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Abstract	
Ocean	is	the	largest	carbon	inventory	on	the	earth,	which	is	playing	a	crucial	role	in	global	carbon	

storage.	Variation	in	oceanic	carbon	pool	will	affect	atmospheric	carbon	pool	and	lead	to	global	

climate	change.	Dissolved	organic	carbon	(DOM)	is	one	of	the	largest	carbon	pool	in	the	ocean,	of	

which	 biologically	 refractory	 DOM	 (RDOM)	 is	 a	 steady	 and	 long-time	 part,	 which	 cannot	 be	

degraded	by	biological	consumption.	Dissolved	black	carbon	(DBC)	is	also	an	obvious	component	

of	oceanic	DOM	pool.	Photochemical	degradation	is	proved	to	be	an	important	pathway	of	RDOM	

reduction.	 Recently,	 several	 simulations	 about	 the	 life	 time	 of	 RDOM	 pool	 and	 DBC	 pool	 were	

made	based	on	laboratory	photochemistry	experiments.	However,	these	conclusions	were	drawn	

with	no	consideration	of	ocean	circulations	and	other	important	ocean	physical	processes.	 	

The	 objective	 of	 this	 thesis	 was	 to	 make	 a	 more	 convincing	 simulation	 of	 RDOM/DBC	 pool	

life-time	under	photochemical	degradation.	The	work	was	performed	using	University	of	Vicroria	

Earth	 System	 Climate	 Model	 (Uvic	 ESCM),	 a	 numerical	 Earth	 system	 model	 of	 intermediate	

complexity.	 Before	 the	 experiments,	 several	 modifications	 were	 made	 in	 the	 model,	 including	

increasing	 the	model	 resolution	 in	 the	 top	ocean,	 addition	of	Ultraviolet	 radiation	 forcing	data,	

addition	of	RDOM/DBC	tracers	and	building	the	photochemistry	functions.	Afterwards,	physical	

evaluations	of	the	modified	model	were	performed.	

One	experimental	part	of	this	thesis	was	to	study	the	global	cycling	of	RDOM/DBC	including	the	

upwelling	other	physical	processes	which	would	influence	the	photodegradation	rate.	The	initial	

concentration	 of	 RDOM/DBC	 was	 set	 uniformly	 in	 the	 global	 ocean.	 After	 a	 6500-yr	 model	

running,	tracers	gathered	at	equator,	tropics/subtropics	and	other	upwelling	regions.	The	Atlantic	

Ocean	 finally	 had	most	 tracer	 amount	 among	 all	 ocean	 basins.	 UVB	 radiation	would	 penetrate	

vertically	 into	 the	 water	 about	 30	 to	 40	 meters.	 UVB	 radiation	 and	 the	 ocean	 physical	

transportation	controlled	the	tracer	movement	and	affected	tracer	photodegradation.	

Another	experimental	part	was	to	study	the	global	photodegradation	of	RDOM/DBC.	96.5%	of	the	

RDOM	 pool	 was	 degraded	 by	 UV	 radiation	 in	 6500-yr,	 meanwhile	 the	 DBC	 pool	 was	 entirely	

degraded	after	6000-yr.	These	 results	 varied	 from	 the	 reported	predictions	 (~600-1600	years)	

according	 to	 laboratory	 experiment	 results	 under	 specified	 conditions.	 As	 the	 concentration	 of	

RDOM/DBC	 remained	 stable	 in	 the	 ocean,	 a	 hypothesis	 could	 be	made	 that	 there	 should	 exist	

other	resources	which	could	balance	the	pool	against	photodegradation.	
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Introduction	
1 Marine	 dissolved	 organic	 matter	 (DOM)	 &	 biologically	 refractory	 DOM	

(RDOM)	

1.1 What	is	dissolved	organic	matter	(DOM)?	

From	 the	 beginning	 of	 20th	 century,	 people	 started	 to	 focus	 on	 the	 organic	 component	 in	 the	

seawater.	 One	 of	 the	 first	 studies	 was	 titled,	 “Comparison	 of	 amount	 of	 then	 matter	 that	 is	

dissolved	 in	 the	 ocean	 with	 that	 present	 in	 organisms	 shows	 how	 extraordinarily	 small	 the	

amount	of	formed	mass	is	compared	to	that	which	is	unformed”	(Pütter,	1907;	English	translation	

cited	 from	 Dittmar	 &	 Stubbins,	 2014).	 Since	 then	 it	 is	 commonly	 realized	 that	 seawater	 is	

composed	 not	 only	 of	water	 (96.5%)	 and	 inorganic	 solutes	 (3.5%),	 but	 also	 of	 organic	matter	

(~1.0%),	which	looks	like	“nutrient	soup”.	 	

Several	early	unsuccessful	early	attempts	to	quantify	the	dissolved	organic	contents	of	seawater	

were	carried	out	(Pütter,	1909;	Raben,	1910;Krogh	&	Keys,	1934).	In	the	mid-20th	century,	glass	

fiber	 or	 silver	 filters	 had	 minimal	 pore	 sizes	 of	 ~0.45-1.0μm	 and	 became	 the	 basis	 of	 the	

operational	 definition	 that	 dissolved	 matters	 pass	 such	 filters	 (D.	 Hansell,	 Carlson,	 Repeta,	 &	

Schlitzer,	 2009).	 Today	DOM	 is	 operationally	 defined	 as	 the	 organic	 constituents	 of	water	 that	

have	 neutral	 buoyancy	 and	 pass	 through	 a	 filter	 of	 0.2–1.0μm	 pore	 size(Dittmar	 &	 Stubbins,	

2014;	Ogawa	&	Tanoue,	2003;	Nebbioso	&	Piccolo,	2013).	Contrarily,	those	organic	contents	left	

on	 the	 filter	 are	 called	 particular	 organic	 matters	 (POM).	 Actually,	 this	 is	 only	 an	 arbitrary	

definition.	In	reality,	POM	and	DOM	are	difficult	to	separate	due	to	no	clear	difference	and	a	lot	of	

matter,	e.g.	gels,	which	are	difficult	to	classify	as	POM	or	DOM.	

Broadly	 speaking,	 DOM	mainly	 contains	 carbon,	 hydrogen,	 oxygen,	 nitrogen,	 phosphorous	 and	

sulfur.	 The	 usual	 currency	 for	 quantifying	 the	 DOM	 has	 been	 carbon	 (Sharp,	 2002).	 A	 general	

concept	in	the	past	century,	which	is	not	commonly	used	today,	was	that	half	weight	of	the	total	

organic	matter	poor	 is	 two	 times	of	 the	 total	 organic	 carbon	 (Krogh,	1934).	The	 component	of	

DOM,	which	is	quantified	as	total	organic	carbon,	is	named	as	dissolved	organic	carbon	(DOC).	 	

Besides	DOC,	researches	focusing	ocean	organic	nitrogen	and	phosphorous,	which	are	the	main	

nutrient	elements	for	marine	ecosystem,	are	always	based	on	the	quantity	and	quality	of	another	

two	 main	 subsets	 of	 the	 same	 DOM:	 dissolved	 organic	 nitrogen	 (DON)	 and	 dissolved	 organic	

phosphorous	 (DOP).	 Compared	 to	 organic	 carbon,	 the	 global	 pools	 of	 organic	 nitrogen,	

phosphorus,	 and	 other	 organic	 elements	 are	 not	 well	 constrained.	 The	 C:	 N	 ratio	 of	 DOM	 is	

relatively	 constant	 in	 the	 ocean,	 averaging	 13.6	 at	 the	 sea	 surface	 and	 14.7	 in	 the	 deep	 ocean	

(Sipler	&	Bronk,	2015).	 	
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1.2 Global	inventory	and	distribution	

As	 carbon	 is	 a	major	 element	 of	 organic	matters,	 DOC	measurements	 are	 generally	 applied	 to	

determine	the	abundance	and	amount	of	DOM,	and	it	is	also	easier	to	measure	DOC	than	DON	or	

DOP.	DOC	 in	 the	sea	 is	 the	 largest	ocean	reservoir	of	 reduced	carbon,	holding	greater	 than	200	

times	the	carbon	inventory	of	marine	biomass(D.	A.	Hansell,	Carlson,	Repeta,	&	Schlitzer,	2009),	

approximately	as	much	carbon	(~700	x	1015	gC,	Table	1.1)	as	is	available	in	atmospheric	carbon	

dioxide	(~750	x	1015	gC,	Siegenthaler	&	Sarmiento,	1993).	Although	the	global	inventory	is	large,	

DOC	exists	in	the	open	ocean	at	extremely	low	concentrations	(34~80	µmol	kg-1,	Hansell,	Carlson,	

Repeta,	&	Schlitzer,	2009).	

Table	1.1	Global	inventories	of	DOC	differentiated	by	depth	(Hansell,	et	al.,	2009)	

Depth	(m)	 DOC	(Pg	C)	

0-200	 47	

0-1000	 185	

>1000	 477	

Top-bottom	 662	

	

Fig.	 1.1(D.	Hansell	 et	 al.,	 2009)	 shows	 the	 global	 distribution	 of	 ocean	DOM	at	 surface	 (a)	 and	

bottom	(b).	On	 the	upper	 layer,	higher	concentration	 (~68-80	umol	kg-1)	occurs	at	 trophic	and	

subtropics	 where	 the	 higher	 primary	 production	 lays	 out	 more	 DOM.	 In	 general,	 the	 surface	

concentrations	 of	 DOC	 changed	 depending	 on	 the	 latitudinal(Ogawa	 &	 Tanoue,	 2003),	 in	 the	

order	of	the	Arctic	(70–100	µ	M)	>	subtropical	(~80	µ	M)	>	tropical	(equatorial)	and	temperate	

(60–70	µ	M)	>	subarctic	and	subantarctic	(50–60	M)	>	Antarctic	(40–60	µ	µ	M).	And	the	vertical	

stratification	of	the	upper	water	column	favors	the	slow	accumulation	of	organic	matter	resistant	

to	biological	degradation	(Hansell,	Carlson,	Repeta,	&	Schlitzer,	2009;	Carlson,	2002).	The	Arctic	

Ocean	is	enriched	in	DOC	by	the	input	of	terrigenous	organic	matter	via	high	river	fluxes	to	this	

area	(Dittmar	&	Kattner,	2003).	 	

