Sources of variance of downwelling irradiance in water
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The downwelling irradiance in water is highly variable due to the focusing and defocusing of sunlight and
skylight by the wave-modulated water surface. While the time scales and intensity variations caused by
wave focusing are well studied, little is known about the induced spectral variability. Also, the impact of
variations of sensor depth and inclination during the measurement on spectral irradiance has not been
studied much. We have developed a model that relates the variance of spectral irradiance to the relevant
parameters of the environmental and experimental conditions. A dataset from three German lakes was
used to validate the model and to study the importance of each effect as a function of depth for the range

of 0 to 5m. © 2011 Optical Society of America
OCIS codes:

1. Introduction

The determination of optical properties of water
bodies under natural illumination conditions re-
quires a measurement of the downwelling spectral ir-
radiance, E;(1). However, if this measurement is
performed below the water surface, it can introduce
a large error, because E; usually shows very high
short-term variability due to focusing and defocusing
of sunlight by surface waves [1,2]. These wave-
induced irradiance variations depend strongly on
wind speed, solar elevation, and depth [3-5] and
are most pronounced at a relatively smooth water sur-
face and clear sky [6,7]. Under these conditions, varia-
bility is typically in the order of 20% to 40% near the
water surface [4,8], but flashes with durations of ten
to several tens of milliseconds can increase the inten-
sity up to a factor of 5 [4]. The strongest fluctuations
were observed in the upper 2m [8].

It can be an advantage to avoid the wave focusing
effect by measuring E;(1) above the water surface,
e.g., for the determination of subsurface reflectance
[9,10]. But for some optical properties such as the
diffuse attenuation coefficient or bottom reflectance,
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in-water measurements are unavoidable. In these
cases, the large variability of irradiance can intro-
duce significant errors to the derived parameters.
It is very difficult to quantify the error, and in parti-
cular its wavelength dependency, because, to our
knowledge no model exists so far that relates the
variability of the E, intensity and spectral shape
to parameters of the wave focusing effect that can
be determined easily during a field campaign. We
have developed such a model and applied it to a large
dataset from three German lakes to study the varia-
bility of intensity and spectral shape of irradiance in
the depth range from 0 to 5 m and to quantify the im-
pact of environmental (wave focusing, wave-induced
changes in the water column’s height above the sen-
sor) and experimental conditions (tilted irradiance
sensor, variable sensor orientation).

2. Model

A. Parameterization of Irradiance

The downwelling irradiance for an observer in air or
in water (E;) is the sum of a direct (E;;) and a dif-
fuse (Eg4;) component, where the direct component
represents that part of the extraterrestrial solar irra-
diance that has been directly transmitted through
the atmosphere and eventually the water along



the line of sight between the Sun disk and observer,
and the diffuse component is the radiation that
reaches the observer from the other directions due
to scattering in the atmosphere. We express this
sum as follows:

E;(2,2) = faaBaa(4:2) + f asEas(4,2), (1)
where 1 denotes wavelength and z is the sensor
depth. The 4 symbol is omitted in most equations
for brevity. The parameters f;; and f,4, describe the
intensity changes of E;; and E;, compared to condi-
tions with undisturbed illumination geometry. For an
observer in air, these reference conditions (with
faa =f4s = 1) are defined by a cloudless atmosphere
and unobscured sky view, for an observer in water
additionally by a plane water surface without wave
focusing. 0 <fy; < 1 corresponds to measurements
when waves or obstacles decrease the magnitude
of the direct component (shadowing effect), fyq > 1
when E,; intensity is increased (wave focusing ef-
fect). Likewise, a decrease of the diffuse component
compared to undisturbed geometry is described by
0<f4 <1, and an increase by [z, > L

The diffuse component at depth z is related to that
below the surface as follows:

Eqs(2) = Eq5(0-) exp{-Kgs2las}- (2)

The symbol 0- indicates that the sensor is in water
and just beneath the water surface. K, is the aver-
age diffuse attenuation coefficient of the water col-
umn between the depths 0- and z. A factor /g, is
introduced as the average path length of diffuse
radiation.

The direct component is attenuated along a path
with length z/ cos @ gun:

Edd<z>=Edd<o-)exp{_ Koz }

€08 ' sun

(3)

K, is the average attenuation coefficient for direct
radiation between the depths 0- and z. The Sun
zenith angle in water, 0'g,,, is related to that in
air, Ogu,, by Snell’s law n,, sin@'g,, = sinfg,,, with
n, denoting the refractive index of water.

B. Variance of Irradiance

The change of E; at depth z during a measurement is
expressed by the differential dE; of Eq. (1):

dEq(z) = df 4aEqa(2) + faadEqq(z) + df gsEq(2)
+ fasdEq(2). (4)

The four terms of the equation describe the four
sources of variability: changes of the direct (dE ;)
and diffuse (dEy,) irradiance components caused
by intensity changes just below the surface or by
variations of sensor depth, and variable weighting
factors (df 44, df 4s) provoked by waves.

