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ABSTRACT 
 

During late-winter/spring, ice algae often form in a layer at the bottom of Arctic sea ice. This 

thesis investigates how these ice algae imbedded within a sea ice matrix absorb solar radiation, 

and how the spectral distribution of the radiation transmitted through the ice can be used to infer 

ice algae properties. During a case study of landfast ice in Baffin Bay, NU, Canada, it was found 

that (i) ice algae were highly shade-acclimated with absorption characteristics indicating a strong 

package effect, a likely result of the deep snow-cover. Furthermore, transmittance spectra (ii) 

revealed that ice algae attenuated significantly more radiation, (iii) showed evidence of natural 

fluorescence, and (iv) potentially indicated the presence of an un-sampled algal or cyanobacterial 

population, than that expected from extracted ice sample analyses in the laboratory. These results 

emphasize the important role of spectral transmittance observations in informing bio-optical and 

primary productivity studies of sea ice algae. 
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1.0 INTRODUCTION 
 
The interaction of snow, sea ice and the underlying ocean with incoming solar radiation 

encapsulates an important positive feedback process that strongly contributes to declining ice 

extent and thickness, shifts in seasonal melt and freeze-up, and changes from perennial to 

seasonal ice in the Arctic (Curry et al., 1995; Maslanik et al., 2007). Due to a high albedo, snow 

and ice provide a reflective layer over the Arctic Ocean, keeping polar regions cool when present 

and helping moderate global climate. However, a declining ice cover reflects less solar radiation 

back to the atmosphere and therefore increases transmission (Ehn et al., 2011; Frey et al., 2011; 

Nicolaus et al., 2012) and absorption in the ice and underlying water column (Serreze et al., 

2007; Perovich et al., 2008; Kwok and Rothrock, 2009). Absorption of shortwave radiation (280-

3000 nm), which encompasses ultraviolet (UV; 280-315 nm – UVB; 315-400 nm – UVA), and 

photosynthetically active radiation (PAR; 400-700 nm) is the main source of heat input to the 

Arctic Ocean (Grenfell and Maykut, 1977; Grenfell and Perovich, 1984; Inoue et al., 2008). This 

process of decreasing ice and increasing heat input is referred to as the ice-albedo feedback and 

plays an important role in the acceleration of ice loss in the Arctic and the general rise in global 

temperatures (Serreze et al., 2007).  

 

As the Arctic continues on its path of rapid change, many resultant biological, chemical and 

ecological effects will be driven by climate influenced physical factors. For example, the 

transmittance of solar radiation through Arctic sea ice is of significant importance to the growth 

of photosynthetic organisms within and beneath the ice (Mundy et al., 2014). With respect to 

primary production, more light transmitted through the thinner ice will likely correspond to an 

increase in primary production (Palmer et al., 2011); however, a greater supply of ice melt and 
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river water will act to dilute surface nutrient concentrations, having a negative impact on primary 

producers (Li et al., 2009). The magnitude and spectral distribution of the transmitted under-ice 

irradiance and in particular, their spatiotemporal variability are not well-understood at present 

(Ehn et al., 2011; Mundy et al., 2011).  

 

The summer sea ice melt in the Arctic is driven primarily by the input of shortwave radiation 

(Grenfell and Maykut, 1977; Grenfell and Perovich, 1984; Inoue et al., 2008). With the changing 

sea ice cover and the potential impacts on sea ice biogeochemical processes, understanding 

absorption, reflection, and transmission of incoming solar radiation within, and beneath, sea ice 

is of significant importance (Morel and Smith, 1974; Perovich et al., 2008; Light et al., 2008) 

and is the focus of my thesis.  

 

1.1 Research Objectives 

The overall purpose of this thesis is to introduce the field of sea ice bio-optics to the reader and 

to investigate the role of in situ ice algal absorption on spectral light transmission through sea 

ice, and inversely, how spectral formation in the transmitted light can be used to infer properties 

of the ice algae. To this end, the thesis is built around a case study on sea ice in a coastal fjord in 

Baffin Bay, near Qikiqtarjuaq, Nunavut during the period of late April to mid June 2015. Using a 

combination of in situ scalar and planar downwelling irradiance, particulate absorption and total 

chlorophyll a concentration measurements, I characterize the influence of ice algae on light 

transmission to the underlying water column. The specific objectives of this investigation are to:  

1) Assess the partitioning of solar radiation within the ice cover prior to the onset of 

melt; 
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2) Determine the optical properties of the bottommost ice algal layer; and 
 
3) Characterize the influence of algal absorption on spectral light transmission through 

sea ice, and vice versa. 
 
 

1.2 Thesis outline 

This thesis is composed of four chapters in a sandwich style format. The first chapter states the 

main rationale and introduces the outline of the thesis. The second chapter provides a 

comprehensive overview of the theory and past scientific studies upon which this work is based. 

The third chapter presents a manuscript, to be submitted to the Journal of Geophysical Research 

– Oceans, which compares in situ spectral transmittance data with extracted sea ice sample 

measurements to improve our understanding of the role of in situ ice algal absorption. In chapter 

four, I provide a summary of the findings and conclude with a discussion of recommendations 

for future research endeavors. Reference to literature is appended as the final pages of each 

chapter. Appendix A lists equations used throughout this document, Appendix B supplies the 

method used to analyze particulate absorption with an integrating sphere and Appendix C shows 

images of field work apparatus’ for optical measurements.
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2.0 BACKGROUND 
 
Oceanography has evolved into many specializations, such as biology, chemistry, physics, 

ecology and geology. Cryospheric research, the interdisciplinary study of frozen water, is an 

integral part of the Earth’s climate system, and is often investigated with oceanographic 

techniques. This thesis combines these fields to study light propagation in the cryosphere 

environment, specifically considering bio-optics of landfast first-year sea ice in the Baffin Bay 

region.  

 

This literature review is intended to provide a comprehensive overview of the theory and past 

scientific studies upon which this work is based. Section 2.1 introduces the concepts of 

hydrologic optics, bringing attention to the nature of light and basic light field concepts. Section 

2.2 presents incident solar radiation and its importance to the Earth’s thermodynamic system. 

Section 2.3 discusses how solar radiation is transferred in ice-covered waters, providing detailed 

descriptions on inherent and apparent optical properties, as well as how the two components 

relate. Section 2.4 discusses the vertical ice matrix as a habitat for ice algae and how they 

interact with light. Section 2.5 summarizes this chapter. 

 

2.1 Concepts of hydrologic optics  
 
Hydrologic optics is the study of the behavior of light in natural waters. The word light refers to 

electromagnetic radiation that is visible to the human eye. As electromagnetic waves carry 

energy, their electrical field acts on the molecules of the medium through which it passes. 

Particles of matter tend to prevent free propagation of electromagnetic radiation within the 

medium, as they scatter and absorb its energy (Kirk, 1994). As the behavior of light is impacted 
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by the medium it travels through, there are numerous branches of optics, the part of physics 

concerned with light, which deal with different physical systems (Fig. 2.1).   

 

 

 

2.1.1 The nature of light  

Visible light is only a small portion of the electromagnetic spectrum (Table 2.1). On Earth, the 

main source of available energy comes from sunlight, referred to as solar radiation. The sun, or 

any object that emits radiation in proportion to their temperature, is described in terms of black-

body radiation, i.e., any opaque object that emits thermal radiation. According to Planck’s law 

for black-body radiation, the emissive energy per unit wavelength of any material with a finite  

 

 

 

 

Figure 2.1. The relationship between hydrologic optics and other branches of optics 
(adapted from Preisendorfer, 1976 and Kirk, 2011).  
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temperature is given by (Grum and Becherer, 1979): 

                            𝑀!   =   
!!!!!

!!
   !
!(!!/!"#)!!

 (W m-2)                    (2.1) 

where 𝑀! refers to emissive energy (W m-2), h refers to Planck’s constant and = 6.63 × 10-34 (J 

s), c refers to velocity of light and = 3.00 × 108 (m s-2), 𝜆 refers to wavelength (m), k refers to 

Boltzmann’s constant = 1.38 × 10-23 (J  K!!), and 𝑇 refers to temperature (K). As the Sun has a 

much higher temperature, 𝑀! is much greater with an emission peak at much lower wavelengths 

(i.e., visible versus thermal infrared wavelengths) than that of the Earth (Jerlov, 1976).  

 

Electromagnetic radiation is comprised of photons (or quanta), where a photon is an elementary 

particle that represents the minimum amount of energy of the radiation. Photons always travel at 

the speed of light, c, (~3 × 108 m s-1), and exhibit wave-particle duality such that each photon 

also has a wavelength, 𝜆, or a frequency, 𝑣, related by: 

   𝜆 =    !
!
    (nm  or  m)                  (2.2) 

The energy, 𝜀, in a photon is a function of its frequency, or wavelength: 

                      𝜀 = ℎ𝑣 = !!
!

  (W)                                                             (2.3) 

where the terms hold the same meaning as in Equation 2.2 (Jerlov, 1976). The energy of a 

photon thus varies from high energy at short wavelengths (gamma rays and x-rays) to low energy 

at long wavelengths (microwaves; Table. 2.1; Jerlov, 1976; Kirk, 2011).  
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Table 2.1. The electromagnetic radiation spectrum divided into wavelength subregions. The 
spectrum shows decreasing frequency, increasing wavelength, and lower energy, as you go from 
top to bottom. Due to the absorbing properties of water, oceanographic optics is limited to the 
electromagnetic spectrum region of 300–1000 nm (adapted from Lillesand and Kiefer, 1994). 

 

The velocity of light in a given medium is equal to velocity of light in a vacuum divided by the 

refractive index of the medium. Thus, a solar beam in air consists of a continual stream of 

photons traveling at 3 × 108 (m  s!!), which is equal to c as the refractive index of air is not 

significantly different than a vacuum and is assumed to be the same (exactly 1.0 by definition; 

Kirk, 2011). The refractive index of water (varying somewhat with temperature, salt 

concentration, and wavelength of incoming light) is considered 1.33 for all natural waters. This 

gives a velocity of light in water to be approximately 2.25 × 108 (m  s!!), with frequency of 

radiation remaining the same as that in a vacuum, but wavelength diminishing in proportion to 

decrease in velocity, as 𝑐 and 𝑣  change in parallel.  

 

2.1.2 Basic concepts of the light field  

Direction of direct light can be expressed in terms of two angles (Fig. 2.2): (1) the zenith angle, 

𝜃, which is the angle between a light beam and the upward vertical, and (2) the azimuth angle, 𝜙, 
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which is the horizontal angle between the vertical plane incorporating the light beam and some 

other specified vertical plane (we will refer to the Sun as our other vertical). Following the 

fundamental works of Preisendorfer (1976), Apel (1987) and Mobley (1994), essential attributes 

of a light field, in which we may anticipate changes in the prevailing light field with depth, are 

defined. The two main quantities for describing a light field are spectral radiance and spectral 

irradiance.  

 

 

Radiant flux, Φ, is the radiant energy per unit time that is radiated from a source over optical 

wavelengths (W or J s-1), which translates to the rate at which radiation can do “work” per unit 

solid angle, w (sr). If we consider the radiant flux per unit area of a plane at right angles to the 

direction of energy flow, we arrive at radiance, L. At a given point, radiance is the radiant flux at 

that point in a given direction per unit solid angle per unit area at right angles to the direction of 

Figure 2.2. Angles defining direction within a light field, with the assumption that the xy 
plane is the vertical plane of the Sun where θ is the zenith angle and 𝜙 is the azimuth angle 
(adapted from Kirk, 2011). 
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propagation, and can be defined for radiance emitted from a surface or radiance incident on a 

surface. The most fundamental radiant quantity of interest in environmental optics is spectral 

radiance, 𝐿(𝜃, 𝜙, 𝜆), which is the radiant flux per unit wavelength per unit area per unit solid 

angle, in a particular direction, expressed as:  

      L 𝜃,𝜙, 𝜆 =    !!!
!"  !"#$  !"

    (W m-2 s-1 nm-1)                            (2.4) 

where A is the unit area (m2) (see e.g., page 8 Kirk, 1994).  

 

In snow, ice and water, radiance is taken to be a function of the vertical light field components, 

depth (z) direction and wavelength as it has a weaker relationship in the horizontal axis (Apel, 

1987). It is important to note that when depth and wavelength are kept constant, the notation for 

radiance goes from 𝐿(𝜃, 𝜙, 𝜆, z) to 𝐿(𝜃, 𝜙) and is referred to as the radiance distribution.  

 

When the function for radiance, 𝐿, is multiplied by the total solid angle of a sphere (4π  sr) we 

arrive at irradiance. Spectral irradiance, 𝐸(𝜆), is the radiant flux at a given point of a surface per 

area per wavelength. Contribution of the radiant flux at different angles varies in proportion to 

the cosine of the zenith angle of incidence of the radiation and is expressed as: 

𝐸(𝜆) =    !!
!"

