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Abstract

DroneSpex, a miniature hyperspectral imager, has been tested for ocean
color measurements and retrieval of chlorophyll concentration. The work
was carried out at Norut AS, Tromsø, Norway and calibration of the spec-
trometer was made at The University Centre in Svalbard (UNIS), Norway
Field data were collected during the spring bloom of phytoplankton in Sk-
agerrak 2007, where the instrument was mounted on a passenger ferry. Re-
flectance measurements and chlorophyll estimates were validated against
measurements made by the Norwegian Institute for Water Research, NIVA.
The DroneSpex reflectance measurements agree well with the validation
data, but has low or no correlation with the NIVA chlorophyll estimates.
A chlorophyll concentration retrieval algorithm adapted to oceanic waters
was used, while the water in Skagerrak is of coastal type. It is a well known
fact that algorithms for oceanic waters break down in more optically complex
coastal waters, where dissolved organic substances and suspended materi-
als other than phytoplankton have a significant influence on the reflectance
spectrum. The results will be used to establish operational ocean color
capabilities on the Norut UAV (Unmanned Aerial Vehicle) platform.
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Chapter 1

Introduction

With 90 % of the world’s fish catch, a rapidly growing mariculture industry
and areas attractive for recreational activities and tourism, the coastal zone
is of great social and economic importance. It is also the home for over 60
% of the world’s population, and the delivery of nutrients and sediments to
the water is modified through human activities. [1]

The term ocean color refers to the spectral behavior of the reflectiv-
ity of the water. Since it is affected not only by the water itself but also
by other constituents such as phytoplankton, suspended inorganic material
and dissolved organic substances, measurements of the ocean color can give
information about these substances. The aim is usually to determine the
concentration of chlorophyll-a, the main pigment in phytoplankton, which
is taken as an index of the phytoplankton biomass. These microscopic, free-
floating, photosynthesizing algae form the base of the aquatic food chain
and play an important role in the global carbon cycle by their fixation of
carbon dioxide. Environmental changes such as increased mean temperature
and changes in the earth’s radiation budget may affect the phytoplankton
growth, and eutrophication of coastal waters can lead to algal blooms pro-
ducing toxins that are harmful for humans and animals. By remote sensing
of ocean color, algal blooms can be detected on an early stage and measures
can be taken to reduce the damage. [2]

In the open ocean, so called case 1 waters, the color is mainly determined
by phytoplankton, while in coastal case 2 waters it is also affected by other
substances [3]. Case 1 methods for chlorophyll retrieval from remote sensing
data break down in these optically complex waters and there is a need
for more sophisticated algorithms and instruments. Among the instrument
requirements can be mentioned more spectral bands, higher dynamic range
and better spatial resolution than necessary for the open ocean, and for
some applications daily or hourly sampling is needed [2].

Satellite remote sensing is an increasingly important tool for environmen-
tal observations, and ocean color measurements by satellite borne sensors
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began with the Coastal Zone Color Scanner (CZCS), an instrument on board
the NASA Nimbus 7 satellite launched in 1978. It was meant to operate one
year as a proof-of-concept, but was in use until 1986. The success of the
CZCS opened the way for new ocean color sensors, one of the major being
the Sea-viewing Wide Field-of-view Sensor (SeaWIFS). It it was launched
in 1997 and is still in operation.

The aim of this degree project has been to test and verify ocean color
retrieval using DroneSpex, a low cost, light weight hyperspectral imager
constructed by Fred Sigernes at the University Centre of Svalbard (UNIS),
Norway. The results will be used to establish operational ocean color capa-
bilities on the Norut UAV (unmanned aerial vehicle) platform. During the
2007 spring bloom of phytoplankton in Skagerrak, the DroneSpex spectrom-
eter was mounted on a passenger ferry to collect ocean color data. The data
were analyzed using a chlorophyll retrieval algorithm developed by Zhang
et al., 2007, and the results were compared with hyperspectral data and flu-
orescence measurements made by NIVA, the Norwegian Institute for Water
Research. Calibration of the spectrometer was made at the UNIS optical
laboratory.

The basics of ocean color measurements, some important optical con-
cepts and the chlorophyll retrieval algorithm are introduced in chapter 2.
The DroneSpex hyperspectral imager is presented in chapter 3, and chapter
4 describes how it can be used to measure the remote sensing reflectance of
the water. The calibration is described in chapter 5. Chapter 6 describes
the field campaign and chapter 7 gives some ideas for future work with the
spectrometer.

5



Chapter 2

Remote sensing of ocean
color

2.1 Radiometric terms

The radiometric terms used in this report are listed and described in table
2.1.

Table 2.1: Radiometric terms
Term Symbol Unit Description

Energy Q J Energy carried by the radiation

Radiant
flux

Φ = dQ
dt W Power available for producing response in

an instrument

Irradiance E = dΦ
dA

W
m2 The rate at which energy is collected by a

surface

Emittance
(exitance)

M = dΦ
dA

W
m2 The rate at which energy is emitted by a

surface

Radiant in-
tensity

I = dΦ
dΩ

W
sr Radiant flux per solid angle from a point

source

Radiance B = dΦ
cos θ·dA·dΩ

W
m2·sr The radiant flux per solid angle and pro-

jected area onto a surface

Radiance L = −B W
m2·sr The radiant flux per solid angle and pro-

jected area from an emitting surface
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2.2 Ocean color and phytoplankton

As mentioned in the introduction, the spectral behavior of the reflectivity of
sea water depends on the water itself with dissolved salts, called pure water,
and on other dissolved and suspended substances. These are usually divided
into three groups according to their optical properties: phytoplankton, yel-
low substances and suspended inorganic material [2].

Phytoplankton are single-celled, free-floating organisms that live in the
surface layers of the ocean where they use the sunlight for photosynthesis.
The concentration of the main pigment chlorophyll-a is often taken as an
index of the algal biomass, although there are several other pigments in the
phytoplankton cells. Phytoplankton always coexist with other organisms
such as zooplankton, bacteria and viruses, and degradation products of these
are also present in the water. For practical, experimental reasons these are
included in the phytoplankton component.

Yellow substances are organic, dissolved material consisting of humic and
fulvic acids. They may have a local origin such as degradation of organic
particles, or they can be transported for example by rivers flowing through
forests and organic-rich soils.

The component suspended inorganic material is loosely defined as all
particulate, inorganic matter, like bottom sediments, muddy water from
river outflows and continental dust deposited on the water. There can be
large variations in the spectral properties of this component. For example,
white coral sand stirred up by waves and currents has a different color than
red clay in a river outflow.

The group which has the strongest influence on the reflective properties
of the water is the phytoplankton component, and the most common use of
ocean color data is to study its distribution in the ocean. Case 1 waters were
defined by Morel and Prieur [3] as those waters where the phytoplankton
component is the principal agent determining the spectral properties and
where other substances, if present, give a relatively small contribution and
can be modeled as a function of phytoplankton concentration. This is the
case in the open ocean. In coastal regions, so called Case 2 waters, the other
components have a significant influence on the optical properties and vary
independently of the phytoplankton component. If the water is sufficiently
shallow and clear, the ocean color can also be affected by light reflected off
the bottom.

