DOCTORAL THESIS

Land-Ocean Interactions in Arctic Coastal Waters:
Ocean Colour Remote Sensing and Current Carbon

Fluxes to the Arctic Ocean

Freie Universitat

DISSERTATION

zur Erlangung deakademischen Grades
eines Doktors der Naturwissenschaften
am Fachbereich fiir Geowissenschaften

der Freien Universitat Berlin

vorgelegt von

Bennet Juhls

Berlin, 2020



ErstgutachterProf. Dr. Jurgen Fischer

Zweitgutachter: Prof. Dr. Guido Grosse

Tag der DisputatiorDecember 18, 2020

Bennet Juhls

Land-Ocean Interactions in Arctic Coastal Waters: Ocean Colour Remote Sensing and Current Carbon

Fluxes to theéArctic Ocean

Dissertation, 31.07.2020

Freie Universitat Berlin
Institute for Space Sciences
Department of Earth Sciences
CarlHeinrichh-BeckerWeg 610
12165 Berlin






Selbststandigkeitserklarung

Hiermit erklare it an Eides statt, dass ich die vorliegeAdkeeit selbststandig und ohne
fremde Hilfe angefertigtkeine anderen als die angegebenen Quaellah Hilfsmittel

benutzt und die den benutzen QuebNedrtlich oder inhaltlich entnommenen Stellen als
solche kennith gemacht habe. Diese Arbeit hatgleicher oder ahnlicher Form noch

keiner Prufungsbehérdergelegen.

Berlin, den 31Juli 2020

Bennet Juhls



Erklarung zu inhaltlichen Beitrdgen der Co-
Autoren an verschiedenen Publikationen

iInnerhalb der kumulativen Dissertation

Alle folgend gelisteterPublikationen, die Teil dieser kumulativen Dissertation sind,
enthalten Beitrdge von G&utoren.Insgesamt wurdélir die Konzeption, Durchfiihrung

undBerichtsabfaashgqualitativ und quantitativ der Grof3teil von mir beigetragen.

Juhls, B., Stedmon, C. A., Morgenstern, A., Meyer, H., Hélemann, J., Heim, B.,
Povazhnyi, V., and Overduin, P. P. (2020)dentifying Drivers of Seasonality in Lena
River Biogeochemistry and Dissolved Organic Matter Fluxes.Frontiers in
Environmental Science, 8, 53.

Das Monitoring Programm, welches die Grundlage dieser Studie ist, wurde
ausschlaggebend von mir initiiert unetkeut. Die Idee fir die Arbeit stammt von mir und
ich schrieb das Manuskriddr. Pier Paul Overduin unterstitzte die Konzeption der Studie
und half zusammen miteth anderen Géutoren bei der malisierung des Manusipts
mittels kritischer Anmerkungemd Kommentaren. Prof. Jirgen Fisch@llte notwendige
RecherRessourcen bereiProbennahmen und Probenanalysen wurden ebenfalls teilweise
von mir durchgefuhrt. Die aufwendige Logistik hinter dem Monitoring Programm wurde

durch mich, Dr. Anne Morgensteumd Dr. Pier Paul Overduin geleistet.

Juhls, B., Overduin, P. P., Hélemann, J., Hieronymi, M., Matsuoka, A., Heim, B., and
Fischer, J. (2019).Dissolved organic matter at the fluvial marine transition in the
Laptev Sea using in situ data and ocean colouemote sensingBiogeosciences, 16,
26932713.

Die Idee dieser Arbeit stammt von mir. Die Studie wwde mir mitZuhilfe von Dr. Pier

Paul Overduin, Dr. Birgit Heim und Prof. Jurgen Fischer konziplelt verfasste das
Manuskript und ke Co-Autoren trugen mittels Vorschlage und Kommentarerzur
Verbesserung des Manuskripts bei. Probennahmen wurden vor und wahrend der
Bearbeitungszeit dieser Arbeit zu einem Grol3teil von mir im Verbund mit vielen weiteren

Expeditionsteilnehmern geleistet.



Juhls B., Matswka, A., Lizotte, M., Bécu, G., Devred, E., Doxaran, DEI Kassar, J.
R., Ferland, J., Forget, M. H., Hilborn, A., Maury, J., Overduin, P. P., Oziel, L., Babin,
M. (in preparation) Seasonaldynamics of dissolved organic matter in the Mackenzie

Delta, Canadian Arctic waters: implications for ocean colour remote sensing.