 (W m-2 nm-1)              (2.5) 

where the terms hold the same definitions as in Equation 2.4. Spectral irradiance can be broken 

down into two terms of interest, downward irradiance and upward irradiance, which are the 

integrated values of radiance and cosθ over all directions on the upper and lower horizontal plane 

(Fig. 2.3a) (Apel, 1987; Kirk, 2011).  
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Downward irradiance, 𝐸!(𝜆):  

    𝐸! 𝜆 =    𝐿 𝜃,𝜙, 𝜆   𝑐𝑜𝑠𝜃  𝑠𝑖𝑛𝜃  𝑑𝜙  𝑑𝜃!!
!

!
!
!  (W m-2 nm-1)    (2.6) 

and upward irradiance, 𝐸!(𝜆): 

 

                     𝐸! 𝜆 =    𝐿 𝜃,𝜙, 𝜆   𝑐𝑜𝑠𝜃  𝑑𝜙  𝑑𝜃!!!
!

!!
!
!  (W m-2 nm-1)                         (2.7) 

 
By calculating the difference between 𝐸! and 𝐸! we arrive at the net downward irradiance, 

𝐸 (𝜆): 

                                                    𝐸 (𝜆) = 𝐸!(𝜆)− 𝐸!(𝜆)  
!!
! (W m-2 nm-1)       (2.8) 

Another important term is scalar spectral irradiance, 𝐸!, which is a measure of radiant intensity 

at a point, accounting radiation from all directions about the point equally at a given wavelength 

(Fig. 2.3b).  

 

Figure 2.3. Two types of irradiances: (a) downwelling irradiance and (b) downwelling scalar 
irradiance, from the upper hemisphere with units (W m-2 nm-1). Note: although not depicted 
above, planar and scalar irradiance can be broken down into both downwelling and upwelling 
components (adapted from Apel, 1987). 
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Scalar irradiance, 𝐸! 𝜆 : 

         𝐸! 𝜆 = 𝐿 𝜃,𝜙, 𝜆   𝑑𝜙  𝑑𝜃 (W m-2 nm-1)            (2.9) 

Like irradiance, scalar irradiance can be broken down into two terms of interest, downward 

spectral scalar irradiance and upward spectral scalar irradiance, which are the integrals of 

radiance distribution on the upper and lower horizontal plane, with no cosine correction made.  

Downward scalar irradiance, E!! 𝜆 : 

E!! 𝜆 = 𝐿(𝜃,𝜙  
!! , 𝜆)  𝑑𝜙  𝑑𝜃 (W m-2 nm-1)            (2.10) 

and upward scalar irradiance, E!! 𝜆 : 

            E!! 𝜆 = 𝐿(𝜃,𝜙, 𝜆  
!!! )  𝑑𝜙  𝑑𝜃 (W m-2 nm-1)                        (2.11) 

 

Irradiance and scalar irradiance vary with wavelength across PAR. If we measure the irradiance 

distribution over all angles at a particular point in a given medium we then have a complete 

description of the angular structure of the light field (Kirk, 1994). Different ways of specifying 

the angular light field (downwelling and upwelling) will be discussed in Section 2.3.  

 

2.2 Incident solar radiation 
 
Incident solar radiation is the amount of solar radiation energy received on the Earth’s surface at 

a given time. Solar radiation originating from the sun is also referred to as shortwave radiation 

(visible light; <3.5 µμm), in contrast to longwave radiation (infrared light; >3.5 µμm), which is 

emitted outward from the Earth into the atmosphere (Table. 2.1) (Kirk, 2011). When incident 

solar radiation illuminates the Earth’s surface it is either a source of somewhat attenuated direct 

solar radiation, which is generally under cloudless skies, or diffuse solar radiation (skylight), 

which is both reflected or scattered from clouds and scattered in the atmosphere (Jerlov, 1976; 
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Kirk, 1994). Incident solar radiation on the Earth’s surface is thus conveniently separated into 

direct and diffuse components. 

 

Incident radiation at the Earth’s surface is partially reflected back to space and partially 

transmitted into water and land where it is absorbed and scattered. Although heat is continuously 

supplied and derived by the Earth, prevention of temperature buildup is due to emitting excess 

heat in the form of longwave radiation to space. Oceans play a significant role in the transfer of 

energy around the globe, absorbing large quantities of solar radiation and releasing latent heat to 

the atmosphere (Jerlov, 1976; Dera, 1992; Kirk, 2011). Transfer of heat (via atmospheric and 

oceanic circulation) allows for regions undergoing continual radiation loss to not cool 

indefinitely, nor regions having a net gain of heat warm up continuously, acting to moderate the 

Earth’s climate (Dera, 1992).  

 

2.3 Radiative transfer in ice-covered waters  
 
Photons travelling through a media, whether it is bare sea ice, snow-covered, melt pond-covered 

or open ocean, can be either absorbed, scattered, or transmitted (Kirk, 1971a). To improve our 

understanding of how light travels through a media, we can measure two general types of 

properties of the media, its apparent (AOP; measured with an ambient light field) and its inherent 

(IOPs; measured with a controlled light field) optical properties.  

 

2.3.1 Apparent optical properties  

Apparent optical properties (AOP) have magnitudes that depend on substances comprising an 

aquatic medium and the light field (Preisendorfer, 1961; Kirk, 1971a). AOPs can be difficult to 
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directly relate to physical properties of the media, as they depend both on the shape of the light 

field and IOPs (Preisendorfer, 1961). Albedo, transmittance, and vertical diffuse attenuation 

coefficients (referred to as 𝐾 functions) for radiance, planar irradiance and scalar irradiance are 

considered AOPs.  

 

The most easily measured AOP is spectral albedo, 𝛼(𝜆), defined as the ratio of upwelling, 

𝐸!(𝜆), to downwelling, 𝐸!(𝜆), spectral irradiance directly above a surface (Perovich et al., 

1998):   

𝛼 𝜆 = !! !
!! !

        (2.12) 

During clear conditions, the downwelling component, 𝐸!, consists of longer wavelengths, in 

contrast to cloudy conditions as longer wavelengths are more readily absorbed by water 

molecules. This phenomenon can influence broadband 𝛼 estimates due to spectral differences in 

𝛼(𝜆) values.  

 

Incorporating Beers Law, which relates the attenuation of light as it passes through a medium, 

enables the determination of the diffuse vertical diffuse attenuation coefficient, 𝐾(𝜆), Beers Law 

can be expressed as: 

                                                          𝐸! = 1− 𝑅   𝐸!  𝑒!!"                                                   (2.13) 

where irradiance 𝐸 (can be either upwelling, downwelling, or net; planar or scalar; spectral or 

integrated) transmitted to a 𝑧 depth (m) in a medium is a function of reflectance, 𝑅, at the 

interface (or surface), the incident irradiance, 𝐸!  , above the interface, and the vertical attenuation 

coefficient, K (m-1).  
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In biological sciences it is common to consider the number of quanta, and measuring PAR 

energy in moles of photons with the units of mol s-1 m-2 nm-1 instead of atmospheric sciences that 

tend to use W m-2 nm-1. This is because each photon within the PAR wavelength range contain 

sufficient energy to drive primary production. The following relation is used for the conversion 

of monochromatic light energy:  

Φ! =    !
!!!!

Φ!                        (2.14) 

where 𝜆, ℎ, 𝑐 hold the same definitions as prior equations, m and W subscripts denote units of mol 

m-2 s-1, respectively, and 𝑁! is Avogadro’s number, 6.022 × 1023 photons, equivalent to 1 mole. 

 

The differing biologically and energetically importance between scalar and planar irradiances 

stems from the presence of a radiance distribution over all angles in a medium at a given point 

(Kirk, 2011). In situ measurements of dowelling scalar irradiance and irradiance allow us to 

characterize the angular light field through use of an average cosine, 𝜇!: 

                                  𝜇!(𝜆) = 𝐸!(𝜆)/𝐸!!(𝜆)          (2.15) 

The average cosine is a useful AOP as it can be in turn applied to convert between scalar 

irradiance and planar irradiance.  

 
 
Transmittance, Ed-T(λ), is the ratio of irradiance transmitted through the medium (snow, ice, or 

seawater) to that incident: 

                                        𝐸!!! 𝜆 =    !!!!"#(!)
!!!!"(!)

     (2.16) 

where Ed-sfc (λ) and Ed-ui (λ) are surface and under-ice irradiance, respectively. Transmittance is 

affected by the composition and thickness of the given medium light is passing through, 

diminishing exponentially with increasing thickness (Kirk, 2011). The natural log of 
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transmittance is referred to as optical depth, which will be discussed more fully later in section 

3.3 and chapter 3.  

 

2.3.2 Inherent optical properties 

Inherent optical properties (IOP) have magnitudes that depend solely on substances comprising 

the aquatic medium and not the light field (Kirk, 2011). Absorption and scattering properties of 

the aquatic medium for light at any given wavelength is specified in terms of an absorption 

coefficient, scattering coefficient and volume scattering function. The absorption coefficient, a, 

is the natural log of the fraction of incident flux that is absorbed, divided by the medium 

thickness, z. The scattering coefficient, b, is the fraction of incident flux that is scattered divided 

by the medium thickness.  Both a and b are in units of m-1. Absorption and scattering coefficients 

are two important IOPs of seawater that largely explain changes in the amount of light 

transmission with varying depths.  

 

Pure seawater, coloured dissolved organic matter (CDOM), non-algal particles and 

phytoplankton are the major constituents of chromophoric (optically active) substances, in 

addition to water itself, most commonly used in measuring absorption coefficients in aquatic 

media (Fig. 2.4) (Babin et al., 2003a). Each constituent absorbs a portion of transmitted light, 

converting it into heat, fluorescence or photochemical energy. Therefore, the absorption and 

distribution of these constituents are important to account for, as they play a critical role in 

heating rates of the upper ocean layer (Morel, 1978; Uitz et al., 2006), and determine the quantity 

and quality of transmitted light for primary production (Falkowski and Raven, 2007). The total 



 18 

absorption coefficient, atot, can be determined by summing all of the constituent absorption 

coefficients:  

𝑎!"! = 𝑎!! + 𝑎! + 𝑎!"#$ + 𝑎!       (2.17) 

where aph is phytoplankton pigment absorption, ad is the absorption of de-pigmented particulate 

matter (also referred to as non-algal particulate or detritus), acdom is the absorption by dissolved 

organic matter, and aw is the absorption by pure sea water. 

 

 

 

Figure 2.4. Example absorption coefficients for phytoplankton absorption, aph (green line), 
detrital matter, ad (red line) (obtained from averaged data from this thesis), water, aw (blue line) 
on the right y-axis (Smith and Baker 1981), and colored dissolved organic matter, acdom (purple 
line) (Miller and Buonsassissi, 2010). 
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Water highly absorbs at wavelengths below 250 nm and above 700 nm, making transmittance 

greatest between 400-700 nm (PAR), and limiting the optical oceanographic spectral range of 

interest from UV to IR. Differing optical properties arise due to substantial variation in oceanic 

waters dissolved and particulate matter concentrations. This variation gives ocean waters their 

local coloration, which ranges from deep blue in the middle of an ocean, to yellowish-brown in 

coastal turbid regions. Pure seawater-absorption spectra are similar to that of pure freshwater, as 

salt has little effect on absorption; blue light attenuates the least, giving the water a dark blue 

appearance, due to strongest absorption in the UV and IR region. All wavelengths are attenuated 

more in turbid water than clear water (Jerlov, 1976; Dera, 1992). 

 

An example useful equation that relates the downwelling diffuse attenuation coefficient (𝐾!(𝜆); 

an AOP) to the absorption and scattering IOPs for a high scattering medium such as sea ice is: 

                                                 𝐾!(𝜆) =
!

!!(!)
𝑎! + 𝑎𝑏𝐺                      (2.18) 

where 𝐺 is a coefficient that determines the relative contribution of scattering to vertical 

attenuation of irradiance (Kirk, 2011). A constant value of 0.256 can be used for 𝐺 in sea ice 

(Kirk, 2003). 

 

2.3.3 Radiative transfer theory  

Radiative transfer theory is used to theoretically estimate light reflection, absorption, and 

transmission through a medium, from its IOP’s (Fig. 2.5) (Kirk, 1971a). The radiative transfer 

equation determines how radiance varies with distance along any specified path a specified point 

in the medium. The net rate of change in radiance is found as the resultant of two opposing 

processes, the loss by attenuation along the direction of travel and the gain by scattering of light 
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initially traveling in other directions (Kirk, 1994). In its most basic form, the radiative transfer 

equation reduces down to Beer’s law (Eq. 2.13) 

 

 

2.3.4 Light interactions with sea water, sea ice and snow  

In order for solar radiation to become available to the Arctic aquatic ecosystem in late 

winter/early spring, it has to penetrate through the atmosphere, as well as the snow-ice and ice-

water interfaces. As light crosses an interface it undergoes reflection (𝑅) and refraction (n), as 

described by the derivations of Fresnel’s and Snell’s laws of geometrical optics, complicating the 

radiance distribution below a given surface (Kizel, 1973). The reflection and transmission of 

light is a function of wavelength, and is determined by the physical properties of the medium it is 

passing through.  