In	deeper	layers	(Fig.	1.1	b),	North	Atlantic	Deep	Water	(NADW)	has	higher	concentration	(~42	

umol	kg-1)	than	deep	water	in	India	Ocean	and	Southern	Ocean	(~39	umol	kg-1),	while	the	Pacific	
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Ocean	deep	water	contains	the	least	DOM.	One	possible	reason	for	the	phenomenon	is	that	during	

the	global	distribution	of	bathypelagic	water	 from	the	North	Atlantic	 into	 the	North	Pacific	and	

back	 to	 Antarctica	 (~1000	 yr),	 heterotrophic	 microbes	 slowly	 consume	 DOC	 and	 drop	 the	

concentrations	 from	 >50	mM	 in	 the	 deep	North	 Atlantic	 to	 34	mM	 in	 the	 oldest	water	 at	mid	

depth	in	the	Pacific	(D.	Hansell	et	al.,	2009).	

	

Fig.	1.1	Distributions	of	dissolved	organic	carbon	(DOC;	µmol	kg-1)	at	30	m	(A)	and	3000	m	(B)	

1.3 Production	and	sources	of	DOM	

Oceanic	 DOM	 is	 mostly	 produced	 by	 photosynthesis	 of	 phytoplankton	 in	 the	 upper	 layers	

(~0-200m),	 as	 known	 as	 the	 epipelagic	 zone.	 Photosynthesizing	 organisms	 such	 as	

phytoplankton	 and	 algae	 absorbs	 sunlight	 in	 the	 epipelagic	 zone	 and	 convert	 inorganic	 carbon	

dioxide	 into	 organic	 carbon	 using	 the	 sunlight	 energy	 (Fig.	 1.2).	 Marine	 photosynthesis	 fixes	

neatly	 10	 Pmol-C	 every	 year	 forming	 organic	 biomass	 (Del	 Giorgio	 &	 Williams,	 2005;	 Field,	

Behrenfeld,	&	Randerson,	1998).	This	organic	matter	is	released	into	the	ocean	through	a	number	

of	biological	processes	(C.	a	Carlson,	2002):	

a. Extracellular	 release	 by	 phytoplankton:	 Plankton	 release	 exopolymeric	

polysaccharides	compounds	into	water,	which	will	form	a	loosely	associated	capsule	or	

sac	 around	 them	 (C.	 a	 Carlson,	 2002;	 Gogou	 &	 Repeta,	 2010;	 Passow,	 Alldredge,	 &	

Logan,	 1994).	 Specific	 organic	 compounds	 are	 also	 released	 for	quorum	sensing	 and	

other	 cellular	 communications	 (Guan	 &	 Kamino,	 2001;	 Nealson	 &	 Hastings,	 2006;	

Skindersoe	et	al.,	2008).	
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b. Grazer	 mediated	 release	 and	 excretion:	 Macrozooplankton	 and	 microzooplankton	

remove	 phytoplankton	 production	 and	 convert	 the	 particle	 organic	 carbon	 into	

dissolved	via	sloppy	feeding	(during	zooplankton	grazing	on	phytoplankton,	pieces	of	

the	 broken	 phytoplankton	 body	 which	 cannot	 be	 entirely	 eaten	 will	 be	 released	 as	

detritus	or	DOM),	egestion	and	excretion.	

c. Release	 via	 cell	 lysis	 (both	 viral	 and	 bacterial):	 viruses	 produce	 numerous	 progeny	

viruses	in	the	host	cell.	Then	the	host	cell	bursts	by	the	progeny	and	releases	protein,	

nucleic	acid,	polymers	and	etc.	into	water.	Bacteriarially	induced	lysis	of	phytoplankton	

and	 other	 bacteria	 is	 also	 observed	 in	 experimental	 cultures.	 Bacterial	 lysis	 is	

associated	 with	 production	 of	 external	 membrane	 compounds	 which	 includes	 high	

concentration	 of	 cell	wall	 enzyme.	 The	 purpose	 of	 bacterial	 lysis	 is	 to	 gain	 nutrients	

from	lysed	cells	in	order	to	reducing	the	competition	for	existing	nutrients.	

d. Solubilization	 of	 particles:	 bacteria	 attached	 to	 aggregates	 can	 express	 high	 levels	 of	

hydrolytic	ectoenzymes,	forming	an	“enzymatic	reactor”	which	results	in	the	release	of	

DOM.	

e. Bacterial	 transformation	 and	 release:	 heterotrophic	 bacterioplankton	 directly	 release	

DOM	in	the	form	of	hydrolytic	enzymes	and	other	chemical	characteristics	 in	order	to	

capture	 and	 digest	 nutrient	 molecules	 in	 surrounding	 environment.	 The	 release	 of	

capsular	material	 is	another	source	of	DOM.	Bacterioplankton	also	transform	LMW	to	

HMW	DOM.	

Continentally	 produced	 DOM	 (about	 0.02Pmol-C	 year-1)	 is	 transported	 into	 the	 ocean	 through	

rivers,	tidal	pumping	or	aerosols	(Dittmar	&	Stubbins,	2014).	 	
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Fig.	1.2	Marine	DOM	production	and	sources	

	

1.4 Biological	utilization	of	DOM	

As	mentioned,	photosynthesis	of	phytoplankton	mainly	take	place	in	the	upper	layers	(~200m).	

Most	 of	 the	 freshly	 produced	 DOM	 is	 funneled	 into	 “microbial	 loop”.	 The	 microbial	 loop	 is	 a	

general	interaction	in	which	DOM	is	utilized	as	an	energy	source,	starting	with	DOM	consumed	by	

bacteria	 via	 respiration,	 which	makes	 its	 way	 through	 various	 trophic	 levels	 ultimately	 to	 the	

highest	trophic	 levels.	The	utilization	of	this	 labile	DOM	represents	a	 large	flux	of	carbon	in	the	

ocean.	However,	with	rapid	turnover	(from	minutes	 to	days)	 it	constitutes	a	very	small	 fraction	

(~0.01	Pmol-C,	<	1%)	of	the	ocean	DOC	inventory	(D.	Hansell	et	al.,	2009).	 	

Semilabile	 DOC	 is	 produced	 mainly	 in	 the	 euphotic	 zone,	 holding	 15–20%	 of	 net	 community	

productivity	 (~	 2	 Pg	 C	 yr-1;D.	 A.	 Hansell	 &	 Carlson,	 1998).	 Semilabile	 DOC	 is	 not	 immediately	

mineralized	 and	 instead	 accumulates	 in	 the	 surface	 ocean	 (C.	 a	 Carlson,	 2002).	 But	 semilabile	

DOC	is	then	rapidly	consumed	once	exported	to	mesopelagic	depths	between	100	and	400m	(D.	A.	

Hansell,	Carlson,	&	Schlitzer,	2012).	The	life	time	of	this	fraction	is	from	months	to	years	(Craig	A.	

Carlson,	Ducklow,	&	Michaels,	1994)	

Though	labile	DOM	is	dominant	in	the	epipelagic	layer	and	semilabile	DOM	obviously	decreases	

from	 100m	 to	 400m,	 biologically	 refractory	 DOM	 (RDOM)	 is	 mainly	 represented	 in	 the	 deep	

ocean	(>1000m)	DOC	bulk.	The	RDOM	pool	 is	 the	 largest	 fraction	of	 the	bulk	dissolved	organic	
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carbon	 (Williams	 &	 Druffel,	 1987),	 holding	 52.5	 Pmol-C	 or	 650	 Gt-C	 (Dittmar	 &	 Paeng,	 2009;	

Dittmar	&	Stubbins,	2014;	Ogawa	&	Tanoue,	2003).	It	is	dominated	by	diagenetically	altered	and	

low	molecular	weight	(LMW)	compounds,	which	are	unavailable	to	bacteria.	 	

Fig.	 1.3	 (captured	 from	 Figure	 4	 in	 Dittmar	 &	 Stubbins,	 2014)	 shows	 the	 idealized	 vertical	

distribution	of	the	DOM	pools	listed	above.	Labile	DOC	is	mainly	produced	and	consumed	within	

the	epipelagic,	semilabile	DOC	can	penetrate	into	the	mesopelagic,	and	refractory	DOC	is	stable	in	

the	 bathypelagic	 on	 the	 time	 scale	 of	 deep-ocean	mixing.	 As	 shown,	 the	 RDOM	 concentration	

stays	 invariant	 from	mesopelagic	 to	 bathypelagic	 layers	 because	 of	 the	 biological	 resistance	 of	

RDOM.	 	

	

Fig.	1.3	Idealized	vertical	distribution	of	marine	DOM	pools	

The	apparent	average	14C	age	of	RDOM	sample	from	deep	ocean	water	is	~6000	year	(Williams	

&	Druffel,	1987),	which	exceeds	the	average	year	of	ocean	circulation	(~1000yr).	 	

Concentration	gradients	 from	>	50	µmol	kg-1	C	 to	~	36	µmol	kg-1	are	observed	along	the	water	

ventilation	from	the	north	bottom	Atlantic	Ocean	to	the	north	Pacific	deep	ocean.	As	this	DOM	is	

biological	 refractory,	 there	must	 be	 degradation	 pathways,	 probably	 abiotic	 ones,	 which	 could	

possibly	explain	the	great	gradients.	

1.5 Photochemical	degradation	of	RDOM	

Two	abiotic	pathways	are	reported	to	be	the	main	removal	processes	for	RDOM:	transformation	

to	 and/or	 interaction	 with	 suspended	 particles	 (Druffel,	 Williams,	 Bauer,	 &	 Ertel,	 1992)	 and	

photolysis	by	ultraviolet	(UV)	irradiation	(Mopper	et	al.,	1991).	

As	argued	above,	RDOM	has	a	 longer	average	age	than	the	ocean	circulation.	Thus,	a	portion	of	
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RDOM	will	follow	the	ocean	circulation	pathways	and	be	exposed	to	the	sunlight	radiation	at	the	

ocean	surface.	Once	exposed	 to	 surface	UV	radiation,	part	of	 the	RDOM	will	be	 transformed	by	

photo-oxidation	into	bio-available	LMW	(low	molecular	weight)	matters	and	enter	the	microbial	

loop	through	microbial	remineralization	(Anderson	&	Williams,	1999;	Benner	&	Kaiser,	2011;	D.	

Hansell	et	al.,	2009;	Mopper	et	al.,	1991).	This	may	also	explain	why	the	RDOM	in	the	epipelagic	is	

less	than	at	deeper	depths	in	Fig.	1.3.	