Diese Studie wurd@on mir, zusammen mit DrAtsushi Matusoka und Dr. Pier Paul
Overduin konzipiert. Das Manuskript wurde ausschlie3lich von mir verfasst. Alle Co
Autoren haben durch Diskussionen, Kommentare und Vorschlage zu dem Manuskript
beigetragen. Probennahmen und Analysen wulldech ein gro8s Team geleistet, an dem

ich jedoch einen grofRen Anteil habEe{lnahme an dreian vier Expeditionensowie
umfangreiche logistische Zuarbe®yozessierungewon Satellitendatewurden durch Dr.
Atsushi Matsuoka, Jan Riad El Kassar und Dr. Martin hhgna unterstitzt. Prof. Jirgen

Fischerstellte notwendig&echerRessourcefilr die Datenanalyse dieser Arbbéreit

Berlin, den 31Juli 2020

Bennet Juhls



Abstract

Abstract

Arctic rivers carry about 40g of organic carbon per year into the Arctic Ocean, enough
to change the colour of the surface water over entire shelf seas. Ongoimafnost thaw
mobilizes ancienbrganicmat t er i n the Arctic Oceands wat
carbon that was peviously preservedin the perennially frozen soils Whereas the
particulate fraction of organic matteris prone to settling andubsequent burialthe
dissolved fraction obrganicmatter (DOM) can b&ansported over largdistances ants
quickly integraded and cycled within the aquatic environment. Therefor@itoring of

DOM and its carbon (DOC) in terms of fluxes, quality, transpmutesand ultimate fate

in the Arctic Ocearis one of thegoak of current polar researchn situobservations in the
Arctic are challenging and costly and hold tremendous scientific value. Ocean Colour
Remote Sensing (OCRS) is a powerful tool that can complemmesiiu observations by
providingfrequentand synoptic estimates of surface water DOM and DOC concentration
via the coloured fraction of DOM (CDOMMowever, use of OCRS in Arctic orgasrich
waters is hampered by uncertaintsesd needs further evaluation and developmEné

goal of this thesis is to advance our knowledge of the quantity, origin, seasaoalailitxar

and fate oDOM and carbon tmsported from land to aen the Arctic. Biogeochemical

and bieoptical parameters of water across the fluvial and marine zantgo Arctic
regionswere collectedThesein situ datasets includel) Lena River DOM reasured at
least biweekly for one full year, PLenaRiver and Laptev Sealtlf DOM and optical
pamameters measuradtermittentlyover 11lyears and 3) a suite of water column optical
radiometric, and biogeochemigakasurementsom springto fall in the Mackenzie River
Delta and on the Beaufort S8helf. These data are a unique and novel resource for testing
OCRS atmospheric correction and CDOM retrieval algorithms and for imprsatetite
derivedDOC estimates across the fluvrakrine transitiorzone.Frequent monitoringf

the Lena River revealed that three source water types determine the strong seasonality of
fluvial DOM: 1) melt water, 2) rain water and 3) subsurface water. The improved
estimation ofannual Lena River DOC flux was 6.79 Tg @pst of which (84%) was
transported into the Lena River by melt and rain water. Optical properties of the DOM
indicated thatjn spring, the Lena River dominantly transports young carbon originating
from degrading vegetation from land surfaces. Wiging air temperatures in summer and

fall, optical properties indicated an increasing fraction of older DOM originating from
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deeper soil horizons and thawing permafrost deposits. Salinity and DOM were strongly
correlated @>0.8)in both shelf regions, indicai) a dominant terrigenous source of DOM
and a conservative mixing of DONCh river water with DOMpoorwater from the Arctic
Ocean. Bothin situ and spacéorne observations of surface waters revealed a strong
seasonal variability of river plume propagatiand DOC distribution on both shelves. The
evaluation of several OCRS algorithms wiitsitudata showed that tH@LCIl (Ocean and

Land Colour Instrument) neural network swgil@NNS) algorithm performed best for the
retrieval of CDOM in the Lena Laptev Sea region (r?’=0.72, mean percentage
error=58.4%), whereas the semin al yt i c al al gorithm AgsmAO p
Mackenziel Beaufort Sea region (r2=0.52, mean percentage error=24.1%). Furthermore,
the Polymer atmospheric correction algorithm resultebetter matctup correlations than
either the WFR or the C2RCC atmospheric corrections. For both regions, new DOC
CDOM models based on thén situ observationsexpand the applicability of OCR® t
monitor DOC in surface waters to thetire fluviatmarine transition zone and imwethe
accuracy of DOC retrievaDverall, the studies of this thesis demonstrated the capability
of OCRS to monitor the propagation and distribution of DOM on Arctic shelves on large
spatial and temporal scales. In the fatunigh frequency sampling in combination with
OCRS of major Arctic rivers have the potential to improve quantification of DOC export
into the Arctic Ocean and reduce current uncertainties due to the lack of datdetrang
OCRS time series merged from Itple satellites can help in identifying trends of land

sea carbon fluxes and their impact on the global carbon cycle and climate in a rapidly

changing Arctic.