2.3 Inherent and apparent optical properties

Two important terms in the field of remote sensing are Inherent and Ap-
parent Optical Properties, IOPs and AOPs. The IOPs of the sea water
are those that depend only on the water and on the nature and amount of
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Figure 2.1: a) Specular reflection, b) and c) diffuse reflection.

other substances present in it, while AOPs are also affected by the angular
distribution of the incoming sun light. Reflectance is an apparent property
and varies with the solar zenith angle. In order to estimate chlorophyll con-
centration from ocean color measurements it is necessary to understand the
relationship between reflectance and inherent optical properties.

2.4 Diffuse and specular reflection

Diffuse reflection occurs when irregularities on the reflecting surface are large
compared to the wavelength of the incoming light, so that an incident ray
is scattered in multiple directions. At a point on a perfectly diffuse reflector
the radiant intensity reflected in any direction is proportional to the cosine
of its angle to the surface normal, independent of the wavelength and angle
of the incoming light, see figure 2.4 a). This is expressed in Lambert’s cosine
law [4] as

Iθ = I0 cos θ. (2.1)

Here θ is the angle to the normal and I0 is the radiant intensity at θ = 0. As
a consequence of this, the radiance of a Lambertian surface does not depend
on the viewing angle. This can be understood by considering that while the
radiant intensity decreases with cos θ, the area seen by the observer, within
the same solid angle as before, increases with 1/ cos θ. Lambertian reflectors
can be used in the sensitivity calibration of narrow field of view instruments,
and a more formal description of the Lambertian properties is given in the
calibration chapter, section 5.2.1. A material that transmits light according
to Lambert’s law is called a diffuser.

In the case of specular or mirror-like reflection, figure 2.4 a), incoming
light from a single direction θi is reflected in a single direction θr. The law
of reflection is written as

θr = θi. (2.2)

No real material has perfectly diffuse or specular properties, but snow and
clouds are examples of natural materials reflecting and transmitting light
in a strongly diffuse manner, and a flat water surface is a good specular
reflector.
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2.5 A definition of ocean color

Chlorophyll-a absorbs relatively more blue and red light than green, and the
presence of phytoplankton shifts the color of the water from blue towards
green. Ocean color is defined as spectral variations in reflectance R at the
sea surface. At depth z,

R(λ, z) =
Eu(λ, z)
Ed(λ, z)

, (2.3)

where Eu(λ, z) and Ed(λ, z) are the upwelling and downwelling irradiance
respectively. Irradiance describes incoming flux per unit surface area, and
upwelling irradiance can be measured as the flux received by a flat, down-
ward facing collector with a cosine response divided by the collector area.
The DroneSpex as well as other remote sensors has a narrow field of view
and can only receive a small fraction of this flux. It measures the radiance,
or flux per unit area and unit solid angle. For this reason it is practical
to define the radiance reflectance, which is also called the remote sensing
reflectance, as

Rrad(z, θ, λ) ≡ Lu(z, θ, λ)
Ed(z, λ)

. (2.4)

The polar angle θ is 0 ◦ upwards, and Lu(z, θ, λ) is the upward radiance in
direction θ [5].

2.6 An algorithm for retrieval of chlorophyll con-
centration

Zhang et al. [5] have developed a bio-optical model for the IOPs of oceanic
waters. This was used to compute the remote sensing reflectance Rrs(λ) at
the five SeaWIFS channels for different chlorophyll concentrations and solar
zenith angles, and the result was stored in a look-up table. Chlorophyll
concentrations are then estimated using a 2-band and a 3-band algorithm
based on the ratios

ρ35 ≡
Rrs(490)
Rrs(555)

(2.5)

and
ρ235 ≡

Rrs(443)−Rrs(555)
Rrs(490)

. (2.6)

together with the solar zenith angle. Here the remote sensing reflectance is
defined as

Rrs(λ) ≡ Rrad(z = 0+, θ = 0 ◦, λ) =
Lw(0+, λ)
Ed(0+, λ)

, (2.7)
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where Lw(0+, λ) ≡ Lu(z = 0+, θ = 0 ◦, λ) is the water-leaving radiance. The
symbol 0+ indicates the level just above the sea surface.
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Chapter 3

The DroneSpex instrument
package

3.1 The DroneSpex hyperspectral imager

3.1.1 Basics

A hyperspectral imager pictures an object, giving both spectral and spa-
tial information. The principle component in the DroneSpex is a grism, a
combination of a grating and a prism, which spreads the colors of the in-
coming light. Table 3.1 describes the optical components and a sketch of
the spectrometer is shown in figure 3.1. A detailed description of this type
of instrument is given by Sigernes et al. [6]. Light is focused by the front

Table 3.1: Optical components
Component Description Focal length/Other properties
L1 Front lens f1 = 16 mm
L2 Collector lens f2 = 42 mm
L3 Camera lens f3 = 25 mm
G Grism 30 ◦ Littrow, 600 lines/mm
S Slit 4.5× 0.025 mm2

lens (L1) on the entrance slit (S). This way, spatial information along the
slit is kept as the light travels through the instrument. Light entering the
slit is collected by a second lens (L2) onto the grism, which diffracts the
colors. The camera lens (L3) focuses the light on the CCD camera creating
an image of the entrance slit as a function of color or wavelength. To picture
the entire object, the instrument must be moved relative to the target, with
the slit perpendicular to the direction of motion. One way to scan the target
is to mount the spectrometer on a moving platform, such as a ship or an
airplane.
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Figure 3.1: The DroneSpex hyperspectral imager.

An image of the entrance slit as a function of wavelength generated by the
spectrograph is called a spectrogram. The pixel values represent brightness
as a function of wavelength along one axis and slit height along the other.
Several spectrograms form a spectral movie. An image of the object in one
selected wavelength band is generated by placing images of the entrance slit
in this band one after the other.

3.1.2 The grism

Figure 3.2 shows the grism. The following notation is used:

n1 = refractive index of air
n2 = refractive index of the prism
α = incoming angle [ ◦]
θ = refracted angle [ ◦]
β = diffracted angle [ ◦]
m = spectral order
λ = wavelength [nm]
a = groove spacing of the grating [nm]
A = constant according to glass material of the prism
B = constant according to glass material of the prism [nm2]

The spectral resolution of the instrument is determined by the ability of
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Figure 3.2: The grism is composed by a prism and a grating. α is the
incident angle, β is the diffracted angle and n2 is the refractive index of the
prism.

the grism to diffract the light. As seen from Cauchy’s dispersion formula,

n2 = A +
B

λ2
, (3.1)

a prism has higher refractive index for short wavelengths, so that these are
refracted more efficiently. Snell’s law of refraction gives

n2 sinα = n1 sin θ. (3.2)

On the other hand, a grating diffracts long wavelengths more efficiently than
a prism. The grating equation is given as

mλ = a (sin θ + sinβ) , [nm] (3.3)

where the incident angle θ to the grating equals the refracted angle from the
prism. In a grism this effect is used to get a high spectral resolution for a
wider range of wavelengths. Another advantage is that the light is diffracted
in one direction by the grating and refracted in the other direction by the
prism. A chosen central wavelength passes undeviated through the spec-
trometer, and the result is an on-axis instrument, with all elements aligned
with the optical axis. This reduces geometrical aberrations like astigmatism
and coma.

