the
just below the surface, and the variance of the slopes of th@urface-reflected and water-leaving radiandésiepresents
capillary waves. In our notation his expression can be writtenthe influence of capillary waves on the transmittance (ff)

2
D2\ _y
Z3U

W=1- exp(— (14)

where the symbols andU represent the constant 787 mts
and the wind speed, respectively, ahds the diameter of the
disk. WhenW is included in Eq. (13), the equation becomes

(15)

In this case it i<y that represents the threshold valtie
Equation {5) can also be written as

Ct< Lr>.

cCO=—(1+— (16)
Ly
Ocean Sci., 10, 177199 2014

w

through the surface, whil€ is the threshold contrast of the
human eye.

Observation of the disk through coloured glass filters will
change the threshold depths, and the coefficient&;,
oL, Rr, pr.air andR will refer to other wavelengths than
the spectral region of maximum transmittance. Otherwise
Eqg. 0) remains the same.

Equation R0) contains 10 variables, and if we had had pre-
cise values of these at a large number of stations, it would
have been very interesting to test the equation. However,
the usefulness of an expression needing the input of nine
variables to predict the one remaining would be limited. It
would have been far more convenient if the right-hand side
of Eqg. (20) had been a constant. The Secchi depthwould
then become linearly proportional tgt + K ), or (c+ K1)

www.ocean-sci.net/10/177/2014/
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- If Ly/Lw ~ 0 (Egs.16-17), the quantityA, becomes
Oslo 1 andIn@,) =0.

— WhenZp is observed by using a water telescope, the
effects of waves and surface-reflected sky radiance are
eliminated, so tha = 1 in addition top;, air ~ 0, and
In(A2) =In(W) =0.

59°N

The different steps leading up to EQ®1] make it pos-
sible to discuss the different factors that influence the Sec-
chi depth. We will determine the attenuation coefficients
and Ky from calculated luminances in Sect. 4.1, estimate
mean values of the quantities ly), In(A2), In(W) and
In(Cy) in Sects. 4.2—-4.3, and then see how the mean value of
(c + K1)photZp,white relates to the combined effects of these
quantities according to Eq290) in Sect. 4.4. In Sects. 4.5—
4.7 we will look at the effects of colour filters, disk size, sun
glitter, ship shadow and waves. Section 4.8 will check how
the assumption made early in Sect. 2, about attenuation co-
efficients of luminances in photopic units corresponding to
monochromatic coefficients at the wavelength of maximum
transmittance, agrees with our results.

Sweden

58°N

57°N

8°E 9°E 10°E 11°E 12°E

3 Environment, data sets and methods
Fig. 1. Locations of the stations.
In this section we describe briefly the environmental condi-
tions of the investigated area, the data sets and the applied
would be proportional to AZp. Unfortunately,R; , o1, .air and instruments and methods.
R are variables determined by the optical properties of the
sea water and sea surfacgjs a function of the Secchidepth 3.1 Environmental conditions
and the background luminance, whilévaries with the wind
speed and the Secchi depth. Thus the variables on the righPur main area of investigation has been the Oslofjord, with
hand side of EqKO) are neither independent nor constant, additional data from the Skagerrak and two stations from the
but the logarithmic function will reduce the variation of the Kattegat (Fig. 1). The waters of the Oslofjord are in general
expression inside the parentheses, which is why the equatiofutrophic due to a supply of nutrients from the surrounding
may still provide a useful support for other marine-optical settlements (Ibrekk and Holtan, 1988) There is an estuarine

observations. circulation in the fjord, but rather weak in the inner part of
A more practical form of Eq.20) for our purposes is the fjord. There is usually an upper and a lower layer sepa-
_ rated by a transition layer, the pycnocline. The surface layer

Zo(c+Kp) = In( PoL 1) —In (1+ PL.air ) may sometimes be well-mixed, but often there will be a grad-
RL(Zp) RRL(0) ual change of properties from the upper 1-2 m down to the
+In(W) —In(Cy) =In(A1) —In(Ar) pycnocline (Aure et al., 1996; Staalstrgm et al., 2012). Salin-

+In(W) = In(Cy) = In(A), 1) ities in the surface layer are typically in the range 20-29,

and in deep waters up to 34 (Gade, 1963, 1967; Staalstrgm

where A1 and A, are defined by the expressions inside the et al., 2012). Such values are of interest because a low salin-
parentheses. In order to test EQ1Y we will calculate the ity means a high content of fresh water, and this may indi-
mean value of the expression on the left-hand side of thecate a high content of yellow substance, which is a signifi-

equation, as well as the mean values of the different logacant optical component in these areas. The Secchi depth is
rithmic functions on the right-hand side. found above the lower layer in the fjord. Maps of the Sec-

Some special cases can be pointed out: chi depth, observed in 1988, have been presented by Aas et

al. (1989), and Andresen (1993) has studied seasonal and an-

. . nual changes of the Secchi depth in the period from 1936 to
(Eq. 6),.the qu'antltyAl of Eq. (21) obtains the value 1992
—1, while C; will be a negative number. The two nega-

tive signs will cancel each other inside the parenthesis
of In(A).

— For a perfectly black disk, that is a disk whesigg. =0

Www.ocean-sci.net/10/177/2014/ Ocean Sci., 10, 1799 2014
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The Skagerrak serves as a transition zone between th ;s
North Sea and the Baltic (Aarup et al., 1996a, b; Hgjer-
slev et al., 1996), and it also supplies the more saline wa:
ters to the Oslofjord. A very thorough analysis of the Secchi % , .
depths in the North Sea—Baltic Sea region has been made t § p———
Aarup (2002). Surface salinities in the northeastern part ol g **7 - - - - Atlantic
the Skagerrak are in the range 25-32, and below the surfac & ==
layer the waters become more Atlantic, with salinities up to
35 (Hgijerslev et al., 1996; Aarup et al. 1996a).

The environmental parameters salinity, wind speed, s .
cloudiness and Secchi depth are presented for the differer
parts of our investigated area in Table 1. The salinity ranges
are based on observations from different years. The Secct  ° ‘ ‘ ‘ ‘ ‘

. 400 450 500 550 600 650 700
data for the Inner and Outer Fjord are based on observa Wavelength [nm]
tions from 1982-1992, tabulated by Andresen (1993), while
the data for the Skagerrak are observations from 1900-199%ig. 2. Mean value of the upward radiance spectra just beneath the
based on a figure presented by Aarup (2002). The Norwesurface, normalised at 555 nm and based on 48 stations, and the
gian Meteorological Institute has calculated mean values angtandard deviation of the normalised spectra. For comparison a sta-
standard deviations of wind speed and cloudiness at two locaion of typical Atlantic water is presented.
tions: Fornebu, representing the Inner Fjord, and the Faerder
Lighthouse at 59.03N, representing the border between the
Outer Fjord and the Skagerrak. The input data are diurnaphotopic efficiency function described in Sect. 2, the shapes
means from the entire 30 yr period 1961-1990. It should beof the resulting spectral upward luminances are significantly
pointed out, however, that cloudiness in these regions doesarrowed. The half-peak bandwidths will now be typically
not follow a Gaussian distribution. around 80 nm, and the peak values will be situated between

Average values for the inherent optical properties of the550 and 570 nm.

Skagerrak—Outer Oslofjord area were found by Sgrensen
et al. (2007). At 442nm the absorption coefficient of 3.2 First data set and methods
yellow substance wasy (442 =0.62 m 1, the bleached
particle absorptionapp(442) = 0.065 ml, and the par- The first data set consists of data from 26 stations, col-
ticle scattering bp(442) = 0.645 ml. The approximate lected in 1992 between May and December, in the Inner
spectral variations of these coefficients within the rangeOslofjord. The set contains the threshold depths of different
400-550 nm werexy (1) = ay(442) ¢—(0.0105 nnT) (3,442 nm . types of Secchi disks observed by the open eye as well as
app(X) = app(442) ¢=(0.0089 nTh(a—4420m 504 bp(1) = with coloured glass filters. Two sizes of white and black disks
0.376 were used, the standard size with a diameter of 30cm, and a
bp(442 [MZT”m] wherea is the wavelength, implying  smaller one with a diameter of 10 cm. It is difficult to obtain
that the contributions from yellow substance and particlesa perfectly black disk, defined as a disk with no reflectance
to the attenuation coefficient are of the same order of at all. Disks painted black or made from black materials may
magnitude in the blue part of the spectrum, while particlesstill have a radiance reflectanpg that is greater than the
will tend to dominate in the red part. corresponding reflectand®, of the background water. The

During 2002-2003 spectra of upward radiance just be-closest approximation to the non-reflecting disk that we have
neath the surface in the Oslofjord and Skagerrak wereused has been a bowl-shaped lamp shade of brass, painted
recorded for calibration and validation purposes (Sarensen dilack for the scientific purpose, with diameter 30 cm. This
al., 2003, 2004, 2007), related to the ESA committee MAVT. device was originally acquired by the University of Copen-
The peak values of the upward radiance spectra usually odaagen, but later on kindly donated to the University of Oslo
curred in a wavelength range from 480 to 570 nm, with theby N. K. Hgjerslev. The instrument is supposed to work in
mean wavelength around 525 nm. The bluish maxima wereprinciple very much like the light trap termed Rayleigh’s
only observed at stations that were strongly influenced by At-Horn. Measurements were also taken with a 3.0 m-long wa-
lantic waters (salinity close to 35). The half-peak bandwidthster telescope (donated by the University of Copenhagen) that
of these spectra were typically 150 nm. Figure 2 shows thereached from the ship rail into the sea. The properties of the
mean value of the spectra at the MERIS channels, normaliseghotopic sensitivity of the eye alone and in combination with
at 555 nm, as well as the standard deviation. An example oblue, green and red glass filters (Mikaelsen and Aas, 1990)
the rather rare Atlantic spectrum is included for compari- are shown in Table 2. The filters were produced by Schott and
son. When the radiance spectra are multiplied by the ClBermed BG12, VG9 and RG1. The latter filter corresponds to

0OG590 in the latest Schott catalogue. The combined effect of

rmalized u
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Table 1. Environmental conditions in the Oslofjord—Skagerrak afeia.salinity range between the surface and the Secchi d&phmean
+ standard deviation of wind speed in m's C is meant sd of cloudiness in octas, amth white is meant: sd of Secchi depth in m.