Zusammenfassung

Zusammenfassung

Arktische Flisse exportieren etwa 40 Tg organischen Kohlenstoff pro Jahr in den
Arktischen Ozean genug um die Farbe des Oberflachenwassers lber ganze Schelfmeere
zu verandern. Das durch den Klimawandel verstéakuftauen der Permafrostbdden
mobilisiert altes organisches Material, insbesondere organischen Kohlestoff, der zuvor im
durchgehend gefrorenen Boden konserviert wurde. Wahrend der partikulare Teil der
organischen Stoffe schnell absinkt und sedimentartn der geltste Teil der organischen
Stoffe (dissolved organic matteDOM) tber grol3e Entfernungen transportiert und schnell

in das aquatische System integriert und umgesetzt werden. Daher ist die Bestimmung der
Exportmengen und der Qualitat des DOM uiebs geldsten organischen Kohlenstoffes
(dissolved organic carberDOC), sowie deren Transportwege und endgtiltigen Schicksal,
ein zentrales Ziel der aktuellen Polarforschung. Auch wenn in situ Beobachtungen in der
Arktis mit enormen Herausforderungen uKdsten verbunden sind, haben sie einen
enormen wissenschaftlichen Wert. Die Fernerkundung der Ozeanfarbe (Ocean Colour
Remote SensingOCRYS) ist ein leistungsstarkes wissenschaftliches Werkzeug, das in situ
Beobachtungen erganzen kann, indem es haufigesynoptische Abschatzungen der
DOM- und DOGKonzentrationen des Oberflachenwassers liefert. Fir diese Abschatzung
wird der farbende Anteil von DOM (coloured dissolved organic matt€DOM)
verwendet, der einen Proxy fir DOC darstellt. Die VerwendungQ@RS in arktischen,
organikreichen und optisch komplexen Gewassern birgt jedoch grof3e Unsicherheiten und
muss daher zunachst evaluiert und weiterentwickelt werden. Das Ziel dieser Arbeit ist es,
unser Wissen Uber die Menge, Herkunft, saisonale Variahihttlen Verbleib von DOM

und DOC, welche vom Land zum Meer transportiert werden, zu erweitern. Dazu wurden
grof3e in situ Datenséatze mit biogeochemischen und biooptischen Parametern in der
Ubergangszone von Flusau Meerwasser in zwei Flussen, der Lend dam Mackenzie,
gesammelt. Diese Datensatze umfassen: 1) DOM Messungen in der Lena mindestens
zweimal pro Woche Uber ein gesamtes Jahr; 2) DOM und biooptische Messungen in der
Lena und auf dem Laptewsee Schelf von Expeditionen von 11 Jahren; sowieR@ibme

an optischen, radiometrischen und biogeochemischen Messungen von Frihling bis Herbst
in den Kistengewdassern der Beaufortsee nérdlich des Mackenzie Deltas. Diese Daten sind
eine einzigartige und neuartige Ressource zum Testen von -@AgR&hmen furdie
Atmospharenkorrektur und zur satellitbasierenden Abschatzung von CDOM. Die
regelmaRige und hochfrequentierte Beprobung des -Waamssers ergab, dass die
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Abwechslung von drei Wassertypen die starke Saisonalitdt der DOM Konzentration und
den Export bstimmen: 1) Schmelzwasser, 2) Regenwasser, und 3) Grundwasser. Die
verbesserte Abschatzung des jahrlichen DOC Exportes der Lena wurde auf 6.79 Tg C
geschatzt, von denen ein Grof3teil (84%) durch Schneld Regenwasser in die Lena
transportiert wurde. Dieptischen Eigenschaften des DOM zeigten, dass die Lena im
Frahjahr vorwiegend jungen organischen Kohlenstoff transportiert, der aus dem Abbau von
Oberflachenvegetation stammt. Bei hoheren Lufttemperaturen im Sommer und Herbst
zeigte sich hingegen ein zumaénder Anteil von &lterem DOM, der aus tieferen
Bodenhorizonten und auftauenden Permafrostbdden stammen kdnnte. Die Salinitat und die
DOM-Konzentration waren in beiden Schelfregionen stark korreliert (r2>0.8), was auf eine
dominante terrigene DOMDuelle um eine konservative Mischung von DOMichem
Flusswasser mit nieddBOM Wasser aus dem Arktischen Ozean hindeutet. Sowohl in situ

als auch satellitengestitzte Beobachtungen von Oberflachenwasser zeigten eine starke
saisonale Variabilitat der Flusswasseataeitung und der DO®erteilung auf beiden
SchelfmeerenDie Auswertung mehrerer OCRSgorithmen mithilfe von in situ Daten
zeigten, dass der AONNSAd (OLCI (Ocean and
swarm) Algorithmus fir die Abschéatzung von CDOMder Lend Laptewsee Region am

besten geeignet ist (r2=0.72, mittlerer prozentualer Fehler. 58.4%), wahrend in der
Mackenziei Beaufortsee Region der seminal yti sche Al gorithmus
abschneidet (r2=0.52, mittlerer prozentualer Fehler=24.1™aytber hinaus fuhrt die