The change of E;; during a measurement is ob-
tained from the differential of Eq. (3):

dEqq(z) = [dEdd(O—) - E44(0-)

K
x exp{—*‘fz}.
cos @' sun

K 4, and €'g,, are assumed constant during the mea-
surement, ie., dK;; =0 and df'g,, =0 was set.
E;;(0-) is proportional to the cosine of the incidence
angle of the Sun’s rays on the detector:

K,
7‘{01(12}
cos @' sun

E;q4(0-) = EY,; cos(6'sun + 6s),

where Eg , denotes the irradiance for ¢'g,, = 0 and
0, = 0. This equation accounts for a potential tilt
of the E; sensor by an angle 0, relative to a horizontal
plane. It follows

dEdd(O_) = _Egd Sin(g/Sun + es)dgs
= _Edd(O_) 1:‘an(e/Sun + Hs)desa

and further

Kaq
—= dz|.
cos @' gun ¢

(5)

For the diffuse irradiance, it is assumed that neither
waves nor a tilted sensor change the average inci-
dence angle on the detector significantly;i.e., E4,(0-)
is assumed constant. This assumption implies that
the changes of the angular radiance distribution
induced by waves and sensor tilt are small. Using
dE (0-) =0 and dl = 0, it follows from Eq. (2):

dE5(2) = =K 4sE 45(2)1 45dz. (6)

By introducing the ratio of direct to diffuse
irradiance,

dEdd<Z) = _Edd(z) tan(@’sun + Hs)des +

il o

E;; and E;; can be expressed in terms of E; as
follows:

ra(z) Eq(2)

Baale) = ra(@)+1 faq

(8)

1 E4(2)
ra@)+1 fas
Combining the above equations leads to

Eds(z) =

9)

dFa(e)=—Eale) 25

. Kaa df, dd}
cost'sun  fad

[tan(e/Sun +0; )dgs

E,(2)
rq(z)+1

{deldsdz—dfds:l .
fds
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Rearranging gives

dE4(2) rq(2) dfaa  rq(2)
= - tan(0'gy, + 0,)d0,
Ey) rale) +1 faa ~rale) 11005 )
1 K qrq(2)
- K,
rq(z) +1 | cos&gun + lasKas | dz
1 dfds

Jr"d(z) +1 fas (10)
This equation parameterizes the relative change of
E,; as a function of variable wave focusing (df 44,
df 45), changing sensor orientation (df,) and variable
sensor depth (dz) during the measurement. Expres-
sing the equation as a variance leads to the following
result:

tively; pqq and pg, are the reflectance factors of direct
and diffuse radiation at the water surface, respec-
tively; and F, is the aerosol forward scattering prob-
ability. More details are given in [11], where the
equations for T, T, and F, are taken from [12].

Equation (12) shows that the wavelength depen-
dency of r;(0-) is determined by the scattering com-
ponents of the atmosphere but not by its absorbing
components. Consequently, the distinctive spectral
gradients of E;, originating from the extraterrestrial
solar irradiance and the absorbing components of the
atmosphere, are not present in r;(0-). Rather,
rqy(0-) has a smooth spectral shape, as illustrated in
Fig. 3. For depth z, the following relationship is
obtained [11]:

Bt | i ] |

n 1 2 [Kgq(M)ra(4,2)
rqa(A,z)+1 €08 &' sun

rq(,z) 12 :

(iz) + 1] tan?('sun -+ 6;)var(6] .
2 2 A

+ ldsts(/l)] var(z] + [rd(ﬂ,z) - J var[ thsis].

The equation shows that a variable direct component
of irradiance (var[Afy/fqq] # 0), caused for instance
by the wave focusing effect, induces a spectral change
todownwelling irradiance that is characterized by the
ratio [ry(4)/(rq(4) + 1)]?. Measurement errors caused
by a tilted (6, = 0) or a swaying (var|[f,] = 0) E; sensor
have the same spectral characteristics; hence, analy-
sis of E; measurements cannot distinguish between
these effects. Because the wave focusing effect alters
the illumination geometry and a tilted or swaying
sensor the viewing geometry, the ratio [ry/(rq + 1)]2
is called henceforth the geometry factor.

If the diffuse component of irradiance is changing
(var[Af 45 /f 5] # 0), the irradiance variance is propor-
tional to 1/(rg(4) +1)2. A variable sensor depth
(varlz] # 0) induces the most complex changes to the
irradiance spectrum, with dependencies on rg(4),
0 sun> Kqq(4), and K 4,(1). The wavelength dependency
and typical magnitudes of the factors of var[AE; /E |
are illustrated below in Section 4 (Fig. 2).

C. Ratio of Direct to Diffuse Irradiance

According to Eq. (11), the ratio of direct to diffuse
irradiance, r;, is a key parameter of irradiance
variance. Just below the water surface, this ratio
is given by [11]

:fﬁ 2TrTas(1 _pdd)
de [1 - T9'95 + 2T}5(1 - Tas>Fa](1 _Pds) '
(12)

rq(0-)

T, and T, are the transmittance spectra of the atmo-
sphere after Rayleigh and aerosol scattering, respec-
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rq(z) =rq(0-) exp{ <ldsts - cogﬁ)z}. (13)

The wavelength dependency of r;(0-) is altered at
depth z > 0 by a factor whose spectral shape is deter-
mined by K4, and K g;. This depth dependency of r; is
illustrated in Fig. 3.