Area Inner Fjord Outer Fjord Skagerrak
north of 59.67 N 59.00-59.67? N  57.00—59.00 N

S (all yearfP 15-28 16-30 20-32

U (summer§ 2.8+£0.5 6.7+1.1

U (winter)® 2.04+0.7 7.9+1.6

C (summer§ 5.0+0.8 4.8+0.7

C (winter)® 5.5+0.9 5.6+:0.9

Zp white (Summer§ 4.4+17 4.3£1.8

Zp white (winter)d 10.5+2.8 11.14+3.2

Zp white (all yearf© 74423 7.7+2.6 8.3:2.8

References? Gade (1963, 1967); Aure et al. (1996); Staalstrgm et al. (Zmarup etal. (1996a); Hojerslev
et al. (1996)° Norwegian Meteorological Institute (personal communication, Z(ﬁA);dresen (1993);
€ Aarup (2002).

eye sensitivity, filter transmittance and a typical spectrum of3.3 Second data set and methods

upward luminance.(0) is also shown, and we see that the

half-peak bandwidth of the naked eye is reduced from 100 toA second data set consists of 143 stations from the Inner

78 nm, otherwise the bandwidths and peak wavelengths reand Outer Oslofjord, collected between 1973 and 2008 by

main the same. The Secchi depth was observed on both thiéae University of Oslo during courses and project excursions,

sunlit and shaded sides of the ship. with recordings of quanta irradiance and Secchi depths. The
The radiance reflectangey, of the white disk was de- period of observation included all months from February to

termined in 1992 from laboratory recordings of the spec-December. The Secchi depth was determined with the 30 cm

tral downward irradianc&y and the corresponding reflected white disk on the sunlit side of the ship, and quanta irradiance

upward radiance.p from the white disk, as expressed by was recorded with the Li-Cor instrument mentioned above.

Eqg. 6). Both were measured in water just above the sub-

merged disk. In order to avoid the shadow of the radiance3z 4 Third data set and methods

meter on the disk, the instrument could not be held directly

above it, but at an angle of 3640° away from the axis of  The third data set consists of observations at 79 stations.
the disk. Still, we think that the obtained valuesmi were  gecchi depths, spectral irradiances, radiances, and absorption
close to the correct ones, being 0.25-0.29-0.30 at the wavegq attenuation coefficients were measured in the Oslofjord—
lengths 450-520-550 nm, respectively. These values will b&yagerrak area during the years 2002-2003, in the summer
discussed in Sect. 4.2. _ _ period from early May to early September.

The accuracy of a Secchi depth observation depends The secchi depth was observed with the 30 cm white disk,
mainly on the wind conditions. Winds will produce waves py the naked eye and with colour filters, often on both the
and may make the ship drift, with a sloping line from the 0b- it and shaded sides of the ship. Vertical sub-surface pro-
server down to the disk as a result. It will then become moresjjes of the downward and upward irradiances and the up-
difficult for the observer to estimate the correct depth below,,5,q radiance were measured with the PRR-600 from Bio-
the waves. Other effects of waves are discussed in Sects. 4§pherical Instruments, San Diego, California, with the deck
and 4.3, and values of observed wind speed are presented fisiryment PRR-610 used as a reference. The spectral chan-
the different investigated areas in Table 1. Based on experipq|s were 412. 443. 490. 510. 555 and 665 nm corresponding
ence we estimate the possible errorAy wnie t0 be in the 15 the channels of the satellite sensors SeaWiFS and MERIS.
range 0.2-0.5m, depending on wind speed. It may be menyertical profiles of the upward radiande and the down-
tioned that the observations in this and the other data set§5,q and upward irradianceg and E, were recorded. Ac-
were made by experienced oceanographers. . cording to the radiance model of Aas and Hgjerslev (1999),

In addition to the Secchi observations quanta irradiancgpe quantityQ = L/E, should obtain values in the interval
was recorded in the sea with the Underwater Quantum Sensgfom - to 2 only, and a few stations wher@ lay outside
LI-192SB from LI-Cor, inc., Lincoln, Nebraska, and with the s yrange have been omitted. Immersion coefficients deter-
LI-190SB Quantum Sensor on deck as a reference. mined by the manufacturer and self-shading effects (Gordon

and Ding, 1992; Zibordi and Ferrari, 1995; Aas and Korsbg,
1997) were taken into account. Radiances and irradiances
were plotted in semi-logarithmic diagrams and extrapolated
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184 E. Aas et al.: Secchi depth in the Oslofjord—Skagerrak area

Table 2. Wavelengthr, of peak value and half-peak bandwidtti of the eye’s photopic sensitivity, alone and in combination with the
upward spectral luminandey; for the open eye and with filters for the white disk (Mikaelsen and Aas, 1990).

Open (whiteand Blue Green Red
black disk) filter filter filter

Eye’s sensitivity

Ap [nm] 555 460 540 620
AX [nm] 100 48 56 38
Eye’s sensitivity and_y

Ap [nm] 555 470 540 620
AX [nm] 78 47 55 34

up to the surface. The uncertainty of the resulting surfacecorresponding coefficient of beam attenuation will depend
values was estimated to he10%. A few series of spec- on the spectral shape of the luminance at the point where the
tral upward radiance just beneath the surface, recorded witlattenuation starts and the distance along the beam. The coef-
the hyperspectral Ramses-ARC radiance sensor from TriOSjcientc of Eq. (4) describes the beam attenuation of two dif-
have been included to examine the wavelength of the spectrderent luminances: (1) the upward luminance from the disk
peak. and (2) the corresponding upward luminance from the sur-
Vertical profiles of the spectral absorption and scatteringrounding waters. The radiance reflectapgg of the white
coefficients were recorded with an ac-9 from WET Labs, Secchi disk is defined by Eg6); If the albedo of the disk
Philomath, Oregon. The applied instrument records at 412had been 1 and the disk had acted like a perfect Lambert dif-
440, 488, 510, 532, 555, 650, 676, and 715nm. The datduser, the reflected radiance would have been constant for all
were cleaned for obvious noise, and unrealistic spikes werdirections with a radiance reflectance equal fa & 0.32.
avoided by using a median filter, resulting in an estimatedA real non-perfect Secchi disk will not have this value, but a
uncertainty of+10 %. The recordings with the Biospherical number of the same order of magnitude. Tyler (1968) applied
instrument and the ac-9 were analysed and sent to the ESAn estimate ofpp. equal to 0.827 = 0.26. Haltrin (1998)
for calibration and validation purposes (Sgrensen et al., 2003resented albedos for white and coloured disks, and pro-
2004, 2007). vided the disks had acted like perfect diffusers, the values
At 19 stations from the 2002—2003 data set chlorophyll of ppfor the white disk would have been 0.23-0.26-0.26
(Chl) and total suspended material (TSM) were sampled orat 450-520-550 nm. Our earlier determinationpgf, de-
glass fibre filters. The concentrations of Chl were determinedscribed in Sect. 3.2, are very close to the values presented
by the high-performance liquid chromatographic (HPLC) above, being 0.25-0.29-0.30 at the wavelengths 450-520—
method, and the TSM by a gravimetric method (Sgrensen €650 nm, respectively. The latter values have been applied
al., 2007, and references therein). here.
Figure 1 shows the locations of the stations for the three From the recorded spectral downward irradianEg&Zp)
data sets. The Inner Fjord contains data from all three setat the Secchi depth in the Oslofjord and Skagerrak the re-
(168 stations), the Outer Fjord data from the second and thirdlected upward radiancelsp(Zp) from the disk were then
sets (48 stations), while the Skagerrak only contains datastimated by Eq.6). The beam attenuations of the spectral
from the third set (32 stations). radiances from this depth and up to the surface were calcu-
Tables 3, 5, 6, 7, and 9 are based on data solely from théated by applying recorded values of spectrand the re-
third set, Table 4 on data from the first and third sets, whilesulting spectrum of radiances just beneath the surface was

Table 8 has applied data from all three sets. determined. The radiance spectra at the Secchi depth and
) ) . at the surface were then integrated spectrally by using the
4 Test of Eq. @1) in photopic units photopic efficiency function, and from the resulting two lu-

] ] . minances the efficient attenuation coefficiepot,disk could
In Sects. 4.1-4.3 we will obtain mean values for the differenty s obtained. The attenuation coefficiepfor of the upward
te_rms in Eqg. 21), and in Sect. 4.4 we will test _the equation ‘background luminancé (z) between the Secchi depth and
with these values. Other results of our Secchi depth experiyye g rface was calculated in a similar way. All values of the
ments, related to Eq2(), will be discussed in Sects. 4.5-4.8. |+ cphot.disk/phot have been found to lie within the range
1.00+ 0.01. Thus the two attenuation coefficients are practi-

4.1 Values ofcphot and Ky, phot cally equal.

In Sect. 2 it was pointed out that the luminance is not a
practical quantity in our marine-optical research, because the
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The upward luminances at the surface and the Secchieight and wave spectrum are functions of wind speed, dura-
depth,L(0) andL(Zp), were found by integrating the spec- tion and fetch, only the wind speed appears in the Cox—Munk
tral upward luminances at the two depths, and tRerphot model. A comparison between wave heights and wind speeds
could be determined by using E®)(Because the observed at those of our stations where both quantities were observed,
values ofZp for the black disk were less than for the white shows that in many cases either the wind duration or the fetch
disk (Table 3), the spectral luminané€Zp) at this smaller  must have had a limiting effect on the wave height. Still, the
depth differed from the former luminance, and accordingly mean valuest the standard errors of wind speed and wave
cphot @and Kz, phot for the black disk also became slightly height, 5.5-0.4 m s1and 0.7:0.1 m, respectively, are con-
different (Table 3). The attenuation coefficientso: and sistent with the conditions for a fully developed sea shown in
K phot for the luminances observed through colour filters the diagram by Gréen and Dorrestein (1976, also shown by
were calculated in the same way as for the open-eye coeffivMO, 1998). Accordingly we have tentatively chosen the

cients. wind speed 5.5ms to represent the average conditions.
The mean values and standard deviationgofir shown
4.2 Values ofppL, Rr, R, pL,air, IN(A1) and In(Ap) in Table 3 are based on 10 different cases of atmospheric

radiance distribution. The values pf. ajr for the open eye

It was explained in Sect. 4.1 how the downward illuminance (the white and black disks) and for the blue, green and red
and the reflected luminance from the disk were determinedfilters were obtained from atmospheric radiance distributions
and which spectral values pH we have applied. From the at 550, 470, 540 and 620 nm, respectively (Table 3).
latter valuesop, was estimated equal to 0.30 for the white  The estimated mean value and standard deviation of
disk observed through the red filter, and by definition equalin(A1) were obtained by using the valueaf shown in Ta-
to O for the black disk. The values pf for the white disk  ble 3, and varying values at; (Zp) for each station. Simi-
observed with the open eye and through the blue and greelarly the values of Ind2) were found from the values @f. air
filters were determined by using the spectral recordings ofandi suggested by Table 3 and varying value®g{0). The
downward illuminance, and the results are 0.29, 0.27 andesults for Ind1) and In(A,) are presented in Table 3.
0.29, respectively (Table 3). The size distributions of the optical quantities estimated

The mean value oR; (0), defined as the ratio between here are often highly asymmetric, implying that the standard
upward luminance and downward illuminance just beneathdeviation does not always provide a satisfactory description
the surface (Eq7), has been calculated from 32 stations asof the range of variation, like when the standard deviation is
0.56 % for the open eye. This value is valid for both the greater than the mean value.
white and black disks (Table 3). However, the mean value of
Ry (Zp) at the Secchi depth becomes different for the white4.3  Value of C; and W
and black disks, being 0.83 % and 0.61 %, respectively, and
the reason for this is th&fp differs for these disks. The esti- It was mentioned in Sect. 2 that according to Black-
mated values oR;, for the colour filters are shown in Table 3. well (1946) the contrast threshold will depend on the an-