Figure 2.5. Single beam of radiance and the processes that effect it as it propagates 
through a distance, r in the direction θ, 𝜙, loses some photons via scattering out of the path 
and absorbing by the medium along the path. Some photons are acquired by scattering of 
light initially traveling in other directions θ′,  𝜙′ into the direction of θ, 𝜙. Note: Radiative 
transfer models integrate all of the different beams of light from all directions of a given 
point, not just a single beam from one direction (adapted from Mobley, 2010 and Kirk, 
2011). 
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2.3.4.1 Seawater as an optical medium  

Light behaves different in water than air, traveling slower within an aquatic medium, being 

absorbed in much shorter distances than the atmosphere (Mobley, 1995). As light is transmitted 

beneath the ocean surface, changes to radiance values occur due to narrowing of the solid angle 

of the refracted rays (Apel, 1987). Mobley (1994; 1995) provide detailed explanations of the 

optical process in the ocean, with external environmental properties defining the amount of solar 

radiation available to penetrate the ocean. In brief, visible shortwave radiation that penetrates the 

ocean surface interacts with water molecules and dissolved or suspended particulate substances 

in the upper ~100 m of the ocean until it is attenuated down to levels not able to support 

photosynthesis (i.e., the euphotic zone; Mobley, 1994; Mobley, 1995; Kirk, 2011). As discussed 

earlier, this depth can vary as a function of the diffuse attenuation coefficient, which is 

dependent on absorbing and scattering constituents in the water (e.g., algal cells containing 

pigments, sediments, etc.). Differences in attenuation not only affect the amount of light 

available for photosynthesis, but also influence how heat is distributed in the upper layer.  

 

2.3.4.2 Sea ice as an optical medium  

Often described as a thin blanket covering the ocean, sea ice controls, and is controlled by, fluxes 

of moisture and heat across the ocean-sea ice-atmosphere interface (Petrich and Eicken, 2010); 

this complex interaction between key components of the Earth’s climate has made sea ice an 

increasingly important and prominent research topic. The growth and retention of Arctic sea ice 

is directly linked to the vertical stratification of the ocean beneath it. In cold environments, 

salinity primarily determines the density of water, forming a salinity-stratified layer of water that 
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marks a transition between warm saline water (bottom boundary) and cold fresh polar surface 

water (upper boundary). It is this vertical stratification, referred to as the halocline, that plays an 

important role in maintaining the Arctic sea ice (Dieckmann and Hellmer, 2010).  

 

Sea ice is primarily made up of air, brine and water, salt inclusions, but may contain other 

optically active substances, e.g., sediments and biota. Light within the sea ice may be attenuated 

by these inclusions (Maykut and Light, 1995). Pure sea ice, with no inclusions or bubbles, allows 

for scattering to be neglected and an absorption spectrum that parallels that of clear seawater in 

the UV to near IR region (Perovich and Grenfell, 1998). Air bubble inclusions absorb minimal 

amounts of penetrating solar radiation, making them negligible in absorption coefficient 

calculations for sea ice. The absorption coefficient for brine pockets is assumed equal to that of 

seawater as salt ions do not have a significant effect on absorption.  

 

Sea ice is a scatter-dominated medium, deflecting light more-or-less equally at all wavelengths 

(Perovich, 1996). Air bubbles and brine inclusions (pockets, tubes, channels and networks) 

within the ice structure are responsible for the majority of the scattering in sea ice, with air 

bubbles having the greatest scattering impact due to the largest difference in index of refraction. 

Perovich and Grenfell (1982) emphasize the difficulty of directly measuring scattering within sea 

ice, as it is nearly impossible to set up any instrument in the ice structure without altering the 

radiation field. In general, scattering coefficients for sea ice are large and variable; for example, 

warm ice is thought to have a lower scattering coefficient whereas ice with abundant inclusions 

or air bubbles can be an order of magnitude greater (Perovich, 1998). Based on inclusions within 

different parts of the sea ice media, variability in attenuation along the vertical ice profile is of 
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importance. Ehn et al. (2008) provided four optical layers for first year sea ice: the surface layer, 

inclusive of snow, superimposed and granular ice, the internal homogenous ice, a detritus layer, 

and the bottom ice algal layer. Algal attenuation in the fourth optical region is discussed in 

Section 2.4.  

  

2.3.4.3 Snow cover as an optical medium  

With the accumulation of snow cover on top of sea ice, the growth rate of ice is significantly 

affected, becoming insulated from the cold atmosphere (Maykut and Utersteiner, 1971). 

Compared to sea ice, snow has a much higher scattering coefficient (upwards of one order of 

magnitude larger), which significantly increases its surface albedo and attenuation coefficient 

(Perovich, 1993). The high albedo and effective insolation properties of snow can modify the 

physical and biological ice and water column environment, making it an integral part of the 

atmosphere-sea ice-ocean system (Petrich and Eicken, 2010). Studies have found the 

microstructure of snow (grain shape and size, temperature, density, age, etc.) significantly 

influence the variation of its spectral albedo, e.g., fine-grained snow reflects large amounts of 

incident solar radiation, as opposed to coarse-grained snow, which reflects much less (O’Neill 

and Gray, 1973; Eicken 1992; Perovich, 1998). Environmental factors that alter snow grain size 

and density are highly influential on the magnitude of transmittance, i.e., increasing the density 

of crystals increases scatter (Mundy et al., 2005). The albedo of dry snow is greater than that of 

wet (melting) snow; however, any snow type has an albedo value higher than that of ice and 

water (Perovich, 1998). In general, the Arctic basin is predominately a dry ice-snow system; 

meaning the mass of an overlying snow cover is rarely sufficient to sink sea ice (Perovich, 1988). 

This makes for a fresh, dry, compact and continuous snow cover, which has an albedo of 
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approximately 0.8-0.95, largely reflecting incident radiation. On the other hand, aged, wet and 

patchy snow cover has an albedo value close to 0.5 (Warren, 1982). The proportion of reflected 

shortwave radiation for snow cover is much higher than that of sea ice and seawater. Even a 

surface covered with thin snow cover experiences a significant decrease in irradiance levels 

beneath it.  

 

Spectral albedo, α(λ), also determines the amount of light available for absorption and scattering 

within the snow cover (Kokhanovsky and Zege, 2004), which is the primary form of radiative 

transfer (Warren, 1992; Perovich, 2001). Snow albedo is lower in the near IR region than visible, 

inferring that visible light penetrates deeper into thick dry snow as there is minimal absorption in 

this spectral band, with near IR playing a key role in snow and ice melt being absorbed in the 

uppermost portion of snow (Warren, 1982). In general, shortwave attenuation in the snowpack 

varies with wavelength; shorter wavelengths (UV/VIS) penetrate deeper than longer wavelengths 

(IR). The maximum irradiance at depth occurs at approximately 500 nm due to the effect of the 

distribution of solar spectrum and the spectral absorption characteristics of ice and water 

(Perovich, 1998). The grain size of melting snow is much larger than dry snow, allowing deeper 

penetration in the visible light region (Sergent et al., 1987). Thus, the diffuse attenuation 

coefficient for dry snow is greater than that of a melting snow cover, accompanied with a higher 

spectral albedo (Perovich, 1989). Scatter decreases over time as snowpack ages and snow grain 

size increases (Perovich, 1998).  
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2.4 Light absorption by ice algae 

Approximately half the global net photosynthesis of organic matter occurs in oceans, within the 

cells of marine algae, driving biological processes on Earth (Steemann and Nielsen, 1975; Dera, 

1992). Ice algae are marine primary producers imbedded and growing within the ice matrix, 

where they can substantially influence spatial and temporal variability in sea ice bio-optical 

properties (e.g,, Arrigo et al., 1991; Perovich et al., 1993; McDonald et al., 2015). As the sun 

rises higher in the sky during the Arctic spring, transmitted light penetrates the snow and ice 

media to initiate the spring ice algal bloom (Leu et al., 2015). As the research in my thesis takes 

place prior to melt, it is important to note that salt precipitates and abundance of brine inclusions 

remain in the vertical ice matrix, creating a high scatter and low transmittance environment 

(Light et al., 2003), respectively.  

 

Diatoms encompass the main taxa of ice algae in the Arctic (Poulin et al., 2010). These major 

constituents of Arctic Ocean (and other oceans) primary production collect light energy from the 

transmitted light field via photosynthetic pigments – molecular structures that efficiently absorb 

light in different parts of the 400-700 nm range (Dera, 1992). Focusing on chlorophyll, one of 

three chemically distinct photosynthetic pigments seen in all photosynthetic organisms, we see 

two electron excitation states, upper and lower. Chlorophyll’s a and b have strong absorption 

bands in the red, and even stronger absorption bands in the blue region of the electromagnetic 

spectrum (Falkowski and Raven, 2007). In general, Chlorophyll a constitutes most of the 

chlorophyll present. There are many reasons to measure the absorption spectrum of ice algae, 

such as determining light harvesting extent, algal concentrations, or specific species. Absorption 
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spectra are determined by the size and shape of the chloroplasts, cells or colonies, and pigment 

composition. 

 

2.4.1 Ice algae habitat 

A generalization for landfast Arctic sea ice is that ice algae concentrate in the bottommost layer 

of the ice, due to optimal light and nutrient access. However, ice algae can also occur in within 

the interior ice or the sea ice surface (Fig. 2.6; Horner et al., 1988; Horner et al., 1992). 

Accordingly, most research has been focused on the bottom-ice interstitial assemblage (Leu et 

al., 2015). According to Horner et al. (1992), this assemblage is often 5-10 cm thick in the 

Arctic. Pennate diatom species living within the bottommost layer of ice make up majority of 

algae in the Arctic sea ice (Poulin et al., 2010). Surface assemblages can occur in melt ponds 

(Appolonio, 1985; Mundy et al., 2011), or at the snow-ice interface when the snow is flooded 

with seawater, known as infiltration assemblages (Syvertsen, 1991). Interior assemblages can 

either be a band assemblage, which is formed by the accretion of new ice under a previously 

formed bottom ice algal layer (Ackley et al., 1979), or a brine channel assemblage, which occurs 

in brine channels/cracks in ice (McConville and Wetherbee, 1983). Garrison et al. (1983) 

suggests a potential third interior assemblage, where algal cells are concentrated during frazil ice 

formation, evidently being scattered throughout the ice. Only one report of an interior 

assemblage in Arctic sea ice has been recorded (Horner et al., 1988).  

 

The bottommost layer of sea ice represents an optimal sea ice environment with a balance 

between access to nutrients from the ocean water beneath, while positioned at the top of the 

water column for maximum light availability. This ice bottom is often called the skeletal layer, 
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which offers bulges between ice crystals at the growth interface, providing space for algal 

colonization (Legendre et al., 1991). The most predominate environmental factors affecting ice 

algal production are transmitted irradiance (Mundy et al., 2005), nutrients (Cota et al., 1987), 

salinity and temperature (Arrigo and Sullivan, 1992; Lavoie et al., 2005). 

 

Figure 2.6. Vertical schematic of algal assemblages found in Arctic sea ice (Horner et al., 1988). 

 

2.4.2 Absorption and scattering within the vertical ice matrix  

Attenuation within the sea ice matrix is due to brine channels or pockets, air bubbles, and salt 

crystals (Perovich, 1996). Mentioned earlier, Ehn et al. (2008) described four optical layers of 

sea ice. These layers and their unique attenuation and scattering properties include: 

(1) Surface layer: strong light attenuation due to impurities in the surface ice decreases PAR 

transmittance through sea ice to as low as 5 to 16% (Ehn et al., 2011). Higher scatter in 
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the surface layer, comparative to central ice, is likely a result of greater difference 

between refractive indices between liquid and air, or can be attributed to the granular 

structure of surface ice (Perovich, et al., 1998). 

(2) Central ice: majority of attenuation results from the presence of liquid brine, which 

contribute to sea ice attenuation more than any other natural inclusion (Perovich, 2003). 

Columnar ice in this layer favors downward vertical movement of light ~50x greater than 

any other direction (Perovich, 1996), resulting in little backscatter to the surface and 

enhanced transmission of light to the bottom algal communities (Ehn et al., 2008).  

(3) Detritus and/or other absorption: de-pigmented particles (ad) and CDOM effect 

attenuation significantly (Fig. 2.4). Absorption for both declines exponentially with 

increasing wavelength, exhibiting a much lower magnitude than algae spectra without 

characteristic chlorophyll a peaks. If ad and CDOM are present in large quantities, PAR 

availability to phyotsynethtic organisms can be affected (Light et al., 2008). Inclusions of 

concentrated ad and CDOM create regions of high and low in the vertical ice profile, and 

overall decrease transmittance (Perovich et al., 1998; Ehn et al., 2008).  