Polymer Atmospharenkorrektur zu besseren Ubereinstimmungskorrelationen als die

I
‘S

AWFRA oder die AC2RCCA Atmosph2renkorrektur

DOC-CDOM Modelle, die auf in situ Beobachtungen basieren, die Anwekeibaon

OCRS zur Langzeituntersuchung von DOC in Oberflachenwasser uber die gesamte
Ubergangszone vom Flusaim Meerwasser. Zudem wurde die Genauigkeit der satelliten
basierenden Abschatzungen der DR@hzentration deutlich gesteigert. Insgesamt haben
die Studien dieser Arbeit gezeigt, dass OCRS die Ausbreitung und Verteilung von DOM
in arktischen Schelfmeeren auf grofRen rdumlichen und zeitlichen Skalen verfolgen kann.
In Zukunft kénnen hochfrequentierte Probennahmen in Kombination mit OCRS die
Quantifizierung des DOEEXxports in den Arktischen Ozean verbessern und die aktuellen
Unsicherheiten aufgrund fehlender Daten verringern. Lan@¥eRS Zeitreihen, die durch
Zusammenfuhrung der Daten mehrerer Satelliten entstehen, kdnnen dazu beitragen,

Veranderungender Kohlenstoffflisse und ihre Auswirkungen auf den globalen
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Kohlenstoffkreislauf und das Klima in einer sich schnell verdndernden Arktis zu

identifizieren.
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1 Introduction

1.1 Scientific motivation

The climate is warming in the Arctic and sea ice cover is shrinking in Arctic coastal and
shelf regiongFarquharson et al., 2018; Chan et al., 2083ochemical and biological
interactions between ocean and land drive the carbon cydleese regions. On land,
permafrost temperatures are ris{iBgskaborn et al., 2019nd permafrost is consequently
thawing, a process that is expected to mobilize ancient frozen céfbeynand Smith,

2005; Frey and McClelland, 2009; McGuire et al., 2008yditionally, terrestrial
biological productivity is currently increasing in Arctic river catchments as a response to
climate warming(Gorham, 1991)This can lead to growing accumulation of organic
carbon in plants, part of which, after decomposition, drains into the Arctic Ocean.
Increasing export of organic carbon into the Arctic Ocean changes the carbon cycle, which
may exacerbate global climate warming throughrétiease of greenhouse gases into the
atmosphere. To improve future climate forecast scenarios, numerous recent studies focus
on the sources, budget and fate of organic carbon in the AecjcKaiser et al., 2017;

Vonk et al., 2019)The fate of organic carbon, once it is released to the Arctic estuarine
and coastal waterghose waters that are directly influenced by riverinput, coastal
erosion or resuspensiamshallowwaterg, in particular, is intensely debat@auer et al.,

2013; Fichot and Benner, 2014; Broder et al., 20@8)ile the burial of organicarbon in

the seafloor sediments can act as a carbon sink, the degradation of organic carbon in the
water columns and itgartially conversion to C@is potentially a large source of carbon
release to the atmosphdpling et al., 2010) More organic carbon in the Arctic Ocean
may also shift the aisea carbon equilibrium towards an increasec G@ake by the
atmosphere, causing a positive feedback loop to climate warming. Another positive
feedback is the enhanced absorption of ghhtaused by increasing concentrations of dark
organic matter in ocean surface water. Absorption by this organic matter intensifies
radiative heating of the surface watéeppa et al., 2019and therefore sea ice méHill,

2008) and potentially leads towarming of the seabed near the cd&snitrenko et al.,

2011)

Unprecedented changes are currently underway in the Arctic that have the potential to
affect the global climate system. Therefore, this thesis focuses on the current carbon

transfer interactions between lantlaocean in the Arctic.
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1.1.1 Impact of climate warming on the Arctic