D. Attenuation

A beam of light passing a water layer is affected by
absorption and scattering processes along its path,
resulting in spectrally dependent intensity changes.
For irradiances, a diffuse attenuation coefficient K
parameterizes the average changes along the various
paths. The bulk coefficient for E;, denoted K, has
been studied extensively (see [13] for an overview),
but we are not aware of analytic models for the coef-
ficients K4, and K ; as defined by Eqgs. (2) and (3),
respectively.

Because an irradiance sensor detects radiation
from angles covering a hemisphere, only a part of
the photons that are scattered out of the incident di-
rection is lost for detection. For a beam incident per-
pendicular on an irradiance sensor, these are the
backscattered photons. They are parameterized by
the backscattering coefficient b, (1), which measures
the resulting decrease of photon flux per length (in
units of m™!). Hence, the following approximation
is made:

Kys(2) = Kqq(2) = a(2) + bp(4), (14)
with a(4) denoting the absorption coefficient of the
water layer. Equation (14) corresponds to a widely



used approximation of the wavelength dependency of
K ,(2) [14]. However, the b, term is exactly valid only
for the idealized condition of perpendicular incidence
of all radiation, which is never the case during in situ
measurements. For beams with non-nadir incidence,
a portion of backscattered photons is detected, and a
fraction of the forward scattered radiation gets unde-
tectable. In order to validate the approach, radiative
transfer simulations using the well-established
model Hydrolight [15] were performed for different
depths and Sun zenith angles [11]. These confirm
that Eq. (14) describes the wavelength dependency
of K ;. and K ; with high accuracy.

Hydrolight simulations were further made to de-
termine the average path length for diffuse radia-
tion. The result was [;, = 1.18 £0.05 for z in the
range 0.5 to 5m and 6g,, between 20° and 60° [11].

The optical properties of water are calculated as
follows (for A in units of nanometers):

a() = aw(4) + Caypy, * (1) + Y exp[-S(1-440)], (15)

bb(ﬁ) = bb,W(ﬂv) +Xbb,X * . (16)

aw(A) and by, w(4) are the absorption and backscatter-
ing coefficients of pure water, respectively. The spec-
trum aw (1) used here is a combination from different
sources: 350—-390 nm, interpolation between Quick-
enden and Irvin [16] and Buiteveld et al. [17];
391-787 nm, Buiteveld et al. [17]; 788-874nm, our
own unpublished measurements on UV-treated pure
water; 875-1000 nm, Palmer and Williams [18]. For
by w(4), the relation of Morel [19] is used: by w(4) =
b1(4/500)7+32 (4 in nm) with b; = 0.00111m™' for
fresh water.

Three types of water constituents are considered:
phytoplankton, gelbstoff (also known as yellow sub-
stance or colored dissolved organic matter), and sus-
pended particles. Phytoplankton and gelbstoff are
treated as pure absorbers, and suspended particles
are treated as pure scatterers. Phytoplankton con-
centration, C, is expressed as mass of the pigments
chlorophyll-a plus pheophytin-a per water volume
(mgm™3), its specific absorption coefficient, app * (4),
is species dependent. Here, a spectrum a,; * (1) is
used that represents a typical phytoplankton mix-
ture for Lake Constance [20,21]. Gelbstoff concen-
tration, Y, is expressed in units of absorption at
440 nm(m™!); its specific absorption coefficient is ap-
proximated by an exponential function with spectral
slope S = 0.014nm™!, which is representative of a
great variety of water types [22,23]. The concentra-
tion of suspended particles, X, is expressed as mass
per water volume (gm~3). Backscattering of sus-
pended particles is approximated as a wavelength-
independent function with b&,x* = 0.0086 m?g1,
which is representative for Lake Constance [21].

3. Materials and Methods

A. Instrumentation

A commercial irradiance sensor manufactured by
TriOS (Oldenburg, Germany) was used for the mea-
surements. It is part of a sensor system that consists
of three submersible hyperspectral radiometers to
obtain simultaneous underwater measurements of
downwelling irradiance (E;), upwelling irradiance,
and upwelling radiance. Only the E; data are used
in this paper. The E; sensor, which is from the series
RAMSES-ACC-VIS (serial number SAM_8109;
SAM_806F on 26 June 2004), measures the down-
welling spectral irradiance from 320 to 950 nm at
a spectral sampling interval of 3.3 nm with a 7mm
diameter cosine collector.

A two-axis inclination module with pressure
add-on (TriOS, serial number ADM_CO030) is
mounted inside the E; sensor housing. It provides si-
multaneously to each data take information about
sensor depth (at 0.1bar resolution, corresponding
to 10 cm water column) and inclination (at 1° resolu-
tion). Because the axes were not aligned relative to
the rod axis, only total inclination is used.

B. Dataset

A dataset of 421 downwelling irradiance measure-
ments was collected in 2003 and 2004 at the German
lakes Bodensee (Lake Constance), Starnberger See,
and Waginger See. Each measurement consists of
4 to 50 individual data takes at a similar sensor
depth. The number of all single spectra is 4375;
the average per measurement is 11. The measure-
ment time varied from 21 to 700 s with an average
of 105s. Integration time and repetition rate were
set automatically by the instrument electronics. Rea-
lized values of the integration time were 8, 16, 32, 64,
128, 256, and 512 ms. 98% of the data has integration
times between 16 and 64 ms (16 ms, 38% of the data;
32ms, 45%; 64 ms, 15%); the average is 34 ms.