(4) Bottom ice algal absorption: in some cases algal material in the bottommost centimeters 

of sea ice can be the greatest contributor to ice attenuation (Legendre and Gosselin, 

1991), rivaling that of thick snow cover (Mundy et al., 2007). 

 

2.4.3 Ice algal attenuation properties and the package effect 

As stated in Beers Law, irradiance and absorption decrease exponentially with ice thickness, thus 

varying the intensity and spectral quality of light through a vertical column of ice. Stated above, 

ice algae can significantly affect the light levels and quality for those cells located lower in the 
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vertical ice column, or beneath sea ice, a process referred to as intercellular shading. Thus, algal 

cells experience variations in incident radiation due to vertical cell displacement within the sea 

ice (Robinson et al., 1995). This creates the need for cells to photoacclimate through 

biochemical, physiological or morphological variations (Kirk, 1975b; Morel and Bricaud, 1981). 

In response, algae located in the bottommost ice layer can potentially produce accessory 

pigments in order to absorb stronger in wavelengths adjacent to the spectral absorption properties 

of chlorophyll a. For example, a main diatom accessory pigment, fucoxanthin, has an absorption 

peak between 450-550 nm (SooHoo et al., 1987). Shifts in absorption through accessory 

pigments can also occur in response to increased total irradiance, i.e., spring melt (Perovich et 

al., 1998). Absorption characteristics of algal attenuation occur in a predictable manner, allowing 

for alteration of the light conditions within the sea ice matrix and beneath sea ice to be estimated 

(Arrigo et al., 1991). 

 

Long-term placement of a photosynthetic organism under a specific light regime (high or low), 

allows for this acclimation to irradiance (Falkowski and Raven, 2007). In low light environments 

one photo-acclimation strategy for algal cells is to increase cellular pigmentation as to increase 

light absorption per cell (Berner et al., 1989; Kirk, 1994). However, there is a trade-off, as 

cellular pigment concentrations increases, intracellular shading occurs, effectively reducing the 

efficiency of light capture by individual pigment molecules, a feature referred to as the package 

effect. If a cell has a constant pigment concentration, absorption per unit pigment is predicted to 

decrease as cell size increases. This decrease is due to susceptibility of larger cells to the package 

effect (Morel and Bricaud, 1981). The package effect is a result of pigment molecules being 
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contained in discrete packages, rather than being uniformly distributed in cells. It lessens the 

effectiveness of collecting light from the medium, lowering specific absorption.  

 

The package effect is proportionally greatest when absorption is strongest (Fig. 2.7; Kirk, 2011). 

For example, Arrigo et al. (1998) found a large-celled cryptophyte dominated bloom to have 

lower chlorophyll-specific absorption values than blooms of much smaller diatoms, and 

attributed the difference to a package effect. Bricaud et al. (1995) corrected spectra for the 

contribution of non-algal (de-pigmented) material finding the package effect brought an 

approximately 3-fold reduction in the height of the red absorption band and approximately 10-

fold reduction in the blue absorption band. Less pronounced absorption peaks and lower specific 

absorption per unit pigment per wavelength is a consequence to pigment molecules being 

contained in discrete packages. The absorption spectrum of cells not uniformly distributed 

hinders the effectiveness in which they collect light, lowering specific absorption (Falkowski and 

Raven, 2007).  
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Figure 2.7. The effect of growth irradiance on the optical absorption cross section normalized to 
chlorophyll a (top). Cells grown at high light levels have less cellular chlorophyll and thylakoid 
membranes within the chloroplast (bottom right) than cells grown in low light (bottom left). The 
optical consequences of these changes in chloroplast ultrastructure are increased optical 
absorption cross section for cells with lower chlorophyll content (Falkowski and Raven, 2007). 

 

2.5 Conclusions 
 
In this chapter I have reviewed bio-optical properties of snow-covered sea ice, with focus placed 

on the bottom-ice algal layer. To begin, in Section 2.1 I define the nature of light and basic light 

field concepts to create a broad understanding of hydrologic optics. Incident solar radiation was 

discussed in Section 2.2, followed by Section 2.3, which breaks down components of radiation 

transfer. Apparent and inherent optical properties, as well as the radiative transfer theory, are 

discussed, with emphasis placed on physical properties of snow, sea ice and seawater. A 
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description of the vertical ice matrix, inclusive of ice algae habitat and algal absorption, was 

included in Section 2.4. In the following chapter I present a case study on optical properties of 

the bottommost ice algal layer and the influence of algal absorption on transmitted light through 

landfast first year sea ice in Baffin Bay. This chapter includes descriptions of data collection and 

processing methods, data analysis, and conclusions. 
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3.0 BIO-OPTICAL CHARACTERIZATION OF SNOW-COVERED SEA ICE WITH A 
NEAR-BOTTOM ICE ALGAE LAYER IN BAFFIN BAY, NEAR 
QIKIQTARJUAQ, NUNAVUT  

 
This paper is to be submitted to Journal of Geophysical Research – Oceans. The work represents 

the core chapter of my thesis. As the first author, I was primarily responsible for the 

methodological development, sample analysis, data processing and manuscript writing. 

Quiring, C., Mundy, C.J., McDonald, S., other authors TBD, and J.K. Ehn (to be submitted). 
Bio-optical characterization of snow-covered sea ice with a near-bottom ice algae layer in Baffin 
Bay, near Qikiqtarjuaq, Nunavut.  
 
Abstract: 

Absorption by ice algae and its influence on the spectral distribution of transmitted irradiance 

though snow-covered sea ice is not well-understood at present. The aim of this work is to better 

understand how ice algae imbedded within a sea ice matrix absorb solar radiation. To accomplish 

this aim, we directly compared observations of inherent (IOP) versus apparent (AOP) optical 

properties of ice algae through a case study on landfast ice in Baffin Bay, NU, Canada. Ice algae 

were highly shade-acclimated with IOP absorption measurements displaying a strong package 

effect, a likely result of the deep snow-cover in the fjord environment along the coast of Baffin 

Bay. Ice algae imbedded in sea ice were found to attenuate light at nearly an order of magnitude 

greater than suggested by IOP absorption alone. This discrepancy was explained by both 

scattering and increased absorption. The influence of scattering highlights an important feature 

that needs to be considered in future ice algal production estimates and models. The increase in 

absorption was interpreted as a factor of the ice algae being concentrated within the bottommost 

millimeters of the sea ice as opposed to the assumed centimeters that underpins most Arctic ice 

algal studies. Additional discrepancies between IOP and AOP spectra emphasized the 

importance to consider natural fluorescence in future sea ice radiative transfer models as well as 
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a potentially un-sampled algal/cyanobacterial population in the IOP measurements. Thus, it was 

concluded that IOP observations can be used to inform AOP observations and vice-versa, 

confirming both measurements as critical observations for future optical studies in ice-covered 

waters.  

 

3.1 Introduction 

The interaction of snow, sea ice and the underlying ocean with incoming solar radiation 

encapsulates a climatologically important ice-albedo positive feedback process that strongly 

contributes to declining ice extent and thickness, shifts in seasonal melt and freeze-up, and 

changes from perennial to seasonal ice in the Arctic (Maslanik et al., 2007; Stroeve et al., 2014). 

While most of the surface incident solar radiation is reflected back, the ~0.1-10% fraction that 

penetrates through the snow and ice cover is still sufficient to drive primary production in the 

Arctic ice environment. In late winter and early spring when the sea ice is still covered by snow, 

the low radiation levels reaching through the ice cover (and the availability of nutrients) 

effectively restrict primary production to the bottommost centimeters of the sea ice cover where 

highly shade acclimated ice algae reside, while phytoplankton growth in the water column is 

minimal (Gosselin et al., 1997; Legendre et al., 1992; Leu et al., 2011). These ice algae are 

readily visible at the bottom of the sea ice as a brown band with a thickness varying from ~1 mm 

to a few centimeters, and form a concentrated food source that is of key importance for early 

spring grazers in the Arctic Ocean (Soreide et al., 2010).  

 

Climate induced changes in the Arctic’s ice cover (e.g., snow and ice thicknesses, and melt 

timing) have the potential to significantly alter algal growth and light levels in the bottom ice 
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environment, and by extension, affect the abundance and production of ice algae. Monitoring 

such changes are presently restricted to time consuming, labor intensive, and potentially error 

prone, methods that typically involve coring through the ice, cutting and melting the bottom few 

centimeters of the ice core, and processing the liquid ice melt holding the ice algae. Optical 

measurements, and in particular spectral irradiance measurements of light transmitted through 

the ice cover, offer a relatively quick and non-invasive alternative for monitoring ice algae 

properties (Nicolaus et al., 2012; Ehn and Mundy, 2013). 

 

Interpreting the influence of ice algae on spectral light transmission through sea ice is not trivial 

as it is affected by variability in snow and ice thickness, the incident light field, and the presence 

of other impurities within the ice. Consequently, it has been tackled by numerous investigations 

(e.g., Grenfell and Maykut, 1977; Perovich et al., 1993; Mundy et al., 2007a). In general, results 

from these investigations demonstrate a strong and consistent impact on the distribution of 

spectral light, where increasing ice algal biomass causes a shift in peak transmittance towards 

longer wavelengths (Arrigo et al., 1991) with troughs centered at approximately 440 and 670 nm 

corresponding close to absorption peaks of the chlorophyll a pigment (Mundy et al., 2007a). 

However, ice algal light absorption has been found to be greater in situ (i.e., estimated from 

transmittance measurements beneath sea ice with algae imbedded within) than ex situ (i.e., 

measured as an inherent optical property with ice algae taken outside their natural ice 

environment) which was explained by diffusion of the light field and pathlength amplification 

due to scattering (Ehn and Mundy, 2013). Regression analysis of spectral light transmittance 

versus observations of snow, ice, and chlorophyll a concentration have been used to estimate 

downwelling chlorophyll-specific diffuse attenuation coefficients ranging from 0.035 to 0.05 m2 
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mg chl-1 over PAR wavelengths (Smith et al., 1998; McDonald et al., 2015). These estimates 

were upwards of an order of magnitude greater than chlorophyll-specific algal absorption 

coefficients for ice algae (Stramski et al., 2002; Ehn and Mundy, 2013) and phytoplankton 

(Bricaud and Stramski, 1990; Bricaud et al., 1998). Smaller than expected peaks and troughs 

were likely caused by intercellular package effect (i.e., dependent on the arrangement of algae 

within the ice matrix) (McDonald et al., 2015).  

 

In this paper, we directly compare in situ and ex situ estimates of ice algal spectral absorption 

measured from landfast ice in Baffin Bay in order to better understand how ice algae imbedded 

within a sea ice matrix absorb solar radiation. More specifically, we address the following 

objectives: (1) assess the partitioning of solar radiation within the ice cover prior to the onset of 

melt, (2) determine the optical properties of the bottommost ice algal layer, and (3) characterize 

the influence of algal absorption on spectral light transmission through sea ice. Measurements 

were conducted before melt onset, under sea ice with a relatively thick snow cover (> 10 cm). In 

contrast to most previous studies examining ice algal bio-optics in the bottom centimeters of the 

ice cover, we consider the influence of algae concentrated along the bottommost millimeters of 

the skeletal layer (Lund-Hansen et al., 2015).  

 

3.2 Methods 

3.2.1 Study Location and Sampling 

Data were collected as part of the Green Edge 2015 Campaign on snow-covered landfast sea ice 

in Baffin Bay, near Qikiqtarjuaq, Nunavut, from 28 April to 12 June 2015 (67°28.784N, 

063°47,372W; Fig. 3.1).  
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Figure 3.1. Map of the Green Edge Ice Camp site located near Qikiqtarjuaq, Broughton Island, 
Nunavut [67°28.784N, 063°47.372W]. Bathymetric data compiled from the International 
Bathymetric Chart of the Arctic Ocean (IBCAO, V3). The measurement region is marked with a 
red circle.  

 
Thick (> 25 cm) and thin (~15-20 cm less than thick snow cover) snow cover sample sites were 

chosen every second day. At each core extraction location snow depth (ZS) and ice thickness (ZI) 

were first measured. Spectral irradiance measurements (above surface downwelling and 

upwelling, and under-ice downwelling) were then collected at each site between 9:30 and 11:30 

AM EDT. This was followed by the extraction of 2 to 3 ice cores, depending on core colour from 

algal colonization, from each site using a 9 cm core barrel (Kovacs Mark II). The bottommost 3 

cm of the ice cores at each site were pooled into dark isothermal containers and melted in 0.2 µm 

filtered seawater (FSW) at approximately a 3:1 dilution of FSW to ice melt to minimize osmotic 
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stress on the microbial community during melt (Bates and Cota, 1986; Garrison and Buck, 

1986).  

 

3.2.2 Irradiance measurements  

Spectral variability in the bottom-ice layer prior to sea ice melt was investigated through optical 

measurements of cosine-corrected irradiance at the surface and transmitted to the under-ice water 

column. A downwelling irradiance surface reference sensor was used to correct all 

measurements for variable sky conditions. Both sensors were UV-visible radiometers 

(RAMSES-ACC and -ASC, TriOS GmbH, Germany) with 256-channel silicon array detector, 

their own pressure and tilt sensors, and wavelength coverage of 320-950 nm with a resolution of 

3.3 nm. 