UV	 radiation	 (UVR)	 is	 a	 significant	 ecological	 factor	 in	 the	marine	 environment	 (Häder,	Kumar,	

Smith,	&	Worrest,	1998).	Both	UV-B	(280–315	nm)	and	UV-A	(315–400	nm)	can	have	important	

effects	on	bacterial	activities,	phytoplankton	photosynthesis	and	photochemical	transformations	

of	dissolved	organic	matter	(DOM).	There	are	many	pathways	for	those	photochemical	reactions.	

For	instance,	after	absorbing	solar	radiation,	the	deactivation	of	an	electronically	excited	state	of	

DOM	molecule	occurs	via,	e.g.,	ionization	of	DOM	to	produce	hydrated	electrons.	These	hydrated	

electrons	 further	 react	 in	 various	ways,	 such	as	oxidation	 (Sulzberger	&	Durisch-Kaiser,	 2009).	

UVR	 (mostly	 UV-B)	 is	 also	 involved	 in	 the	 photochemical	 degradation	 of	 DOM,	 influencing	 its	

bacterial	utilization	(Mopper	&	Kieber,	2002).	 	

The	attenuation	of	 light	 in	the	water	column	is	controlled	by	two	physical	processes:	scattering	

and	absorption,	which	depend	on	the	optical	properties	of	seawater.	According	to	the	review	by	

Tedetti	et.al	(2006)	the	10%	irradiance	depth	(Z10%,	which	represents	the	depth	where	10%	of	

surface	UVR	 remains)	 of	UVA	and	UVB	differs	 among	ocean	 areas.	 For	 example,	 in	 the	Atlantic	

open	ocean,	Z10%	305	nm	(UVB)	and	Z10%	340	nm	(UVA)	can	reach	17m	and	38m,	while	 for	

Pacific	 open	 ocean	 they	 are	 8.5m	 and	 25m.	 On	 average,	 the	 penetration	 Z10%	 depth	 of	 UVR	

around	 the	world	 ocean	 is	 5~35m,	which	means	 UVR	will	 be	 available	 for	 the	 photochemical	

reactions	in	the	top	40	meters	of	the	ocean.	

Through	the	absorption	of	solar	radiation,	RDOM	may	undergo	photochemical	reactions	using	the	

energy	from	the	absorbed	photon,	producing	many	photoproducts	which	will	participate	in	other	

reactions	and	form	several	products,	such	as	CO	and	CO2.	The	absorption	of	light	by	DOM	initially	

results	in	the	formation	of	singlet	excited	state	species	(1DOM*)	that	subsequently	decay	through	

a	 series	of	photophysical	 and	photochemical	pathways,	 as	 shown	 in	Fig.	1.4	 (Mopper	&	Kieber,	

2002).	 Studies	 over	 the	 past	 four	 decades	 have	 demonstrated	 that	 marine	 photochemistry	 is	

involved	in	a	variety	of	chemical	reactions	of	significance	to	numerous	marine,	atmospheric	and	

climate-related	processes	(Mopper	&	Kieber,	2002).	 	
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Fig.	1.4	General	pathways	for	the	photochemical	oxidation	of	DOM	in	natural	waters	

Much	 research	 has	 focused	 on	 the	 photochemical	 degradation	 of	 refractory	 DOM.	 Benner	 et.al	

(1998)	 discovered	 that	 photo-transformations	 of	 deep-water	 DOM	 upon	 exposure	 to	 sunlight	

resulted	 in	 enhanced	 bacterial	 growth	 and	 demonstrated	 that	 some	 refractory	 components	 of	

DOM	are	rendered	bioavailable.	Studies	have	also	shown	that	after	a	28-day	sunlight	irradiation,	

95%	 of	 dissolved	 black	 carbon,	 one	 component	 signature	 within	 the	 DOM	 pool,	 could	 be	

degraded	 (Fig.	 1.5	 from	 Stubbins,	 Niggemann,	 &	 Dittmar,	 2012).	 That	 is	 an	 obvious	 decrease,	

which	means	that	UV	light	could	play	an	important	role	in	refractory	DOM	turn	over.	 	

Stubbins	 et	 al.	 reported	 a	 laboratory	 work	 about	 deep	 ocean	 dissolved	 black	 carbon	 photo	

degradation	(DBC,	Stubbins,	Niggemann,	&	Dittmar,	2012).	DBC	is	a	component	signature	of	deep	

ocean	DOM,	which	 could	 also	 count	 as	RDOM.	This	 paper	 reported	 the	UV	degradation	 rate	 of	

DBC	and	total	RDOC	(major	of	deep	ocean	DOC),	which	provides	us	the	data	for	estimating	global	

DBC	photochemical	 turnover.	They	also	estimated	 that	 the	global	DBC	 inventory	 lifetime	 is	 less	

than	800	years	(28	to	773	years).	
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Fig.	1.5	Photodegradation	of	dissolved	black	carbon	(DBC)	in	North	Atlantic	Deep	Water	over	the	course	of	a	28-day	irradiation	

2 Research	about	DOM	photochemistry	via	numerical	models	 	

Numerical	models	are	useful	tools	for	marine	biogeochemistry	research,	covering	the	estimating	

scales	from	global	to	local	and	days	to	millennia.	Combining	experiment	results,	observation	data	

and	 mathematical	 equations,	 models	 are	 able	 to	 estimate	 biogeochemical	 processes	 in	 the	

physical,	 chemical	 and	 biological	 marine	 environment	 background.	 They	 are	 also	 valuable	 for	

determining	 the	 magnitude	 and	 importance	 of	 processes	 that	 are	 difficult	 to	 measure	 and	

observe	in	the	field.	

As	mentioned	above,	the	global	DOM	pool	is	large	and	still	uncharacterized.	Some	minor	changes	

in	the	DOM	pool	could	make	great	effects	on	global	carbon	cycling.	As	for	an	example,	estimated	

DOC	export	from	the	surface	ocean	represents	20%	of	total	organic	carbon	flux	to	the	deep	ocean,	

which	constitutes	a	primary	control	on	atmospheric	carbon	dioxide	levels	(Hopkinson	&	Vallino,	

2005).	

DOC	also	plays	a	significant	role	as	a	global	carbon	reservoir.	Thus,	it	is	necessary	to	discover	the	

effect	on	global	marine	DOM	pool	of	climate	change,	such	as	global	warming,	ocean	acidification,	

ozone	reduction	and	so	on.	 Investigations	with	models	will	be	helpful	 for	our	understanding	of	

these	issues.	

Photochemistry	of	DOM	has	been	an	area	of	increasing	interest	in	recent	years.	As	an	important	

reducing	 pathway,	 especially	 for	 RDOM,	 photochemistry	 is	 able	 to	 convert	 refractory	 or	

semi-refractory	 DOM	 into	 biological	 labile	 DOM	 and	 fuel	 microbial	 loop.	 Meanwhile,	 a	 part	 of	

DOM	can	also	be	photo	degraded	into	DIC	such	as	CO,	which	escapes	from	the	ocean	via	sea-air	
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gas	exchange	(Sophia	C.	Johannessen	&	Miller,	2001).	Although	most	models	lack	the	full	suite	of	

processes(Christian	&	Anderson,	2002),	some	studies	have	been	conducted.	

Fichot	 and	Miller	 (2010)	 proposed	 a	model	 to	 calculate	 depth-resolved	marine	 photochemical	

fluxes.	This	model	is	designed	to	estimate	photochemical	rates	in	the	ocean	that	result	solely	from	

the	interaction	of	solar	radiation	with	the	dissolved	constituents	of	seawater.	Slight	variations	to	

the	model	 can	 be	 applied	 to	 estimate	 other	 photochemical	 processes	 and	 also	 other	 effects	 of	

UV/visible	solar	radiation	on	biology	and	other	sensitive	systems.	For	example,	 this	model	was	

updated	to	parameterize	a	DOM	photochemical	degradation	rate	model	for	1086	lakes	situated	in	

Sweden	(Koehler,	Landelius,	Weyhenmeyer,	Machida,	&	Tranvik,	2014).	

Anderson	 &	 Williams	 (1999)	 included	 RDOM	 in	 their	 one	 dimension	 model.	 RDOM	 here	 are	

transferred	to	 labile	DOM	via	photo	oxidation.	This	model	suggested	that	10%	increasing	of	UV	

would	decrease	less	than	2%	RDOM	stock	in	the	ocean	over	200	years.	

Keller	 et	 al.	 (2011)	 modified	 the	 Anderson	 &	 Williams	 model	 to	 explicitly	 account	 for	

photochemical	reactions	that	effect	DOM	with	a	rate	of	0.004	 𝜇MC	(for	DOC)	or	0.0005	 𝜇MN	d−1	

(for	DON).	The	result	showed	that	photochemical	reactions	were	especially	important	for	turning	

over	the	refractory	pools	of	DOM,	which	converted	DOC	to	DIC	at	a	mean	rate	of	0.029	 𝜇MCd−1.	It	

was	 also	 reported	 that	 refractory	 DOC	was	 degraded	 into	 labile	 DOC	 at	 a	 mean	 rate	 of	 0.006	

𝜇MCd−1	via	photochemical	degradation.	

Another	model	from	Keller	&	Hood	(2013)	contains	photochemical	reactions	as	the	only	pathway	

for	RDOM	turnover	in	estuarine	and	coastal	zones	where	RDOM	is	transformed	into	labile	DOM.	It	

was	 shown	 in	 this	work	 that	RDOC	was	 converted	 to	 labile	DOC	via	photooxidation	 at	 rates	of	

0.23	and	0.68	mmol	C	m−3	d−1.	The	rate	of	RDON	to	labile	DON	was	0.04	and	0.12	mmol	N	m−3	d−1.	

Photochemical	reactions	were	also	important	for	a	small	amount	of	DOC	converting	to	DIC.	

Although	 research	 has	 shown	 that	 UV	 light	 does	 play	 a	 key	 role	 in	 marine	 refractory	 DOM	

photochemical	degradation,	and	several	mathematical	models	have	been	proposed	for	calculating	

how	 the	 apparent	 quantum	 yield	 (AQY;	 the	 ratio	 of	 the	 number	 of	 photoproduct	 molecules	

formed	 per	 photon	 of	 light	 absorbed	 by	 the	 compound	 responsible	 for	 product	 formation)	

changes	 with	 depth,	 global	 estimates	 of	 the	 turn-over	 time	 and	 degradation	 rates	 of	 marine	

refractory	 DOM	 are	 poorly	 constrained	 and	 mostly	 based	 on	 extrapolations	 of	 laboratory	

turn-over	times	that	do	not	take	into	account	complexities	like	ocean	circulation.	
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3 Research	Questions	

In	this	work,	we	will	add	the	marine	refractory	DOM	as	a	new	tracer	to	the	ESCM-Uvic	to	observe	

the	turn-over	time	of	the	tracer	via	photochemical	reactions.	Key	research	questions	are:	

1)	How	 long	would	 it	 take	 for	 an	ocean	uniformly	 filled	with	 refractory	DOC	 to	 turn	over	with	

present-day	UVR	levels	at	the	surface?	