It was found by Aas et al. (2009) that an average valuegle « subtended by the observed target, the luminan@®
for the quantityR in the Oslofjord—Skagerrak area was of the background, the probability of detection, and the ex-
0.5064 0.045 for solar altitudes between°l&nd 60, which posure time. In Part | of Blackwell's investigation circular
is close to similar results found by Morel and Gentili (1996) targets, brighter than the background, had an exposure time
and Mobley (1999)% was assumed to be independent of of six seconds, and the contrast thresholds were those that
wavelength, and the found value has been applied for botltorresponded to a 50 % detection probability. In Part Il the
the white and black disks (Table 3). targets were darker than the background, and the conclusion

The radiance reflected towards the zenith at the surfacevas that in most cases negative stimuli are equivalent to pos-
of the sea is described by the radiance reflectancg:. Its itive stimuli of the same area and contrast. The results in Part
value for a clear sky depends on the angular distribution oflll were obtained when an indefinitely long exposure time
sky radiance, the solar altitude, the ratio between diffuse skywas used. A comparison between Blackwell's experiments
irradiance and direct solar irradiance, and the statistical disand Secchi disk observations is not straightforward, because
tribution of surface slopes. Polynomials for calculatifgair Blackwell's target images were constant during the time of
were obtained during a previous work (Aas, 2010). The prob-exposure, while at sea the image of the Secchi disk is usually
lem was simplified by looking at average values for all pos- varying. We have chosen an indefinitely long exposure time
sible angles between wind direction and solar azimuth, usingand the highest detection probability, 100 %.
the Cox and Munk model with a one-dimensional Gaussian The apparent angle from the observer's eye across the
distribution for the surface slopes (Cox and Munk, 1954a,Secchi disk is a function of the diamet®r of the disk, the
b). The input was spectral sky and solar radiance data fronheight # of the observer’s eye above the surface of the sea,
the Oslo region (Hgkedal and Aas, 1998; Aas and Hgkedalthe Secchi deptlzp and the refractive index. Becausex
1999). However, there is the problem that while the waveis a small angle, tan(/2) can be approximated hy/2, and
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Table 3. Mean value and standard deviation of the different quantities and terms of Egs. (19)—(20) in the Oslofjord and Skagerrak, for the
30 cm white and black disks. Colour filters are for the white disk. Recordings of radiance and irradiance at 32 stations have been applied.

White Blue Green Red Black
filter filter filter

Zp [m] 7.8+2.7 41+1.4 5.7+ 2.0 42415 2.0+£0.7
(¢ + K1)phot [m—l] 1.094+0.67 1.414-0.99 1.08:-0.67 1.48+-0.56 1.114-0.68
Cphot [m*l] 0.83+0.51 0.940.65 0.83:-0.52 1.03:041 0.84+0.51
KL’phot[m—l] 0.264+0.19 0.44-0.36 0.25-0.18 0.45-0.18 0.2740.19
oL [%0] 2940 27+1 29+0 30 0
R (0) [%] 0.56+£0.37 0.4740.38 0.70:0.47 0.1740.12 0.56+0.37
R (Zp) [%] 0.83+1.38 0.66-1.33 0.80+1.09 0.28+0.13 0.61+0.51
AL air [%0] 0.124+0.08 0.20:0.10 0.14+0.09 0.10+0.08 0.12+0.08
N [%0] 51 51 51 51 51
Ct [%] 0.564+0.02 0.6740.12 0.56-0.03 0.59-0.10 -0.54+0.01
W [%] 33+23 66+ 25 49+ 27 64425 94+ 8
In(A7) 3.94+0.7 4.14+0.7 3.8+0.6 4.7+0.4 0
In(A2) 0.440.1 0.7+0.2 0.44+0.1 0.9+0.3 0.4+0.1
In(W) -1.3+0.7 -05+04 -094+0.6 -0.5+04 -0.1+0.1
In(Ct) -52+0.0 -5.0+0.2 -524+0.1 -51+0.1 -5.2+0.0
In(A) 7.3+0.9 7.9+0.7 7.8+0.8 8.4+ 0.7 4.7+0.1
Zp(c+ Kp)phot 7.0+1.3 4.8+1.2 5.1+0.9 5.5+0.7 1.9+0.3

tan(j), wherej is the corresponding angle of refraction in  In Table 3 the mean value @; is 0.56 % for the white
water, can be approximated I/ (2rn), using Snell's Law.  disk, and the mean value of Ifi) becomes—5.2. Kriim-

The anglex in radians becomes mel (1889) referred to Helmholtz for the threshold contrast
1/133=0.75% which produces I6}) = —4.9. The rela-

o = D ) (22) tive difference between the last number and our estimate
H+(Zp/n) is only 6%. Tyler (1968) applied’; ~ 0.66 %, leading to

. In(Cy) = —5.0, which is even closer to our estimate. Gor-
If we use Eq. £2) with D=0.3m, #=3m, andn = 454 and Wouters (1978) applied; values from 0.15 to
1.33, and ifZp lies in the interval from 0.5 to 14 m, then 0.6% or InCy) from —5.1 to —6.5 in their model stud-
theoanglgx across the Secchi disk will lie be'tween 1ahd  jes Hgjerslev (1986) deduced from his Baltic recordings a
5.1°. This is within the range in Blackwell's study where threshold contrast slightly greater than our estimate=
the angles ofe extended from 0.01to 6°. Our record- (0.70+ 0.03) %, resulting in In(y) = —(4.96+ 0.04). Con-

ings showed that the background luminandg®) in the  qj4ering thatc, is not supposed to be a constant, these values
Oslofjord—Skagerrak area were in the range 0.4-1600¢d m are surprisingly similar.

for the observations with open eye and colour filters. Black- ;o noteworthy that Blackwell's experiments involved
well's luminances extended from>310~° to 3400 cd n72.

background luminances and angles of subtense, and interpez 40 \where both colour and night visions are active, termed
lated these data to fit our ranges. The estimated mean Va'“‘?ﬁesopic vision, is 0.001-10 cdT® according to the CIE

of Ct and InCy) for the 30 cm disk, observed with the open 1,5 some of our colour filter observations are within this

eye and through colour filters, are presented in Table 3. 5,00 "hyt to what extent the varying light conditions have
Rather than calculating for each single case and then ;,qenced the resulting Secchi depths, we cannot say.

finding the mean value and standard deviation from the re- g;\ca our Secchi depths usually are from coastal areas

sulting data set, we have found it necessary to restrict thgnere the surrounding land masses reduce the influence of

calculations ofC to the mean, maximum and minimum con- 1« \vind on the ordinary sea waves, the use of Ed) fnay

ditions. The mean conditions were assumed to produce thgehans also be overestimating the effect of the wind on the

mean value oCy, and a crude estimate of the standard devia-4jjjary waves. Still, we have tentatively estimatédy us-

tion was obtained by the expressiah fax—Ctmin)/4. For a ing the observed wind speeds and Secchi depths. The average

normal distribution, 95 % o_f the observations will fall within values of and In(¥), based on the 32 stations constituting
a range oft2 standard deviations from the mean value.
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12 that while the quantity?? depends on the chosen trendline,
the coefficient of correlationis solely a function of the data
set (&, y), sincer is defined byr = S, ,/(sxsy), Wheres, ,
is the covariance of andy, ands, is the standard deviation
of x.
Another way to test the mean valuein(= 7.3 in Eq. 1)
is to correlate € + K1.)phot With 1/Zp white. The best-fit line
through the origin obtains the slope 7.5, andcif{ K1) phot
is estimated by 752pwhite, the rms of the error {(+
K1)phot— 7.5/ Zp white] becomes 0.23mL. The mean value
o : : : ‘ ‘ f of (¢ + K1)photis 1.09 m1 (Table 3), and the rms error rel-
ative to this value represents 21 %. It is interesting that if we
estimate ¢ + K1)phot by using Eq. 23), the rms error only
Fig. 3. (c + K1)phot @s a function ofZp white. The line is the func- changes to 0.24 i or 22 %. The coefficient of determina-
tion (c+ K1)phot= 7.0/ Zp white- See text in Sect. 4.4 for discus- tion in this case become®? = 0.88.
sion. R? is the coefficient of determination for this line. If the observer’s eye is below the surfagg, oy = 0 and
W =1, and the value of I{) in Eq. 21) becomes 8.7.
Tyler (1968) estimated the number 8.69 for this case, while
the data set where we have complete observatiorns 8.  Holmes (1970) found for sub-surface observationsin turbid
andRy,, are shown in Table 3. coastal waters that the average valu&gfwhite(c + K 1.)phot
. ) was 9.4. Hgjerslev (1977) obtained the same value for the
4.4 Value of In(4) and comparison to observations of  gh_gyrface case. Thus our theoretical estimate af)lifigr
Zp white (¢ + KL)phot the sub-surface case agrees with Tyler, but deviates 8 % from
the estimates by Holmes and Hgijerslev. Hgjerslev (1977)
found that for observations above the surface, the product
Zp,white(¢ + K1.)phot Should be in the range 7.9-9.4. This is
8—-29 % above our estimate in Table 3.

10 q

(c+KU )phor [M™]

Zpwhite [M]

There are different ways to test ER1] and to estimate
a value for In@), and the result will depend on the cho-
sen method. By using the estimated mean values df1in(
In(A2), In(W) and In(Cy) from Table 3, In@) in Eq. 21) ob-
tains the value 7.3 for the 30 cm white dISk: The.mean value4.5 Effect of colour filters and the black disk
of Zp,white(¢ + K1.)phot, found from observations, is 7.0 (Ta-
ble 3), which is 4% less than the value predicted byh(
Early in the analysis it was discovered that when&ighite
was in the range 1-2m, the values 2 white(c + K1.)phot
tended to increase to 10-14, and consequently the few st
tions whereZp white < 2 M have been omitted. The reason for
the discrepancy between theory and observations for smal
Secchi depths may be that one or more of the assumptionf%
on which Eg. 21) is based becomes invalid. For instance
the assumptioi..p(z) ~ L.(z) made for Eq.4) may be less
good whenZp is small. Figure 3 presents { K1 )phot s a
function of Zp white at the 32 stations where we have suffi-
cient observations down to the Secchi depth, with the curv

When the white Secchi disk is observed through the coloured

glass filters, the optical coefficients andAn(change values,

as shown by Table 3. The table demonstrates that in this case

3he observed mean values Bt (c + K1)phot are more than

ﬁo % smaller than the estimated mean values of)n(

The best-fit correlation liney = A+ Bx and y = Box

r the observations ofp biue, ZD,green@Nd Zp red as func-

' tions of Zp white have been determined, and the found con-

stantsA, B and By as well as the mean values of the ratios

(v/x) = Zp siter/ Zp,white are presented in Table 4. We see

that the colour filters reduce the Secchi depths to 50-70 % of

Ghe depths for the open eye. The result thglgreenoOn aver-

age is reduced to almost 70 %D white, although the wave-

7.0 lengths of peak photopic sensitivity @b greenaNd Zp,white

(23) are very close (Table 2), may be due to the half-peak band-
width of the green filter, which is only half of that for the

added. The curve represents the mean valuepen eye.