Air temperature in the Arctic is rising twice as fast as the global mean temperature
(Polyakov et al., 2002; Serreze and Barry, 20The Arctic Ocean, its coastlines and the
catchments of the rivers that drain into it, are currently experiencing drastic changes.
Satellite data has revealed a dramatic and ongoing decrease in sea ice extent and thickness
during the last two decad€Screen and Francis, 2016; Stroeve and Notz, 2018
expected that the Arctic Ocean will becomenptetely icefree in summer within the next

few decade$Wang and Overlan®009, 2012)Ice is thinning most rapidly near the coast

and winter landfast sea ice protects the coastline from erosion for shorter and shorter
periods(Overeem et al., 2011; Ginther et al., 2013)

In Arctic rivers, ice thickness is also decreagjRgvelsky and Zarnetske, 201ah)d the

open water periods are lengthening due to earlier ice fuga&nd later freezep
(Shiklomanov and Lammers, 2014; Park et al.1&®0Over the last decades, water
discharge from all Arctic rivers has increased, and most drastically for the Siberian rivers
(Peterson, 2002; McClelland et al., 2006; Serreze et al., 2Bigfire 1.1). These changes
affect the seasonality of the river discharge and the Arctic freshwater(Bysidins et al.,

2010) Increasing export of freshwater can influence water mass stratification and
circulation in the Arctic Ocan (Carmack and Aagaard, 1973; Clarke and Gascard, 1983;
Peterson et al., 2006)
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Figure 1.1: Longterm records of the annudischarge of large Eurasian and North American rivers flowing into the
Arctic Ocean(data fromHolmes et al(2018c)
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1.1.2 Dissolved organic matter from land to the Arctic Gcean: sources,

fluxes and fate

Export of dissolved organic matter (DOM) and carbon (DOC) into the Arctic Ocean
inevitably increases with increasing river discharge. The mobilization of DOC from
degrading permafrog¥onk et al., 2012; Dubinenkov et al., 20H5)d the release of DOC

by coastal erosiofiTanski et al., 2016, 201 fodify the cycling of arbon in ways that

remain unknown and unquantified in the Arc{MacGilchrist et al., 2014)Therefore,
monitoring fluxes of organic matter froland to sea and understanding the fate of DOM

after it is released into the Arctic Ocean have recently become a particular focus of research
interest.

River discharge, its chemical composition and constituent concentrations, at any point in
space and tie, integrate environmental processes over a definable upstream area of the
river watersheqHolmes et al., 2012aYherefore, biogeo@mical parameters of the river

water are powerful indicators of the impacts of climate change. In 2002, a sampling
pr ogr ad+Arctié Rigen Transport of Nutrients, Organic Matter, and Suspended
Sedi mentso (PARTNERS) was e fluadstoithe Aretid t o 1r
Ocean. lI'ts successor, the AArctic Great Ri
panArctic sampling of the largest Arctigvers. These sampling programs resulted in the

first estimates of organic matter fluxes into the ArdBcean(Raymond et al., 2007;
Stedmon et al., 2011; Holmes et al., 2012b; Wild et al., 20H®V)ever, these estimates

are typically based on a few (<10) samples per year. To compensate for periods without
samples, load models are used to calculate annual fluxes. These load models assume a
direct dependency of organioatter (OM) concentratioon the discharge, which gauge
stations provide on a daily basis. Changes to fluxes may be smaller than the errors that are
generated using such assumed relationships between concentration and discharge. Thus, an

accurate baseline is neededbserve flux chages in Arctic ivers.

Studies of the fate of DOM after it enters the Arctic Ocean are even scarcer than those
focusing on its export to the ocean. Little is known about the transport pathways in shelf
waters, or about the export and removal of the teraéstiganic matter in the Arctic Ocean.

How these processes may be shifting with climate change is also un@ddason et al.,

2012; Fichot et al., 2013While some studies report rapid and extensive renaugb to

70% of organic carborirom the water colum(Alling et al., 2010; Letcher et al., 2011)
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other studies report a conservative mixing across the Arctic sh&aéser et al., 1999;
Semiletov et al., 2013; Tanaka et al., 2016; Pugach et al.,.2018)

To address the knowledge gap in the transport and fate of organigaters, synoptic and
frequent monitoring of thdudvial-marine transition zones is needed. In situ monitoring and
tracking of organigich Arctic river plumes is challenging as these areas are hard to reach
andtheyimpose severe constraints on sampling. Furthermore, in situ sampling captures a
snapshoduring expeditions, which usually take place from August to September, when
sea ice conditions are the most favourable for nawigatn most cases, in situ dstds
overlook the winter and shoulder seasons, which can be the most important for OM
transpot (McGuire et al, 2009) Thus, in situ sampling can hardly address potentiallong

term changes in the coastal waters on a4r@&tic scale.