The refractive index of air is assumed to be equal to that of vacuum, n1 = 1.
Combining Snell’s law (3.2) with the grating equation (3.3) gives the modi-
fied grating equation

mλ = a (n2 sinα + sinβ) . [nm] (3.4)
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Table 3.2: Linear dispersion at different wavelengths
Wavelength Refractive Diffracted Linear
λ [nm] index n angle dispersion

β [degrees] dλ
dx [nm/mm]

350 1.60078 36.1849 68.3044
400 1.58942 33.6908 75.0613
450 1.58163 31.3870 80.2106
500 1.57606 29.2111 84.2478
550 1.57193 27.1272 87.5018
600 1.56442 25.1126 90.1872
650 1.56636 23.1524 92.4451

This together with Cauchy’s formula (3.1) gives

mλ = a

((
A +

B

λ2

)
sinα + sinβ

)
[nm] (3.5)

which is integrated with respect to β in order to obtain the angular disper-
sion of the grism:

dλ

dβ
=

a cos β(
m + 2aB sin α

λ3

) . [nm/degree] (3.6)

The angular dispersion gives the spread in wavelength per unit angle. The
spread in wavelength per unit distance dx in the x-direction of the CCD is
described by the linear dispersion. Since dx = f3 · dβ,

dλ

dx
=

dλ

dβ
· 1
f3

, [nm/mm] (3.7)

where f3 is the focal length of the camera lens L3. Table 3.2 shows the
linear dispersion at different wavelengths for the grism in the DroneSpex
spectrometer.

3.1.3 Bandpass and spectral resolution

Bandpass and spectral resolution both refer to the ability of the instrument
to separate adjacent spectral lines. The bandpass is the spectral interval
that may be isolated and depends on factors such as the entrance slit width,
the width of a pixel on the detector and system aberrations. Resolution is
the smallest achievable spectral separation dλ of two resolved spectral lines.
This is a more subjective term, requiring a definition of when the lines are
resolved.

Figure 3.3 a) shows a spectrum of a monochromatic light source. If it
were recorded by a “perfect” instrument the output spectrum would look like
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Figure 3.3: a) shows the spectrum of a monochromatic light source and
b) illustrates the broadening of the spectrum when it is recorded by an
instrument.

Figure 3.4: The instrumental profile is a convolution of the exit slit and the
entrance slit image

in a), but a real instrument will give a line profile with a finite width as in b).
This is called the instrumental line profile. The bandpass of the instrument
is the measured Full Width at Half Maximum (FWHM) of this line profile
and is wavelength dependent. If the entrance slit and pixel width are the
only factors broadening the line, the instrumental profile is a convolution of
the two rectangular slit functions ∆λ1 and ∆λ2, see figure 3.4. The width
of ∆λ1 equals the width of the entrance slit image, and the width of ∆λ2

is the pixel width. In an optimized instrument these two are equal and the
line profile is triangular. The spectral bandpass is then the linear dispersion
times the width of the entrance slit image, went

BP = FWHM ≈ dλ

dx
· went. [nm] (3.8)

It is common to use at least three pixels per bandpass, also called pixels
per bin, at the detector. Then the maximum number of channels produced
by the spectrometer depends on the bandpass of the instrument and not on
the number of pixels along the wavelength axis of the CCD. The DroneSpex
spectrometer is used with a 1/4” CCD, with 320 pixels along the wavelength
axis. In an image with 352 pixels horizontal resolution, one image pixel
corresponds to 0.91 original (detector) pixels. 4 image pixels per wavelength
band gives 3.64 original pixels per bin. The average bandwidth is then 3.69
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Figure 3.5: A case with neither over nor under sampling. ∆x is the along
track resolution.

nm. 3 image pixels per band gives 2.73 pixels per bin, and a bandwidth
of 2.77 nm. The number of wavelength channels is 88 and 117 for 4 and 3
image pixels per band respectively.

3.1.4 Spatial resolution

If the spectrometer is stationary relative to the target, the “along track”
spatial resolution will be

dx =
z · went

f1
, [m] (3.9)

where z is the distance in meters between the imager and the target, and f1

the focal length of the front lens. For practical use, when the instrument is
moving with velocity v relative to the target, the resolution becomes

∆x = dx + v ·∆t [m] (3.10)

Here ∆t is the exposure time, not including the readout time τ of the detec-
tor. To avoid under sampling (the instrument misses parts of the target),
the distance v · τ moved during readout must be smaller than dx. Figure
3.5 shows a case with neither over or under sampling. The higher velocity
v, the larger the distance z must be.

The across track resolution is simply

∆y =
z · h

f1 ·N
[m], (3.11)

where h is the slit height and N the effective number of pixels along the
height of the slit image. Table 3.3 shows the spatial resolution for different
speeds, distances and exposure times. The first line represent the setup
during the collection of field data in Skagerrak, see section 6.1. N is 130
pixels and the readout time τ is 31.667 ms
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Table 3.3: Spatial resolution
z v ∆t dx ∆x ∆y dx− v · τ Swath width
[m] [km/h] [s] [m] [m] [m] [m] [m]
35 40 1/120 0.0547 0.147 0.0757 -0.297 9.84
500 100 1/120 0.781 1.01 1.08 -0.0984 141
700 100 1/120 1.09 1.33 1.51 0.214 197
1000 100 1/120 1.56 1.79 2.16 0.683 281

3.1.5 Radiometric resolution and gain

Radiometric resolution is a measure of how well the detector can distinguish
between differences in intensity. The CCD used with the DroneSpex has 8
bits radiometric resolution, meaning that it can represent 256 gray levels.
A high effective radiometric resolution also requires that as much as possi-
ble of the dynamic range is used, without over exposing the images. This
is obtained by setting the gain of the CCD to an appropriate value. The
gain is the ratio between the output and the input signals, and maximum
gain means that the analog input signal is strongly amplified before digi-
tization. The CCD used with the DroneSpex has two alternative ways to
adjust the gain: Manual Gain Control (MGC) and Automatic Gain Control
(AGC). When MGC is used, the gain is fixed at a chosen value. With AGC,
the CCD continuously adjusts the gain according to the incoming intensity
at a specific part of the detector, determined by the photometry settings:
full screen, center emphasis, bottom emphasis or bottom-center emphasis
photometry.

3.2 Diffuser and ND-filter

For the collection of field data, the spectrometer was placed in a box with
windows in the top and bottom. A rotating mirror made the spectrometer
look alternately up and down.

The DroneSpex is a narrow field of view instrument measuring radiance.
If it looked at the sky through a clear window it would only see a small part
of the sky and on clear days the signal would be shifted towards the blue
wavelengths. During the field campaign a diffuser was placed in front of the
top window so that the spectrometer received light from all upward direc-
tions and thus measured the irradiance. The transmittance of the diffuser
was approximately 75%, and ideally it should be wavelength independent.