(¢ + K1)photZp,white = 7.0, according to Table 3. It has Table 4 also shows the correlation lings= A + Bx with

been extended to values Bb wnite < 2 M to illustrate that it  the constant terrd. When the values aBo, B and (y/x)mean

will significantly underestimatec( K1)phot in this range.  are close to each other, it means that the observations lie close

The symbolR? = 0.87 in Fig. 3 is the coefficient of deter- to a straight line through the origin.

mination. The general definition of this quantity for a data Mikaelsen and Aas (1990) observed the Secchi depth in

set (, y) and a chosen trendling(x) is R> = 1— (¢2/s2),  the Inner Oslofjord during 1986-1987. Based on their data

wheres is the root mean square of the residugls (x), and from 11 stations the mean values of the r&i®fiiter/ Zp white

sy is the standard deviation of. It should be pointed out become 0.61, 0.81 and 0.62 for the blue, green and red filter,

(¢ + K1)phot=

Zp,white
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Table 4. Linear relationships of the forms= A 4+ Bx andy = Bpx obtained by correlation analysis @b (white disk) observed by the
open eye and with blue, green and red glass filters,Zmg|ack (disk) andZp pjack (bowl) observed by the open eye. Mean values of
andy and their standard deviations are included. The size of the disk is 30 cm if not otherwise indigatie correlation coefficient, is
the root-mean-square error of the deviationsA—Bx), andeq is the rms of {—Bgx). N is the number of data pairs,(x).

y X r A B By (¥/X)meantsd Ymeantsd & €0 N
[m] [m] [m] (m]  [m] [m]

ZD,blue Zp,white 0.89 0.2 049 0.52 0.580.10 4.0+16 0.7 0.7 25
Zp,green ZDp,white 096 -05 0.79 0.73 0.7£0.09 55+24 0.7 0.7 25
ZD,red ZDp,white 0.94 0.5 048 054 0.560.08 4.2+15 05 05 25
ZB plack Zp black 0.63 0.8 0.77 1.20 1.20044 22407 05 0.5 19
ZB black ZDp,white 0.11 1.9 0.03 0.23 0.260.11 2.2+0.7 0.7 0.9 19
ZD,black ZDp,white 0.54 0.8 0.17 0.26 0.200.10 2209 08 0.8 50

Zp white,10 Zpwhite,30 0.99 —-04 085 081 0.88-0.06 6928 05 05 21
Zp plue,10 Zp blue,30 098 -0.1 091 0.90 0.880.08 3.2+15 0.3 0.3 13
Zp,green,10 Zp,green,30 0.94 1.0 0.70 0.83 0.8#20.12 5.3t25 0.8 09 13
Zp red,10 ZD red,30 0.95 0.1 0.88 0.90 0.9£0.10 3.9+15 04 04 13
Zp all,10 Zp,all,30 0.98 0.4 0.78 0.83 0.860.10 5.1+2.7 0.6 0.6 60
Zp white,shade ZD,white,sun  0.96 —0.2 0.99 0.97 0.9#0.10 8.3+33 09 09 34
Zp plue,shade  ZD,blue,sun  0.91 05 0.74 0.83 0.820.15 4.1+18 0.7 0.8 29
Zp,green,shade ZD,green,sun 0.94 0.1 090 091 0.9£0.12 56+26 09 09 29
Zpredshade  ZDjedsun  0.85 0.4 0.82 0.89 0.9£0.16 4.0+£14 0.7 0.8 29
Zp all,shade Zp all,sun 095 -0.2 0.96 0.93 0.940.14 56+£3.0 09 09 121
Zp white,10tel ZDwhite, ;o 0.96 —-1.0 1.37 1.22 114020 7238 11 1.2 15
Zpplue10tel  ZD,blue,10 093 -01 118 1.15 114018 3.3:18 06 0.6 11
Zp,green,10,tel ZD,green, 10 0.96 -0.7 1.27 1.15 1.020.15 5229 0.7 0.8 11
ZD red,10, tel ZD red,10 0.92 0.1 114 1.15 116018 4.2+18 07 0.7 11
Zp all, 10 tel Zpall,10 096 -05 1.28 1.19 1.140.18 52+31 09 09 48

respectively, which is 11-15% greater than our results ofshould be approximately 4/7.3 = 0.64. However, the ob-
0.53, 0.73 and 0.54 in Table 4. Both the first and the latterserved ratio in Table 4 is only 0.23-0.26. This could mean
set of values resemble Lisitzin's results from the Baltic Seathat our black bowl is not perfectly black, but it could also
(1938) whenZp white < 10 m. In the clear and blue waters of be that the use of colour filters and the black disk or bowl
the Florida Shelf wher&p wnite Was 21-26 m, Hgjerslev's introduces effects that are not included in E2{L)(

colour filter observations (1985) yielded mean values of the

ratios equal to 0.90, 0.91 and 0.29 for the blue, green andy g Effect of size

red filters. The difference from our results in greenish coastal

waters is clearly a result of the difference in water colour.  the gbservations with the 10 cm disks were made in 1992
Table 3 predicts that the average value Z¥piackc +  \hen instruments for spectral recordingscadnd K, were

K1 )pnot should be Inft) = 4.7 for the 30 cm black disk, but o ayailable. Consequently the two sides of E2{) (can-
the observed value is less than half of this: 1.9. This could,qt e tested directly for the 10cm disk, but other exper-

be because an ordinary disk of black plastic was used iNments have been made. The angleof the total field of
these observations, and not the bowl-shaped device. The SUfzey across the 10 cm Secchi disk can be calculated from
face of the plastic disk seemed to be entirely black on decqu_ @2 with D =0.1m, H = 3m andn = 1.33. Because
but looked dark grey in the sea, and brighter than its backyng gpserved values dfp for this smaller disk lie in the in-
ground. In 1992 a series of measurements at 19 stations Wagal from 0.5 to 12 m. the angle across the Secchi disk
taken with the black-painted bow! together with the black hecomes 0%-1.7. The threshold contrast for the smaller
and white disks. The depth,piack of the black bowlwas on sy hecomes greater than for the 30 cm disk, while the value
average 20-30 % greater than the depifbiack Of the black oy will be reduced according to Eq14), becauseD? is

disk (Table 4). Thus the bowl produces a smaller reflection,oq,,ced more thag2. The combined effect is that the val-
and a greater contrast than the disk. Since the estimated atte[jgq of In@) in TabIeD3 for the 30 cm white and black disks
uation ¢ + K1)phot is approximately the same for the black il pe reduced by 22 and 13 %, respectively. For the blue,
and white disks as shown by Table 3 (the minor differenceyreen and red colour filters the decreased size produces simi-
being due t0Zp biack being smaller tharZp,white), the val- 3¢ requctions of 18, 21, and 17 %. This can be tested directly
ues of In@) in Table 3 imply that the rati@e,biack/ Zowhite by comparing the values dfp for disk diameters of 10 and
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Fig. 4. All naked eye and colour filter observations @p Fig. 5. All naked eye and colour filter observations b 10 cm,tel

with a 10cm disk as a function of the observations with a With a telescope as a function afp,10 cm Without a telescope.
30cm disk. The best-fit line through the origin is the function The bestfit line through the origin is the functidfb, 10 cm,tel=

Zp,10 cm=0.83Zp 30 cm 1.19Zp 10 cm

Holmes’ use of a water telescope (1970) only increased the
30cm. The results in Table 4 show that the relative influenceobserved depth by 2—4 %, which is significantly less than our
of size is greater for the open eye than for the colour filters,result. Hgjerslev (1986) found for Baltic waters that the ratio
and that the decrease in diameter from 30 to 10 cm reduceBetween the depthp (] observed with a water telescope and
the Secchi depth by an average of 10-20 %, in agreemerthe ordinaryZp could be approximated by a function of the
with our estimates. Figure 4 presents all open-eye and colowvave heightH in units of metresZp rel/Zp =1+ 0.4 H.
filter observations for 10 and 30 cm disks put together, andThis expression underestimates the effect at our 11 water
the best fit line through the origin obtains a slope of 0.83,telescope stations whei& was < 0.1 m, but we have not

indicating an average Secchi depth reduction of 17 %. tested it in more rough seas. Sandén and Hakansson (1996)
investigated the effect of wind oAp, and it seems like the
4.7 Effects of sun glitter, water telescope and presence of wind tended to reduce the depth-10 %.
ship shadow If we observe the Secchi disk on the sunlit side of the ship,

sun glitter from the sea will reduce its threshold depth. On the

The effect of a water telescope is to eliminate sun glitter ands, o qow side there may be less glitter, but the ship shadow
skylight reflection at the surface, and to reduce the blurring iii aiso reduce the luminances from both the background
effect of capillary waves. If we insert a surface reflectance g the disk, and this may require a greater contrast, and thus
pr.air =0 and a wave factol =1 into Eq. @1), we find o515 5 smaller depth. The balance between gains and losses
that In(4) should increase by 12% for the 30cm white o510 to the absence or presence of direct sunlight is demon-
disk, based on the estimated quantities in Table 3. For thgyaieq by Fig. 6, which presents the Secchi depths observed
colour filters and black disk the effect is in the rang8%. — ,, hoth sides of the ship with the white disk. The best-fit line
Mikaelsen and Aas (1990) tested the effect at four Stat'onsthrough the origin obtains the slope 0.97, which is close to

in 1987 with a 30 cm disk. According to their observations 1 i\ve do the same experiment for all depths observed with

Zpwhite increased by 11% on average using the water tele|,  filters and the open eye (Table 4), we see that the slope

scope, and by including the observations with the colour ﬁl'becomes 0.93, that i&p is now on average reduced by 7 %
ters the increase became 15 %. New experiments were dong. o ShadOV\; side.

in 1992, and a 10 cm disk was used in order to see it properly

within the field of view of the telescope. The results, listed 4 g The monochromatic assumption

in the last five rows of Table 4, show that the telescope in-

creasedZp white, 10 by an average of 14 %, and the effect on |n sect. 2 it was assumed as a first approximation that the

Zp fiter,10 Was of the same magnitude. If all open-eye and fil- heam attenuations of the upward luminances resembled the

ter observations are put together (Table 4), we see that thgttenuations of the radiances at the wavelength of maximum

average increase in the Secchi depth by using the telescopgectral transmittance, and Sect. 4.1 described how the ef-

is the same, 14 %. The best-fit line through the Ol‘igin Ob'ficient attenuation CoefﬁCientﬁlhot,diskandehot of upward

tains the slope 1.19 (Fig. 5), indicating an average increas§minance from the disk and background could be estimated.

of 19%. In this section we will investigate the relationships between
the photopic and monochromatic coefficients as well as the
errors introduced by the monochromatic assumption.
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N
=

1.21. The slope®g for the sum ¢+ K) are in the range
0.97-1.10. None of these deviations from the slope 1.0 ex-
plain the discrepancies between theory and observations dis-
played by Table 3 for the colour filters. Our overall conclu-
sion becomes that the monochromatic assumption works sat-
isfactorily, and that the mentioned discrepancies must have
other causes. In Blackwell’'s experiments (1946) the targets
were projections of “white” light from electrical lamps onto
a white screen. The different parts of the visible spectrum
were not investigated separately, and it could perhaps be that
0 : : : : : : : Ct also has a spectral dependence.