 

Surface spectral albedo, α (λ), measurements were conducted at each snow cover site. The cosine 

corrected radiometer was mounted on an aluminum pole attached to a tripod 60-70 cm off the 

snow surface and 1.5 m away from the tripod. Albedo, α (λ), was calculated as the average ratio 

of 5 consecutive upwelling and downwelling irradiance reading pairs in order to reduce 

uncertainties due to variations in sky conditions during measurements. 

 

Throughout the sampling period we measured transmitted irradiance spectra on 34 sampling 

occasions. These measurements were conducted using a custom-built double-hinged aluminum 

pole (L-arm) that allowed the radiometers to point upwards 1.5 m southwards of a 10-inch auger 

hole. After the auger hole was drilled, removed snow was placed back into the hole to minimize 

the influence of stray light on the measurements. The spectral optical thickness of snow-covered  
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sea ice, τ (λ), was calculated as:  

       𝜏(𝜆) = 𝑙𝑛 !!!!"#(!)
!!!!"(!)

                                                     (3.1) 

where τ (λ) is unitless, and the surface incident spectral irradiance, Ed-sfc (λ) and the under-ice 

downwelling spectral irradiance, Ed-ui (λ), were in W m-2 nm-1. Photosynthetically available 

radiation (PAR; µmol s-1 m-2) was calculated by converting the spectral irradiance measurements 

from W m-2 nm-1 units to µmol s-1 m-2 nm-1 units, and then integrating the spectrum between 400 

and 700 nm: 

                    𝑃𝐴𝑅  = int_400^700 [𝐸  𝑑(λ) 8.36 x 103 λ] dλ                   (3.2) 

where the wavelength, λ, has the units nm. 

 
3.2.3 Particulate analyses   

Melt time of the ice samples within isothermal containers varied between 12-24 hours. Once 

melted, the ice meltwater was immediately filtered for particulate analysis. Subsamples of 10 to 

500 ml, depending on particulate load, were filtered onto 25 mm glass fiber filters (Whatman 

GF/F) for particulate absorption measurements. Filters were placed in HistoPrep tissue capsules 

with the use of sterilized forceps, and stored at -80°C (a liquid nitrogen dry shipper was used for 

sample transport south) until analysis. Within 6-months of collection, filters were analyzed on a 

spectrophotometer (Perkin Elmer Lambda 650 S) with 150 mm integrating sphere over the 

wavelengths of 250-800 nm with a 1 nm resolution. All processing was accomplished in a dark 

room to protect samples from light. Our technique followed that of the integrating sphere 

approach used in Röttgers and Gehnke (2012) measuring the filter’s spectral absorbance in the 

center of the sphere to avoid scattering-influenced light loss. Upon thawing a filter from -80°C, 

the absorbance spectrum was immediately measured for determination of the particulate 
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absorption coefficient, ap(λ). Following pigment extraction protocols of Kishino et al. (1985), the 

filter was then submersed in 20 ml of 95% methanol for 20 minutes, filtered clean, followed by 

an additional treatment of 20 minutes in 20 ml of 95% methanol and again filtered clean. 

Absorbance of the methanol treated filter was measured for determination of the de-pigmented 

spectral absorption coefficient, ad(λ). An average of two scans, rotating the filter 90° between 

scans, was used for all absorbance measurements. Following the same protocols above, but 

substituting sample water for milli-Q water, a blank GF/F filter was measured in tangent to all 

particulate absorbance measurements and used as the background for ap(λ) and ad(λ) spectra 

calculations. Calculations of spectral absorption coefficients included corrections for pathlength 

amplification, β(λ), made using equations from Neukermans et al. (2014). The phytoplankton 

absorption coefficient, aph(λ), was finally calculated as the difference between ap(λ) and ad(λ). 

 

Total chlorophyll a concentration [Tchl-a] is defined as the pigment concentration sum of 

chlorophyll a, divinyl chlorophyll a and chlorophyllide a. To determine [Tchl-a], filters were 

extracted in 100% methanol, disrupted by sonication, and clarified by filtration through 25 mm 

glass fiber filters (Whatman GF/F). Following extraction, samples were analyzed immediately by 

high performance liquid chromatography (HPLC) using an Agilent Technologies 1200 

instrument (for full analytical procedure please refer to Ras et al. (2008)). The wavelength 

detection of chlorophyll a and derivatives was at 676 nm. A volume-measured FSW dilution 

factor was applied to the calibrated pigment concentrations in mg m-3. To obtain areal 

concentrations in mg m-2 the volume concentrations were multiplied by the sampled ice core 

section thickness (0.03 m).  
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3.2.4 Statistical analysis  

We applied the functional linear regression (FLR) model described in McDonald et al. (2015), 

which relates the functional response, τ (λ), to predictor variables, snow depth, ice thickness, and 

[Tchl-a] in the form of:  

                𝜏 𝜆 = 𝛽! 𝜆 +   𝐾!,! 𝜆 ∙ 𝑍! +   𝐾!,! 𝜆 ∙ 𝑍! + 𝐾!  ∗ 𝜆  ·  [𝑇!!!!!]+ 𝜀 𝜆                   (3.3)  

where Kd,S (λ) is the downwelling attenuation coefficient of snow (m-1), ZS is the snow depth (m), 

Kd,I (λ) is the downwelling attenuation coefficient of ice (m-1), ZI is the ice thickness (m), Kd
*

 (λ) 

is the chlorophyll-specific downwelling attenuation coefficient of bottom ice algae (m2 mg-1), 

[Tchl-a] is total chlorophyll-a areal concentration (mg m-2) and the dimensionless β0 (λ) and ε (λ) 

are the intercept function and the functional standard error, respectively.  

 

This spectral dataset had wavelength (nm) as its domain, and a smoothing parameter of 10-6.5 was 

applied to our discrete irradiance measurements in order to improve the configuration of the 

underlying function (Ramsay et al., 2009). Measurements within the PAR wavelength range 

were used to obtain optical thickness curves (Eq. 3), and all analyses were performed using the 

‘R environment for statistical computing’. Note that the functional regression coefficients, Kd,S 

(λ), Kd,I (λ), and Kd
*

 (λ), as well as β0 (λ), were depicted by a sixth order B-splines with knots 

every 3 nm and fitted by minimizing the residual sum of squares (Ramsay and Silverman, 2005; 

McDonald et al., 2015). 
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3.3 Results 

3.3.1 General field observations 

Thick and thin snow depths averaged (±SD) 0.365 ± 0.082 and 0.209 ± 0.064 m, respectively, 

over our study period (Fig. 3.2a). Snow depths increased over the start of the study, but after 14 

May, they follow a slight decreasing trend, likely associated with wind redistribution and spatial 

sampling variability. Ice thickness under thick snow (1.16 ± 0.07 m) was significantly less under 

thick snow than that under thin snow (1.29 ± 0.09 m) (Fig. 3.2b). Ice thickness remained 

relatively constant under the thick snow, but increased under the thin snow site between 12 to 22 

May. Little variation was observed in PAR albedo over the study period (data not shown) with 

values consistently over 0.9. These higher than usual values are believed to be influenced by the 

mountainous fjord terrain surrounding the sampling region. 
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Figure 3.2. Measurements at thick and thin snow cover sites for ice thickness, ZI, (a), snow 
depth, ZS, (b), total chlorophyll a, [Tchl-a], (c), and under-ice downwelling irradiance over the 
spectral range of photosynthetically active radiation (400-700 nm), Ed-ui (PAR), (d). 
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Bottom-ice [Tchl-a] ranged between 0.67 and 30.87 mg m-2 over the study (Fig. 3.2c).  

Concentrations tended to be slightly greater under the thin snow cover site until 22 May, after 

which, there did not appear to be a difference between thick and thin snow covers. There was 

also no significant difference in concentrations over the study between the thin and thick snow 

cover sites (t-test, p = 0.09). Under-ice downwelling PAR, Ed-ui (PAR), was similar between 

snow cover sites, averaging 2.93 ± 2.02 µmol m-2 s-1 over the study, with the exception of one 

outlier observation on 6 May, which was under the thinnest snow depth and clear skies (Fig. 

3.2d). A decrease in Ed-ui (PAR) was observed between 12 May and 22 May, coinciding with the 

increase in ice thickness.  

 

Despite little variation in Ed-ui (PAR), there was an influence of snow and bottom-ice [Tchl-a] on 

the proportion and spectral distribution of the transmittance spectra, Ed-T (λ). For example, Figure 

3.3 plots Ed-T (λ) for four conditions representing the combinations of either thick or thin snow 

covers with either low or high [Tchl-a]. Lower transmittance under thicker snow cover was 

evident, as well as an increase in spectral absorption at approximately 440 and 670 nm for sites 

with high [Tchl-a], shifting peak transmittance towards wavelengths >550 nm. We observed lower 

transmittance under thicker snow cover, as well as an increase in spectral absorption at 

approximately 440 and 670 nm for sites with high [Tchl-a].  
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Figure 3.3. Spectral distribution of transmitted downwelling radiation over PAR, Ed-T, beneath 
landfast ice for four snow cover (m) and [Tchl-a] (mg m-3) conditions: 12 June- thin snow cover 
and low [Tchl-a], 12 May- thin snow cover and high [Tchl-a], 16 May- thick snow cover and low 
[Tchl-a], and 6 June- thick snow cover and high [Tchl-a]. 

 

3.3.2 Particulate absorption characterization 

Figure 3.4 presents variations in particulate absorption coefficients, ap, aph, and ad, at 440 nm as 

a function of [Tchl-a]. Power functions against [Tchl-a] accounted for 81% of the variation in both 

ap(440) and aph(440) and 71% of ad(440), as observed through R2 values. It is also significant to 

note that all three relationships had greater R2 values than if a linear function was used.  

 

Algal and de-pigmented particles contributed, on average, 84% and 16%, to total particulate 

absorption at 440 nm, respectively. The percent ratio of ad:ap(440) was fairly consistent across 

the range of [Tchl-a], except at low concentrations where variability in ad:ap(440) increased (Fig. 

3.4c). This increase in variability appeared to be related to sampling time. That is, early spring 
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observations of low [Tchl-a] tended to have greater ad:ap(440nm) versus that of late spring 

observations. 

 

Figure 3.4. Total, ap, (a), algal, aph, (b) and de-pigmented, ad, (c) particulate absorption 
coefficients at 440 nm versus total chlorophyll-a concentration, [Tchl-a]. The percent ratio of ad:ap 
at 440 nm is also plotted in (c). Power models from Bricaud et al. (2004) are plotted for 
comparison with a global phytoplankton dataset. 
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3.3.3 Functional linear regression attenuation coefficients  

Figure 3.5 plots the spectral regression coefficients from the FLR analysis over PAR 

wavelengths. The approximate pointwise 95% confidence intervals for the estimated Kd,I(λ) 

included zero at every wavelength, meaning we had insufficient evidence that (ZI) influenced 

τ(λ) (Fig. 3.5b). Despite insufficient evidence of an effect, we kept ice thickness in our model to 

keep it consistent with that presented in McDonald et al. (2015) and note that its influence would 

be minimal given the low values of the coefficient. Confidence intervals for the intercept, β0(λ), 

and estimated Kd,S(λ) excluded zero at all wavelengths and at most for Kd
*

,[Tchl-a](λ), meaning that 

there was sufficient evidence that (ZS) and [Tchl-a] influenced optical thickness throughout the 

PAR range. It was only at wavelengths >686 nm that the confidence interval crossed zero for 

Kd
*

,[Tchl-a](λ), suggesting no statistical significance at these wavelengths.  
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Figure 3.5. Estimated coefficient functions (thick black lines) for: attenuation coefficient of 
snow, Kd,S (λ), (a), attenuation coefficient of ice, Kd,I (λ), (b), total chlorophyll a specific diffuse 
attenuation coefficient, Kd

*
,[Tchl-a] (λ), (c), and intercept, β0 (λ), (d), with associated 95% 

confidence intervals (thin grey lines) from the functional linear regression model (Eq. 3.3). 
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The FLR-derived spectral snow attenuation coefficient, Kd,S(λ), reached a minimum at 480 nm 

and displayed a prominent peak at 649 nm (Fig. 3.5a). The Ed-sfc(λ)-weighted average coefficient 

over the PAR range was 5.77 m-1. The spectral shape of the estimated β0(λ) (Fig. 3.5d) was 

similar to what is expected of an ice attenuation coefficient, and thus seems to account to some 

extent for the influence of ice attenuation. Ice thickness associated Kd,I(λ) had a PAR integrated 

attenuation coefficient of 0.94 m-1, whereas β0 was 3.34 m-1. It therefore appeared that the effect 

of average ice thickness on optical thickness is encapsulated in the constant intercept term, with 

Kd,I(λ) representing the variations in ice thickness and properties. This stems from small variation 

in ice thickness in our dataset or from multicollinearity effects. Kd
*

,[Tchl-a](λ) has peaks at 438 and 

469 nm, and a minimum near 600 nm. At 440 nm Kd
*

,[Tchl-a](λ) has a value of 0.046 m2 mg and an 

integrated attenuation coefficient of 0.034 m2 mg-1 over PAR, which was one order of magnitude 

greater than the dataset averaged ap
*(λ) of 0.003 m2 mg-1.  