The reflectivity of water is about 10%, making the intensity of the up-
welling light much lower than that of the downwelling. If MGC is used,
the downwelling light must be reduced before reaching the spectrometer in
order to avoid over exposure when looking up and/or under exposure when
looking down. This can be done with a neutral density filter, also called
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ND-filter or gray filter, which in the ideal case has the same transmittance
in all visible wavelengths. A gray filter will also reduce the variations in
gain between the downward and upward measurements if the CCD is set
to AGC. A filter with optical density 0.9 and transmittance 100.9 ≈ 0.125
was mounted in front of the top window together with the diffuser, giving a
transmittance of about 0.094 which is close to the reflectivity of water. The
wavelength dependency of the filter and diffuser transmittance was tested
during the calibration, this is described in section 5.4.
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Chapter 4

Measuring the remote
sensing reflectance

4.1 The water-leaving radiance

The up and downwelling intensities in a plane parallel medium can be ex-
pressed by the half range intensities

−µ
dI+(τ, Ω̂)

dτ
= I+(τ, Ω̂)− (1− a)B

− a

4π

∫
−
p(−Ω̂′, Ω̂)I−(τ,−Ω̂′)dω − a

4π

∫
+
p(Ω̂′,−Ω̂)I+(τ, Ω̂′)dω′ (4.1)

and

−µ
dI−(τ,−Ω̂)

dτ
= I−(τ,−Ω̂)− (1− a)B

− a

4π

∫
−
p(−Ω̂′, Ω̂)I−(τ,−Ω̂′)dω − a

4π

∫
+
p(Ω̂′,−Ω̂)I+(τ, Ω̂′)dω′ (4.2)

respectively [7]. τ is the optical depth, superscript plus and minus denote
upward and downward direction, θ is the zenith angle and φ is the azimuth
angle. The term (1 − a)B is the blackbody radiation from the atmosphere
and is negligible in the visible wavelengths. The last two terms in each
equation are scattering terms. In the downwelling case the intensity can be
divided into a diffuse and direct solar part which may be split and solved
separately. Boundary conditions at the atmosphere ocean interface are given
by (assuming a smooth surface)

I+
a (τa, θ, φ) = ρs(θ;mrel) I−a (τa, π−θ, φ+θ)+Tb(θo;mrel)

I+
0 (τo, θo, φ)

m2
rel

(4.3)

and
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Figure 4.1: Sunlight reaching the spectrometer after reflection at the water
surface or in the water column.

I−o (τo, θ, φ) = ρs(θa;mrel) I+
o (τa, π − θo, φ + π)

+T (−θa;mrel) I−a (τa, θ, φ), for θo > θc

or
I−o (τa, θo, φ) = I+

o (τa, π − θa, φ + π), for θo < θc. (4.4)

Here ρ is the reflectance at the surface, T is the transmittance and mrel is
the relative refraction index and θc is the critical angle for total reflection
at the air-water interface.

Figure 4.1 shows the geometry of the DroneSpex measurements. The
angle between the viewing direction and the water surface normal is ap-
proximately 15 ◦, and the field of view is 16 ◦ across-track. During the field
campaign in Skagerrak, the solar zenith angle was between 55 ◦ and 76 ◦. Iss

is the specular reflection of direct sunlight, and recalling Snell’s law, equa-
tion (3.2), we see that it will not reach the spectrometer if the water surface
is flat. The exception is so called sun glint, when waves on the water change
the orientation of the surface.

The diffuse component is light that has been scattered in the atmosphere.
Some of it has an incident angle such that the reflection Ids reaches the
instrument. In clear weather most of the scattering is due to molecules, so
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Figure 4.2: Downwelling irradiance measured at Barrow, Alaska (71.3 ◦ N,
157 ◦ W).

called Rayleigh scattering. The efficiency of the scatterer varies as 1/λ4 [8].
This means that blue light at 400 nm is scattered 5 times more efficiently
than red light at 600 nm and the diffuse light is dominated by the blue
wavelengths. When the sky is overcast the clouds will work as diffusers,
scattering light of all visible wavelengths, and the diffuse component becomes
larger. To see if it is reasonable to approximate Ids to zero, we can use an
example from Barrow, Alaska the 28 of June 2007 [9]. Figure 4.1 shows
measurements of downwelling irradiance at two different wavelengths with
10 nm bandwidth. Times are in GMT, so that 00:00 in the figure is 16:00
local time. In the afternoon and evening the sky is overcast. The flux of
direct light represented by the dotted green line is practically zero in all
wavelengths, and the diffuse component in a wavelength range λ to λ + dλ
is equal to the total incoming flux Fλ. The surface reflectance of water as a
function of angle is shown in figure 4.1. At an angle of 15 ◦, corresponding
to our measurements, the reflectance is about 0.02. The surface reflection
of diffuse light received by the instrument is then

Idsλ ≈ 0.02 · Fλ

π
(4.5)

if Fλ is isotropic. Viewed from above, the water has an albedo of around
0.1, including both reflection at the surface and further down in the water
column. In total, the instrument then receives

I+
λ ≈ 0.1 · Fλ

π
, (4.6)

and we see that Idsλ is 20 % of the total signal. The following morning the
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Figure 4.3: Reflectance and transmittance of water as a function of angle,
for s and p polarized light. Figure from Thomas and Stamnes [7].

sky is clear. Now the flux of diffuse light decreases, especially in the longer
wavelengths. At 21:00 GMT, the total incoming flux Fλ is 0.9 W · m−2 at
λ = 415 nm (blue). The diffuse flux is 0.3 W · m−2, approximately 0.33 Fλ.
The surface reflection of diffuse light received by the instrument is

Idsλ ≈ 0.02 · 0.33 · Fλ

π

≈ 6.6 · 10−3 · Fλ

π
. (4.7)

As before, the instrument receives

I+
λ ≈ 10−1 · Fλ

π
(4.8)

in total. The surface reflection of diffuse light is 6.6% of the total signal at
415 nm, and less in longer wavelengths. This shows that when the sky is
overcast the surface reflection of diffuse light has a significant influence on
the signal, but in clear weather it can be neglected.

From equations 4.1 to 4.4, figure 4.1 and the discussion above, we can
physically interpret the intensity measured by the sensor as

Isens = T · Io + ρ · Ids. (4.9)

The actual equation is solved numerically in CAO-DISORT, a coupled atmosphere-
ocean radiative transfer code, and a look-up-table was generated [5] that lets
us retrieve chlorophyll-a concentration based on remote sensing reflectances
and sun/sensor geometry, see section 2.6. This look-up-table was generated
assuming clear sky conditions.
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When measuring the water-leaving radiance in field, the DroneSpex spec-
trometer was looking through a transparent plastic window. If tw(λ) is the
transmittance of the window, gw(λ) [counts/mW] is the calibration coeffi-
cient due to sensitivity and gain of the detector and the upwelling intensity
I+
λ is approximated to the water-leaving radiance Lw(0+, λ) then the signal

output from the instrument is

Cw(λ) = Lw(0+, λ) tw(λ) gw(λ). [counts] (4.10)

The water-leaving radiance is

Lw(0+, λ =
Cw(λ)

tw(λ) gw(λ)
. [mW ] (4.11)

4.2 The downwelling irradiance

As described in section 3.2 the DroneSpex spectrometer is a narrow field
of view instrument measuring radiance, and has to look through a diffuser
in order to measure the downwelling irradiance Ed(0+, λ). An ideal diffuser
transmits light according to Lambert’s cosine law, equation (2.1) making the
instrument receive both the direct and diffuse component of the downwelling
light. If

td = tdiff · tf (4.12)

is the product of the transmittances through the diffuser and ND-filter, also
described in section 3.2, then the output signal is

Cd(λ) = Ed(0+λ) td(λ) gd(λ). [counts] (4.13)

The downwelling irradiance is

Ed(0+λ) =
Cd(λ)

td(λ) gd(λ)
. [mW ] (4.14)

4.3 The ratio between Rrs at two wavelengths

The remote sensing reflectance is defined in equation (2.7) as

Rrs(λ) ≡ Rrad(z = 0+, θ = 0 ◦, λ) =
Lw(0+, λ)
Ed(0+, λ)