2)	Where	is	DOC	turnover	the	highest/lowest	and	why?	

3)	What	are	the	factors	that	control	the	photochemical	turn	over	rate	of	refractory	DOM
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Methods	 	 	

1 Overview	

The	 current	 work	 simulates	 the	 photochemical	 degradation	 of	 refractory	 DOM	 with	 the	

University	 of	 Victoria	 Earth	 System	 Climate	Model	 (UVic)	 version	 2.9,	 in	 order	 to	 find	 out	 the	

global	 turn-over	 time	 of	 refractory	 marine	 DOM.	 Earth	 system	 models	 (ESMs)	 integrate	 the	

interactions	 of	 atmosphere,	 ocean,	 land,	 ice,	 and	biosphere	 to	 estimate	 the	 state	 of	 the	 climate	

under	a	wide	variety	of	conditions.	ESMs	include	physical	processes	like	those	in	other	ocean	or	

climate	 models	 but	 they	 can	 also	 simulate	 the	 interaction	 between	 the	 physical	 climate,	 the	

biosphere,	 and	 the	 chemical	 constituents	 of	 the	 atmosphere	 and	 ocean	 (Heavens	 et	 al.,	 2013).	

Compared	 to	 traditional	Climate	system	models,	ESMs	always	 include	biogeochemistry.	Usually,	

carbon	(C)	 is	most	often	the	key	elemental	tracer,	but	other	elements,	such	as	nitrogen	(N)	and	

phosphate	(P)	are	sometimes	included	as	well.	

The	 current	 work	 will	 mainly	 be	 carried	 out	 in	 the	 3-D	 general	 circulation	 ocean	 model	 (the	

Modular	 Ocean	 Model	 2.2;	 MOM2)	 component	 of	 the	 Uvic	 ESCM.	 	 This	 component	 includes	

physical	parameterizations	for	diffusive	mixing	along	and	across	isopycnals,	eddy	induced	tracer	

advection	 (Gent	 and	McWilliams,	 1990),	 and	 a	 scheme	 for	 the	 computation	 of	 tidally	 induced	

diapycnal	mixing	over	rough	topography	(Simmons	et	al.,	2004).	An	anisotropic	viscosity	scheme	

and	high	Southern	Ocean	mixing	are	also	included	since	version	2.9	(Keller	et.al,	2012).	

The	Uvic	 ESCM	model	 has	 a	 spherical	 grid	 resolution	 of	 3.6°	 (zonal)	 by	 1.8°	 (meridional).	 The	

standard	model	has	19	vertical	layers	with	different	thickness,	ranging	from	50m	at	the	surface	to	

500m	in	the	deep	ocean.	Since	UVR	only	penetrates	about	10~30m	into	the	upper	ocean	and	thus,	

is	where	the	photochemical	reactions	occur,	the	vertical	resolution	of	the	standard	model	is	not	

suitable	for	simulating	photochemistry.	 	 Therefore,	the	vertical	resolution	needs	to	be	increased	

to	better	simulate	photochemical	processes	(section	3).	

Biogeochemical	 elements	 are	 defined	 as	 “tracers”	 inside	 the	 model.	 Tracers	 are	 numerical	

quantities	representing	some	physical	mass	that	are	kept	track	of	in	each	ocean	model	grid	cell	as	

the	 tracer	 increases	 or	 decreases	 due	 to	 processes	 like	 physical	 transport	 or	 biogeochemical	

reactions.	 	

As	a	tracer	representing	refractory	DOM	has	been	coded	into	the	Uvic	ESCM	model,	the	model	will	

then	 be	 modified:	 the	 top	 ocean	 layer	 will	 be	 divided	 into	 thinner	 ones,	 aiming	 at	 better	

resolution	for	UV	light	and	photochemistry	processes.	 	

After	resolution	improvement,	an	observational	dataset	of	ultraviolet	B	was	added	as	forcing	data	
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for	 photochemical	 processes	 in	 the	 surface.	 Following	 that,	 the	 UV	 light	 and	 photochemical	

degradation	model	component	will	be	added	to	the	model.	 	

The	 programming	 language	 is	 Fortran	 90,	 and	 the	 compiler	 used	 here	 is	 Intel	 FORTRAN	

Composer	XE	2013	SP1	for	OS	X.	 	

Model	platform:	Mac	Pro	desk	computer	from	Apple	.Inc,	which	contains	4	memory	slots,	each	of	

which	has	a	4GB	DDR3	ECC	memory,	a	3,5	GHz	6-Core	Intel	Xeon	E5	processor.	Graphic	card	 is	

AMD	FirePro	D500	3072	MB;	Thunderbolt	display	for	Mac	Pro	from	Apple	.lnc.	

Aquamacs	was	the	editor	used	to	code	in	Fortran	90.	The	imaging	and	analysis	tool	is	Ferret	(from	

NOAA's	 Pacific	 Marine	 Environmental	 Laboratory;	 http://ferret.pmel.noaa.gov/Ferret/),	 an	

interactive	 computer	 visualization	 and	 analysis	 environment	 for	 analyzing	 large	 and	 complex	

gridded	data	sets,	and	it	is	widely	used	to	analyze	data	and	create	publication	quality	graphics.	

2 Refractory	DOM	tracer	addition	

The	Uvic	ESCM	 is	 composed	of	 several	 function	code	groups,	 containing	common	(for	 common	

settings),	embm	(code	 for	atmosphere),	 ice	(code	 for	sea	 ice	and	snow),	mom	(code	of	MOM2),	

and	etc.	The	model	 is	 forced	with	several	 types	of	data.	As	mentioned	above,	a	tracer	 is	usually	

subjected	 to	 ocean	 physical	 transportation	 and	 may	 participate	 in	 chemical	 and	 biological	

processes,	 representing	 change	 of	masses	 or	 elements.	 For	 example,	 the	 tracer	 “oxygen”	 could	

participate	 in	biological	and	physical	processes:	 it	can	be	 increased	not	only	by	photosynthesis,	

but	also	air-sea	gas	exchange.	 	

The	tracer	representing	RDOM	was	added	by	modifying	the	code	in	the	following	files:	

• size.h	–	defines	how	many	tracers	are	being	added.	2	dimensions	are	added,	representing	

RDOM	and	RDOM	flux.	

• UVic_ESCM.f	–	define	the	RDOM	tracer	and	any	additional	parameters	associated	with	it.	

• diag.h	–	define	common	variables	for	computing	diagnostics	.	

• diago.F	–	add	variable	data	for	the	oceanic	diagnostic	output.	  	

• mom_tavg.F	–	add	ocean	variable	data	to	the	main	output	routine.	

• setmom.F	–	tracers	and	parameters	are	initialized	here.	 RDOM	initial	concentration	is	set	

here.	
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• mw.h	–	identify	the	tracers	for	the	memory	window.	 	

• npzd.h	–	add	new	parameters	and	rates	associated	with	the	new	variables	here.	 	

• setvbc.F	–	add	surface	flux	information	here.	

• timeavgs.h	–	add	model	output	information	that	is	associated	with	the	new	variables	here.	 	

The	initial	concentrations	of	RDOM	are	set	according	to	several	studies	and	reports	for	the	

experiments	(Table.	2.1).	

Table.	2.1.	RDOM	tracer	concentration	settings	

Item	
Concentration	

[umol-C*Kg-1]	
References	

Dissolved	black	

carbon	(DBC)	
1.05	 Stubbins	et	al.,	2012	

RDOM	 50	
Hansell	et	al.,	2009;	Anderson	&	Williams,	

1999;	Yamanaka	&	Tajika,	1997	

3 Vertical	resolution	improvement	of	Uvic	ESCM	2.9	

Originally,	the	ocean	is	vertically	divided	into	19	layers	in	the	MOM2	version	coupled	to	the	Uvic	

ESCM	 2.9.	 The	 Modular	 Ocean	 Model	 (MOM)	 is	 a	 numerical	 representation	 of	 the	 ocean's	

hydrostatic	primitive	equations.		

The	 grid	 system	of	MOM2	 is	 composed	 of	 T	 cells	 and	U	 cells	 (T	 stands	 for	 tracer,	 U	 stands	 for	

velocity).	 Within	 each	 T	 cell	 is	 a	 T	 grid	 point,	 which	 defines	 the	 location	 of	 tracer	 quantities.	

Similarly,	within	each	U	cell	is	a	U	grid	point	defining	vertical	and	meridional	velocity	components.	

According	to	MOM2	notation,	dztk	defines	the	vertical	thickness	of	a	T	cell	or	U	cell	in	centimeters,	

while	 dzwk	 is	 the	 distance	 between	 two	 grid	 points	 within	 neighboring	 T	 or	 U	 cells.	 The	

relationship	between	dzwk	and	dztk	is	shown	in	Fig.	2.1.	 	

In	the	current	work,	a	turbulent	kinetic	energy	(TKE)	scheme	was	implemented	in	UVic	ESCM	by	

W.	 Sijp	 et	 al.,	 in	 order	 to	 achieve	 vertical	mixing	 due	 to	wind	 and	 vertical	 velocity	 shear	 (Sijp,	

Gregory,	Tailleux,	&	Spence,	2012).	
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Fig.	2.1	Grid	cell	construction	method	in	MOM2.	 	

In	 the	 standard	MOM2	 component	 in	UVic	 the	 surface	 layer	 is	 50	meters	 deep.	However,	 since	

ultraviolet	radiation	only	penetrates	~	25	-35m	in	the	ocean	surface	(Booth	&	Morrow,	1997;	S.	C.	

Johannessen,	2003;	Lee	et	al.,	2013;	Smith	&	Baker,	1981)	this	thickness	is	 less	than	optimal	for	

simulating	photochemical	processes.	Better	simulating	photochemical	processes	thus,	requires	a	

higher	vertical	resolution	in	the	surface	ocean.	