 

The functional linear regression coefficient of variation, R2, for our model varied from 

approximately 70-78% over the PAR range (Fig. 3.6). We observed minima at approximately 

400 and 670 nm, and local maxima at 610 and ~690 nm, with a general increase from 450-550 

nm in our R2 curve. This shape suggests that our model’s ability to explain variation in the 

optical thickness data is lowest at the wavelengths of highest algal absorption. Additionally, our 

model had a very high F-statistic value with a p-value of approximately 0. Therefore, it can be 

concluded that there was significant evidence of a relationship between our response, optical 

thickness, and predictors. 
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Figure 3.6. The functional linear regression coefficient, R2, for our model, as a function of 
wavelength (nm). 

 

3.4 Discussion 

3.4.1 Bottom ice algal particulate absorption  

Assuming a typical unimodal bloom during spring in the Arctic (Leu et al. 2015), our study 

encompassed a mid-bloom increase starting from a [Tchl-a] of 4.74 mg m-2, followed by partial 

sloughing of algae from the ice bottom towards the end of the time series. This sloughing, 

signifying the start of the bloom termination (Leu et al. 2015), was confirmed by the appearance 

of ice algal aggregates in the underlying water column near mid-June (Joannie Ferland pers. 

obs.). In a parallel study, Galindo et al. (submitted) showed that our study period ended before 

substantial snowmelt had occurred. Indeed, this was confirmed by the high PAR albedos 

observed in our study. Galindo et al. (submitted) also demonstrated that the ice algal community 

had not undergone any significant light acclimation, remaining in a shade-acclimated state prior 

to 10 June. It was further noted that a contribution of > 60% fucoxanthin to total pigment 
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composition identified diatoms as the main contributor to the ice algal community’s pigment 

biomass (Galindo et al. submitted). Therefore, the absorption and attenuation coefficients 

provided within this manuscript are believed to represent a mid to late bloom ice algal 

community in a relatively stable shade-acclimated state. 

 

Chl a specific algal absorption over PAR wavelengths, aph
*(PAR), averaged 0.002 m2 mg-1 with 

an average [Tchl-a] of 407 mg m-3 during the study. This aph
*(PAR) value fell within the lower end 

of values reported for ice algae (e.g. Ehn and Mundy, 2013; Obata and Taguchi, 2009; Arrigo et 

al., 1991). Lower aph
* values suggest a greater pigment-package effect. To assess a package 

effect, we estimated Qa
* via a ratio of aph

*(red)max to the theoretical absorption maximum of 

0.033 mg2 mg-1 (Johnsen and Sakshaug, 2007). The average Qa
* for our dataset was very low at 

0.075, confirming that algal absorption had a strong package effect. Both large cells (Morel and 

Bricaud, 1981), such as the large pennate diatoms that contribute approximately 70% of the total 

ice algal community taxonomic composition in the Arctic on average (Poulin et al., 2011), or a 

greater pigment concentration per cell (Falkowski and Raven, 2007) can increase the package 

effect. The latter is due to strong shade-acclimation, where ice algae tend to increase chlorophyll 

per cell as an acclimation strategy to low-light conditions (Gosselin et al., 1990). Indeed, snow 

depths were very high for our study relative to those of other studies presenting landfast bottom-

ice algal absorption data near Resolute Bay, Canada (Ehn and Mundy 2013), Sea of Okhotsk, 

Japan (Obata and Taguchi, 2009), and McMurdo Sound, Antarctica (Arrigo et al., 1991). High 

snowfall is a common condition for a fjord environment such as the one examined in our study. 

The thick snow cover limited PAR transmission to the bottom ice algal layer likely influencing 

the ice algal community to exhibit strong shade-acclimation. 
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Few studies have actually reported algal absorption coefficients for ice algae. Therefore, in this 

study we have chosen to make comparisons of our data with a global phytoplankton model. In 

comparison to Bricaud et al. (2004), our ap(440) and aph(440) versus [Tchl-a] power fits fell just 

below their global dataset models for phytoplankton absorption (Fig. 3.4). This finding was 

somewhat surprising given the phytoplankton models were extrapolated well beyond the original 

dataset bounds, i.e., a maximum [Tchl-a] of 29 mg m-3 in Bricaud et al. (2004) versus a maximum 

of >1000 mg m-3 in our dataset. Accepting that such a comparison is warranted (i.e., ignoring the 

model’s extrapolation), the slightly lower values of our observations support a greater pigment 

package effect of the ice algal community investigated in our study as discussed in the previous 

paragraph.  

 

Our ad(440) estimates were considerably lower than the extrapolated Bricaud et al. (2004) 

model. Ice algal blooms are typically supported by initially nutrient replete conditions in early 

spring, leading to a healthy diatom-dominated community (Leu et al., 2015), with relatively low 

within-ice grazer (Nozais et al., 2001) and bacterial (Nguyen and Maranger, 2011) abundances. 

The study region was also a deep fjord coast opening into Baffin Bay with little sediment and 

non-algal particles in the upper water column. Furthermore, the process of sea ice 

thermodynamic growth efficiently excludes impurities from the ice matrix through the processes 

of segregation and gravity drainage (Petrich and Eicken, 2010), likely contributing to low 

incorporation of light-absorbing non-algal particulate matter from the water column into the ice 

bottom during the algal bloom. These details help explain the relatively low contribution of de-
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pigmented particulate absorption to total absorption in our study versus that of the global 

phytoplankton model.  

 

3.4.2 In situ algal attenuation versus ex situ ice algal absorption 

We compared the spectral shape of our Functional Linear Regression (FLR) estimated Kd,S(λ) 

and Kd
*

,[Tchl-a] (λ) attenuation coefficients and found them to be consistent with previous 

observations. Kd,S(λ) had the general “J-shape” seen in Grenfell and Maykut (1977) and 

McDonald et al. (2015) and its magnitude matched that of dry snow coefficients in Perovich 

(1990). The peaks of Kd
*

,[Tchl-a](λ) at 438 and 669 nm agreed with peaks found at approximately 

440 and 670 nm in Mundy et al. (2007). Noted earlier, the shape of Kd,I(λ) did not match up to 

the general J-shape of sea ice attenuation (Grenfell and Maykut, 1977), but the coefficient 

estimate was not significant. Furthermore, the spectral shape and magnitude of β0(λ) was similar 

to that of ice attenuation (Grenfell and Maykut, 1977). Thus, it appeared that the effect of 

average ice thickness on optical depth was encapsulated in the FLR y-intercept constant, β0 (λ). 

 

Kd
*

,[Tchl-a](λ) was approximately 0.03 m2 mg-1 lower than the FLR model results of McDonald et 

al. (2015), but very similar to other estimates (Smith et al., 1998; Mundy et al., 2007). McDonald 

et al. (2015) suggested a lower maximum chl a concentration of 31 mg m-2 resulted in a 

decreased intercellular self-shading effect to help explain their higher Kd
*

,[Tchl-a] (PAR) estimate 

relative to that of Smith et al. (1998), which included chl a concentrations up to 120 mg m-2. 

However, our maximum chl a concentration was closer to McDonald et al. (2015). We suggest 

that a greater low-light acclimated state and thus increased pigment package effect of the ice 

algae in our study could have alternatively influenced a lower Kd
*

,[Tchl-a] (PAR) estimate. 
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Additionally, the vertical distribution of ice algae in the ice bottom could also influence the 

extent of intercellular self-shading effects. For example, if algae are packed vertically close 

together in a thin layer (rather than distributed over the sampled 3 cm layer), there is a greater 

likelihood of cells shading neighbouring cells, causing the Kd
*

,[Tchl-a] estimate to decrease. To 

investigate this suggestion further, we compared Kd
*

,[Tchl-a] (λ) to ap
*(λ). 

 

 3.4.2.1 Matching FLR with particulate absorption measurements  

In agreement with the conclusions of McDonald et al. (2015), our Kd
*

,[Tchl-a] (λ) estimate was 

more than an order of magnitude greater than ap
*(λ). The influence of scattering on increasing 

photon pathlength through the ice matrix could enhance absorption by ice algae in situ (Ehn and 

Mundy, 2013). Therefore, we first attempted to match ap
*(λ) to Kd

*
,[Tchl-a] (λ) using the 

numerically generated diffuse attenuation equation of Kirk (1994), which has the form: 

                           𝐾!,!"#$(λ) =
!
!!

𝑎!! + 𝑎!𝑏𝐺                                                         (3.4) 

where µd is the average cosine coefficient (dimensionless and assumed to be 0.7 following Ehn 

and Mundy (2013)), 𝑎!(λ) is particulate absorption (m-1), estimated by multiplying ap
*(λ) by our 

study’s averaged [Tchl-a] (406.5 mg m-2), and b represents total volume scattering (m-1). Equation 

3.4 was chosen as it implicitly considers scattering and absorption together, and has been deemed 

appropriate for sea ice, a highly scattering media (Maffione, 1998). Similar to 𝑎!(λ), Kd
*

,[Tchl-a](λ) 

was multiplied by the study’s averaged [Tchl-a] (406.5 mg m-2) to obtain a FLR-based diffuse 

attenuation coefficient, Kd,FLR (λ), for comparison purposes. We then adjusted b in Eq. 3.4 to 

minimize the difference between Kd,Kirk (λ) and Kd,FLR (λ) at 438 nm (Fig. 3.8a). The minimized 

difference required a b of 720 m-1, which matched closely between 400 to 500 nm. But at 

wavelengths greater than 500 nm, the difference between spectra was much greater. The value of 
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720 m-1 for scattering was also very high, falling outside of the range of previous estimates of 

165 to 431 m-1 (Ehn and Mundy, 2013; Ehn et al., 2008). The effect of adjusting b is to enhance 

absorption causing peaks in the absorption spectra to increase much greater than troughs and 

therefore, Equation 3.4 did not provide a best fit our comparison.  

 

To separate the influence of scattering on directly enhancing absorption via multiplication, we 

applied a more simple water column attenuation model (Gordon, 1989; Smith and Baker, 1981) 

of the form:  

                                                     𝐾!,!(𝜆) =
!
!!
(𝑎!(𝜆)+ 𝑏!)                   (3.5) 

where bb is backscatter (m-1). In the case of our application of the model, bb is treated as a 

wavelength-independent scattering term that acts to equally increase attenuation across all 

wavelengths. However, increasing bb did not match ap
*(λ) to Kd

*
,[Tchl-a] (λ) due to the different 

orders of magnitude of the spectra. Thus, we considered that ap
*(λ) could be a low estimate, 

influenced by the sampling and particularly a function of the vertical distribution of algae within 

the bottom-ice matrix. Visual inspection of ice cores showed that algae were concentrated on the 

tips of the bottom-ice lamellar bulges of the skeletal layer (Fig. 3.7). This observation was in 

contrast to the interpretation of Mundy et al. (2007b), but similar to that of Lund-Hansen et al. 

(2015). Provided this restricted distribution to the bottommost section of the skeletal layer, algae 

were likely concentrated in the bottom millimeters of the sea ice instead of the bottommost 3 cm 

that we sampled to obtain volumetric chl a concentration and ap (λ) estimates. Note that the areal 

concentrations, [Tchl-a], used in the FLR model would not be impacted by a difference in vertical 

distribution. To correct for this discrepancy, we applied a multiplication factor for 𝑎!(λ) which 

acted to concentrate algae into a thinner bottom-ice layer through its influence on the total ice 
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melt volume used in the ap (λ) calculations (Neukerman et al., 2014). Adjusting both the 𝑎!(λ) 

multiplication factor and bb permitted minimization of the difference between the Kd,W (λ) and 

Kd,FLR (λ) spectra. The best match was obtained using a 𝑎!(λ) multiplication factor of 4.7 and a 

bb of 7.5 m-1 (Fig. 3.8a). The multiplication factor corresponded to a concentration of the ice 

algae to the bottom 6.4 mm layer of the sea ice. With a decrease in volume as we considered a 

concentrated sample, we see an increase in absorption that better matched our modeled 

attenuation coefficient for algal biomass.   