The campaigns were performed mostly in shallow
waters using a small boat that was slightly swaying
during data acquisition due to wind and waves. The
Sun zenith angle ranged from 24° to 66°; the average
was 38.5°. The sensor system was placed at a dis-
tance of 2 to 3m from the boat, beyond its shading
influence. Measurements were performed in various
depths ranging from 0 to 5m. A 25 m long cable was
used to transfer the data to an on-board computer for
storage. Figure 1 provides a summary of the mea-
surement conditions as derived from the pressure
and inclination sensors.

The averages are 0.67 m for sensor depth and 5.8°
for inclination. The respective standard deviations
during a measurement are 0.043m and 1.6°, corre-
sponding to variances of 0.0019m? and 0.00074 sr2.
Hence, z = 0.7m, 0g,, = 40° and var[6,] = 0.0007 sr?
are used in the simulations in Section 4 to represent
typical measurement conditions (see Table 1). Be-
cause the relative z values can be determined more
accurately from the E; measurements by inverse
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Fig. 1. Sensor depth and inclination of all individual data takes.

modeling than using the pressure sensor (which has
just 0.1m resolution), the var[z] value in Table 1 is
from the E, fits as described below.

C. Data Analysis

The raw data of the irradiance sensor were calibrated,
resampled to the interval 350-900nm in steps of
5nm, and converted to ASCII format using the TriOS
software MSDA (Multi Sensor Data Acquisition, ver-
sion 1.99, build 0214). The radiometric response of the
E; sensor used for calibration has been determined in
air by the instrument manufacturer in March 2003.
Because refraction, reflection, and transmission at
the entrance optics are different if the medium is
water or air, the sensor response in water changes
by the so-called immersion factor I; compared to that
in air [24]. Zibordi and Darecki [25] have determined
this factor for three TriOS RAMSES-ACC-VIS radio-
meters in the spectral range 400—700 nm and con-
cluded that 1.376 is a convenient approximation at
an uncertainty of ~2%. Hence, all irradiance spectra
exported by MSDA were multiplied by I, = 1.376
during postprocessing.

Table 1. Model Parameters and Values Used for Simulation

Parameter Value Description
fad 1 Fraction of direct downwelling
irradiance
fas 1 Fraction of diffuse downwelling
irradiance
z 0.7m Depth
Osun 40° Sun zenith angle
O 0° Sensor tilt angle
var[Af ga/f ad) 0.07 Variance of direct component
of irradiance
var[Af gs/f as] 0.11 Variance of diffuse component
of irradiance
varz] 0.003m?  Variance of sensor depth
var(d,] 0.0007sr?  Variance of sensor tilt angle
C 2mgm=  Phytoplankton concentration
X 0.6gm=  Suspended matter concentration
Y 0.3m™! Gelbstoff absorption at 440 nm
2196 APPLIED OPTICS / Vol. 50, No. 15 / 20 May 2011

The equations derived in Section 2 and the model
parameters summarized in Table 1 are used in
Section 4 to simulate the spectral dependency of
the factors responsible for irradiance variance and
to illustrate the dependencies of r; and [ry/(ry +
1)]? on the wavelength, Sun zenith angle, and depth.

The depth-dependent model of downwelling irradi-
ance, as given by the equations in Subsections 2.A
and 2.D, was implemented into the public domain
software WASI [26,27], which allows simulation of
different types of optical measurements in aquatic
environments and analyze such measurements by
inverse modeling (see [11] for more details). Inverse
modeling was applied to all 4375 single spectra
E;;(2) in order to determine the parameters fgq;,
fasi» 2i» Xi, and Y; for each individual data take i.
paqa and pg. were calculated as a function of gy,
and n,, = 1.33 was set to represent fresh water. The
X and Y values of Table 1 are the resulting averages
of all measurements with a water column of at least
1.5m above the sensor [11].

The variability of f 4, f 45, and z during a measure-
ment and the resulting impact on irradiance was
analyzed as follows. First, the mean values of f ,,
f4s, and z were calculated for each measurement
by averaging the values f44;, f4s;, and z; of the re-
lated individual data takes. Then the differences
between the individual parameters and the means
were calculated as Afgq; = faai —fad> Afasi = Fasi—
fas, and Az; = z; — z. According to Eq. (11), the rele-
vant parameters of irradiance variance are the
relative changes of f;; and f,;; and the absolute
changes of z. Thus, the analysis of variability in
Section 5 is based on the parameters Afgq;/faa,
Afgsi/fas, and Az;. Furthermore, the correlation
coefficients between these parameters and the corre-
sponding irradiance changes are calculated for se-
lected depth intervals to investigate their impact
on irradiance. The average variances var[Af ;5/f 44l
var[Af 4 /fas), varjz] listed in Table 1 were obtained
by calculating the variances of Af 4, /fada, Afasi/fas»
and Az; of all 421 measurements and then aver-
aging these.