This thesis mainly focuses the dissolved fraction of organic matter (DOM) and its carbon
(DOC). DOM and DOC are bulk paratees for total amounts of groups of substances
found in water solution. DOM refers to the total amount of organic matter (e.g.
carbohydrates and lignins), whereas DOC refers to the concentration of organic carbon
only. The "D" in both abbreviations refets the dissolved species only. In practice,
however, analytical observations of DOM and DOC are defined by the mean pore size of

the filter (commonly between 0.2 um and 0.7 pum) used to prepare the samples.

1.1.3 OceanColour Remote Sensing

Ocean Colour Remote Sensing (OCRS) is a powerful tool to complement in situ sampling.
Optical satellite sensors can detect and monitor constituents, such as DOC in surface
waters. Polar orbiting satellites can provide several images per day if cloudghnhd li
conditions are favourable. Moreover, a number of optical sensors offer high enough spatial
resolution(<1 km) to observe Arctic riveplumes carrying DOM onto the shelf. High
spatial and temporal resolution make OCRS an invaluable tool to studyiverdcean

interactions in the Arctic shelf regionsigure 1.2).
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Figure 1.2: Sentinel 2aMulti Spectral ImagerNISI) true olour (RGB bands -3-4) mosaic image of the Lena River
Delta and surrounding coastal watimsn September 1 and 2, 2016-water structures show export fluxes of sentiment
(bright and yellowish colours) and organic matter (dark and black col&efigctance values were stretched for land
and water separately to makeviater structures visible.

Satelliteborne tracking of organidch river waters can reveal changes in freshwater
pathways (Fichot et al.,, 2013)and can aid in understanding current shifts in the
hydrological cycle of the Arctic Ocean under the effects of ocean currents, sea ice
dynamics, and weather. TerrigersatDOM is frequently used toack freshwater isurface
waters of the Arctic Oceafe.g. Stedmon and Markager, 2001; Granskog et al., 2012;
Stedmon et al., 2015 he coloured fraction of DOM (CDOM) can bwasured by OCRS
techniques. In rivemfluenced Arctic waters, the absorption of light by CDOM can be
directly related to the concentration ®OC in the water. Under favourable cloud
conditions, frequent satellite acquisitions can help to monitor carbon export and transport
during the entire openater season. Furthermore, satellite observations can provide a better
understanding of shifts in river seasonality, and how it affects the distribution of organic

matter on Arctic shelves in the long term.

However, the performance and accuracy of OCRSlymts in Arctic coastal waters are
generally not well constrained, mainly due to a lack of validation through in situ data. Few
studies evaluate or validate OCH&rived DOC concentrations in Arctic rivers or river
influenced Arctic Ocean wate(Matsuoka et al., 2013, 2017; Griffin et al., 2018; Huang

5
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et al., 2019) The performance and accuracy of OCRSthe estimation of DOC depends
primarily on three factors: (1) the performance of the atmospheric correction algorithms,
which minimize interferences from the atmosphere with the signal received by the satellite;
(2) the performance of a retrieval algbm, which convertghe satellite reflectance to
absorption intensity of CDOM; and (3) the robustness of a relationship between DOC and

CDOM, which is used to estimate DOC concentration from CDOM absorption.

To determine and improve the quality of OCRSI audress all three of these factors,
extensive in situ sampling is needed. For that, high spatial and temporal coverage as well
as the capture @fwide range of water constituent concentrations in various combinations
would be beneficial. In situ radiorime measurements of the water provide the ground truth

for the atmosphericallgorrected signal from a satellite sensor. Besides, in situ sampling
of both DOC concentration and CDOM absorption aids to improve retrieval of CDOM and
to establish robust rdlanships between DOC and CDOM.

1.2 Obijectives, thesis organization and author contributions

This thesis aims to expand our currknbwledge of lando-seaDOM and the associated
carbon fluxes in the Arctic and to improve the methods of their quantificatibrsatellite

borne Ocean Colour sensors. Two Arctic l@ead systems were extensively studied in the
scope of the thesis. They include the raauth region of the Lena and Mackenzie rivers

as well as fluvialmarine transition zones and the coastal watktise Laptev and Beaufort
Seas. Variety of in situ and remote sensing platforms were used to acquire the data over the
entire spatial extent of the two systems and over different sedsignse( 1.3). For the

Lena Riveri Laptev Sea system, a lotgrm in situ sampling program for the river water
monitoring was established in the frame of the work on this thesis. The chapters of this
thess answer the following specific objectives at various temporal and spatial scales:

0 Improvingaccuracy of DOM flux estimation by increasing sampling frequency and
including icecovered and shoulder seasons
0 Describingseasonal variabilitypyf DOM flux with high temporal resolution and

linking the variability to the seasonally changing dominant water sources.