° z ‘ ° ¢ 1 2 “ 1 It remains to test the ability of Eq2() to describe the

relationships betweeZp and monochromatic values of

Fig. 6. All naked eye and colour filter observations of, on the Kz and ¢ + K). This will be done in the next section.
shaded versus the sunlit side of the ship. The best-fit line through
the origin is the functiorZp shade= 0.93Zp sun

[ = N
1S) ) IS

Zp white,shade [M]
®

Zpwhite.sun [M]

5 Relationships between the Secchi depth and other

quantities
The coefficientscpnot,disk and cpnot have been correlated

with the monochromatic beam attenuation coefficigggat 5.1 Estimates of monochromatic coefficients

555 nm, and the results are presented in Table 5. Similarly,

the vertical attenuation coefficiet; phot has been corre- In Sect. 2 we assumed that the Secchi depth observed with
lated with K, 555. The correlations are described by best-fit the open eye might be determined by the attenuation coef-
lines on the forms = A+ Bx andy = Box. Table 5 also dis- ficients at the wavelength of maximum water transmittance,
plays values of X/x)meanand ymean We see that the values that is around 555 nm. Section 4.4 demonstrated that the nu-
of B, Bg and (y/x)mean are close to each other, indicating merical values of the constants in the relationships between
that the pointsX, y) lie close to the lines. This is confirmed Zp and ¢+ K ) would depend on the chosen method. If our
by the very small errors andeg introduced by using the cor- intention is to estimatec(+ K,)ss5 from observedZp white,
relation lines £0.01nT1). ¢ andeg are defined as the root the obvious choice, based on the form of E2{l)(is to per-
mean squares of the deviations-4—Bx) and (y—Box), re- form a linear correlation analysis betweenH{ K )ss5 and
spectively. The coefficientynet, for instance, is almost iden-  1/Zp white. The slope of the line through the origin obtains
tical to c555, with an average ratio of 1.02. However, Table 5 the value 7.4, which is practically the same as the slope
also demonstrates that the deviations between the photic and5 found in Sect. 4.4 forc(+ K )phot. However, usually in
monochromatic coefficients are greatest fof phot VErsus  marine-optical research the singular values ahd K; are

K 555 Which displays a slope of 1.12. The sumHK 1.)phot more interesting than their suma K ), and thereforesss
versus ¢ + K )sss obtains the slope 1.03. and K ;. 555 have been separately correlated WitZd white,

It follows from the descriptions ofphot and K, phot that as shown by Table 6. While the correlation coefficient is 0.95
these coefficients are apparent optical properties, dependin@r csss5, which is almost as perfect as it can be expected
on the ambient light field. It could not be stated a priori thatto be, it is reduced to 0.72 fdK, s55. Similar results have
they would be so strongly correlated with the monochromaticheen obtained for the channels at 412, 443, 490, 510, 620
coefficients at 555 nm, with a coefficient of correlation equaland 665 nm (Table 6). The root-mean-square errork of
to 1.00. We have not investigated how the found relationshipsandc, estimated from the correlation lines, are in the range
will work in more clear and bluish sea waters, but we assume).1-0.6 nT2, but becauseX; is smaller tharr the relative
that the correlations may be weaker there. Holmes (1970¢rrors become greater fdf; than forc. The result that the
equipped his irradiance and beam attenuation meters with fileorrelation coefficients are greater fothan forK is as ex-
ters where the spectral shape of the transmittance resemblgzbcted since contributes more thak;, to the sum¢+ K1)
the spectral sensitivity of the eye, but the attenuation metexwhich determine¥p white-
then recorded a lamp spectrum that probably was different Often the vertical attenuation coefficient of downward ir-
from the natural spectrum within the sea. radiance,Kq, will be a more useful quantity thaki;. The

The correlation results for attenuation coefficients derivedcorrelation results foKy at the MERIS channels as a func-
from luminances observed through the colour filters (Table 5)tion of 1/Zp white are presented in Table 6. Some of the val-
versus monochromatic coefficients show that the correlatiorues are remarkably similar to those obtainedKgr, and the
coefficients are all very close to 1.0. The sldpgfor the blue  reason for this is that the mean value of the rakig/ K
and green filters obtains values between 0.95 and 1.01, whilesually is close to 1. In order to complete the investigation,
the red filter deviates more from 1.0 with the slopes 1.06 andhe coefficientk, of upward irradiance has been included in
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Table 5. Linear relationships of the forms= A + Bx andy = Bgx obtained by correlation analysis of attenuation coefficients of spectrally
integrated luminance for the open eye and with blue, green and red glass filters and coefficients of monochromatic radiance at 470, 540, 55¢
and 620 nm, and mean valuesyofx andy. The attenuation coefficients are averages over the depth radge@hte. » is the correlation
coefficient. The erroe is the root mean square of the deviations4—Bx), andeg is the rms of § — Bgx). The analysis is based on 32
stations.

y X r A B Bo  (¥/X)meantsd Ymeantsd € €0

[m=4] m=Y m=1 m=Y M= [m-Y

Cphot,disk C555 1.00 0.02 0.99 1.01 1.020.01 0.83:0.50 0.01 0.02
Cphot c555 1.00 0.01 1.00 101 1.020.01 0.83:0.51 0.01 0.01
K1 phot Ky 555 1.00 0.00 1.12 112 1.H0.05 0.26:0.19 0.01 0.01
(c+ KL)phot (c+Kr)s55 1.00 0.00 1.03 1.03 1.680.01 1.09+0.67 0.01 0.01
Cphot,blue €470 1.00 0.06 0.90 0.95 0.980.04 0.940.65 0.04 0.05
Cphot,green €540 1.00 0.02 0.97 0.98 1.080.01 0.83:0.52 0.01 0.02
Cphot,red €620 1.00 0.18 0.91 1.06 1.120.07 1.03:0.41 0.03 0.08
K1 phot,blue K1 470 0.99 0.05 0.95 1.01 1.1860.05 0.44+-0.36 0.04 0.05
K1 phot,green K1 540 1.00 0.01 0.96 0.98 1.080.01 0.25+0.18 0.00 0.01
K1 phot,red K1 620 0.99 0.09 1.05 1.21 1.2#0.08 0.45+0.18 0.02 0.04

(c+Kp)photblue (c+Kp)azo 1.00 011 092 097  1.020.04 141099 007  0.09
(c+Kp)photgreen (c+Kr)sqp 1.00 003 096 098  1.080.01 1.08:067 001  0.02
(c+Kp)photred  (c+Kr)e2o 1.00 025 094 110  1.160.07 148056 004  0.11

Table 6. Relationships of the formg = A + Bx andy = Bgx, whereA, B and Bg are coefficients from the correlation analysis between
y andx = 1/Zp white- The errore is the root mean square of the deviations4—Bx), andsg is the rms of {—Bgx). r is the correlation
coefficient andV is the number of stations.

y r A B Bo (Y/x)meantsd Ymeantsd 2 €0 N
m=Y] [m—1 m= m [mY

ca12 0.86 —-0.24 106 9.6 8.823 1.671.20 0.58 0.60 79
c443 091 -0.23 90 8.0 7.217 1.38:0.97 0.37 0.39 79
€490 094 -0.22 76 6.6 6.61.2 1.14-0.79 0.22 0.28 79
¢510 095 -0.21 72 6.4 5#1.1 1.10+£0.75 0.20 0.26 79
555 095 -0.17 6.6 5.9 5410 1.02-0.68 0.18 020 79
€620 0.95 0.03 6.1 6.3 63209 1.14+0.63 0.18 0.18 79
C665 093 018 58 65 6211 121060 019 021 79
Kp.412 0.66 0.01 46 4.6 4518 0.914+0.77 0.57 0.57 53
K} 443 0.64 -0.05 42 4.0 3.22.0 0.78:0.72 0.55 0.55 53
Kpa90 0.72 -0.02 24 2.3 2.20.9 0.45:£0.36 0.25 0.25 53
Krps10 072 000 20 20 1207 039030 021 021 53
K} 555 0.72 0.05 1.3 15 1405 0.31+0.20 0.14 0.14 53
K1 620 0.77 0.15 1.5 21 2407 0.45:£0.22 0.14 0.15 53
Krees 078 022 17 25 3408 055:024 015 0.18 53
Kd’412 0.59 -0.02 59 5.8 5433 1.14+1.11 0.89 0.89 53
Kg.443 0.64 —0.05 42 4.0 3420 0.78:0.72 0.55 0.55 53
Kg490 0.70 -0.03 25 24 22210 046£039 028 028 53
Kd’510 0.71 -0.02 21 2.0 1.90.8 0.40+:0.32 0.22 0.22 53
Kgss5 0.74 002 14 15 1%£0.5 0.30+0.21 0.14 0.14 53
Kge20 082 025 12 22 28408 049016 0.09 0.15 53
Kd’665 0.86 0.41 1.1 2.7 3F1.2 0.62£0.13 0.07 0.21 53
Kys412 043 018 65 7.2 78465 1.42+1.61 1.43 1.43 51
Kya43 0.52 0.05 52 54 5435 1.05:1.08 0.92 0.92 51
Ku,490 0.67 -0.03 3.1 3.0 2.81.4 0.58+:0.51 0.38 0.38 53
Kys10 0.68 0.00 25 25 2411 0.50+£0.41 0.30 0.30 53
Kyss5 0.64 0.06 16 1.9 2808 0.38:0.28 0.21 0.22 53
Ku,620 0.71 0.20 19 27 34+1.1 0.58:0.29 0.21 0.23 53
Kuges 0.72 030 21 33 3813 0.71+0.32 0.22 0.26 53
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Table 7. Relationships of the formg = A + Bx andy = Bgx obtained by correlation analysis of attenuation coefficients of monochromatic
radiance and irradiance and Secchi depths observed with the open eye and with blue, green and red glass filters. The attenuation coefficien
are averages over the depth rang&@-white, andr is the correlation coefficient. The erreris the root mean square of the deviations
(y—A-Bx), andgq is the rms of {—Bgx). The analysis is based on 25 stations.