. (4.15)

Using the expressions 4.11 and 4.14 for the water-leaving radiance and the
downwelling irradiance, we get

Rrs(λ) =
Cw(λ) td(λ) gd(λ)
Cd(λ) tw(λ) gw(λ)

. (4.16)
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The ratio between the remote sensing reflectance in the wavelengths λ1 and
λ2 is then

Rrs(λ1)
Rrs(λ2)

=
Cw(λ1) td(λ1) gd(λ1)
Cd(λ1) tw(λ1) gw(λ1)

/
Cw(λ2) td(λ2) gd(λ2)
Cd(λ2) tw(λ2) gw(λ2)

=
Cw(λ1)Cd(λ2)
Cw(λ2)Cd(λ1)

· td(λ1)tw(λ2)
td(λ2)tw(λ1)

· gd(λ1)gw(λ2)
gd(λ2)gw(λ1)

. (4.17)
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Chapter 5

Calibration of the
spectrometer

Calibration of the spectrometer consists of two main parts. One is the
wavelength calibration which is done to find the wavelength as a function
of horizontal position on the CCD. The other is the sensitivity calibration
where the calibration factor that relates detector counts to the radiance of
the observed object is found. Ideally, each incoming photon should result
in a count at the detector, but there will always be a loss determined by
the geometrical extent (ability to accept light) of the instrument and the
quality of the optical components. The number of counts is also affected by
the CCD gain, described in section 3.1.5.

Wavelength calibration and a first sensitivity calibration was done in the
optical laboratory at The University Centre in Svalbard (UNIS) in January
2007. A final calibration was performed in April 2007, after the collection
of field data. In addition, the wavelength dependence of the transmission
through the diffuser, ND-filter and window was examined, as well as the
Lambertian properties of the diffuser.

5.1 Wavelength calibration

In a mercury-vapor lamp, an arc discharge ionizes the mercury vapor which
emits light at certain wavelengths when de-excited. For wavelength calibra-
tion of the DroneSpex spectrometer, a spectral movie of a mercury lamp
was recorded with 720 × 576 pixel resolution. In the YaPlaySpex software
developed by Fred Sigernes, the mercury emission lines at 435.84 and 546.07
nm and the minimum between the 576.96 and 579.07 nm lines were used
to find a second degree polynomial describing wavelength as a function of
horizontal position, or pixel column, on the CCD:

λ(n) = C1 + C2 · n + C3 · n2. [nm] (5.1)
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Figure 5.1: Spectra of mercury, hydrogen, nitrogen and neon gas discharge
lamps recorded by the DroneSpex spectrometer.

Here n is the index of the pixel column in the calibration movie and C1, C2

and C3 are constants. These were found to be

C1 = 3.6808 · 102,
C2 = 4.7089 · 10−1 and
C3 = −2.5005 · 10−5,

and the wavelength range of the instrument 368.60 to 694.16 nm.
The left part of figure 5.1 shows recordings of four gas discharge lamps:

the mercury calibration lamp, a hydrogen lamp used to check the result
and a nitrogen and a neon lamp (the spectral movies are originally black
and white, the figure is colored afterwards for illustration). In the mercury
spectrum, the lines used in the calibration are clearly seen, and the pair at
576.96 and 579.07 nm is resolved. The bright red hydrogen line is a pair
at 656.272 and 656.285 nm, and the blue line is at 486.133 nm. Using the
obtained calibration coefficients, these lines get the wavelengths 655.08 and
483.52 respectively.

The spectral movies from the field campaign have a resolution of 352×288
pixels. If p denotes the column number in these movies, then

n(p) = p · nmax

pmax
, (5.2)
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Figure 5.2: Setup for the sensitivity calibration.

where nmax = 720 and pmax = 352. Inserting equation (5.2) in (5.1) gives

λ(p) = C1 + C2 · p ·
nmax

pmax
+ C3

(
p · nmax

pmax

)2

. [nm] (5.3)

5.2 Sensitivity calibration

5.2.1 Theory

As suggested in the beginning of the chapter, the CCD output signal can
be used to determine the radiance of the observed object only if the ratio
between incoming photon flux and electronic counts at the detector is known.

Sensitivity calibration of narrow field of view instruments is described
in [10]. A light source of known intensity is used, in this case a standard,
1000W tungsten lamp (ORIEL SN7-1275, model 83350). The lamp certifi-
cate gives the irradiance at a distance z0 = 0.5 m from the lamp at 22
discrete wavelengths between 3000 and 12000 Å. Since the irradiance of the
lamp varies with wavelength, the wavelength calibration has to be done first.
To make sure that the instrument’s field of view is uniformly illuminated,
the light is reflected by a screen before reaching the instrument. The light
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source for the calibration is then the screen rather than the lamp. Figure
5.2 shows the calibration setup, with the lamp located at a distance z from
the screen. The lamp is treated as a point source, and it is assumed that no
photons are absorbed between z0 and z. At wavelength λ the total number
of photons that pass through a sphere with radius z, centered at the lamp,
is the same as through a sphere with radius z0,

4π z2
0 B0 λ = 4π z2 Bzλ.

[
mW

nm

]
(5.4)

The irradiance at the screen is

Bzλ = B0λ

(
z0

z

)2

.
[

mW

m2 · nm

]
(5.5)

Expressed in terms of radiant intensity Iiλ, the flux Niλ entering the screen
is

Niλ = Iiλ ω

= Iiλ

(
dA cos α

z2

)
.

[
mW

nm

]
(5.6)

Here ω is the solid angle, dA is the illuminated area of the screen and α is
the angle of the screen relative to the lamp. If the reflectance of the screen
is ρλ, then the outgoing emission rate is

Nλ = ρλ Niλ.
[
mW

nm

]
(5.7)

Inserting equation (5.6) gives

Nλ = ρλ Iiλ

(
dA cos α

z2

)
.

[
mW

nm

]
(5.8)

The total outgoing flux can also be described as the outgoing radiant inten-
sity Iλθ integrated over a hemisphere,

Nλ =
∫ 2π

0

∫ π
2

0
Iλθ sin θ dθ dϕ.

[
mW

nm

]
(5.9)

Approximating the screen to a Lambertian surface, the radiant intensity at
wavelength λ reflected in any direction θ is given by Lambert’s law,

Iθ = I0 cos θ, (5.10)

where I0 is the outgoing radiant intensity in the normal direction, see also
section 2.4 and figure 2.4. Equation (5.10) in (5.9) gives

Nλ =
∫ 2π

0

∫ π
2

0
Iλ0 cos θ sin θ dθ dϕ
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= 2π Iλ0

∫ π
2

0
cos θ sin θ dθ

= 2π Iλ0

∫ π
2

0

1
2

sin 2θ dθ,
[
mW

nm

]
which after integration becomes

Nλ = π Iλ0.
[
mW

nm

]
(5.11)

We now have two equations, (5.8) and (5.11), describing Nλ. These are
combined to get

ρλ Iiλ

(
dA cos α

z2

)
= π Iλ0

[
mW

nm

]
(5.12)

which is solved for Iλ0,

Iλ0 = ρλ
Iiλ

π

(
dA cos α

z2

)
.

[
mW

sr · nm

]
(5.13)

Using Lambert’s law we get

Iλθ = ρλ
Iiλ

π

(
dA cos α

z2

)
cos θ.