0 Estimatingsources and qualitfe.g. chemical characteristiand agg of DOM in
in the Lena River and in the receiving coastal waters oL #pev Seaand the
Mackenzie mouth regior-or that, in situ optical properti&®m multi annual and

multi seasonal field campaigns were used.
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0 Evaluatng OCRSalgorithms at regional scale in the Laptev Sea and Beaufort Sea
and improwng accuracy and applicabilitgf OCRS for the monitoringf DOC

concentrationgn surface wateon Arctic shelves.

OCRS
satellite

Figure 1.3: Schematic illustration of the Arctic land, coastal and ocean systems studied and observational peafbrms

in this thesis Dissolved constituents of river, coastal and shelf waters and ice were measured and estimated in situ and
remotely. Various in situ sampling platforms such as boats, ships, helicopter, and Arctic researslastattas Ocean

Colour satellites were used to study the organic matter fluxes from land to sea

The organization and structure of the thesis is following:

Chapter 2 provides the scientific background and a short review of the state of knowledge
about organic matter in the Arctic Ocean. Moreover, this chapter guides through the

fundamentals, feasibility, and limitations of OCRS in Arctic coastal waters.

Chapter 3 presents the first results of the sampling program neamibuth of the Lena
River. Observed biogeochemical parameters provide a baseline for the estimation of the
DOM fluxes and characterization of seasonality drivers of the Lena River water properties.
The study is published in Frontiers of Environmental Sme(uhls et al., 2020). The

t hesisé author together with a small team

program as well as the analysis of samples.
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Chapter 4 synthesizes data from eleven shgsed campaigns to river, coastal and offshore
waters in the Laptev Sea and Lena River Delta region. Sampled DOC and CDOM data
were used to develop a new model for the O&@é&ntification of DOC from optical
absorption masurements for this region. Furthermore, OCRS products were evaluated for
the retrieval of DOC concentration. The study is published in Biogeosciences (Juhls et al.,
2019). The author of the thesis participated in most of the expeditions and persomed

of the water sample anabs

Chapter 5 presents the results of a series of sampling campaigns to the Mackenzie Delta
region in 2019. Combined biogeochemical, biooptical and radiometric in situ
measurements were used to evayagrformance of atmospheric correction and CDOM
retrieval algorithms. The best performing combination of algorithms was then used to
monitor the river water plume propagation on a large spatial and temporalghd&RS

This chapter is a manuscriptpneparation.

Chapter 6 provides major outcomes and the concluding summary of this thesis with a brief

outlook.
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2 Scientific background

Although the Arctt Ocean constitutes only about 1% of the global ocean volOmpsahl

et al., 1999)it receives about 10% of the global river dischgryagaard and Carmack,

1989; McClelland et al., 2012 his strong impact of freshwater from the surrongdi
landmasses distinguishes the Arctic Ocean from the other oeegnihié Southern Ocean

While numerous rivers drain into the Arctic Ocean, the six biggest Arctic rivers (Yukon,
Mackenzie, Ob®, Yenisey, Len@l13kawdtoke!| yma)
total annual dischargeto the Arctic OceafHolmes et al., 2012bY he fluxes of terrestrial

material carried by river waters to the sea exestrang influence on the Arctic Ocean,

particularly on its surface waters.

Following, background information on the organic matter and the Arctic carbonisycle
provided. This thesis focuses on the dissolved fraction of organic material and organic
carbonfor a number of reasons. The dissolved fraction is readily labile making it more
bioavailable as compared to the particulate fractiomthEumore, the particulate fraction

is prone to settling andhus less relevant for paArctic transport processelsarge areas

are affected by terrigenous dissolved organic matter due to the large volunraitignto

the Arctic Ocean and propagated over large spatial scales.

2.1 Dissolved organic carbon in the Arctic carborcycle

Arctic aquatic systems play key rolesthe global carbon cycle. They can, for instance,
serve as a significant pool for particulate and dissolved inorganic and organic carbon and
may exert considerable influence on the turnawed sinking of organic carboAbout

50% of the global soibrganc carbon is stored in Arctic permafrost sqiBorham, 1991,
Tarnocai et al., 2009)naking the cycle of organic carbon in the Arctic an essential part of
the global carbon cycle. Recent estimates report that 1035 + 150 Pg of organic carbon is
stored in the surface layer (top 3 m) of the northern permafrosneg@ioigelius et al.,

2014; Schuur et al., 2013¢erich Pleistocene permafrost (Yedoma) is an important stock

of organic carbon storing about 500 éfgorganic carborfGrosse, 2013)which is highy
vulnerable to climate change. It can potentially genéaage fluxes of old carbon that was
previously inactive in the carbon cyd¥onk et al., 2012)