y X r A B By (¥/X)meantsd Ymeantsd & €0

MY Y m~Y) m=Y Y

€470 1/Zp plue 0.84 -0.23 4.3 3.7 3411 1.040.79 0.42 0.43
€470 1/Zpwhite 0.94 —0.34 90 7.3 6.41.6 1.09-0.79 0.26 0.30
€540 1/Zp,green 094 -0.12 45 4.1 3.209 0.914+0.59 0.19 0.20
€540 1/Zpwhite 0.96 —0.18 6.9 59 5,811 0.914+0.59 0.15 0.17
€620 1/Zp red 0.89 0.24 26 33 340.7 1.00+£0.49 0.22 0.25
€620 1/Zp white 0.97 0.09 57 6.2 6409 1.00+0.49 0.12 0.13
Kp.470 1/Zpplue 0.74 -0.17 20 16 1.40.7 0.45+0.42 0.28 0.29
Krp.470 1/Zpwhite 0.80 —0.20 41 3.1 2612 0.45:0.42 0.25 0.26
K540 1/ZD,green 0.79 -0.04 1.3 1.2 1.20.4 0.27+0.21 0.13 0.13
Kp 540 1/Zpwhite 0.80 —0.06 20 17 1.60.6 0.2740.21 0.12 0.13
K1 620 1/Zpred 0.80 0.11 09 1.2 1404 0.380.19 0.11 0.13
K1 620 1/Zpwhite 0.83 0.07 1.9 23 2506 0.38+:0.19 0.10 0.11
Kg.470 1/Zpplue 0.73 -0.17 20 16 1.40.7 0.44+0.42 0.29 0.29
Kda70 1/Zpwhite 0.82 -0.21 41 3.0 2612 0.44+0.42 0.24 0.26
Kdg540 1/Zp,green 0.80 -0.05 1.3 1.2 1.3%0.4 0.26:0.20 0.12 0.12
Kgs40 1/Zpwhite 0.81 —0.06 20 17 1.60.5 0.26+:0.20 0.12 0.12
Kde20 1/Zpred 0.80 0.26 062 1.3 1#0.4 0.44£0.13 0.07 0.15
Kd.620 1/Zpwhite 0.83 0.23 1.3 24 3108 0.44+0.13 0.07 0.13
Kua70 1/Zpplue 0.72 -0.34 31 22 1.8&1.0 0.60+0.65 0.44 0.47
Kuya70 1/Zpwhite 0.78 —0.38 6.2 4.3 3420 0.60+0.65 0.39 0.43
Kus540 1/Zpgreen 0.80 -0.06 16 14 1405 0.31+0.25 0.15 0.15
Kuysa0 1/Zpwhite 0.80 —0.07 24 2.0 1.4¢0.7 0.31£0.25 0.15 0.15
Kue20 1/Zpred 0.77 0.17 1.0 15 1705 0.47+0.22 0.14 0.16
Kue20 1/Zpwhite 0.82 0.12 22 28 34£1.0 0.47£0.22 0.13 0.14

Table 6. The results indicate that the errors of the estimateds interesting that Jerlov'&y values for the clearest ocean
vertical coefficients are greatest &, and smallest foK , water typel are of the same order of magnitude: 0.07'm
and less in the green and red part of the spectrum than in that 555 nm and 0.40m at 665 nm (e.g. Jerlov, 1976). Fig-
blue part. We suspect that the rms errors at 412 and 443 nrare 7 indicates that in the green part of the spectrum the
of 90-100 % are due to varying amounts of yellow substanceconstant term can be omitted without any practical conse-
which will influence the coefficients more than the Secchiquences, while in the red part a better fit is obtained i
depth. In addition weak signals compared to noise and detedncluded. The inclusion of the constant tednreduces the
tion level at these wavelengths create errors. error at 665 nm from 0.21m to 0.07 nt ! according to Ta-
Gordon and Wouters (1978) found in their model study ble 6. For the vertical attenuation coefficielkfg and K, of
that in relatively turbid water, defined by the authors asupward directed light the improvements by adding a constant
water where the backscattering probability is constant, theerm A to the correlation lines are less.
productcZp white Would be approximately constant, while  Mikaelsen and Aas (1990) analysed five stations in the
(¢ + Kd)Zp white Would vary more. This result is in agree- Oslofjord with recordings of, and 11 stations withKg.
ment with the results in Table 6. Zp was observed by the naked eye and with colour fil-
In Table 6 the errors of the estimates produced by the bestters. Most of their results overlap with the present findings.
fit lines y = A+ Bx and y = Box, wherey is an attenua- Sgrensen et al. (1993) obtained from 189 stations in the
tion coefficient andv = 1/Zp white, are shown. Usually the Oslofjord—Skagerrak area the mean value and standard de-
line y = Box through the origin works satisfactorily, but at viation cgreenZp,white = 6.2+ 1.3, which fall within the cor-
some wavelengths the addition of a constant tdrmeduces  responding range of Table 6.
the error of the estimates significantly. Figure 7 shows ob- The relationships between the Secchi depths observed
servations ofKy at 555 and 665 nm versus= 1/Zp white, through the glass filters and the coefficient& ; , Kq andKy,
together with the best-fit lineg = A + Bx. The value ofd at 470, 540 and 620 nm are presented in Table 7. The results,
is 0.02nT! at 555 nm, and 0.41 1 at 665 nm (Table 6). It based on 25 stations, show that the errors of the estimated
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12 estimates from various ocean colour sensors for the open
ocean case. References to numerous investigations in lake
1] 0555 nm R?=0.74 ;
o s waters can be found on the internet.

4
©

5.2 Quantairradiance — PAR

The spectrally integrated quanta irradiance (400—750 nm),
also termed PAR (photosynthetically available radiation), is
one of several factors determining the primary production in
the sea. If the transmittance of this irradiance between the
surface and the Secchi depth is dendfgdthen the average

0 : : ‘ ‘ vertical attenuation coefficieri{y of the irradiance over the
depth range 6- Zp white iS related taZp white by

-1,
Ka, 555 and Kq ges [M]
o )
IS >

0.2 q

UZ pnive [M™]
_ _ Tp = ¢~ Ka Zowhiee, (24)
Fig. 7. Kqg at 555nm and 665nm as a function of
1/Zpwhite- The upper bestfit line is the function  The observed mean valdethe standard deviation @b,
Kqe65=[0.41nT %] +1.1/Zp white and the lower line is  obtained from our third data set of 143 stations from the
Kg,555=[0.02M1] + 1.4/ Zp white. Oslofjord inside the Faerder Light House at the Skagerrak
border, is (2 4) %. Based on the total data set of 205 sta-
tions, including stations from the nearby Skagerrak and Kat-
coefficients are in the range 0.07-0.47mor 10-80% of  tegat, the range becomes slightly greatet: @) %.
the corresponding mean values. It is noteworthy that com- Equation 24) can also be written as
pared to the observations with the open eye, the colour filter
observations represent no improvement in the accuracy of th&aZb.white = —IN(7b). (25)
estimated vertical attenuation coefficients. Especially for the . N
coefficients of beam attenuation it is clear tias white pro- and by usingTp ~0.09:+0.06, the range of the product

d bett timates tham . We think thi It KqZp,white becomes 1.9-3.5. This is consistent with the
uces better estimates tham,sirer. We think this resultis o))"z e and standard deviation of the product obtained
valid within our area of investigation, but not necessarily in

h . from observed pairs oKq and Zp white: 2.5+ 0.5 (Table 8).
other sea regions. By linear correlationkKq may be estimated from/Zp white

It may be noted that Table 7 contains analyses of attenu\'/vith an rms error that is less than 20 % of the mean value of

ation coefficients at 620 nm that are parallel to those in Ta-
q.

ble 6, and that the results are different. The reason for this The depth of the euphotic zone, defined as the surface
may be that Table 7 is based on stations with colour filter ob—Iayer where there is a net positive’production from photo-

sglrl\:)atlon(js, anéj taclcordsﬁgly;hﬁ n]yt?:b er pf_?pglllcgbllze Tc'éat'gn%ynthesis, is often estimated as the depjfil %) where the
withe reguced o fess than hall oTthose In Tabe ©. EVIAENTY 4 anta irradiance is reduced to 1% of its surface valukgqlf

the ngmber of stations influences the statlgtlcal results. is approximately constant with deptiq(1 %) can be deter-
Hgjerslev (1977) suggested the approximate mean Valueﬁ\ined from the equation

3, 6 and 9 for the product&4Zp, cZp and ¢ + Kq)Zp, re-
spectively, wher&y, c and Zp are observed through colour .01 = ¢—XaZa(1 % (26)
filters, but these findings are not confirmed by Table 7.

Because remote sensing of ocean colour is used to estiWhich can be transformed to
mate coefficients likeKy, the technique can also be used to 461
estimate the Secchi depth. Within our area of investigationzq(1 %) = K
the relationship betweery Zp wnite and the water-leaving ra-
diance Ly, recorded in the red part of the spectrum (630— By inserting forKq from Eq. £5), this expression becomes
690 nm) by the TM3 sensor at the Landsat satellite was found
to be 1 Zpwhite=[0.203nT1]+[0.072WmsrumLy,
while the coefficient of correlation was 0.92 (Sgrensen andZq(1 %) =
Aas, 1994). For the TM1, TM2 and TM4 sensors in the blue-
green (450-520 nm), green (520-600 nm) and near-infrareéhdicating a linear proportionality betweedq(1%) and
(760-900 nm) parts of the spectrum the coefficients of cor-Zp wnite, provided In{p) is approximately constant. Simi-
relation became 0.69, 0.87 and 0.65, respectively. Kratzer ear expressions can be deduced (3 %), Z4(10 %) and
al. (2003) and Zhang et al. (2003) have discussed estimates(30 %).The correlation results fdfq(p %) as a function
of 1/ Zp white based on satellite observation of the Baltic Sea,of Zp wnite are presented in Table 8, together with other re-
and Morel et al. (2007) have examined the Secchi deptHated statistics.

(27)
q

" 7 . 2
—In(TD) D,white, (8)
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Table 8. Linear relationships of the forms= A + Bx andy = Bgx, obtained by correlation analysis of the vertical attenuation coefficient
Kq of downward quanta irradiance, the depitigp %) where the quanta irradiance is reducegbtpercent of the surface value, and the
Secchi disk deptlZp white- The errore is the root mean square of the deviatiops{—Bx), eg is the rms of {—Bgx), andr is the correlation
coefficient. The analysis is based on 205 stations.

y X r A B By (¥/X)meantsd Ymeantsd € €0
[m=4] m=Y m=Y m=Y M= [m-Y
Kq 1/Zpwhite 0.82 0.18 1.6 2.2 240.7 0.52+£0.20 0.11 0.14
y X r A B By (y/X)meantsd Ymeantsd € €0
[m] [m] [m] [m] [m] [m]

Zq(30%)  Zpwhie  0.72 1.0 022 036  0.440.16  2.3:0.8 0.6 0.7
Zq(10%) Zpwhite ~ 0.78 21 047 077 092030  4.9:1.6 1.0 1.4
Zq3%)  Zpwhie  0.79 35 079 1.3 1505  8.1+27 1.7 2.2
Zq1%)  Zpwhie ~ 0.74 50 11 1.8 2207 115:41 2.8 3.5
Zq30%) Zq(1%)  0.80 04 016 020 020004  2.3:08 0.5 0.5
Zq(10%) Zq(1%)  0.91 0.7 036 041 048006 49:16 0.7 0.7
Zq3%)  Zg(1%)  0.97 06 065 069 070005  8.1+27 0.6 0.6

30 Table 8 shows that estimates from observedp white
are likely to have relative mean errors in the range 20-30 %.
This is because&p wnite is primarily a function ofc + K,
(Eq. 20), while Zq is a function ofKq only (Eq.27). The
vertical attenuation coefficients; and Kq are mainly func-
tions of the absorption coefficieat while the beam attenu-
ation coefficient consists ot + b, whereb is the scattering
coefficient. ThusZq is less influenced by particle scattering
than Zp, a property which reduces the correlation between
the two quantities. It is our experience that an increased par-
ticle content in the sea may have a strong reducing effect on
0 : : : : : : Zp, while the influence orZ is much smaller. Still, the re-
Zowie [m] lationships in Table 8 will provide very useful checks of our
irradiance measurements.
Fig. 8. The depth of the euphotic zone, estimated by the 1% level Not 5urpri5ing|y the inter-correlations betwe@a(]_ %),
Zq(1 %) of the surface quanta irradiance, as a function of the Secchiy (3%), Z4q(10 %) andZy(30 %) are stronger than between
depth Zp white- The best-fit line through the origin i8q(1 %)= Zq and Z d . i \ iati i i
. q pwhite (Fig. 9). The statistical relationships are

1.8Zp white shown in Table 8.