In order to quantify spectral changes during a
measurement, two indices are introduced, as follows:

E,4;(400) E4;(700)
IVISi = F,(400) ~ E,4(700)
E;;(755) E4;(700)
E,(755)  E4(700)

YNIR,; —

The index yyig is a measure of spectral changes
across the visible spectral range from 400 to 700 nm;
the index yyig is a measure of changes in the near
infrared between 700 and 755nm. Two indices are
used, because it is expected from Eq. (11) that basi-
cally two variable parameters influence the spectral
shape of irradiance: geometry and depth. The figure
of 700nm is selected as common reference wave-
length because absorption of water is relatively low



below 700 nm and increases strongly above 700 nm;
hence, geometry effects are expected to dominate ir-
radiance changes below 700 nm and changes of the
sensor depth above. Both indices can be derived
directly from the measurements E,;;(4) without the
necessity of fitting a model to the spectrum; as this
is the case for fyq;, fasi, and z;.

4. Model Results

A. Sources of Irradiance Variance

Changes of the downwelling irradiance during a mea-
surement can be caused by variable fractions of direct
and diffuse radiation (fy4, f4s) due to the wave focus-
ing effect, by a variable sensor tilt angle (6,), and by a
variable sensor depth (z). Equation (11) describes
quantitatively the impact of these factors on the irra-
diance variance. It shows that each effect changes an
undisturbed spectrum E;(1) by a characteristic wave-
length-dependent function, except variable f;; and 6;,
which induce the same spectral change. These char-
acteristic functions are illustrated in Fig. 2. The
shapes of the curves show the spectral changes of ir-
radiance induced by environmental and experimental
conditions, and the magnitudes represent the average
contribution of each effect to total irradiance variance
for our dataset. The simulations were performed
using the values of Table 1.

The dominating factor of irradiance variance in the
wavelength range from 410 to 830 nm are fluctuations
of the direct component due to wave focusing (Fig. 2,
curve 1). A tilting sensor induces the same wave-
length dependent variance (curve 2), but the effect
is 2 orders of magnitude lower. Curve 1 was calculated
as 0.07 [ry/(rq + 1))%, where 0.07 is the average var-
iance of Afy;/f4q of all our measurements; curve 2
was calculated as 0.0007 [ry/(rg + 1)]*tan?0 g,
where 0.0007 sr? corresponds to a 1.6° standard de-
viation of sensor inclination. The variance of diffuse
irradiance is shown as curve 3. It was calculated as
0.11/(ry + 1)2, with 0.11 expressing the average var-

0.06

o
o
=

Factor of var[AE4/E4]
o
S

0.00
400 500 600 700 800 900

Wavelength (nm)

Fig. 2. (Color online) Environmental and experimental factors re-
sponsible for irradiance variance: 1, variance of direct irradiance
due to wave focusing; 2, variance induced by tilting sensor (scaled
by a factor of 250); 3, variance of diffuse irradiance due to wave
focusing; 4, variance of sensor depth.

iance of Afy./f4s for our measurements. Curve 4
shows the impact of variable sensor depth on spectral
irradiance. It was calculated as 0.003[(Ky4ry/
c0s @' gun + 1.18K ;) /(rq + 1)]2, where the variance of
0.003m? represents a 5.5cm standard deviation of
the sensor depth.

B. Ratio of Direct to Diffuse Irradiance

When waves modulate the water surface or when the
sensor is tilted, the relative intensities of the direct
and diffuse components of irradiance are altered.
The resulting changes of the ratio r; of direct-to-
diffuse irradiance are a major cause of spectral
changes of the measured downwelling irradiance.
This fact is expressed quantitatively by Eq. (11),
where r; determines the intensity of each factor con-
tributing to E, variability during a measurement.
Figure 3 illustrates the dependency of r; on the
wavelength, Sun zenith angle, and depth. The wave-
length dependency is almost linear close to the sur-
face, but with increasing depth, the spectral features
of the water attenuation get more and more pro-
nounced in the infrared. The simulations were per-
formed using the values of Table 1, except z = 0 was
set for the 0g,, series in order to illustrate r;(0-)
near the surface.

C. Geometry Factor

The geometry factor [ry/(ry + 1)]? is the dominating
characteristic function describing spectral changes of
E,. This is clearly demonstrated by Fig. 2, where the
spectral shape of the dominating curve 1 is given by
[rg/(rq + 1)]2. Figure 4 illustrates the dependency of
the geometry factor on wavelength, Sun zenith angle,
and sensor depth. The simulations were performed
using the values of Table 1, except z =0 was set
for the 0g,, series in order to illustrate the geometry
factor near the surface.

5. Experimental Results

A. Sources of Variability During a Measurement

Typical examples for the observed variability be-
tween individual data takes of a measurement are
given in Figs. 5 and 6.

The measurement shown in Fig. 5 was performed
on 29 July 2003, 15:05h local time, at Lake Con-
stance (station RE17). Cloud cover was 4/8. Nineteen
single spectra were recorded during a measurement
time of 100s. Each individual spectrum was fitted
using Eq. (1) with 2z, f44, and f4, as fit parameters;
for the other model parameters, the values from
Table 1 were taken. The result was z =0.0012+
0.010m, f4q=0.77+028, f4 =0.92+0.03. Be-
cause sensor depth was very stable, the variability
of irradiance is caused primarily by the wave focus-
ing effect. The variance has the spectral shape that is
expected from curve 1 of Fig. 2.