 

Figure 3.7. Bottom view of a sea ice core (photo credit: Jens Ehn).  
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Figure 3.8. Comparison of: (a) average spectral chlorophyll-specific absorption coefficient, 
𝑎!(λ) (grey dotted line), concentrated and scatter inclusive average spectral chlorophyll-specific 
absorption coefficient, Kd,w(λ) = {(𝑎!(λ) x 4.7) + 7.5} (grey solid line), and modeled average 
algal biomass attenuation coefficient, Kd,FLR(λ) (solid black line) (from this study), and 
comparison of (b) spectral difference between Kd,FLR(λ) and Kd,w(λ) (solid blank line), and 
relative absorption of fucoxanthin (brown solid line) (from Bricaud et al 2004), R-PE (blue solid 
line), C-PE (blue dashed line), R-PC (green dashed line), and Allophycocyanin (red solid line) 
(from Zhao et al., 2011).  
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 3.4.2.2 Differences in spectral shapes  

Following concentration and inclusion of scattering to our curve,  𝑎!(λ) we observed a positive 

difference between the 𝑎!(λ) and Kd,FLR(λ) curves in the spectral regions of 500-565 nm and 615-

645 nm, as well as a negative difference between 665-700 nm (Fig 3.8a). The difference between 

these curves is plotted in Figure 3.8b to highlight the spectral deviations listed above. The 

negative difference, i.e., where Kd,W(λ) estimate exceeded Kd,FLR(λ), encountered its lowest 

trough value around 684-689 nm. This difference is best explained by natural fluorescence of chl 

a, which has a similar emission maximum of approximately 685 nm (Babin et al., 1996), and 

which were innately included in the Kd,FLR(λ) based on in situ data. The shift of the chl a 

associated absorption peak caused by natural fluorescence must be taken into account when 

estimating ice algal absorption characteristics from in situ irradiance data. 

 

The positive differences between Kd,W(λ) and Kd,FLR(λ) in Figure 3.8 were not as easily 

explained. A similar spectral difference near 500-550 nm was observed in a comparison between 

absorption coefficients of a platelet versus bottom-ice algal community where Soohoo et al. 

(1987) had attributed the difference to enhanced fucoxanthin concentrations in the greater shade-

acclimated platelet community. However, the relative in vivo absorption spectra of fucoxanthin 

from Bricaud et al. (2004) did not match the difference in our dataset. Instead, the difference we 

observed seemed to match closer to relative absorption spectra of phycobilin pigments.  

 

Phycobilins are the major light-harvesting pigment of cyanobacteria, harvesting light for 

photosynthesis efficiently in the green wavelength region, which corresponds to the region where 

chlorophylls absorb poorly (Sidler, 1994). Some algal species, such as red algae and 
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cryptophytes, also produce phycobilins (Zhao et al., 2011). Example relative absorption curves 

of phycoerythrin, phycocyanin, and allophycocyanin are plotted in Figure 3.8b. The absorption 

curves of phycoerythrin and allophycocyanin appear to match well with the observed positive 

differences at 500-565 and 615-645 nm, respectively. This suggested that either cyanobacteria or 

phycobilin-producing algae contributed to in situ light absorption, yet were not collected via our 

ice core sampling and processing techniques. Both cyanobacteria and cryptophytes have been 

documented in Arctic sea ice although documentation of sea ice cyanobacteria appears to be 

more rare (Poulin et al., 2010).  

 

Three possible explanations can be used to help explain the positive spectral discrepancy we 

observed. (1) Melt processing of ice cores could have impacted the species composition. 

Although filtered seawater was added to help minimize osmotic shock, and thereby minimize 

cell loss during processing (Garrison and Buck, 1986; Mikkelsen and Witowski, 2010), some 

species could have succumbed to rapid changes in salinity during melt. Mikkelsen and Witowski 

(2010) found most flagellate groups to be significantly affected by osmotic changes during melt 

processing, but cryptophytes were not affected. In a similar study on brackish ice algae samples, 

cyanobacteria biomass was negatively impacted by long melt times (Rintala et al., 2014) such as 

that used in our study. Thus, it is possible that cyanobacteria abundance could have been strongly 

influenced by sample processing. (2) Ice core sampling could have missed sampling of an ice-

water interface or brine community. Interface communities can be taxonomically distinct from 

ice algal and phytoplankton communities (Horner et al., 1992; Michel et al., 1993). A 

particularly fascinating and relevant taxa is one of the cryptophyte organelle-robbing ciliate, 

Mesodinium rubrum (Gustafson et al., 2000). These ciliates have been observed in the Barents 
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Sea and Siberian Shelves (Yu and Sorokin, 1996). Although no under-ice populations have been 

documented in the Arctic literature, recently, a true ice-water interface population of Mesodinium 

rubrum was observed and sampled by SCUBA divers during the Norwegian young sea ICE 

expedition (N-ICE2015; L. Olsen, personal communication). This species specifically collects 

cryptophyte chloroplasts, using them to supplement organic carbon acquisition via 

photosynthesis (Gustafson et al., 2000). Therefore, it is possible that such a bloom could have 

impacted our in situ spectral measurements, while not being collected via our ice core samples. 

(3) While the scattering inclusions within sea ice (brine, air bubbles) are thought to be 

sufficiently large to cause wavelength-independent scattering, the scattering contribution by the 

ice algae themselves is likely spectrally dependent and could potentially affect the observed 

spectral discrepancy to some extent. Regardless of the actual mechanism behind the spectral 

discrepancy we observed, we note that in situ measurements of transmitted spectral irradiance 

through sea ice are important and could augment interpretation of ice core sample collection.   
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4.0 CONCLUSIONS 
 
This thesis set out to complete the following three main objectives: (1) Assess the partitioning of 

solar radiation within the ice cover prior to the onset of melt; (2) Determine the optical properties 

of the bottommost ice algal layer; and (3) Characterize the influence of algal absorption on 

spectral light transmission through sea ice. In this chapter I summarize conclusive remarks from 

my thesis in relation to the above three objectives. I finish with future recommendations and the 

importance of continued research and knowledge advancement.  

 

4.1 Summary of findings 

Through use of a functional linear regression model, I assessed the partitioning of solar radiation 

by ice cover prior to the onset of melt (objective 1). Despite little variation in under-ice 

transmitted irradiance, I observed a significant influence of snow and bottom ice chlorophyll a 

on the proportion and spectral distribution of the transmittance spectra. Although ice thickness 

did significantly influence spectral light attenuation (observed via the FLR intercept) its 

variability did not have a significant influence on variability in light transmittance. Of particular 

note was the influence of algae on the spectral light transmittance through attenuation peaks 

centered at 438 and 669 nm, which shifted peak transmittance towards wavelengths >550 nm. 

 

Towards objective (2), I was able to characterize the inherent optical properties of bottom ice 

algal absorption. As I could not find an equivalent database to compare my results to, global 

absorption data presented in Bricaud et al. (2004) were used for comparison purposes. 

Comparison of my ad(440) measurements to the global dataset presented in Bricaud et al. (2004) 

revealed our values were considerably lower than the global average. Slightly lower values of 
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particulate absorption versus chlorophyll a concentration supported a greater pigment package 

effect of the ice algal community investigated in our study. This strong package effect was 

confirmed by the very low average Qa
* ratio of 0.075 for our dataset, substantially lower than the 

shade-acclimated phytoplankton community value of 0.48, reported in Johnsen and Sakshaug 

(2007). 

 

To meet objective 3, I compared the inherent optical property, chlorophyll-specific particulate 

absorption (ap
*(λ); Objective 2), to the statistically derived apparent optical property, 

chlorophyll-specific diffuse attenuation coefficient (Kd
*

,FLR ; Objective 1). Similar to that 

observed in previous studies, Kd
*

,FLR was found to be an order of magnitude greater than ap
*(λ). 

As noted in Mundy and Ehn (2013), in situ observations of algal absorption were much higher 

than laboratory measurements, likely pertaining to the fact that sea ice is a highly scattering 

medium. Indeed, a back scattering value was required to match ap
*(λ) to Kd

*
,FLR using a simple 

phytoplankton model. However, algae had to also be concentrated to the bottommost 6 mm of 

the sea ice, which acted to slightly increase absorption in the model. This was one of the first 

times the influence of algal absorption was assessed relative to their more likely restricted 

vertical distribution in the sea ice bottom. Once the curves were matched, spectral discrepancies 

between curves pointed towards a natural fluorescence influence as well as potential sampling 

and processing problems in deriving inherent optical properties, and/or a spectrally-dependent 

scattering influence on the apparent optical property. Although these factors were not further 

investigated in the thesis, their discussion highlighted the importance of comparing apparent and 

inherent optical properties in future bio-optical studies of ice algae.   
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4.2 Future recommendations  

The continuation of underway optical characterization of the bottommost ice algal layer and 

using them to assess the partitioning of solar radiation within the Baffin Bay region is of 

importance, as it would lead to increased understanding of seasonal and inter-annual variability 

of snow and ice, transmitted irradiance, and algal biomass. I suggest future studies report ice 

algal particulate absorption coefficients, as few studies have actually done so, and none, to the 

my knowledge, have documented their relationship with chlorophyll a concentration. Due to this, 

I chose to make comparisons with a global phytoplankton model presented in Bricaud et al. 

(2004). Future studies should measure algal absorption coefficients and chlorophyll a 

concentrations, as an increase in observations would create a database for comparing these terms, 

and would be of great use in understanding ice algal variability across the Arctic Ocean. 

 

In general, the assemblage of ice algae in the Arctic occurs in sub-ice (Melnikov, 1997) and 

bottom-ice communities (Horner, 1985). Thus, research focus is placed on algal biomass in the 

bottommost centimeters of ice, consequently ignoring biology within inner ice and 

underestimating algal biomass (Gradinger, 1999). Increasing vertically resolved sampling will 

further our understanding on total Arctic primary production, as we anticipate in situ algal 

absorption measurements are higher than previously thought due to the highly scattering 

environment of sea ice comparative to the water column (Ehn and Mundy, 2013). Thus, future 

studies need to consider both the vertical distribution of algal biomass and in situ algal 

absorption to better estimate sea ice primary production.  

 



 76 

The shape of the algal absorption spectrum is largely controlled by the concentration of 

photosynthetic and photoprotective pigments, as well as cell size and intracellular pigment 

concentrations (Morel and Bricaud, 1981). Future investigations would benefit from additional 

research on identification of bottom-ice populations. I surmised spectral discrepancies between 

algal attenuation and particulate absorption curves could have been due to absorption by 

organisms not sampled by the traditional ice-sampling methods (e.g., Bates and Cota, 1986) used 

in my thesis. To improve proper sampling techniques, studies additional to those of Rintala et al. 

(2014) and Mikkelsen and Witowski (2010) are required to undertake detailed experimental 

taxonomic investigations relative to sample processing methods. That is, it is critical to 

determine the least compromising sampling method available. Melting of ice, even into seawater, 

can result in cell loss due to the steep salinity gradients between highly concentrated ice brines 

and seawater (osmotic loss; Demming, 2010). Future assessment of the processing method used 

in this research (for full method used see Bates and Cota, 1986) versus other available and 

potentially new ice algal processing methods would determine the best method for this type of 

research. Future applications should investigate and compare the following sea ice processing 

methods:  

(1) Isothermal-isohaline melting technique- ice is melted into artificial brine solution of 

higher salinity than the natural brines of interest (Junge et al., 2004; Wells and 

Deming, 2006a); 

(2) Direct melting ice at (a) 4°C and (b) 20°C (Mikkelsen and Witkowski, 2010);  

(3) Melting of ice at 4°C and 20°C in buffering artificial seawater (Rintala et al., 2014); 

and 
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(4) Melting of ice at 4°C and 20°C in buffering filtered seawater with salinities of (a) 10 

and (b) 30 (Garrison and Buck, 1986). 

Also, sampling of the ice-water interface community would be of interest, as Horner et al. (1992) 

documented taxonomically distinct interface communities compared to ice algal communities.  

Understanding changes in algae and phytoplankton production is of utmost importance, as 

primary producers are responsible for nearly all photosynthesis occurring in the oceans, 

supporting marine ecosystems. With recent documented changes in climate and environmental 

conditions (Maslanik et al., 2011), decreasing sea ice thickness and ice extent will have 

significant implications on these ice-related organisms (Arrigo et al., 2010), in turn, affecting 

higher trophic levels that depend on their production. Decreased ice extent does not necessarily 

translate to a reduction in overall ice algal production (nutrient supply can determine this; 

Gradinger and Bluhm, 2009), but research has shown an increase in at least phytoplankton 

biomass due to prolonged periods of increased irradiance (Arrigo and van Dijken, 2011). The 

insights of this thesis will contribute to more accurate estimates of ice algal absorption and 

attenuation; however, more research is needed to determine the impact of changing 

environmental conditions on Arctic Ocean primary production in order to accurately predict 

future responses of algae to climate warming.  
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APPENDIX A. LIST OF EQUATIONS 
 
𝑀!   =   

!!!!!

!!
   !
!(!!/!"#)!!

  (W m-2)                                 (2.1) 
 
𝜆 =    !

!
 (nm or m)                                  (2.2) 

𝜀 = ℎ𝑣 = !!
!

  (W)                                                                    (2.3) 

L 𝜃,𝜙, 𝜆 =    !!!
!"  !"#$  !"

    (W m-2 s-1 nm-1)                                              (2.4) 

𝐸(𝜆) =    !!
!"