[
mW

sr · nm

]
(5.14)

The illuminated area of the screen seen by the spectrometer is dA · cos θ,
where θ is the angle between the screen normal and the optical axis of the
instrument. The radiance towards the spectrometer is then

Lλ =
Iλθ

dA cos θ
,

[
mW

m2 · sr · nm

]
(5.15)

and together with (5.14)

Lλ = ρλ

(
Iiλ

π

)
·
(

1
z2

)
cos α.

[
mW

m2 · sr · nm

]
(5.16)

Radiance and radiant intensity are related as

Iλ = Bλ
dA

cos θ
. (5.17)

Iiλ is the intensity in direction θ = 0 at the distance z from the screen,

Iiλ = Bzλ z2. (5.18)

Combined with equation (5.5) which describes the incoming radiance,
equation 5.18 gives

Iiλ = B0 λ z0
2.

[
mW

sr · nm

]
(5.19)
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The radiant exitance of the screen is by definition

Mλ = π Lλ.
[

mW

m2 · nm

]
(5.20)

Together with equations (5.16) for the radiance and (5.19) for the intensity,
this gives

Mλ = B0 λ ρλ

(
z0

z

)2

cos α.
[

mW

m2 · nm

]
(5.21)

The equation shows that the irradiance of the screen as seen by the in-
strument depends on the distance and angle between the screen and the
lamp, but not on the distance and angle between the spectrometer and the
lamp. In other words, the surface has the same radiance independent of the
viewing angle and distance from the observer. The reason is that while the
radiant intensity in direction θ is reduced with cos θ as θ grows (Lambert’s
law), the area dA seen by the instrument is increased by the 1/ cos θ. In a
similar manner the smaller radiance at a larger distance from the screen is
compensated for by an increase in dA.

5.2.2 Methods and results

The screen in the UNIS optical laboratory is a spectralon surface (SRT-99-
180) produced by the company Labsphere Inc. It reflects light in a strongly
diffuse manner and can be treated as a Lambertian surface. The screen is
fixed on a wall and the calibration lamp is mounted on a trolley. The trolley
stands on rails on the floor and can be moved back and forth in order to
control the brightness of the screen by varying the distance z. The lamp is
all the time located along the normal of the screen so that α = 0.

Initial tests in the laboratory showed that the dynamic range of the CCD
is too small to handle the varying light conditions in field if manual gain
control is used. Automatic gain control can be used to avoid over and under
exposure, but this leads to another problem: the gain, and therefore the
calibration factor, changes continuously without being logged by the CCD
and a regular sensitivity calibration can not be made. However, recalling
equation 2.5 in section 2.6,

ρ35 ≡
Rrs(490)
Rrs(555)

(5.22)

we see that the 2-band algorithm can be used without knowing the absolute
values of the reflectances as long as the ratio between them can be found.

The spectrometer was mounted in the same box that was used in field
and placed with the downward facing window towards the screen. The other
window was covered so that no direct light from the lamp would enter. Seven
spectral movies were recorded with the lamp at distances z = 1.00, 1.40, 1.75,
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Figure 5.3: a) Radiant exitance M of the screen for different distances z
between lamp and screen, and b) detector counts for the same z.
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2.00, 3.00, 4.00 and 5.00 meters from the screen. Each movie was 10 seconds
long. The movie resolution was 352 × 288 pixels and AGC with full frame
photometry was used.

For each movie the pixel values were averaged over frames (time) and
CCD columns (slit height) in order to get the pixel value as a function of
wavelength only. Due to the geometry of the instrument, the image of the
entrance slit covers the CCD from side to side along the wavelength axis,
but not the entire height. The margin areas only receive stray light, so the
background level can be calculated as the average over frames and columns
of the margin pixel values and be subtracted from the image pixel values.
The bottom panel in figure 5.3 shows counts plotted against wavelength for
movies recorded at five different distances z. For z from 1 to 4 m the gain
increases so rapidly with decreasing radiance that a larger z gives higher
pixel values. The lowest pixel values are found at z = 5 m, indicating that
the gain has reached its maximum and that the signal can not be amplified
more. A comparison between the plots in figure 5.3 also shows that the
CCD sensitivity decreases towards the sides where the shortest and longest
wavelengths are found.

The wavelength dependency of the CCD sensitivity and gain was also
examined, and it was found that it does not vary with radiance.

5.3 The cosine response of the diffuser

To test the cosine response (i.e. the Lambertian properties) of the diffuser,
a point source is needed. A 200 W tungsten lamp was used as light source,
illuminating the diffuser directly. It is a secondary calibration lamp which
has previously been calibrated against the 1000 W lamp to find the irradi-
ance at z0 = 8.56 m. As the angle α of the lamp to the surface normal grows,
the incident emission rate to the diffuser decreases with cos α. If the diffuser
is perfectly Lambertian, then the angular distribution of the transmitted
light field will remain unchanged, but the radiant intensity in the normal
direction will decrease with cos α. Since the spectrometer always sees the
diffuser from the same angle, the measured radiance will also decrease with
cos α. A clear material with no diffuse properties would not change the an-
gular distribution of the light field, and the measured radiance would drop
to zero when the lamp came outside of the field of view of the spectrome-
ter. To keep the gain constant throughout the experiment the CCD was set
to MGC. The gray filter was removed since it would not let enough light
through when using the weaker lamp and MGC. The box containing the
spectrometer was placed on a stand with the diffuser 1 m from the lamp.
The angle α between the lamp and the diffuser normal was controlled by
turning the stand. 15 spectral movies were recorded, for α between 0 ◦ and
70 ◦ with 5 ◦ increments. The result displayed in 5.4 shows that the diffuser
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Figure 5.4: Detector counts as a function of angle between lamp and diffuser.
The diffuser has Lambertian properties, but not a perfect cosine response.

has strongly diffuse properties although not an ideal cosine response. The
displacement of the maximum to an angle α larger than 0 ◦ is believed to be
caused by an error in the measurements of the angles.

5.4 Wavelength dependent transmittance of the
window, the diffuser and the ND-filter

Equation (4.17) in section (4.3) shows that in order to find the ratio between
the remote sensing reflectance at two wavelengths λ1 and λ2 we need to know

td(λ1)tw(λ2)
td(λ2)tw(λ1)

=
td(λ1)
td(λ2)

/
tw(λ1)
tw(λ2)

.