The measurement shown in Fig. 6 was performed
on 30 July 2004, 12:40h local time, at Lake Con-
stance (station 20_1). Cloud cover was 2/8. Fitting
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of the individual spectra resulted in z = 0.061+
0.062m, fyy =1.06+0.13, and f, = 1.12+0.14.
Compared to the example before, f;; is more stable,
but z is much more variable. Consequently, the
spectral variability of irradiance is dominated by
variable sensor depth. Comparison with curve 4 of
Fig. 2 shows that the variance has the expected spec-
tral shape.

Visual screening of all measurements revealed a
similarity of each spectrum var[AE;/E,] either to
Fig. 5 or to Fig. 6 or to a combination of both. In order
to underpin this observation statistically, principal
component analysis was performed for the variances
var[AE;/E ] of all 421 measurements using the func-
tion “prcomp” of the software R [28]. Figure 7 shows
the result.

The first four components explain 98% of the irra-
diance variance. The dominating component, respon-
sible for 85.5% of the variance (curve 1), is spectrally
flat, except for a slight curvature at the borders
of the spectral range that may be caused by calibra-
tion errors (detector nonlinearity for low signals,

[rg/ (rg+ )P
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(Color online) Dependency of the ratio of direct to diffuse irradiance on (a) Sun zenith angle and (b) depth.

wavelength-dependency of immersion factor). Conse-
quently, the main impact of changing environmental
and experimental conditions on downwelling irradi-
ance is an altered scaling factor, i.e., a change of
intensity.

The second principal component, responsible for
6.2% of the variance for the current dataset, shows
the typical spectral feature of the sensor depth var-
iation (curve 4 of Fig. 2), which is caused by water
attenuation. The third component, responsible in
our dataset for 4.7% of the variance, is similar to
the spectral shape of the geometry factor [ry/(ry +
1)]? (curves 1 and 2 of Fig. 2); i.e., it is caused by vari-
able geometric conditions. The fourth component, ac-
counting for 1.6% of the variance, cannot be clearly
assigned to one of the factors of Fig. 2, but it resem-
bles a combination of components 2 and 3. The var-
iance of diffuse irradiance (curve 3 of Fig. 2) cannot
be identified clearly in the first four components. All
further components contribute less than 1% to the
total variance.
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(Color online) Ilustration of the geometry factor.
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B. Intensity Variability

We express intensity variability of irradiance during
a measurement as spectral average of AE;;/E; from
400 to 800nm, because for these wavelengths, the
principal component of var[AE;/E;] is constant
(see curve 1 of Fig. 7). AE,,/E; = (Eq; —E4)/E,
denotes the relative difference of a single spectrum
E;; compared to the average E; of all spectra col-
lected during the measurement. Figure 8 shows
these relative intensity changes for all 4375 single
spectra as a function of depth and also the resulting
variances of the 421 measurements. It can be seen
that variability can be very large near the surface,
and it decreases with depth.

The depth dependency of the irradiance intensity
variability is summarized quantitatively in Table 2.
Variability is maximal for the depth range of 0.5 to
1m, in which the average variance AE;/E; is
0.075, corresponding to a relative standard deviation
of 27% (N’ = 46). Above and below that depth range,
variability is on average lower, with relative stan-
dard deviations in the order of 18%. The gray line
in Fig. 8 illustrates the depth-averaged var(AE;/E;)

0.1
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0.08

0.06

0.04

var[AE4/Eq

0.02

400 500 600 700 800 900

Wavelength (nm)

(Color online) Example for the variability of irradiance measurements caused mainly by wave focusing and changing sensor tilt.

values of Table 2. It makes the peak of the irradiance
variance between 0.5 to 1 m evident.

As was described in Subsection 3.B, the integra-
tion time ¢ was set automatically by the instrument
electronics. The impact of this variable integration
time on the measured irradiance variance was stu-
died by correlation analysis. The correlation coeffi-
cient, r, is 0.29 between ¢ and z for the range 0.1
to 5m (N = 3026), which is significant on the 99%
confidence level, but explains only 8% of the ¢ varia-
bility. Hence, it is not surprising that the correlation
between ¢ and var[AE;/E,] is very low (r = —0.028)
and not significant. Consequently, the observed de-
crease of irradiance variance with depth is not
caused by an extended integration time.

In order to investigate the causes of intensity
variability as a function of depth, Table 2 shows
the coefficient of determination, 72, for the sources
of intensity variability at different depth intervals.
Calculation of Afyy/faq, Afas/fas, and Az was de-
scribed in Subsection 3.C. The last three lines of
Table 2 show that the correlation between these
parameters is in general low, suggesting that Eq. (1)
is a useful model with independent parameters. The

0:1
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Fig. 6. (Color online) Example for the variability of irradiance measurements caused mainly by sensor depth variation.
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Fig. 7. (Color online) Dominating components of irradiance var-

iance. Proportions of variance: 1 =385.5%, 2 =6.2%, 3 =4.7%,

4 =1.6%.

correlation is increased, with r2 values from 0.02 to
0.16, between Af.;/fqq and Afy/f4s, indicating a
weak relationship between the variabilities of direct
and diffuse irradiance due to their common origin,
the wave-roughened water surface.