Therefore,	a	modification	is	applied.	The	first	50	meters	are	divided	into	3	layers	with	10m,	20m	

and	30m	(dztk	value)	thicknesses.	This	modification	is	calculated	via	the	function	in	Fig.	2.1,	the	

new	vertical	solution	data	is	listed	in	Table.	2.2.	
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Table	2.2	Modified	vertical	resolution	of	MOM2	

Layer Depth Depth W dzt k dzw k
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The	Uvic	ESCM	is	forced	by	several	types	of	data	sets	in	NetCDF	(.nc)	form,	including	observation	

data	 (i.e.	O_sal.nc	 for	 salinity,	O_temp.nc	 c	 for	ocean	 temperature	data),	 basic	 gridding	data	 (i.e.	

G_grid.nc	for	defining	T	and	U	cells	depths,	G_kmt.nc	for	ocean	vertical	depth	grid	level).	Uvic	uses	

these	datasets	once	at	 the	beginning	of	run	to	set	 the	 initial	geology,	oceanography,	atmosphere	

physic	 and	 other	 conditions	 for	 the	 model	 run.	 Meanwhile,	 some	 data	 are	 used	 interactively	

during	the	simulation,	such	as	A_wind.nc	for	wind	forcing	data.	

Several	MATLAB	 scripts	were	 created	 to	make	new	G_grid.nc	 and	G_kmt.nc	 datasets	 containing	

higher	vertical	resolution	settings	for	Uvic	ESCM.	 	

Fig	2.2	compares	the	grid	distribution	of	modified	model	with	the	original	one.	The	total	vertical	

depth	at	each	ocean	coordinate	 is	exactly	 identical,	which	means	 that	 the	overall	bathymetry	of	

both	models	is	the	same	while	the	number	of	levels	in	the	left	subplot	have	been	increased	to	21.	
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Fig.	2.2	Vertical	grid	of	original	(down)	and	higher	vertical	resolution	(top)	Uvic	ESCM,	

	 	 	 Color	bars	represent	vertical	depth	levels	(different	color	for	each	level)	

Because	of	the	changes	in	vertical	resolution	it	was	also	necessary	to	modify	the	initialization	data	

forcing	files	for	data	files	of	salinity,	alkalinity,	oxygen,	and	nitrogen,	phosphorous,	temperature	etc.	

are	also	modified	via	MATLAB	for	higher	vertical	resolution	according	to	Table	2.	Though	the	first	

50	meters	are	divided	 into	3	parts,	 the	same	values	as	before	are	used	here	 to	 fulfill	 the	new	3	

upper	layers,	in	order	to	keep	the	new	version’s	initialization	forcing	as	similar	as	possible	to	the	

original	one.	
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4 Addition	of	the	ultraviolet	radiation	(UVB)	forcing	data	

In	the	older	version	of	Uvic	ESCM,	UV	radiation	data	is	not	included.	However,	this	information	is	

required	 for	a	photochemistry	 study.	 	 Therefore,	UV	radiation	 forcing	data	was	needed	 for	 this	

study.	Though	solar	radiation	is	already	simulated	in	Uvic	ESCM	(Weaver,	Eby,	&	Wiebe,	2001),	the	

component	 is	poorly	suited	for	current	work	 ,	and	it	 is	too	complicated	to	separate	out	the	UVB	

spectrum	from	the	general	 solar	radiation	calculations.	However,	 there	 is	good	data	available	 to	

prescribe	UVB	radiation	at	the	surface	of	the	ocean.	

Ultraviolet	radiation	(UV)	is	an	invisible	electromagnetic	radiation	with	a	wavelength	from	10nm	

to	400	nm.	Among	the	UV	spectrum,	UVB	(wavelength	280nm-315nm)	has	the	highest	energy	and	

is	 responsible	 for	driving	most	photochemical	 reactions	 (Anderson	&	Williams,	1999;	 Sophia	C.	

Johannessen	&	Miller,	2001;	Moran	&	Zepp,	1997).	Thus,	UVB	radiation	can	be	used	to	represent	

the	photochemical	driver	in	this	study.	

The	observation	dataset	of	UVB	data	 is	originally	 from	gIUV,	a	global	UVB	radiation	data	set	 for	

macro	ecological	studies	(Beckmann	et	al.,	2014).	The	gIUV	data	set	

is	based	on	remotely	sensed	records	from	NASA’s	Ozone	Monitoring	

Instrument	 (Aura-OMI).	 This	 dataset	 is	 processed	 from	 daily	 UVB	

measurements,	acquired	over	a	period	of	eight	years,	 into	monthly	

mean	UVB	data	(Fig.	2.3,	Beckmann	et	al.,	2014).	

The	gIUV	datasets	are	openly	available	online	from	the	Helmholtz	

Center	for	Environmental	Research	–	UFZ	

(http://www.ufz.de/gluv/index.php?en=32435)	in	ASCII.	

In	order	to	employ	gIUV	in	Uvic	ESCM,	it	is	necessary	to	convert	the	

data	from	an	ASCII	to	NetCDF	format,	while	re-gridding	it	to	fit	the	

UVic	resolution.	

Transformation	is	done	in	MATLAB	to	create	a	global	climatology.	i.e.,	

12	separated	monthly	averaged	datasets	(from	January	to	December)	

were	 combined	 into	 a	 NetCDF	 file	 forcing	 after	 re-gridding	 to	 the	

Uvic	horizontal	grid.	

5 Photochemical	degradation	model	

Diurnal	cycles	are	not	simulated	here,	but	are	accounted	for	using	a	day	fraction	parameterization,	

Fig.2.3	 Examples	 of	 four	 monthly	 mean	 UVB	

layers:	January,	April,	July	and	October.	
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i.e.,	 a	 trapezoidal	 integration	 function	 that	 simulates	 how	 much	 light	 would	 reach	 the	 ocean	

during	a	24-hour	period.	

UVB	 penetration	 into	 the	 water	 is	 calculated	 according	 to	 Eq.1,	 which	 is	 modified	 from	 the	

shortwave	radiation	equation	(14)	in	Keller	et	al.,	2012.	Definitions	and	values	of	parameters	used	

in	the	photodegradation	model	are	listed	in	Table	2.3.	 	

The	UVB	radiation	 "
#$∙&

at	depth	z	is:	

𝐸𝑞. 1			𝑈𝑉𝐵/ 	= 	𝑈𝑉𝐵/12𝑒4567/4568 (:;<:=)?/
@
A 	×	 1 + 𝑎E 𝑒456FG HG<HEF − 1 	

In	Eq.1	UVBz=0,	denoting	 the	downward	UVB	radiation	at	 the	sea	surface,	 is	 read	 into	 the	model	

from	 the	 transformed	 gIUV	 database.	 Attenuation	 of	 UVB	 at	 any	 depth	 (z)	 due	 to	 seawater,	

phytoplankton	chlorophyll,	sea	ice,	which	may	be	snow	covered,	is	then	calculated.	



	

	 21	

Table	2.3	Parameters	used	in	the	RDOM	photochemical	degradation	model	

Parameter	 Definition	 Value	&	unit	 References	

kusi	 UVB	attenuation	factor	through	ice/snow	 5.0	m-1	 Belzile	et	al.,	2000;	Govoni	et	al.,	1991	

kuw	 UVB	attenuation	factor	in	water	 0.2	m-1	 Smith	et	al.,	1981;	Booth	et.al,	1997	

kup	 UVB	attenuation	factor	through	phytoplankton	 0.5	(m*mmol*m-3)-1	 Yentsch,	1982	

hi	 Calculated	sea	ice	thickness*	 cm-1	 Bitz,	Holland,	Weaver,	&	Eby,	2001	

ai	 Fractional	sea	ice	cover*	 cm-1	 Bitz,	Holland,	Weaver,	&	Eby,	2001	

hs	 Calculated	snow	cover	thickness*	 cm-1	 Bitz,	Holland,	Weaver,	&	Eby,	2001	

PO	 Amount	of	phytoplankton*	 nmol	m-3	 Keller,	Oschlies,	&	Eby,	2012	

PD	 Amount	of	diazotroph*	 nmol	m-3	 Keller,	Oschlies,	&	Eby,	2012	

AQYRDOM,	300nm	 Apparent	quantum	yield	of	RDOM	 3.8×10-6	 Calculate	from	Stubbins	et	al.,	2012	

aRDOM	 UVB	absorbance	coefficient	of	RDOM	 0.3	m-1	 Helms	et	al.,	2013	

*these	parameters	are	internally	calculated	by	the	Uvic	ESCM	

The	basic	equation	for	dissolved	matter	photochemical	degradation	is	that	proposed	by	Miller	et	al.,	

2002.	 They	defined	 their	 empirical	 function	 based	 on	 observations	 for	 the	 photoproduct	 formation	

rate	and	the	solar	spectral	irradiance	using	the	term	apparent	quantum	yield	(AQY).	AQYs	are	defined	

for	 individual	 wavelengths	 and	 can	 accommodate	 differences	 in	 light	 spectra	 that	 occur	 both	

horizontally	and	vertically	in	the	ocean.	AQY	can	be	defined	as:	
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𝐸𝑞. 2						𝐴𝑄𝑌N =
𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑	

In	 this	 study,	 the	 rate	 of	 RDOM	 photo	 degradation	 needs	 to	 be	 determined	 instead	 of	 the	

production.	To	do	this	the	spectra	representing	UVB	radiation	is	determined	to	be	300nm.	Thus,	

the	AQY	for	RDOM	degradation	can	be	modified	as	followed:	

𝐸𝑞. 3				𝐴𝑄𝑌 _`a,c22d# =
𝑃	(𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑟𝑒𝑑𝑢𝑐𝑒𝑑)

𝑁	(𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑)	

As	 far	 as	 I	 am	 aware,	 the	 AQY	 for	 RDOM	 photo	 degradation	 have	 not	 been	 calculated.	 Thus,	 a	

calculation	was	 done	 based	 on	 the	 experiment	 result	 from	 Stubbins	 et	 al.,	 2012,	 in	which	 they	

reported	 the	 photo	 degradation	 of	 dissolved	 black	 carbon,	 a	 fraction	 of	 RDOM	 from	 deep	 sea.	

According	to	the	experiment	results,	apparently	1000	nmol	DBC	was	degraded	during	exposure	to	

UVB	(with	a	spectral	range	from	295	to	365	nm)	for	672	hours	(28	days).	