Mikaelsen and Aas (1990) fourklyZp white = 2.7 = 0.6,
Z4(10 %)= 0.66Zp white and Zy(1 %)= 1.7 Zp white, While

. Sgrensen et al. (1993) obtain&d Zp white = 2.3+ 0.4. All
corresponds roughly tép wniee (also suggested by Paulson of these results are close to the values in Table 8. Kratzer

?nd Simpson, 1977), and(1%) to twice this depth. We t al. (2003) found for Baltic waters th&ly ~ 1.7/ Zp white,

ave already found that the average percentage of the quania _,". . '

. . . implying that for the sam&q the Secchi deptlp white tends

iradiance atZp whire Was 9%, and when we calculate the to be greater in the Oslofjord than in the Baltic

average ratio€q(10%)/ Zp white aNd Zg(1 %)/ Zp white, they ’

become 0.9 and 2.2, respectively (Table 8). Figure 8 illus- .

trates the significant scattering of points around the corre5-3  Chlorophyll @ and total suspended material

lation line through the origin foZyq(1 %) as a function of

Zp white- If we apply the relationship = A + Bx instead of The chlorophyll content is perhaps the most used concept

the line through the origin, a slightly better fit is obtained, when the amount of algae in the sea shall be described. Un-

and the rms error for the estimates&f(1 %) as a function ~ fortunately the concentration of chlorophyll (Chl) is not

of Zp white is reduced from 3.1 to 2.7 m (Table 8). Compared an optical property, although it influences the absorption and

to the mean value 11.5m &fq(1 %), these numbers repre- scattering coefficients of sea water. As a result our estimates

sent relative errors of 27 and 23 %, respectively. obtained by correlation analysis of Chl as a function 6£3,
based on 41 stations north of 57N, have average errors of

25 4

An old rule of thumb for the Oslofjord says thzg(10 %)
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) Fig. 10. Content of Chl and TSM versus /Zp white
Fig. 9. The depth of thep % levelsZq(p %) of the surface quanta 5t stations north  of 57/N. The best-fit lines are
irradiance, as a function dfg(1%) for p equal to 3, 10 and 30. cp— [1.50mg mfs] +[1.73mg m*z]/ZD white and

The best-fit lines through the origin a&y(3 %)=0.69Zq(1 %), TSM=10.12 g3 22 an21/7 .
Z4(10 %)= 0.41Z¢(1 %), andZq(30 %)= 0.20Z(1 %). SM=[0.12g 7] +[6.22 N1/ Zp white-

— 0, I
50-90 % relative to the mean value of chlorophyll Contem?utside the ranger — 2z have been omitted. The upward

(Table 9, Fig. 10). The estimates of total suspended materi . . . . . .
. minance will typically have its spectral maximum in the
TSM (51 stations) for the same area have average errors o
reen part of the spectrum, close to 555 nm.

. . . . .03
— 0
40-70 % (Table 9, Fig. 10). Still, such relationships provide An extended version of Tyler's equation fdip, as ex-

useful checks because they quantify the order of magnitude - .
of the concentrations, within the area of investigation. Bet_pressed by Eq1), has been tested. The right-hand side of

; . . the equation, I{), is a function of the reflectangg s at
ter correlations may sometimes be found for smaller TegIONSy - i cea interface. the reflectanéag0) andR (Z’ ) of
In general the relationships discussed in Sect. 5 are likely t f LD

show regional variations Yhe sea water just below the surface and at the Secchi depth,
In the earlier investigation by Serensen et al. (1993)the reflectancep of the disk, the contrast threshofd of

_ . _ the human eye, the contrast transmittaicéhrough the sur-
the productsZp whieChl (249 stations) andpwhite TSM ¢ "2 &6 com. With the estimated mean values for
(275 stations) obtained the mean values and standard deV{-

ations (19+ 16) mg 2 and (7.8k 3.8) g T2, respectively, hese quantities (Table 3), laf obtains the mean valug

) . ; the standard deviation 7430.9 for the 30 cm white disk ob-
in agreement with the corresponding ranges of Table 9. Anserved with the naked eye. The left-hand side of the equation
estimate of the produdp whiteChl in the Baltic Sea, based ye. q

on observations by Fleming-Lehtinen and Laamanen (2012)IS the prpduct of _th_e obéerved Secchi d_ezmv"h"e and the
is ~ 25 mg nT2. attenuation coefficients (+ K )phot, and its mean value be-

- . . . _comes 7.6t 1.3 (Table 3, Fig. 3). Thus on average the ob-
The turbidity Turb, expressed in nephelometric fOrmazmeserved value is only 4% less than the one predicted for the
units (NFU), has not been included in the present study, be- y P

. - white disk. The slope of the best-fit line through the origin
cause the accuracy of the corresponding turbidity data wa§Or (c+ K 1)phot s @ function of 1Zp white becomes 7.5. The

not satisfactory. However, in the mentioned investigation by deviation between the observac K )pnorand its estimate
Sgrensen et al. (1993) the mean value and standard deviatio7r15/ZD o obtains an rms value of Ong"rﬁ which repre
. ,white . J -

of the productZp whire Turb (308 stations) was (351.4)m L/ D0E 0 = alue of K1)phot (Table 3).

-1

NFU™. The agreement between kyof Eq. (21) and the observed
Zp(c+ K1 )phot that we find for the white disk is reduced

6 Summary and conclusions when the Secchi disk is observed through coloured glass fil-
ters. In this case the observed mean valugsgit + K1) phot

We have analysed the Secchi de@thand its relationshipto are more than 30 % smaller than the estimated mean values

other properties of the sea water in the Oslofjord—Skagerralof In(A) (Table 3). We speculate if there may be a spectral

area. White and black disks of different sizes have been apdependence af;.

plied, and the Secchi depth has been observed with the naked The observed depth€p piack Of the black disk and

eye, through colour filters and with a water telescope. A fewthe related product&p piack(c + K1 )phot Were also smaller

stations wher&p white Was less than 2 m or th@ factor was  than predicted. According to Table 3 the average value of
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Table 9.Relationships of the forms= A+ Bx andy = Bgx obtained by correlation analysis of chlorophy{[Chl), total suspended material
(TSM) and inverse Secchi depthg Zp) observed with the open eye and with blue, green and red glass filters. The concentrations of Chl and
TSM are averages over the depth rang&f-white, andr is the correlation coefficient. The erreiis the root mean square of the deviations
(y—A-Bx), andeg is the rms of (—Bgx). The analysis is based on 41 (Chl) and 51 (TSM) stations north of 5.0

y X r A B By (y/X)meantsd  Ymeantsd € €0
[mgm~3] [m~Y [mgm=3] [mgm=2 [mgm~2] [mgm=2] [mgm=3 [mgm=3] [mgm~3
Chl 1/Zpwhite 0.16 1.50 1.7 8.5 11%56.2 1.8+1.0 0.9 1.1
chl 1/Zppue 0.16 1.50 1.0 5.0 5831 1.8+1.0 1.0 1.7
Chl 1/Zp,green 0.09 1.71 0.3 3.0 8441 1.8+1.0 0.9 1.4
Chl 1/Zp red 0.24 1.33 15 4.9 6231 1.8+1.0 0.9 1.1
y X r A B Bg  (y/X)meantsd Ymeantsd & €0
[gm=3  [m7Y [gm=3]  [gm=2  [gm~? [gm=2  [gm=3]  [gm~3]  [gm~3]
TSM 1/Zp white 0.76 0.12 6.2 6.8 7423.0 1.2+0.8 0.5 0.5
TSM 1/Zppue 0.54 0.71 1.4 2.5 3619 1.2+0.38 0.6 0.8
TSM 1/Zp,green 0.68 0.27 3.8 4.6 5424 1.2+0.8 0.5 0.6
TSM 1/Zpred  0.73 0.08 3.6 3.8 4818 12408 0.5 0.5
Zp,black(c + K1)pnot Should be equal to Ix) = 4.7 for the The mean valuet the standard deviation of the ratio

30cm black disk, but the observed mean value is only 40 %{(c+ K1 )pnot/(c+K1.)s55 becomes 1.080.01, supporting our
of this. Observations with a black bow#g piack, resulted  assumption in Sect. 2 about the monochromatic character of
in 20-30 % greater depths than with the black disk, but thethe photopic coefficients. Similarly, the ratigshot/csss and
productZg piack(c + K1 )phot is still less than half of the pre-  cphot,disk/css5 are both 1.02-0.01, while the mean value and
dicted value. One explanation for the deviation could be thatstandard deviation o', phot/ K1 555 are greater, 1.1£0.05
the black bowl is not perfectly black. It could also be that (Table 5). The attenuation coefficiertsho fiter aNd K7 silter
the use of colour filters and a black disk or bowl introducesderived from luminances observed through colour filters are
effects that we have not included in k. strongly correlated with the corresponding monochromatic
If the diameters of the white and black disks are reducedcoefficients with correlation coefficients very close to 1.0
from 30 to 10 cm, the values @f; and W will change, and  (Table 5). The slope of the best-fit line through the origin
the corresponding Secchi depths including colour filter ob-for the blue and green filters obtains values between 0.95
servations are predicted by the right-hand side of E#). {o and 1.01, while the red filter deviates more from 1.0 with
be reduced within the range 13-22 %. The observations showhe slopes 1.06 and 1.21. Thus our conclusion is that the
that the decrease in size reduces the Secchi depth on averagenochromatic assumption works satisfactorily.
by 10-20 %, in agreement with this theoretical estimate (Ta- The correlation coefficientis 0.95 for the linear relation-
ble 4). The best-fit line through the origin for all depths of ship betweersss and I/ Zp white, While r is reduced to 0.72
the 10 cm disk as a function of the depths of the 30 cm diskfor K, 555 as a function of 1Zp white (Table 6). Similar re-
obtains a slope of 0.83 (Fig. 4), indicating an average Secchsults are found for the other MERIS channels at 412, 443,
depth reduction of 17 % for the 10 cm disk. 490, 510, 620 and 665 nm. Whites in the range 0.86—0.95
The use of a telescope chang@sair to 0 andW to 1, for ¢, it is reduced to the range 0.66—0.78 %y, This re-
and according to Eq2() the depth of the 30 cm white disk sult is reasonable sinaecontributes more thak; to the
should then increase by 12 %. A few earlier observations consum ¢+ K1) which determine&p white. The correlation co-
firm this estimate. Experiments made with a 10 cm disk (Ta-efficients for K4 as a function of 1Zp white at the MERIS
ble 4) show that the telescope increagesvhite, 100N average  channels are in the range 0.59-0.86, andkfgiin the range
by 14 %, and that the effect dfp fiter, 10 iS Of the same order  0.43-0.72 (Table 6). The errors of the estimated vertical co-
of magnitude. If all open-eye and filter observations are putefficients are greatest fagf, and smallest foK ;. . In the blue
together (Fig. 5), the best-fit line through the origin obtainsand green parts of the spectrum there are no significant dif-
the slope 1.19. Thus we may state, based on Table 4, that tferences between the best-fit line through the origin and the
use of a telescope increasés within the range 10-20 %. line with a constant term. At 665 nm, however, the introduc-
There is practically no difference between observations oftion of a constant term reduces the rms error from 0.23 m
the white Secchi disk on the sunlit and shadow sides of theo 0.07 nT? (Fig. 7).
ship (Fig. 6), while the depths observed with colour filters Linear relationships between the Secchi depths observed
may be reduced by up to 17 % on the shadow side (Table 4)through glass filters and the coefficientsK;, Kq and K,
at the wavelengths of peak visual sensitivity at 470, 540 and

Ocean Sci., 10, 177199 2014 www.ocean-sci.net/10/177/2014/



E. Aas et al.: Secchi depth in the Oslofjord—Skagerrak area

Table 10.Nomenclature.