Looking at the correlations with AE;/E,, it can be
concluded that fluctuations of direct irradiance
(Afga/faq) are the dominating factor of intensity
variability, explaining up to 82% of variance. The sec-
ond rank has a variable sensor depth (Az), which gets
more and more important with depth; it explains up
to 59% of irradiance variability (for the depth range
2.5 to 3.0 m). The variability of the diffuse irradiance
(Af 4s/f 4s) is of no importance at all depths. Figure 9
illustrates this result at two examples: it shows the
high correlation between AE;/E; and Af 4, /f 44 near
the surface and between AE;/E; and Az for the
depth range of 2.5 to 3.0m.

C. Spectral Variability

Typical spectral changes of irradiance are illustrated
in Fig. 10 for the measurements RE17 and 20_1,
which were already shown above in Figs. 5 and 6.

4 <
5
-1 -0.5 0 0.5 1
AEgi/Eq
(@)

Fig. 8.
during a measurement.
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The individual spectra E;;(1) were normalized by
the measurements’ mean E,(1), and these ratios
were normalized at 700 nm.

Variability of irradiance during the measurement
RE17 was caused primarily by geometry effects,
while that of 20_1 originated mainly from depth
variation (see Subsection 5.A). In the first case,
the spectral shape of E;(1) is affected especially
in the visible, in the second case, mostly in the
near infrared. The indices yvig and ynpr defined
in Subsection 3.C are a measure of these
spectral changes. yyig corresponds to the difference
¥(400) — 1, ynir to y(755) — 1 where y denotes the or-
dinate of Fig. 10. yyig ranges from —0.12 to 0.19 for
RE17 and from -0.04 to 0.06 for 20_1; the means
of the absolute values are 0.09 and 0.02, respectively.
ynir ranges from —-0.02 to 0.01 for RE17 and from
—0.18 to 0.18 for 20_1 with the corresponding means
0f 0.01 and 0.11. These indices yyig and ynig Were cal-
culated for all 4375 single spectra of our dataset. The
result is shown in Fig. 11.

It can be seen that spectral variability during a
measurement can be quite significant, both across
the visible spectral range and in the near infrared.
Table 3 summarizes the mean absolute values as
function of depth. yyig does not depend that much
on depth; the average of all values is 0.054. ynir
changes at a depth of 1 m: the average is 0.057 for
the range of 0.1 to 1.0 m and 0.037 for depths below
1m. 20% of our data exhibits spectral changes of
more than 10% either in the visible or in the near
infrared.

Table 3 summarizes further some statistical rela-
tionships for the spectral indices. The correlation be-
tween yy1g and yng is very low at all depths; i.e., yyig
and yNig are sensitive to two basically independent
effects. yvyig is highly correlated to Afy,/f 4 and sig-
nificantly to Afy/f4s; the respective coefficients of
determination are 72 = 0.64 and r? = 0.15 for all data
from 0.1 to 5m (IV = 3449). Hence, the index yyig
is sensitive to the wave focusing effect. ynr is not

5
103 102 1071 100
var[AE4/Ey]

(b)

(Color online) Intensity variability of irradiance as a function of depth: (a) relative differences of a single spectra and (b) variances



Table 2. Depth Dependency of Intensity Variability and Correlation with Main Causes?®

Depth Range (m) 0.10-0.25 0.25-0.50 0.5-1.0 1.0-15 1.5-2.0 2.0-2.5 25-3.0 3.0-5.0
N/N' 896,81 1051/60 492/46 367/39 209/28 123/10 128/19 144/11
var(AE,/E,) 0.026 0.038 0.075 0.040 0.049 0.029 0.021 0.014

12(AEy/Eg, Afaq/faq) 0.82 0.81 0.72 0.74 0.65 0.70 0.47 0.60
12(AEy/E g, Afas/fas) 0.00 0.03 0.00 0.00 0.02 0.04 0.01 0.00
r2(AE,/Ey, Az) 0.08 0.04 0.13 0.22 0.28 0.32 0.59 0.34
2(Af g /fads DFas/Fas) 0.05 0.02 0.11 0.15 0.16 0.13 0.07 0.08
12(Afgq/faa, A2) 0.00 0.00 0.00 0.04 0.04 0.08 0.12 0.08
12(AF s /Fas, A2) 0.05 0.03 0.03 0.02 0.04 0.03 0.01 0.01

“N, number of single spectra; N’, number of measurements. See text for details.

noteworthily related with Af;/fq4q and Afg/fqs at
any depth, but highly correlated to Az with r% =
0.68 in the upper meter (N = 2445). The correlation
decreases further down. Visual inspection of the
measurements showed that sensor noise becomes
significant at depths above approximately 2m for
wavelengths in the range of 735 to 900nm. This
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may explain the low correlation between yym and
Az for depths >2m.