   (W m-2 nm-1)                              (2.5) 

𝐸! 𝜆 =    𝐿 𝜃,𝜙, 𝜆   𝑐𝑜𝑠𝜃  𝑠𝑖𝑛𝜃  𝑑𝜙  𝑑𝜃!!
!

!
!
!  (W m-2 nm-1)                       (2.6) 

𝐸! 𝜆 =    𝐿 𝜃,𝜙, 𝜆   𝑐𝑜𝑠𝜃  𝑑𝜙  𝑑𝜃!!!
!

!!
!
!    (W m-2 nm-1)                                       (2.7) 

𝐸 (𝜆) = 𝐸!(𝜆)− 𝐸!(𝜆)  
!!
! (W m-2 nm-1)                    (2.8) 

𝐸! 𝜆 = 𝐿 𝜃,𝜙, 𝜆   𝑑𝜙  𝑑𝜃 (W m-2 nm-1)                            (2.9) 

E!! 𝜆 = 𝐿(𝜃,𝜙  
!! , 𝜆)  𝑑𝜙  𝑑𝜃 (W m-2 nm-1)                             (2.10) 

E!! 𝜆 = 𝐿(𝜃,𝜙, 𝜆  
!!! )  𝑑𝜙  𝑑𝜃 (W m-2 nm-1)                                         (2.11) 

𝛼 𝜆 = !! !
!! !

                        (2.12) 

𝐸! = 1− 𝑅   𝐸!  𝑒!!"                                              (2.13) 

Φ! =    !
!!!!

Φ!                            (2.14) 

𝜇!(𝜆) = 𝐸!(𝜆)/𝐸!!(𝜆)                            (2.15) 

𝐸!!! 𝜆 =    !!!!"#(!)
!!!!"(!)

                      (2.16) 
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𝑎!"! = 𝑎!! + 𝑎! + 𝑎!"#$ + 𝑎!                        (2.17) 

𝐾!(𝜆) =
!

!!(!)
𝑎! + 𝑎𝑏𝐺                                       (2.18) 

𝜏(𝜆) = 𝑙𝑛 !!!!"#(!)
!!!!"(!)

                                                                (3.1) 

𝑃𝐴𝑅  = int_400^700 [𝐸  𝑑(λ) 8.36 x 103 λ] dλ                           (3.2) 

𝜏 𝜆 = 𝛽! 𝜆 +   𝐾!,! 𝜆 ∙ 𝑍! +   𝐾!,! 𝜆 ∙ 𝑍! + 𝐾!  ∗ 𝜆  ·  [𝑇!!!!!]+ 𝜀 𝜆                                 (3.3)  

𝐾!,!"#$(λ) =
!
!!

𝑎!! + 𝑎!𝑏𝐺                                                                   (3.4) 

𝐾!,!(𝜆) =
!
!!
(𝑎!(𝜆)+ 𝑏!)                             (3.5) 
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APPENDIX B. PARTICULATE ABSORPTION: FILTER PREPARATION AND 
ANALYSIS WITH AN INTEGRATING SPHERE  
 
Supplies Needed 

o 25mm GF/ filters 
o Glass filter cups and stems 
o Capsules for filters  
o Kim wipes 
o Vacuum pump  
o Tinfoil  
o 250 ml graduated cylinder  
o Forceps 
o Ruler 
o 95% Methanol  
o Petri dishes  
o Seawater (freshly filtered or artificially made) 
o 10 ml Pipette (or any type of pipette to allow for 10 ml and 20 ml dispensing) 
o Spectrophotometer 

 
Preparation prior to field sampling 

o Pre-label capsules for each sample  
o Cut small squares of tinfoil to wrap around each capsule to ensure protection of filter 

from light  (~ 3 inches x 3 inches)  
 

Sample Collection and Storage 
o Set up filtration system with funnel cups/stems and GF/F filters 
o Measure 500 ml (pre-melt season –when there is not large quantities of ice algae) or 250 

ml (melt season –when there is more ice algae) with a graduated cylinder  
o Filter samples under low vacuum (5-7 psi)  

Note. Are you using the correct light? Only filter enough to see light color (lighter is 
better), otherwise you may overload the sample or make extraction of chlorophyll more 
difficult 

o After filtering the appropriate volume through, close the valve (do not let filter run dry 
under vacuum) 

o Remove filter from stem with forceps and place into a clearly, pre-labeled capsule  
o Wrap capsule in tinfoil and store in -80°C  

 
Sample Analysis  
 
INSTRUMENT: Perkin Elmer Lambda 650 S 
Lambda 650 is a double-beam UV-Visible scanning spectrophotometer and is equipped with a 
150 mm integrating sphere. It has a wavelength range of 190-900 nm and a bandwidth range of 
0.2 to 4 nm. 
 
Note: filtered seawater or artificial seawater (using 0.2 micron polycarbonate membrane) can be 
used to maintain the moisture of the filters, but I will be using filtered seawater (collected 
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seawater was filtered through a filter with 0.2 micron polycarbonate membrane and stored for 
use). 

 
a) Instrument calibration and maintenance à 

 
Run instrument performance tests (photometric noise, baseline flatness and wavelength 
accuracy and reproducibility) each day before beginning analysis.  
 

b) Spectrophotometric Measurement Procedure à 
 
Scans are performed between 250-800 nm with a 1 nm slit bandwidth and 1 nm data 
interval. Ideally, work in a room with lights off or dimed to protect samples from light. 
The calculation for correction for pathlength amplification factor, β, was made using the 
equation from Neukermans et al. (2014). 
 

o Warm up spectrophotometer for at least 30 minutes  
o Ensure no filters are in the integrating sphere from last use 
o Open UV WinLab software on desktop and select method: FILTER.MSC – save 

as: with the date for the title in AP desktop folder, AP C drive folder, and the 
external USB drive (i.e. 3 different locations) 

o Check the alignment of the beam and mirrors at zero order (set wavelength to 0 
nm). The absorbance should be ~0.000. Adjust mirrors if this requirement is not 
met.  

o Baseline the system with air (this assesses the stability of the system). The scan 
(instrument noise) should measure ~0.000 ± 0.005. If not, baseline the system 
again.  

o Perform instrument performance tests 
o Write blanks and sample ID’s into method (place them in the order you plan to 

analyze the samples – ensure for every filter sample you include an ID for AP and 
AD at 0° and 90°). 
 

Blanks: 
o Moisten a blank GF/F with filtered seawater and place in the jaw mount inside the 

integrating sphere chamber.  Scan and save. The blank scan will be manually 
subtracted during the data processing.  
Note: scan moistened blank filters periodically throughout the analysis day to 
monitor instrument drift (~ every 5-6 samples). 

 
Samples, AP: 

o Place 3-4 drops of seawater in a petri dish. Use forceps to place the sample filter 
(biomass facing upward) on water droplets. Allow the sample filter to thaw for 5 
minutes before measurement. Ensure the petri dish is covered with foil to protect 
from light  

o Place the sample filter on the jaw mount inside the integrating sphere chamber 
and scan at 0° and 90° (if filter appears dry, apply drop(s) of filtered seawater to 
back side of filter to keep it moistened). Hit save. 
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o Measure the diameter (Df) of the biomass on filter with a ruler  
Note: every filter should have the same diameter since they were filtered using 
the same glass filter cups, but always measure to insure. 
 

Samples, AD: Methanol extraction method for de-pigmented particle absorption (process 
based on Kishino et al. 1985): 

o Using the forceps, place the sample filter on the filtration system 
o Filter 10 ml of 95% methanol at 5-7 psi. 
o After the first 10 ml are filtered through, close the valve and add 20 ml of 95% 

methanol to the filter cup. 
o Allow the sample to soak for at least 10 minutes. Ensure the filter cup is covered 

with foil to prevent light and debris from reaching the sample.  
o Filter through the 95% methanol at 5-7 psi and add another 20 ml of 95% 

methanol to the filter cup. 
o Allow the sample to soak for at least 10 minutes. Ensure the filter cup is covered 

with foil to prevent light and debris from reaching the sample. 
o Filter the last 20 ml of 95% methanol through, and rinse the filter with 10 ml of 

filtered seawater.  
o Place the extracted sample filter on the jaw mount inside the integrating sphere 

chamber and scan at 0° and 90° (if filter appears dry, apply drop(s) of filtered 
seawater to back side of filter to keep it moistened). Hit save. 

 
c) Analysis Efficiency à  

 
It is efficient to run a set of 4 filters: 
(1) while 1st filter is being extracted 2nd filter can be measured for ap  
(2) while 1st and 2nd filters are being extracted 3rd filter can be measured for ap  
(3) while 1st, 2nd and 3rd filters are being extracted 4th filter can be measured for ap  
(4) while 2nd, 3rd and 4th filters are being extracted 1st filter can be measured for ad 
(5) while 3rd and 4th filters are being extracted 2nd filter can be measured for ad 
(6) while 3rd filter is being extracted 2nd can be measured for ad 
(7) let next 3 filters thaw and 3rd filter can be measured for ad 
(8) repeat 1-7  

 
d) Data processing à 

 
o Once the run is complete: need to ensure data is stored properly 
o  Go to File (top left corner) à save results à as new task à hit save (in pop up 

window) 
o Go back to File à save spectra à select all à hit save 
o Go to the folder list on the left side of the UV winlab (under heading Sample Info) 

à check the box under the heading “data export” labeled as output to file à click 
“set up” horizontally across from output to file once its box is selected à scroll 
down to the “spectral data” pull down list and select “spectrum export file (raw)” 
à click .SP and change it to .ASC à scroll back to top and select “Data Export” 
(right at the top with the folder image) à save once to 
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C:/Users/Public/Documents/, to the external drive (USB) and to the desktop (drag 
into AP folder) 

o Save the raw ASC files to an external drive (USB) 
o Export data into excel worksheet – highlight the AP raw samples from USB  
o Calculate the average ap and ad for each wavelength  
o Subtract the mean blank scans across spectra from the mean ap and ad scans (ODf

P 
and ODf

DP) 
o Calculate the absorption coefficient, ap(λ) [m-1] (Neukerman et al. 2014; Rottgers 

and Gehnke 2012): 
ap(λ) = ln(10) [ODsusp

P / (Vf/ Af)] 
ad(λ) = ln(10) [ODsusp

DP / (Vf/ Af)] 
or 

ap(λ) = ln(10) 0.3233 [ODf
P (λ)]1.0877/ (Vf/ Af)   

= ln(10) 0.3233 [ODf
P (λ)]1.0877 x (Af / Vf) 

ad(λ) = ln(10) 0.3233 [ODf
DP (λ)]1.0877/ (Vf/ Af) 

= ln(10) 0.3233 [ODf
P (λ)]1.0877 x (Af / Vf) 

 
                   Pathlength = Af (m2) / Vf (m3) 

         Area of filter (Af)= π*[(Df)/2)]2= πr2 

          Note: diameter of filter (Df) was divided by 103 to convert mm to m and 
then by 2 to get radius; volume filtered was divided by 106 to convert ml to 
m3 
ODsusp

 = F(ODf) à  optical density of suspended particulate (and suspended 
de-pigmented particulate) is a function of optical density of particulate filter 
(and de-pigmented particulate filter) 
ODf = ODs - ODr à optical density of sample filters are particulate filters 
(and de-pigmented particulate filters) minus the reference filter 

 ODsusp = 0.3233 [ODf (λ)]1.0877 à  incorporates correction for pathlength 
amplification factor (β) experimentally determined for a Perkin Elmer 
spectrophotometer with an integrating sphere 
 

o To calculate spectral absorption of phytoplankton:  
aph = ap – ad  

 
e) Data reporting à 

 
     Each filter scan will include: 
o Raw ap and ad optical densities across spectra 
o Mean ap and ad optical densities across spectra 
o Blank-corrected absorbance of mean ap and ad across spectra 
o Calculated absorption coefficients for ap, ad and aph  
o Ensure you backup data on USB after analysis  

 
                 Reporting notation:  
AP = raw particulate absorption 
AD = raw de-pigmented particulate absorption  
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ap = absorption coefficient of total particles 
ad = absorption coefficient of de-pigmented particles 
aph = absorption coefficient of phytoplankton  
Vf = filtered volume  
Af = area of filter biomass  
Df = diameter of filter biomass 
ODf = optical density of sample filter (sample filter minus reference filter) 
ODs = optical density for sample filter {ODs

P = optical density of particulate 
filter and ODs

DP = optical density of de-pigmented particulate filter} 
ODr = optical density of reference filter 
ODsusp

P = optical density of suspended particulates 
ODsusp

DP = optical density of de-pigmented suspended particles 
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APPENDIX C. FIELD WORK IMAGES  
 

 
Figure 1. Scalar (right) and planar (left) radiometers attached to the aluminum L-arm before 
being deployed down the auger hole to measure under-ice irradiance (photo credit: Nicole 
Pogorzelec). 
 

 
Figure 2. Tripod apparatus used to measure spectral surface albedo (photo credit: Nicole 
Pogorzelec). 