Soils rich in organic carbon, release it as carbon dioxideJ@Omethane (Ckj into the

atmosphere and as particulate organic carbon (POC) andil@®@e aquatic systesn

11
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About 94 Tg of dissolved and particulate inorganic and organic carbon is transported
annually from land into the Arctic Ocean via rivers and coastal ergsloGuire et al.,

2009) Altogether, the Arctic carbon cycle is complex and many of its pathways remain
poorly quantified Figure 2.1). For example, little attention has been paid to the inorganic
fraction of carbon fluxe@McGuire et al., 2009)lthough they might be substanti&trieg|

et al., 2007)
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Figure 2.1: Carbon pathways, sources dridgerrelease and modificatigorocesse$A to H) in and between different
compartmentgland, shelf seas, central basingjhe Arctic

The DOC makes up about 38% of the total Arctic carbon flux feord to segMcGuire

et al., 2009) It constitutesabout 10- 17% of the global DOC flux from land to sea
(Raymond et al., 2007Yhe six major Arctic rivergansport 7.5 9.5% (Raymad et al.,

2007; Stedmon et al., 2011; Holmes et al., 20b2)e global annual riverine DOC to the
Arctic Ocean (210 to 240 Tg C Yr Ludwig et al. (1996; Cauwet(2002). While
substantial efforhas been spent on quantifying fluxes of DOM into the Arctic Ocean, only
some studies provide information about the composition of the D&Wbtic DOM is
composed of a wide and variable range of compounds. Most frequent of them are lipids,
amino acids, proteins, pigments, tannins, and lignins. Lignin phenols, that are found in river
runoff and in the surface waters of the Arctic Ocf@asbbes et al., 2000; Benner et al.,
2004; Amon et al., 2012¢ontain large amounts of aromatic carlfloebo et al., 2001and

12
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exclusively originate from vascular plants. They are identified as the humic fraction of the
DOM (Kattner et al., 1999)Thaefore, lignin is often used to trace the terrestrial fraction
of DOM (e.g.Mann et al., 2016)Studies report that the lignirch terrigenous DOM in
Arctic surface waters is rather refractgijansell et al., 2004; Holmes et al., 2008; Alling

et al., 2010; Letscher et al., 201yt also, contradictory, report a ratistiort DOC haH

life (<3 years) on the Siberian shel@dling et al., 2010; Letscher et al., 2011)

Non-humic components of DOM that are found in the Arctic, such as amino acids and
proteins, are typically related to autochthonous production and primarily originate from
microbial communities (Cdb, 2007). A fraction of DOM, which absorbs light
predominantly in theultraviolet UV), is termed coloured dissolved organic matter
(CDOM). CDOM is often used as a tracer for DOC in Arctic river and shelf waters and can
be measured by optical sensors tlués specific optical absorption propertiehdpter

2.2.2.

2.1.1 Sources of dissolved organic matter in the Arctic Ocean

There are multiple sources of organic matter in the Arctic Ocean: (1) terrestrial organic
matter, releasedia rivers and coastal erosion, (2) release of organic matter from sea ice,
(3) freshly produced organic matter by biological activity in the water cqolama (4)

laterally transported organic matter from other water masses such as Atlantic water.
Terregrial DOM from rivers and eroding coastlines constitutes the dominant source and

fraction of organic carbon in Arctic coassaid shelf waters.

13
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Figure 2.2: PanArctic map of permafrost zon€é®bu et al., 2019)xand catchmnts of the six largest Arctiovers(GRDC,
2020)and the Arctic Sea#\rrowsdisplay major oceanic currents

The largest in situ source of DOM and carbon produced in the Arctic Gzgamary
production that varies on seasonal and interannual §€des and Benner, 2005; Mathis

et al.,, 2007) Arrigo and Van Dijken(2011) estimated net primary productivity rates
ranging from 441 to 585 Tg C Yrin the Arctic Ocean. According to their estimates,
productivity may have increased by 20% between 1998 and 2009 due to an increase in the
spatial and temporal extent of open waters. These same authors project a 65% productivity
increase under conditions of #ee summers in the Arctic Ocedesides the decline of

sea ice, the increase ofitrientsinflux drives the increasef primary production in the

Arctic (Babin, 2020; Lewis et al., 2020)/hile phytoplankton growth can result in elevated
concentrations of particulate organic matter for limited areas and periodenttentration

of particulate mattein the offshore and central waters of Arctic Ocean waters is generally
low. The major fraction of the total organic carbon there is O@@lerson and Amon,

2015)

The hghest DOC concentrations from biological activity are found in sea ice attributed to

ice algae production. Extensiaégaeblooming occurs in spring at thee-water interface
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