Since	a	photon	has	a	distinct	energy	quanta	Ep	that	is	defined	by:	

𝐸𝑞. 4					Ei = h ∙ f = h ∙
c
λ	

(with	Planck	constant	h=6.63•10-34	[Js];	Speed	of	light	c=2.998•108[m	s-1];	Frequency	f		 [s-1];	Wavelength	λ	[m])	

The	number	of	photons	Np	 (𝑚4n ∙ 𝑠4o)	 can	be	calculated	by	dividing	the	spectra	energy	E	[W	m-2]	

with	the	distinct	photon	energy	Ep:	

𝐸𝑞. 5					𝑁q =
𝐸
𝐸q

= 𝐸 ∙ 𝜆 ∙ 5.03 ∙ 10ot		

The	distinct	spectral	energy	value	(E)	 is	offered	by	Dr.	A.	Stubbins.	The	photon	flux	 𝐸:u 	 µmol ∙

𝑚4n ∙ 𝑠4o 	can	then	be	determined	as:	

𝐸𝑞. 6					𝐸:u = 𝑁q ∕ 𝑁| =
𝐸 ∙ 𝜆 ∙ 5.03 ∙ 10ot

6.02 ∙ 10o} = 𝐸 ∙ 𝜆 ∙ 0.836 ⋅ 104n 

(with	Avogadro	number	NA=6.022•1017	µmol4o)	
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Since	the	sample	was	irradiated	in	2	L	spherical	flasks	the	radiation	area	(S)	is	half	of	the	flask’s	

spherical	surface	area.	According	to	the	sphere	volume	equation,	 𝑉 = ����

c
,	 and	a	sphere	surface	

equation	𝑆&qH��� = 0.4𝜋𝑟n,	it	can	be	calculated	that	 𝑆 = 383[𝑐𝑚n]	

With	the	a	total	irradiation	time	T=672[h]=2.4192×106	[s],	the	total	photons,	P,	absorbed	by	the	

sample	is	then:	

𝐸𝑞. 7						𝑁 = 𝐸:u ∙ 𝑇 ∙ 𝑆	

According	to	Eq.1	and	Eq.6,	the	photon	flux	EUVB 𝑛𝑚𝑜𝑙 ∙ 𝑚4n ∙ 𝑠4o 	 of	UVB300nm	radiation	at	depth	

z	and	 wavelength	𝜆=300nm	can	then	be	calculated	as:	

𝐸𝑞. 8			𝐸��� 𝑧 = 𝑈𝑉𝐵/ ∙ 𝜆 ∙ 0.836 ∙ 104n	

The	absorbance	coefficient	of	RDOM	at	UVB	300nm	is	from	Helms	et	al.,	2013.	In	that	work,	water	

samples	 from	 ocean	 surface	 to	 deep	 ocean	 (0-3500m)	 were	 analyzed	 for	 UVB	 absorbance	

coefficients,	which	could	represent	the	RDOM	bulk.	

The	amount	of	RDOM	reduced	by	photochemical	transformation	(R)	can	then	be	computed	as:	

𝐸𝑞. 9			𝑅 = 𝐸���(𝑧) ∙ 𝐴𝑄𝑌 _`a,c22d# ∙ 𝑎^_`a ∙ 𝑑𝑧	

	

The	 simulation	 of	 refractory	 DOM	 circulation	 and	 photochemical	 degradation	 are	 carried	 out	

based	on	the	6000-yr	spin	up	model	result	discussed	in	Sec.2.	The	Uvic	model	starts	running	with	

the	 spin	 up	 result	 by	 using	 the	 data	 recorded	 in	 ‘restart.nc’	 file,	 which	 contains	 the	 result	 of	

6000-yr	steady	physical	conditions	(i.e.	salinity,	velocity,	temperature).	Thus,	in	order	to	initialize	

the	simulations	with	the	oceanic	RDOM/DBC	in	global	uniform	concentration	(Table	2.1),	data	of	

RDOM/DBC	was	added	into	‘restart.nc’	via	Matlab.	 	

Two	 experimental	 groups	were	 set	 up	 to	 test	 the	photodegradation	of	 refractory	DOM	 (RDOM)	

and	 dissolved	 black	 carbon	 (DBC).	 Each	 group	 has	 two	 parallel	 experiments	 (RDOM_photo	 &	

RDOM_nophoto;	 DBC_photo	 &	 DBC_nophoto)	 with	 photodegradation	 turned	 on/off.	 Both	

simulations	are	performed	for	3500	years.	

In	this	thesis,	the	parameters	of	dissolved	black	carbon	(DBC)	are	set	the	same	as	RDOM,	as	the	

photochemical	properties	of	DBC	(e.g.	AQY	and	absorption	efficiency)	are	not	clear	yet	(Stubbins	
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et	al.,	2012).	The	only	difference	is	the	initial	uniform	concentration	(Table.	2.1).	The	DBC	tracer	

behavior	and	photodegradation	processes	are	identical	to	RDOM.	The	running	time	of	DBC	model	

is	6,000	years.	Here	only	shows	the	result	of	simulation	and	basic	analysis.	

	 	



	

	 25	

Result	and	Discussion	

1. UVB	penetration	and	global	distribution	evaluation	

The	UVB	radiation	penetration	into	the	sea	is	evaluated	in	the	Uvic	ESCM.	The	result	is	shown	in	Fig	

3.1.	 From	 point	 A	 to	 C,	 the	 UVB	 radiation	 decreases	 linearly	 from	~0.05	W/m-2	 to	 nearly	 0	 (2.5e-5	

W/m-2)	while	the	depth	increases	from	5m	to	25m.	The	linear	decreasing	of	UVB	into	water	is	due	to	

the	model	 resolution.	 This	 shows	 that	 the	UVB	 radiation	 and	 the	UVB	photochemical	 reactions	 can	

only	occur	in	the	upper	model	layer	(~5m	to	25m)	of	the	ocean.	 	

The	slope	of	the	line	is	-0.21	[𝑊 ∙ 𝑒4�/𝑚c].	This	rate	is	the	estimated	UVB	global	averaged	attenuation	

rate	(0.21	[𝑊 ∙ 𝑒4�/𝑚c]),	which	is	similar	with	the	UVB	attenuation	factor	through	water	(kuw=0.2	m-1,	

Table	4).	The	estimated	averaged	attenuation	factor	is	a	little	higher	than	the	one	in	pure	water.	This	is	

likely	due	to	UVB	attenuation	through	sea	ice	and	phytoplankton.	

The	global	seasonal	UVB	distribution	in	the	upper	ocean	layers	is	shown	in	Fig	3.2.	As	UVB	radiation	

amount	below	15	meters	depth	is	tiny	(Fig	3.1),	shown	in	Fig	3.2	are	only	5m	(A)	and	15m	(B)	depth	

levels.	Subplot	A	is	the	ocean	surface	UVB	distribution	which	is	basically	the	observations	forcing	the	

model,	 in	which	 the	blank	space	 in	 the	 top	corner	and	middle	bottom	are	Arctic	and	Antarctic	 land	
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Fig	3.1	Global	annual	averaged	UVB	penetration	into	the	ocean	
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where	no	satellite	data	is	available	due	to	polar	night.	

	

Fig.	3.2.	Global	annual	UVB	vertical	distribution	 	

A:	Ocean	surface;	B:	5-meters	under	water;	C:	15-meters	under	water	

2. Physical	evaluation	

As	mentioned	 in	 the	Methods	 section	 3,	 the	model’s	 resolution	 of	 ocean	 top	 layer	 (~50m)	was	

increased,	which	 also	 changed	 the	 thickness	 of	 the	 other	 layers.	 These	modifications	will	 affect	

physical	 processes,	 such	 as	 ocean	 circulations.	 For	 evaluation,	 a	 model	 spin	 up	 of	 6000yr	 was	

performed,	 which	 also	 is	 used	 as	 a	 starting	 point	 for	 the	 UVB	 research.	 To	 assess	 how	 the	
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modifications	have	 changed	 the	model	 dynamics,	 comparisons	were	made	between	 the	 current	

21-layer	model	(the	‘new	model’)	6000yr	spin-up,	a	9000yr	spin-up	from	Uvic	ESCM	2.9	(19-layer,	

named	the	‘old	model’)	and	World	Ocean	Atlas	2009	(WOA09).	For	the	evaluation,	the	simulated	

values	 (both	 19-layer	 version	 and	 21-layer	 version)	 were	 re-gridded	 onto	 the	 observed	 data	

(WOA09)	grids	in	Ferret	(version	6.82)	using	the	nearest	function	(@NRST).	 	

Two	 important	physical	properties,	 salinity	and	 temperature,	 are	evaluated	here	 to	gain	a	basic	

understanding	of	the	differences	caused	by	changing	the	vertical	resolution.	 	

2.1 	 Salinity	&	Temperature	

Globally,	 the	new	model	does	not	perform	worse	when	compared	to	the	old	model,	and	 it’s	also	

reasonable	when	compared	with	 the	WOA09	data	 (Fig	3.3).	From	0	 to	500m	vertically,	 the	new	

model	salinity	result	is	higher	than	the	other	two	datasets.	Among	800m	to	2000m	the	new	model	

better	matches	WOA09	than	the	old	model,	though	it’s	still	far	from	perfect.	 	

In	all	the	four	ocean	basins,	the	new	model	result	among	20m~200m	according	to	the	new	model	

results	are	similar	 to	 the	observation	data/old	model	profiles.	The	resolution	 increasing	slightly	

affects	 salinity	 and	 salinity-related	 physical	 properties,	 such	 as	 density	 and	 freezing	 point	

(UNESCO,	1988).	 	

From	 200m~2000m,	 the	 new	model’s	 performance	 is	 acceptable	 though	 there	 are	mismatches	

with	the	observed	values.	Overall,	the	new	model	generally	better	simulates	global	salinity.	

However,	when	 come	 to	 the	 bottom	 layers	 (3000m	 to	 >5000m),	 both	 new	 and	 old	model	 have	

deficiencies.	Simulated	salinity	is	always	lower	than	observed.	It’s	noteworthy	that	in	the	bottom	

layers,	 the	 new	 model	 salinity	 ranges	 are	 between	 the	 old	 one	 and	 WOA09,	 suggesting	 some	

improvement.	 	