Symbol  Description Introduced
A Dimensionless function Eq. (20)

A Constant of correlation analysis Sect. 4.5
Aq Dimensionless function Eq. (21)

Ao Dimensionless function Eq. (21)
app Absorption coefficient of bleached particles Sect. 3.1
ay Absorption coefficient of yellow substance Sect. 3.1
B Constant of correlation analysis Sect. 4.5
Bo Constant of correlation analysis Sect. 4.5
bp Scattering coefficient of particles Sect. 3.1
C Visual contrast between Secchi disk and background Eq. (1)
Cair Contrast of the Secchi disk observed in air Eq. (13)
Chl Concentration of chlorophydl Sect. 3.4

Ct Visual threshold contrast Eq. (1)

c Beam attenuation coefficient Eq. (2)
Cphot Beam attenuation coefficient for nadir luminance Sect. 4.1
D Diameter of the Secchi disk Eq. (14)
Eair Downward illuminance or irradiance in air Eq. (17)
Eq Downward illuminance or irradiance in the sea Eq. (6)
Ey Upward illuminance or irradiance in the sea Sect. 3.4
H Height of the observer's eye above the surface of the sea Eq. (22)
j Angle of refraction in water Eq. (22)

Ky Average vertical attenuation coefficient of downward irradiance Sect. 5.1
K Average vertical attenuation coefficient bfz) Eq. (9)

K phot Average vertical attenuation coefficient of luminance from nadir Sect. 4.1
Kq Average vertical attenuation coefficient of quanta irradiance (PAR) Eq. (24)
Ku Average vertical attenuation coefficient of upward irradiance Sect. 5.1
k 787ms? Eq. (14)

L Nadir radiance and luminance from the background in the sea Eq. (1)
Lp Nadir radiance and luminance from the Secchi disk Eqg. (1)
Ly Radiance from sun and sky reflected at the surface Eq. (12)
Lw Water-leaving radiance Eq. (12)
L, Path function along path outside the disk Eqg. (3)
L+p Path function along path from disk to observer Eq. (2)

n Index of refraction for water Eq. (12)

[ Radiance/irradiance ratio Sect. 3.4
R? Coefficient of determination Sect. 4.4
Ry Sub-surface radiance reflectance of the sea Eq. (7)

r Correlation coefficient Sect. 4.4

R Radiance/irradiance ratio Eq. (18)

sq Standard deviation Table 4

Sx Standard deviation of Sect. 4.4

sy Standard deviation of Sect. 4.4
Sx,y Covariance of andy Sect. 4.4

To Transmittance of quanta irradiance between the surface and the Secchi depth Eq. (24)
TSM Concentration of total suspended material Sect. 3.4
Turb Turbidity Sect. 5.3

U Wind speed Eq. (14)

w Contrast transmittance at the water—air interface Eq. (14)
x Independent variable Sect. 4.4

y Dependent variable Sect. 4.4

z Vertical coordinate, positive downwards, zero at surface Eq. (2)
ZBblack Secchi depth of the black bow! Sect. 4.5
Zpplack Secchi depth of the black disk Sect. 4.5
Zpplue  Secchidepth of the white disk observed with blue filter Sect. 4.5
Zp,green  Secchi depth of the white disk observed with green filter Sect. 4.5
Zpred Secchi depth of the white disk observed with red filter Sect. 4.5
Zpwhite  Secchi depth of the white disk observed with naked eye Eqg. (5)
Zqg(p %) Depth where the quanta irradiance is reduceg % of the surface value Sect. 5.2

a Apparent angle from the observer’s eye across the Secchi disk Eq. (22)
& Root-mean-square error Sect. 4.8
£0 Root-mean-square error Sect. 4.8
A Wavelength Sect. 3.1
PDL Luminance or radiance reflectance of the Secchi disk Eqg. (6)
PL .air Fresnel-reflected luminance or radiance towards the zenith Eq. (17)

Luminance or radiance transmittance for a ray of normal incidence at the watég- (12)

air interface
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620 nm (Table 2) have also been calculated (Table 7). The tral irradiance measurements, Cont. Shelf Res., 16, 1343-1353,
rms errors of the estimated coefficients are in the range 0.07— 1996a.

0.47 nT1, or 10-80 % of the corresponding mean values. TheAarup, T., Holt, N., and Hgjerslev, N. K. Optical measurements in
accuracy of the estimates based on the white disk and naked the North Sea-Baltic Sea transition zone, Ill. Statistical analysis
eye is equal to or better than the estimates from colour filter of bio-optical data from the Eastern North Sea, the Skagerrak and
observations the Kattegat, Cont. Shelf Res., 16, 1355-1377, 1996b.

The mean vertical attenuation coefficient of quanta irra_Aas, E.: Estimates of radiance reflected towards the zenith at the
q surface of the sea, Ocean Sci., 6, 861-876,16005194/0s-6-

diance or PAR between the surface and the Secchi depth, 861-20102010.

Kq, may be estimated fromyZp,white With an rms error less  aa5 E. and Hajerslev, N. K.: Analysis of underwater radiance ob-

than 22 % of the mean value &f, (Table 8). The mean val- servations: Apparent optical properties and analytic functions de-

ues of the ratioZ (10 %)/ Zp white and Zg(1 %)/ Zp white are scribing the angular radiance distribution. J. Geophys. Res., 104,

0.9 and 2.2, respectively, or very close to 1 and 2. Table 8 8015-8024, 1999.

shows that estimates @ from observedZp white Will have Aas, E. and Hakedal, J.: Reflection of spectral sky irradiance on the

relative errors in the range 20-30%. The depth of the eu- surface of the sea and related properties, Remote Sens. Environ.,

photic zone may be defined &g(1 %) (Fig. 8), and accord- 70, 181-190, 1999. _ _

ing to Table 8 this depth can be estimated by an rms errofas. E. and K_orsb;a, B.: Self-s_hadlng effect by ra_dlance meters on

of 24%. Consequently these relationships will provide very upward radiance observed in coastal waters, Limnol. Oceanogr.,
. . . T 42,968-974, 1997.

useful checks of our irradiance measurements. Relatlonsh|pg

) as, E., Andresen, T., Layning, T., and Sgrgard, E.: Eutrofisitu-
for Zq(3 %), Zq(lO %) andzZq(30 %) as functions ofq(1 %) asjonen i Ytre Oslofjord. Delprosjekt 3.7: Optiske observasjoner
are presented in Fig. 9 and Table 8.

- ) — Overflatevannets kvalitet sett ut fra observasjoner i overflate-
The Secchi depth may also be used to estimate the concen- |aget. SFT (Norw. Environ. Agency) Report 388/90, 50 pp.,

trations of chlorophyll: (Chl) and total suspended material  1989.

(TSM) (Fig. 10). The estimates of Chl and TSM as func- Aas, E., Hgjerslev, N. K., and Hgkedal, J.: Conversion of sub-

tions of 1/ Zp have average errors of 50-90 % and 40-70%, surface reflectances to above-surface MERIS reflectance, Int. J.

respectively (Table 9, Fig. 10). Still, these estimates will pro- Remote Sens., 30, 5767-5791, 2009.

vide the order of magnitude of the concentrations. Andres_en, A Siktedyputvikliqgen i Oslofjorden 1936-92, Master
Our overall conclusion becomes that Eg1) quantifies thesis, Dept. Geophys., Univ. Oslo, 228 pp., 1993. _

well the relationships between the white disk and the opticaf*!'® J-» Molveer, J., and Stigebrandt, A.. Observations of inshore

. I . water exchange forced by a fluctuating offshore density field,
attenuation coefficients, but less so for the colour filters and |\~ "\ Bull,, 33, 112-119, 1996.

the black disk. The S_eCCh' dethS pro"'?“? very useful CheCk%lackwell, H. R.: Contrast thresholds of the human eye, J. Opt. Soc.
of the monochromatic attenuation coefficients and of chloro- o 36 624-632, 1946.
phyll a and total suspended material. We assume that thergoguslawski, G. V.: Handbuch der Ozeanographie, Band . Raum-
may be regional differences for the found relationships, and liche, physikalische und chemische Beschaffenheit der Ozeane,
they should be tested out for different oceanic regions and Verlag von J. Engelhorn, Stuttgart, 400 pp., 1884.
water types. Cox, C. and Munk, W.: Statistics of the sea surface derived from
sun glitter, J. Mar. Res., 13, 198-227, 1954a.

Cox, C. and Munk, W.: The measurements of the roughness of the
AcknowledgementsThe in-water spectral irradiance and radiance  sea surface from photographs of the sun’s glitter, J. Opt. Soc.
data from the Oslofjord—Skagerrak area were collected in 2002— Am., 44, 838-850, 1954b.
2003, as parts of two validation projects: “Validation of MERIS Davies-Colley, R. J.: Measuring water clarity with a black disc,
Data Products” (VAMP) funded by ESA, the Norwegian Space Limnol. Oceanogr., 33, 616-623, 1988.
Centre and the Norwegian Institute for Water Research (PRODEXDuntley, S. Q.: The visibility of submerged objects. Final Rep., Vis-
contract no. 14849/00/NL/Sfe(IC)), and “Regional Validation  ibility Lab., Mass. Inst. Tech., 74 pp., 1952.
of MERIS Chlorophyll Products in North Sea Coastal Waters” Fleming-Lehtinen, V. and Laamanen, M.: Long-term changes in
(REVAMP), funded by an FP5 research contract from the European Secchi depth and the role of phytoplankton in explaining light

Commission (contract no. EVG1-CT-2001-00049). attenuation in the Baltic Sea, Est. Coast. Shelf Sci., 102-103, 1-
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