6. Summary

In situ measurements of downwelling irradiance in
water (E,) are in general highly disturbed by large
intensity variations that are accompanied by
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(Color online) Relationship between (a) irradiance intensity variability and the changes of direct component and (b) sensor depth
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(Color online) Examples for spectral variability during a measurement: (a) RE17, relative irradiance changes caused mainly by

wave focusing and changing sensor tilt and (b) 20_1, caused mainly by depth variation.
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Fig. 11.
700nm) and (b) in the near infrared (755 versus 700 nm).

changes of spectral shape. We derived an equation
[Eq. (11)] that relates irradiance variance to chan-
ging environmental and measurement conditions.
An environmental factor that is well known to induce
very strong short-term intensity variations is the
wave focusing effect. We introduced two parameters,
faq and f 4, to quantify the actual fractions of the di-
rect and diffuse components of irradiance. The envir-
onmental condition responsible for E; variance, the
wave-roughened water surface, is then parameter-
ized by the variances of f;; and f;, to describe the
wave focusing effect and by the variance of sensor
depth to describe wave-induced changes in the water
column’s height above the sensor. Additionally, the
measurement conditions are defined by the sensor
tilt angle (6;,), sensor depth (z), and by the variance
of 6,. Hence, Eq. (11) is a model that attributes the
variance of E, intensity and spectral shape to the
parameters [ 44, f 4s» 95, and z and to their variances.
The equation shows that the ratio of direct-to-diffuse
irradiance, ry, plays a key role for spectral changes of
E ;. It shows further that a variable direct component
of irradiance induces the same spectral change as a
tilted or swaying sensor, which are both proportional
to [rq/(rq + 1)]? (geometry factor). The dependency of

-0.5 -0.25 0 0.25 0.5
YNIR
(b)

(Color online) Spectral variability of irradiance as function of depth: (a) relative spectral changes across the visible (400 versus

rq and [ry/(rq + 1)]? on wavelength, depth, and Sun
zenith angle was illustrated.

A large dataset was collected during field cam-
paigns in three German lakes at sensor depths be-
tween 0 and 5m. It consists of 421 measurements,
each composed of 4 to 50 single spectra of down-
welling irradiance. The measurements were first
analyzed statistically using principal component
analysis to determine the number and spectral
shapes of the major factors responsible for E; varia-
bility and to validate the irradiance variance model.
The first component, explaining 85% of irradiance
variance, is spectrally flat, i.e., changing environ-
mental and experimental conditions affect primarily
E,; intensity. The spectral shapes of the two next re-
levant components are similar to those expected from
the model for variable sensor depth and changing
geometry. Statistically relevant components with
spectral shapes inconsistent to the model were not
observed, suggesting that the model accounts for
all relevant sources of irradiance variability.

The basis of the irradiance variance model is an E;
model that distinguishes between the direct and dif-
fuse components of irradiance [11]. This E; model
was used to determine the parameters f 4, f4s, and
z for all single measurements by inverse modeling.

Table 3. Depth Dependency of Indices Describing Spectral Variability of Irradiance and Correlation with Parameters Describing the Main Causes?

Depth Range (m) 0.10-0.25 0.25-0.50 0.5-1.0 1.0-15 1.5-2.0 2.0-25 2.5-3.0 3.0-5.0
N/N' 896,81 1051/60 492/46 367/39 209/28 123/10 128/19 144/11
< lrvis| > 0.046 0.052 0.071 0.059 0.069 0.052 0.051 0.042
< lynm| > 0.051 0.059 0.066 0.040 0.031 0.032 0.038 0.042
72(yv1s, NIR) 0.01 0.01 0.00 0.00 0.01 0.01 0.08 0.04
72 (rvis, A aa/faa) 0.65 0.63 0.56 0.72 0.77 0.73 0.84 0.75
2(yyis, Afas/Fas) 0.22 0.18 0.14 0.25 0.13 0.16 0.05 0.17
2(yyrs, Az) 0.01 0.01 0.05 0.13 0.07 0.25 0.24 0.15
72 (yntr, Afaa/faa) 0.00 0.00 0.00 0.00 0.03 0.01 0.11 0.02
72(yxir Afus/Fas) 0.01 0.00 0.00 0.00 0.01 0.02 0.00 0.11
72 (yxir, A2) 0.74 0.74 0.62 0.32 0.14 0.02 0.00 0.13

“N, number of single spectra; N/, number of measurements.
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Correlation with the corresponding E,; intensities re-
vealed that the dominating source of intensity fluc-
tuations is the variability of the direct component
and below 1 m additionally changes of sensor depth.
Intensity fluctuations induced by variable sensor tilt
angle are more than 2 orders of magnitude lower. The
diffuse component’s variability has a negligible influ-
ence on E; intensity. The relative standard deviation
of E; intensity was typically in the order of 18%, but
it was increased to 27% in the depth range of 0.5
to 1m.

Spectral variability was investigated using two in-
dices that measure the relative change of spectral
shape between 400 and 700nm and between 700
and 755 nm. The index for the visible range depends
only weakly on depth and reveals an average spectral
variability of 5.4%. The near-infrared index has a
variability of 5.7% in the upper meter and 3.7% at
larger depths. 20% of our data exhibits spectral
changes above 10% either in the visible or in the near
infrared. Comparison between the indices and the
corresponding model parameters obtained from in-
verse modeling showed that in the visible, the wave
focusing effect is the major cause of spectral changes,
followed by depth variations, which get relevant be-
low 2m. Spectral variability in the near infrared is
always dominated by depth changes.
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