As	shown	in	Fig	3.3,	the	new	model	performed	superiorly	in	regards	to	temperature.	Especially	at	

800m,	 the	 new	 model	 result	 better	 match	 WOA09.	 However,	 in	 deeper	 ocean	 (vertical	 under	

800m),	 the	 new	model	 simulates	 lower	 temperatures	 than	 the	 observation	 and	 the	 old	model	

simulation.	 	
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2.2 Global	Currents	Evaluation	

To	 further	evaluate	 the	basic	physical	 condition	 in	 the	new	model,	 the	currents	were	compared	

between	 the	 new	 and	 old	models.	 The	 currents	were	 plotted	 in	 vector	maps	 in	 Fig	 3.4.	 As	 the	
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Fig.	3.3	Global	and	basin-wide	averaged	vertical	profiles	of	21-layer	model	temperature	

and	salinity	(solid	lines)	compared	with	observations	(red	line	with	cubes)	and	the	
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current	research	focuses	on	the	top	layers	where	photochemical	reactions	happen,	3	layers	from	

the	new	model	and	2	 layers	from	the	old	one	are	presented	here.	As	mentioned,	the	new	model	

has	higher	resolution	in	the	top	50	meters.	Thus,	comparisons	were	performed	between	layers	at	

similar	vertical	levels	(Fig	3.4).	 	

Additionally,	 an	 observational	 satellite	 data	 set	 of	 global	 ocean	 surface	 velocity	 from	 OSCAR	

(Ocean	Surface	Current	Analysis	Real-time,	Bonjean	&	Lagerloef,	2002)	is	re-gridded	by	Ferret	and	

plotted	in	B3,	in	order	to	compare	with	the	1st	layer	(5m)	velocity	from	the	21-layer	model.	OSCAR	

contains	 near-surface	 ocean	 current	 estimates,	 derived	 using	 quasi-linear	 and	 steady	 flow	

momentum	equations.	The	original	data	are	on	a	1/3-degree	grid	with	a	5-day	resolution.	OSCAR	

is	generated	by	Earth	&	Space	Research	Institute(ESR;	http://www.esr.org/oscar_index.html).	

An	overall	conclusion	can	be	made	that	the	new	model	does	as	well	as	the	old	model	in	simulating	

global	 ocean	 currents.	 In	A1,	 the	new	model	 currents	 look	 similar	 to	 the	 old	 one	 in	B1	both	 in	

direction	and	speed	in	then	Indian	Ocean	and	the	Southern	Ocean.	However,	the	new	model	has	

several	mismatches	in	the	Pacific	Ocean.	Firstly,	the	North	Pacific	Drift	became	weaker.	Secondly,	

around	the	equator,	the	direction	of	North	Equatorial	Current	changed	slightly	to	the	east.	What	

these	change	affects	will	be	discussed	 in	 the	RDOM	degradation	section	below.	Additionally,	 the	

eastern	 part	 of	 Equatorial	 Counter	 Current	 was	 strengthened	 and	 shifted	 northward.	 The	 two	

models	performed	similarly	at	about	80	meter	(Fig	3.4,	A2,	B2).	 	

The	first	layer’s	velocity	(A3)	looks	compares	reasonably	well	to	the	OSCAR	data	(B3).	 	 However,	

differences	 appear	 in	 the	 Southern	 Ocean,	 as	 the	 model	 shows	 a	 Southern-Northern	 direction	

southern	circulation.	This	could	be	caused	by	an	insufficiency	of	good	satellite	data	in	the	region	

due	to	the	cloud	cover	most	of	the	year	in	the	Southern	Ocean.	
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Fig.	3.4	Annual-mean	global	ocean	current	vector	map	at	steady	state	(unit	of	vector	legend:	m/s)	

A1:	2nd	layer	(15m);	A2:	4th	layer	(75m);	A3:	1st	layer	(5m)	

B1:	1st	layer	(17.5m);	B2:	2nd	layer	(82.5m);	B3:	OSCAR	surface	velocity	data	

A1

A2

A3

B1

B2

21-layer model 19-layer model
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2.3 Global	Meridional	Overturning	Circulation	(MOC)	

The	 ocean	 meridional	 overturning	 circulation	 (MOC),	 which	 is	 a	 system	 of	 surface	 and	 deep	

currents	encompassing	all	ocean	basins,	plays	an	 important	role	 in	 the	global	oceanic	mass	and	

heat	 transportation.	 It	 transports	 large	 amounts	 of	 water	 around	 the	 globe,	 and	 connects	 the	

surface	ocean	and	the	deep	sea(Schmittner,	Chiang,	&	Hemming,	2013).	This	system	sketched	in	

Fig	3.6	is	called	“the	great	conveyor	belt”.	

At	the	beginning	of	the	MOC,	newly	formed	deep	water	in	the	North	Atlantic	(North	Atlantic	Deep	

Water,	NADW)	flows	southward	and	crosses	the	equator	(another	deep	water	production	region	is	

Antarctic),	and	eventually	enters	the	Antarctic	circumpolar	current	(ACC)	of	the	Southern	Ocean.	

There,	 it	 mixes	 with	 other	 deep	 water	 masses	 like	 Pacific	 Deep	 Water	 (PDW)	 to	 form	 a	 new	

identity,	the	Circumpolar	Deep	Water	(CDW).	Some	of	this	deep	water	then	penetrates	northwards,	

filling	the	deep	waters	of	the	Pacific	Ocean	and	Indian	Ocean.	Ultimately,	these	deep	waters	return	

to	 the	surface	 in	 the	upwelling	regions	(Fig	3.6;	Marshall	&	Speer,	2012).	Then	 the	water	 in	 the	

surface	 Pacific	 Ocean	 and	 Indian	 Ocean	 is	 drifted	 back	 to	 the	 Atlantic	 Ocean	 northerly,	 during	

which	it	mixes	with	some	upwelled	water	from	deep	Atlantic	Ocean	(Fig	3.5).	

The	stream	function	of	MOC	in	the	higher	surface	resolution	UVic	ESCM	version	is	shown	in	Fig	

3.7,	where	it	compares	reasonably	well	with	the	standard	19-layer	Uvic	ESCM,.	 	

As	 the	 origination	 of	 “the	 great	 conveyor	 belt”,	 the	 Atlantic	MOC	 (AMOC)	 consists	 of	 four	main	

branches:	 upwelling	 processes	 that	 transport	 volume	 from	 depth	 to	 near	 the	 ocean	 surface,	

surface	currents	that	transport	relatively	light	water	toward	high	latitudes,	deep	water	formation	

regions	where	waters	become	denser	and	sink,	and	deep	currents	closing	the	loop(Kuhlbrodt	et	al.,	

2007).	The	AMOC	plays	an	important	role	due	to	its	role	in	the	large	scale	re-distribution	of	heat,	

CO2	 and	 mass	 transportation	 (Lippold	 et	 al.,	 2012).	 Compared	 to	 the	 normal	 model,	 the	 high	

resolution	model	AMOC	is	acceptable,	although	the	stream	function	is	stronger	at	equator.	

The	 MOC	 in	 higher	 resolution	 model	 is	 able	 to	 meet	 the	 basic	 requirement	 about	 tracer	

transportation	 and	 overturning	 for	 the	 current	 research,	 and	will	 not	 be	 discussed	more	 here.	

However,	analysis	and	discussion	are	necessary	in	further	study	about	the	formation	and	effects	of	

the	largely	stronger	MOC	at	equator	and	the	MOC	in	the	Pacific	in	the	high	resolution	model.	
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Fig.	3.5	Strongly	simplified	sketch	of	the	global	overturning	circulation	system	(Kuhlbrodt	et	al.,	2007)	

	

	

Fig.	3.6	A	brief	cartoon	of	oceanic	meridional	overturning	circulation(Marshall	&	Speer,	2012).	Colors	schematically	indicate	the	

relative	density	of	water	masses:	warmer	mode	and	thermocline	waters	(red),	upper	deep	waters	(yellow),	deep	waters	

including	North	Atlantic	Deep	Water	(green),	and	bottom	waters	(blue).	 	
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Fig.	3.7	Annual	zonal	mean	values	of	stream	function	(Sv)	of	meridional	 	

overturning	circulation	in	global	ocean	and	specified	ocean	basins	
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3. RDOM	photodegradation	and	global	cycling	

According	to	the	simulation,	it	takes	3500	years	for	96.3%	of	the	global	RDOM	pool	to	be	degraded	

(from	6.736e13	mol	to	2.488e12	mol,	Fig.	3.8).	

Stubbins	 et	 al.	 (2012)	 estimated	 that	 the	 degradation	 process	 (without	 consideration	 of	 ocean	

circulation)	 may	 take	 30-800	 years	 for	 the	 whole	 DBC	 pool	 degradation	 according	 to	 their	

experiment	 results.	 Meanwhile,	 there	 are	 other	 predictions	 saying	 that	 the	 lifetime	 of	 global	

RDOM	pool	is	around	15,000	to	16,000	years	(Dittmar	&	Paeng,	2009;	Dittmar	&	Stubbins,	2014;	

D.	Hansell	et	al.,	2009).	In	the	current	study,	the	lifetime	of	RDOM	pool	is	predicted	to	be	8,000	to	

11,000	 years	 if	 photo	 oxidation	 is	 the	 only	 loss	 term	 and	 an	 initial	 uniform	 distribution	 is	

assumed.	

Initialized	 at	 a	uniform	concentration	 (5e-5	Molar),	 the	RDOM	 tracer	movement	 followed	global	

ocean	 circulation	 and	mixing	 processes.	 The	 RDOM	 in	 the	 upper	 layers	 was	 degraded	 quickly,	

meanwhile,	 the	 rest	 in	 the	middle	and	bottom	water	mass	was	only	 slowly	upwelled	 to	 the	 top	

layer	and	degraded	as	it	followed	the	global	ocean	overturning	pathways.	This	is	why	the	vertical	

RDOM	concentration	changed	more	slowly	in	the	middle-bottom	depths	than	in	upper	layers	(Fig.	

3.9).	



	

	 35	

	

Fig.	3.8	Global	RDOM	pool	change	with	photochemical	degradation	

	

Fig.	3.9	Hovemöller	plot	of	the	mean	global	vertical	distribution	of	RDOM	concentration	(Molar)	 	

during	the	simulation	with	degradation.	

The	 final	 global	 surface	 (averaged	 from	 0	 to	 25m)	 distribution	 of	 RDOM	 is	 shown	 in	 Fig.	 3.10	

(RDOM_nophoto).	 After	 3500-yr	 mixing	 and	 overturning,	 the	 tracer	 gathers	 at	 tropical	 and	

subtropical	zones.	Meanwhile,	the	RDOM	gethered	at	the	upwelling	zones	(Fig.	3.10,	Kuhlbrodt	et	

al.,	2007).	It	can	also	been	seen	that	the	Atlantic	Ocean	surface	has	a	high	concentration	of	RDOM.	