In the 2-band algorithm by Zhang et al. [5] λ1 and λ2 are 490 and 555 nm
respectively, see equation (2.5) in section 2.6. Using the notation

T ≡ T (490)
T (555)

we have
td(490)
td(555)

/
tw(490)
tw(555)

=
Td

Tw
. (5.23)

td is the product of the transmittances through the diffuser and the ND-
filter, so that

Td = Tdiff · Tf (5.24)

and tw is the transmittance through the downward facing window.
Ideally, the window, the diffuser and the ND-filter should have wave-

length independent transmittances in the visible region. The diffuser was
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tested by placing the 200 W secondary calibration lamp at a distance of 1
m from the diffuser, illuminating it directly. The lamp was placed along the
normal direction of the diffuser. To test the ND-filter, which does not have
diffuse properties, the light from the 1000 W calibration lamp was reflected
by the Lambertian screen so that the field of view of the spectrometer was
uniformly illuminated. For practical reasons the ND-filter was mounted in
front of the transparent window, which was facing the water during the field
campaign. The recorded movie then gave the product of the transmittances
through the filter and the window. A movie was also recorded through the
window. The light source was then the Lambertian screen illuminated by
the 1000 W lamp at a distance of 1.75 m. The recorded movies were 10
seconds long and the CCD was set to MGC. Also here the counts were aver-
aged over frames and lines, and the background level from the margins was
removed. The movie recorded through the diffuser gives

Tdiff ≡
tdiff (490)
tdiff (555)

, (5.25)

the filter movie is used to find

Tf Tw ≡ tf (490) tw(490)
tf (555) tw(555)

(5.26)

and the window movie gives

Tw ≡ tw(490)
tw(555)

. (5.27)

Equations (5.25), (5.26) and (5.27) give

Tf Tw · Tdiff ·
1

T 2
w

=
Tf Tdiff

Tw
(5.28)

Inserting equation (5.24) gives

Tf Tw · Tdiff ·
1

T 2
w

=
Td

Tw
. (5.29)

The resulting Td/Tw is 1.05, showing that the transmittances do not vary
much between 490 and 555 nm. In addition,

Td(λ)
Tw(λ)

≡ td(λ)
td(555)

/
tw(λ)

tw(555)
(5.30)

was calculated for each independent wavelength band λ of the instrument,
see figure 5.5.
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Figure 5.5: Td(λ)/Tw(λ) averaged over slit height.
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Chapter 6

Field campaign in Skagerrak

Skagerrak is the strait between the southeast coast of Norway, the south-
west coast of Sweden and the Danish Jutland peninsula, see figure 6.1 a).
From late February to early April 2007 the DroneSpex spectrometer was
mounted on the passenger ferry Color Festival sailing between Frederik-
shavn, Denmark and Oslo, Norway, to collect ocean color data from the
spring bloom of phytoplankton. Oslo is situated at 59 ◦.56′ north and Fred-
erikshavn at 57 ◦.25′ north. On the boat were also other instruments for
chlorophyll concentration retrieval, operated by the Norwegian Institute for
Water Research, NIVA: one chlorophyll fluorometer manufactured by Sea-
point Sensors, inc. and two hyperspectral sensors in the Ramses instrument
family from TriOS GmbH. Measurements by these instruments were used
for validation of the DroneSpex data. The DroneSpex measurements are
described in section 6.1, the Ramses spectrometers in section 6.2 and the
fluorometer in section 6.3.

6.1 DroneSpex measurements

The spectrometer was mounted in the box mentioned in section 3.2 with
windows in the top and bottom and a rotating mirror that made the instru-
ment look alternately up and down. The top window was covered by the
diffuser and the ND-filter, and the bottom window by a transparent plastic
sheet. Figure 6.1 b) shows the box mounted on the ferry. In the Oslo harbor
and the inner parts of Oslofjorden, a wireless GPRS modem enabled com-
munication with the field computer. Measurements were made between 11
am and 6 pm on the northwards route, and in order to avoid shadowing by
the boat during the afternoon, the spectrometer was placed on the left side.
It was mounted at 35 m height over the water with the center of the field of
view 15 ◦ off nadir, outwards from the boat. The speed of the boat was most
of the time around 22 knots, approximately 40 km/h. This corresponds to
the first line in table 3.3 in section 3.1.4, where the along-track resolution is
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Figure 6.1: a) Map of Skagerrak and b) the box mounted on the ferry.

∆x = 15 cm, the across-track resolution ∆y = 7.6 cm and the swath width
9.8 m. The short distance to the water and the relatively high speed caused
undersampling even though the longest possible exposure time, 1/120 s, was
used. In this application it is not important to get a perfect image of the
target, so the undersampling is not considered a problem.

Movies where recorded according to the pattern

UP 1 min
DOWN 5 · 1 min
DOWN 10 s

UP 1 min
UP 10 s

with a 5 minutes break between each repetition. The UP movies were
recorded through the top window to measure downwelling irradiance Ed and
the DOWN movies through the bottom window to get the water-leaving ra-
diance Lw. All data were saved to an external hard drive connected to the
field computer, and some 10 seconds movies were also downloaded over the
GPRS connection during the campaign.

The time between a DOWN movie and the following UP movie was 1
minute and it was assumed that the downwelling irradiance did not change
during that time. These movies could then be used in pairs to calculate the
ratio ρ35, equation (2.5) in section 2.6:

ρ35 ≡
Rrs(490)
Rrs(555)

. (6.1)

From equation (4.17) in section 4.3 we have

Rrs(λ1)
Rrs(λ2)

=
Cw(λ1)Cd(λ2)
Cw(λ2)Cd(λ1)

· td(λ1)tw(λ2)
td(λ2)tw(λ1)

· gd(λ1)gw(λ2)
gd(λ2)gw(λ1)

, (6.2)
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and equation (5.23), section 5.4 gives

Td

Tw
=

td(490)
td(555)

/
tw(490)
tw(555)

. (6.3)

It was found in the calibration that the wavelength dependency of the CCD
gain and sensitivity does not vary with radiance, so

gd(λ1)gw(λ2)
gd(λ2)gw(λ1)

can be approximated to 1. Then the equations (6.1), (6.2) and (6.3) give

ρ35 =
Cw(490)Cd(555)
Cd(490)Cw(555)

· Td

Tw
. (6.4)

Figure 6.2 a) shows one frame from the spectral movie recorded the 21
of March at 58 ◦.58′ north, outside the mouth of Oslofjorden. Part b) shows
the generated image of the water surface at 550 nm, with 5 nm bandwidth.
The across-track direction is along the vertical axis and the along-track
direction along the horizontal axis. The bright spots are sun glint that
occurs when waves changes the orientation of the water surface so that
specularly reflected light reaches the instrument. Due to the geometry of
the instrument, the image of the entrance slit does not cover the entire
height of the CCD, and the dark margins are only reached by stray light
in the instrument. This background level can then be subtracted from the
image.

The analysis of the 10 seconds movies from the 21, 22 and 28 of March
and the 1st of April was made with the help of the programming language
IDL. Pixels with a gray level higher than 240 were considered as sun glint
and were excluded from the calculations. For each movie, the operations
schematically illustrated in figure 6.3 were made for the margins and the
slit image separately. Part 1 shows the original movie, and in part 2 an
average has been made over frames (time, along-track direction) and lines
(across-track direction). The bandpass was 3 image pixels, see section 3.1.3.
The columns corresponding to each band were selected and the average pixel
value in the band was calculated, part 3 in the figure. Now the background
values obtained from the margins were subtracted from the image values.
At this stage, each movie had been reduced to two numbers. These values of
Cd(λ1), Cd(λ2), Cw(λ1), Cw(λ2) together with Td/Tw = 1.05 from section 5.4
were used in equation (6.4) to calculate ρ35. The time and position recorded
by GPS gave the solar zenith angle. ρ35 and the solar zenith angles were
given as input to the 2-band algorithm by Zhang et al. [5], described in
section 2.6, which then gave one chlorophyll value per movie as output.
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Figure 6.2: a) One frame in a spectral movie and b) the generated image at
550 nm.