Some	of	the	RDOM	was	finally	transported	to	the	surface	of	the	Atlantic	Ocean	by	the	MOC	surface	

flow	(Fig	3.5),	or	other	physical	processes,	e.g.,	diffusion.	
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Fig	 3.11	 shows	 the	 in	 situ	monthly	 photodegradation	 reaction	 rate	 during	 the	 first	model	 year	

(when	RDOM	was	evenly	distributed	throught	the	ocean)	at	the	ocean	surface	(5m).	According	to	

the	 UVB	 distribution	 (Fig	 3.2),	 the	 RDOM	 degradation	 happened	 mainly	 in	 the	 tropics	 and	

subtropics.	 In	 the	polar	zones,	photodegradation	occurred	only	during	the	polar	day	period	and	

disappeared	during	the	polar	night	period.	

The	global	distribution	of	RDOM_photo	and	RDOM_nophoto	after	3500-yr	is	shown	in	Fig	3.12.	In	

Fig	3.12	series	B,	 it	 can	be	seen	 that	after	3500-yr	simulation,	 the	RDOM	tracer	 is	concentrated	

between	40°N	and	40°S	and	depths	of	0m	to	1,000m.	

In	Fig	3.12	 series	A,	 it	 can	be	 seen	 that	with	photodegradation,	 the	Pacific	deep	water	 contains	

relatively	more	RDOM	than	the	other	basins	whose	concentrations	are	nearly	zero.	This	is	because	

the	Pacific	Ocean	deep	water	is	the	oldest	water	mass	(Koeve,	Wagner,	Kähler,	&	Oschlies,	2015),	

i.e.,	 it	 takes	 a	 long	 time	 before	 this	 RDOM	 is	 upwelled	 into	 the	 surface	 and	 can	 be	

photodegradated.	

	
Fig.	3.10	Estimated	Global	Ocean	Surface	Distribution	of	RDOM	after	3500-yr	Running	(RDOM_nophoto,	10-5	Molar)	

	
Fig.	3.11	Global	in	situ	surface	RDOM	photodegradation	rate	(RDOM_photo,	10-15	Molar/s)	 	
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Fig.	3.12	Simulated	RDOM	annual	zonal	averaged	vertical	distribution	(Molar)	along	 	

latitude	with	(series	A)	&	without	(series	B)	photodegradation	at	6500-yr	
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Based	 on	 the	 simulation	 in	 current	 research,	 the	 global	 RDOM	 pool	 will	 be	 entirely	

photodegradated	 in	 8,000	 to	 11,000	 years	 because	 of	 global	 ocean	 circulation.	 This	 result	 is	

similar	 to	 the	 reported	average	apparent	 radio	 carbon	age	of	RDOM,	4,000–6,000	years	 (Bauer,	

Williams,	&	Druffel,	 1992).	Meanwhile,	 the	 current	 simulated	 life	 time	of	RDOM	pool	 is	5	 to	10	

times	 that	of	 thermohaline	circulation,	which	has	been	estimated	 to	be	550–2,000yr	 (Chapman,	

Shackleton,	&	Chapman,	2000;	Primeau,	2005).	This	means	that	RDOM	may	travel	throughout	the	

global	ocean	5	to	10	times	before	being	photoxidized.	

However,	 it	 has	 been	 reported	 that	 the	 RDOM	 pool	 is	 stable	 with	 a	 uniform	 concentration	

(=~40µM;	C.	A.	Carlson	&	Ducklow,	1995;	Dittmar	&	Stubbins,	2014;	D.	Hansell	et	al.,	2009;	Ogawa	

&	Tanoue,	 2003).	An	 incubation	 experiment	 suggets	 that	 the	 rate	 of	 labile	DOM	 transformation	

into	RDOM	is	0.5	to	0.6	Gt	C	per	year	(Fabry	et	al.,	2005),	however	the	current	simulated	average	

photodegradation	 is	 about	 2.25×10tt	 C,	 which	 is	 much	 less	 than	 the	 production	 rate.	 Thus,	 if	

RDOM	concentrations	are	unchanging	then	the	sources	and	sinks	must	equal	each	other.	

A	potentially	crucial	RDOM	generation	method	is	sedimentation	of	POM	(0.1×10�t	C	per	year)	via	

the	 biological	 pump	 and	 the	 transformation	 from	 LDOM	 to	 RDOM	 by	 microbial	 carbon	 pump	

(MCP),	meanwhile	 these	two	processes	are	connected	by	microbial	 loop,	whereby	DOM	is	 taken	

up	by	hetero-	trophic	microorganisms	and	transported	to	the	grazing	food	web	(Jiao	et	al.,	2010).	

Three	major	 pathways	 have	 been	 identified	 in	 the	microbial	 carbon	 pump:	 direct	 exudation	 of	

microbial	 cells	 during	 production	 and	 proliferation;	 viral	 lysis	 of	 microbial	 cells	 to	 release	

microbial	cell	wall	and	cell	surface	macromolecules;	and	POM	degradation.	The	microbial	loop	is	a	

general	interaction	in	which	DOM	is	utilized	as	an	energy	source,	starting	with	DOM	consumed	by	

bacteria	 via	 respiration,	 which	 makes	 its	 way	 through	 various	 trophic	 levels	 ultimately	 to	 the	

highest	trophic	levels.	

Besides,	 approximately	 0.5%	 of	 the	 net	 primary	 production	 on	 the	 continents	 (2.4×10�t	 C	 per	

year)	 is	 transported	 toward	 the	 ocean	 in	 the	 form	of	 organic	matter	 via	 rivers	 (Hedges,	Keil,	&	

Benner,	 1997),	 tidal	 pumping	 (Dittmar	&	Koch,	 2006)	 or	 as	 aerosols	 (Hernes	&	Benner,	 2006).	

This	 flux	 could	 also	 play	 a	 significant	 role	 in	 balancing	 the	 turnover	 of	 refractory	 (Dittmar	 &	

Stubbins,	2014).	

4. Dissolved	Black	Carbon	

The	global	DBC	pool	was	nearly	entirely	degradated	after	6000yr.	This	simulated	result	 is	much	

longer	than	the	estimated	life	duration	of	1600	years	based	on	photochemical	experiment	results	
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in	the	surface	ocean	without	ocean	circulation	being	considered	(Stubbins	et	al.,	2012).	

As	metioned	in	the	Method	section,	some	of	the	photochemical	properties	of	RDOM	and	DBC	are	

extracted	 from	 the	 laboratory	 result	 of	 Stubbins	 et	 al.	 (2012).	 The	 large	 variation	 between	 lab	

work	estimation	and	ESCM	result	suggests	 that	 the	photochemical	degradation	of	DBC	 in	global	

ocean	 is	 determined	 by	 multiple	 ocean	 situations,	 such	 as	 physical	 processes	 and	 biological	

processes,	but	not	only	by	UV	radiation	and	molecular	photochemical	properties.	

	
Fig.	3.13	Global	DBC	pool	change	with	photochemical	degradation	
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Conclusions	and	future	research	directions	

In	this	 thesis,	 the	photochemical	degradation	of	RDOM	and	DBC	are	 investigated.	The	work	was	

performed	on	Uvic	ESCM,	a	numerical	Earth	system	model	of	intermediate	complexity.	

The	model’s	vertical	resolution	in	the	top	50m	ocean	surface	was	increased	(Table.	2.2),	and	the	

physical	evaluation	of	the	higher	resolution	model	was	determined	to	be	reasonable.	A	new	tracer	

for	 RDOM/DBC	 and	 related	 functions	 of	 photochemistry	 were	 added	 into	 the	modified	model.	

Meanwhile,	 UV	 radiation	 database	 and	 related	 numerical	 functions	 were	 added	 into	 the	 Uvic	

ESCM	 as	 the	 forcing	 data	 for	 the	 photochemistry	 processes.	 Afterwards,	 the	 simulated	

photochemical	degradation	and	global	circulation	of	RDOM	was	successfully	performed	with	the	

modified	Uvic	ESCM.	 	

This	study	shows	that	photodegradation	is	influenced	by	oceanic	physical	transportation	(which	

controls	the	distribution	of	the	tracer	and	its	exposure	to	UVB	at	the	surface)	and	UVB	radiation	

(which	 is	affected	by	depth	and	season	depending	on	 the	 latitude).	According	 to	 the	result,	 it	 is	

concluded	that	the	photochemical	degradation	mainly	happened	around	40°N	to	40°S	at	0	to	30m	

underwater.	The	RDOM	tracer	gathered	 (with	degradation	off)	at	 the	upwelling	surface	 regions,	

especially	near	the	equator.	The	highest	degradation	rate	(with	degradation	on)	also	occurred	at	

these	regions.	Meanwhile,	the	lowest	UVB	radiation	regions	are	the	polar	areas.	

After	a	3,500-yr	simulation,	more	than	90%	of	RDOM	was	degraded,	which	suggested	the	life	time	

of	global	RDOM	could	be	8,000	to	11,000	years.	Meanwhile,	the	DBC	life	time	was	6,000	years	in	

the	simulations.	Both	results	were	different	from	the	estimations	based	on	lab	experiments.	

There	are	also	some	hypotheses	to	be	studied	and	tested	in	the	future:	

1) More	analysis	is	needed	about	the	quantities	and	qualities	of	RDOM	sources	and	consumption	

pathways.	As	discussed	above,	there	should	exist	input	sources	of	RDOM	into	the	ocean,	which	

keeps	 the	RDOM	pool	 from	changing	 in	 the	 global	 ocean.	These	 sources	 could	be	 terrestrial	

fresh	 water	 injections,	 bacterial	 production,	 etc.	 Meanwhile,	 consumption,	 such	 as	 heat	

induction	near	hydrothermal	vent	regions	(Dittmar	&	Koch,	2006)	and	sedimentation,	should	

also	be	investigated	in	details.	

2) The	ozone	holes	will	enhance	the	UV	light	entrance	to	the	earth	surface	(Whitehead,	De	Mora,	

&	 Demers,	 2000).	Will	 that	 influence	 the	 photodegradation	 of	 RDOM	 and	 it's	 role	 in	 global	
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carbon	storage	and	climate	change?	

3) Data	should	be	collected	to	better	understand	the	photochemical	properties	of	DBC	and	RDOM.	

The	absence	of	these	parameters	makes	it	difficult	to	simulate	DBC	and	RDOM	photochemical	

behavior.	
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