Figure 6.3: Schematic sketch of the movie analysis.
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6.2 Ramses spectrometers

The Ramses spectrometers, one radiance and one irradiance sensor, are not
of imaging type. The field of view is 7 ◦, the wavelength range 320 to 950 nm
with 190 usable channels [11] and the sampling frequency was 1/30 s−1. The
irradiance sensor was looking upwards and the radiance sensor downwards
with the same angle as the DroneSpex, 15 ◦ outwards from nadir. For com-
parison with the 10 seconds DroneSpex movies, which were recorded every
12-13 minutes, the Ramses measurements were smoothed by making a 12
minutes running mean. Then the ratio ρ35 and the solar zenith angle were
calculated and given as input to both the 2-band and the 3-band chloro-
phyll retrieval algorithm. For each day, the Pearson correlation coefficients
ρDS,R2 and ρDS,R3 between the DroneSpex and the Ramses 2- and 3-band
chlorophyll estimates were calculated as

ρDS,R2 =
cov[DS,R2]

σDS σR2
(6.5)

and
ρDS,R3 =

cov[DS,R3]
σDS σR3

. (6.6)

Here cov means covariance and σ is standard deviation. The correlation
coefficient describes how the two data series vary with each other. It is in
the range -1 to 1 where 0 means no correlation.

Not all Ramses measurements were used in these calculations since they
were made with a higher sampling frequency the DroneSpex movies. Instead,
for every DroneSpex movie a one minute Ramses average was used.

6.3 Fluorescence measurements

When a green plant that contains chlorophyll is exposed to light, the energy
will either be used for driving photosynthesis in the plant, dissipate as heat
or be re-emitted as light at another wavelength. This re-emission is called
chlorophyll fluorescence. The maximum absorbance of chlorophyll-a is at
420 and 660 nm, and the fluorescence occurs between 675 and 685 nm, in
the red part of the visible spectrum. The ratio between fluorescence and
chlorophyll concentration may vary a lot, largely depending on the health
of the plant. If the growth rate is low the light will be re-emitted rather
than used for photosynthesis, giving a high ratio. If the growth rate is high,
more of the incoming light is used for photosynthesis and the ratio becomes
low. The ratio also varies between day and night. In order to get reliable
chlorophyll estimates, it is therefore necessary to calibrate the data against
filtered water samples.

The fluorometer on board Color Festival takes water from between 3
and 4 meters depth. Light from blue LED lamps excite chlorophyll a, the
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emitted fluorescent light passes through a red emission filter and is detected
by a silicon photodiode [12]. Observations are made once every minute,
giving a spatial resolution of about 670 m, except for the 28 of March where
the sampling frequency is 1/3 seconds. For comparison with the 10 seconds
DroneSpex movies the fluorescence measurements were smoothed by making
a 12 minutes running mean.

Water samples were taken during the night the 19 and 20 of March, and
during the day the 25, 26 and 31. The sample from the 25 was used to
calibrate the fluorescence data from the 21 and 22 of March, and the sample
from the 31 was used for calibration of the data from the 28 of March and
the 1st of April.

Also here the Pearson correlation coefficient ρDS,FL with the DroneSpex
data was calculated for each day, with one fluorescence measurement per
DroneSpex movie.

6.4 Results

Fluorescence measurements showed that the peak of the phytoplankton
bloom occurred around the 21 of March and that the chlorophyll-a con-
centration decreased rapidly between the 27 and the 28. This is why water
samples from the 31 instead of the 25 were used for calibration of the data
from the 28 and later - on the 25, the phytoplankton was photosynthetically
more active which gives a lower fluorescence to chlorophyll ratio than after
the decrease in phytoplankton.

Chlorophyll estimates from DroneSpex and simultaneous Ramses (2-
band and 3-band) and fluorescence measurements are plotted against lat-
itude in the figures 6.4 and 6.5. The correlation coefficients are shown in
table 6.1 as well as in the plots. On the 21 and 22 of March there is vir-

Table 6.1: The Pearson correlation coefficients
Date ρDS,R2 ρDS,R3 ρDS,FL

21 March 0.98 0.82 ≈ 0
22 March 0.93 0.81 ≈ 0
28 March 0.96 0.86 0.55
1 April 0.77 0.75 0.65

tually no correlation, ρDS,FL, between the fluorescence and the DroneSpex
measurements. The chlorophyll peak at around 58.4 ◦ north can not be seen
in the DroneSpex measurements which over all give lower chlorophyll con-
centrations these two days. On the 28 of March and the 1st of April there is
a low correlation between the DroneSpex and the fluorescence results. Here
the DroneSpex mostly give higher chlorophyll values but misses the peak
around 59.5 ◦ north the 1st of April.
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Figure 6.4: Estimated chlorophyll concentration 21 and 22 March
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Figure 6.5: Estimated chlorophyll concentration 28 March and 1 April
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The correlation ρDS,R2 between the DroneSpex and the Ramses 2-band
results is high the 21, 22 and 28 of March, and a bit lower but still signifi-
cant the 1st of April. The Ramses 3-band chlorophyll estimates are all the
time lower than the Ramses 2-band, and the correlation ρDS,R3 with the
DroneSpex results is lower than ρDS,R2. The lowest correlation occurs the
last day.

6.5 Discussion

Fluorescence measurements is a well established method which is used by
NIVA among others to monitor the chlorophyll concentration in ocean water
[12], but it requires good calibration. If we assume that this is the case, the
low correlation with the DroneSpex measurements can have the following
explanations:

• The DroneSpex reflectance measurements are not good.

• The fluorometer and the spectrometer measure at different depths in
the water, and the chlorophyll concentration vary with depth.

• The algorithm used with the DroneSpex data does not work well in
the conditions during the field campaign.

Also the Ramses spectrometers are widely used instruments of high ac-
curacy, and the high correlation between the DroneSpex and the Ramses
2-band results indicate that the DroneSpex reflectance measurements are
good.

It is difficult to say anything about the depth of the optical measurements
since this is highly dependent on the secchi depth (clarity of the water),
which was not measured.

The algorithm used is made for oceanic, case 1, waters, while the water
in Skagerrak is of case 2 character so that suspended inorganic material
and dissolved organic substances may have a significant influence on the
reflectance spectrum. The DroneSpex instrument with its high spectral
resolution has a good potential for being used with case 2 algorithms with
more spectral bands.

Optical measurements from satellites can not be made through clouds,
and algorithms like the one used here are made for clear weather. As dis-
cussed in section 4.1 the surface reflection of diffuse light can disturb the
signal when the sky is overcast. Satellite images from the MODIS instru-
ment show that the sky was clear all four days [13], so this does not explain
the low correlation with the fluorescence data especially the 21 and 22 of
March.
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Chapter 7

Future work

At Norut AS, the work with a production line in IDL for more efficient data
analysis has been started based on the results of the work presented in this
report.

When automatic gain control has to be used, absolute values of Lw and
Ed can not be measured and it is not possible to calculate the remote sensing
reflectance in a single spectral band. Only ratios between the reflectances
in two bands can be measured. This limits what kind of algorithm that can
be used. With a higher dynamic range and separate instruments to measure
Lw and Ed, manual gain control can be used and a sensitivity calibration
can be made. Simultaneous measurements of Lw and Ed will also reduce
errors due to moving clouds causing rapid changes in the incoming light.
The irradiance sensor does not have to be of imaging type.

To use the instrument’s imaging capability and high spatial resolution,
the sensitivity calibration has to be made for each pixel. It should also be
tested if the accuracy of the measurements vary along the slit height.
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