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Abstract	

Visibility	in	water	is	affected	by	suspended	particles	within.	One	way	to	assess	suspended	
particulate	mass	(SPM)	is	to	measure	the	attenuation	(Cp)	of	a	light	beam	calibrated	for	a	
specific	 size	 range	 of	 particles.	 The	 relationship	 between	 SPM	 and	 Cp	 has	 consistently	
been	linear	throughout	the	literature,	but	Baker	and	Lavelle	(1984)	found	disagreement	
between	the	common	Mie	theoretical	predictions	and	the	relationship	from	experiments.	
Here,	 a	 summary	of	 a	 new	 theoretical	 understanding	based	on	 considering	particles	 as	
aggregates	 is	 presented.	 These	 aggregates	 have	 a	 fractal	 dimension	 of	 non-solid	 gaps	
which	 constrain	 the	 Cp:SPM	 to	 particles	 size.	 This	 is	why	 transmissometers	 have	 been	
able	 to	 produce	 adequate	 estimates	 of	 SPM	 throughout	 the	 literature.	 Experiments	 are	
presented	 which	 confirm	 the	 aggregate	 nature	 of	 particles,	 and	 show	 how	 size	
distribution	 co-varies	 with	 beam	 attenuation.	 This	 consideration	 does	 not	 completely	
explain	variation	between	different	particle	types,	but	a	validated	theoretical	framework	
allows	for	previous	experiments	to	be	useful	for	the	advancement	of	the	field	of	aquatic	
optics.	
	
	

1.	Introduction	

Many	 things	 affect	 visibility	 in	 water.	 The	 water	 molecule	 itself	 has	 inherent	 optical	
properties,	and	apparent	optical	properties	are	derived	 from	suspended	matter	 in	 the	
water	(Mobley,	1994).	The	kind	of	suspensions	that	a	particular	unit	of	water	contains	
can	provide	useful	data	about	 that	part	of	 the	ocean.	Energy	 in	 the	moving	ocean	can	
suspend	 a	 great	 size	 range	 of	matter.	 Energetic	 coastal	waters	 can	 suspend	 sand	 and	
pebbles	 near	 a	 beach,	 while	 deep	 water	 of	 the	 open	 ocean	 carries	 only	 microscopic	
minerals	 and	 organic	 particles.	 Further,	 the	 ocean	 is	 full	 of	 living	 and	 dead	 organic	
matter	 that	 	 contributes	 to	 the	water’s	 particle	 load.The	 vastness	 and	 dangers	 of	 the	
ocean	medium	provides	motivation	to	develop	cost-effective	technologies	and	theories	
that	can	accurately	describe	the	contents	of	a	water	parcel.	
	
Perhaps	the	most	intuitive	way	to	discern	the	contents	of	a	water	parcel	is	to	measure	it	
directly	ー	that	is,	to	filter	the	sample	and	take	note	of	what	remains	(Hill	et	al,	2011).	
This	 method	 has	 advanced	 with	 new	 technology,	 but,	 it	 remains	 time	 and	 resource	
intensive.	 The	 extensive	 science	 of	 optical	 properties	 has	 introduced	 alternative	
techniques	for	microscopic	analysis	of	suspended	particles	in	water.	
	
Devices	called	transmissometers	are	used	to	send	beams	of	light	into	a	parcel	of	water	
and	 then	measure	 the	beam	after	 it	has	emerged	 from	the	other	side.	Obstructions	 to	
the	beam	will	attenuate	the	light,	that	is,	there	will	be	a	measurable	change	to	the	beam	
which	can	be	analyzed	to	discern	the	nature	of	the	obstruction.	The	water,	and	whatever	
is	 in	 it,	will	 have	 a	 derived	 coefficient	 of	 attenuation,	Cp.	 Attenuation	 can	 occur	 from	
absorption	 or	 scattering.	 An	 example	 of	 absorption	 would	 be	 light	 absorbed	 by	
phytoplankton	 to	 synthesize	 organic	 carbon.	 Conversely,	 inorganic	 particles	 like	
minerals	absorb	very	little	and	attenuate	mostly	by	scattering.	Transmissometers	with	a	
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beam	 wavelength	 of	 ~	 660	 nm	 –	 red	 light	 unused	 for	 photosynthesis	 –	 effectively	
eliminates	attenuation	from	absorption	(Hill	et	al.,	2011;	Baker	&	Lavelle,	1984).	
	
Transmissometers	 have	 been	 deployed	 to	 analyze	 ocean	waters	 for	 decades	 and	 can	
yield	 important	 data	 with	 practical	 applications.	 For	 example,	 Lindner	 et	 al.	 (2001)	
were	 able	 to	 measure	 oil	 emulsions	 from	 a	 polluting	 source	 using	 the	 scattering	
coefficient	 from	 a	 transmissometer.	 Compared	 to	 separating	 the	 emulsion	 and	
measuring	 isolated	 oil,	 the	 optical	method	 is	 faster	 and	 less	 expensive.	 However,	 the	
theory	 connecting	 how	 the	 beam	 scattering	 relates	 to	 particle	 size	 and	 concentration	
has	not	yet	been	fully	developed.	
	
The	 aim	 of	 this	 review	 is	 to	 compile	 and	 explain	 new	 theoretical	 developments	 that	
validate	 previous	 optical	 research	 and	 justify	 continued	development	 of	 the	 sampling	
method.	 It	 is	 contingent	 on	 a	 more	 accurate	 understanding	 of	 the	 ways	 in	 which	
microscopic	particles	 interact	with	each	other.	Particles	have	a	 tendency	to	aggregate,	
or	form	flocs.	Aggregated	particles	have	a	different	surface	area	to	scattering	ratio	than	
a	 single	 sphere,	 for	 example.	 However,	 for	 much	 of	 the	 history	 of	 using	
transmissometers	 the	 scattering	 coefficient	 was	 based	 on	 treating	 the	 particles	 as	
spheres	under	Mie	 theory.	Baker	and	Lavelle	(1984)	encountered	a	problem	with	Mie	
theory:	their	experimentally	derived	slope	between	attenuation	and	suspended	particle	
concentration	was	different	 than	theory	predicted.	Knowing	now	that	particles	do	not	
aggregate	into	perfect	spheres	casts	serious	doubt	on	studies	that	use	transmissometers	
under	 this	 assumption.	 Failure	 to	 provide	 a	 theoretical	 explanation	 that	 suits	 the	
aggregating	nature	of	particles	casts	serious	doubts	on	a	large	body	of	research.	
	
Observing	how	a	transmissometer	beam	scatters	in	the	presence	of	certain	particles	can	
continue	to	stand	as	a	convenient	proxy	for	direct	measurement	of	the	particles	if	and	
only	if	certain	theoretical	shortcomings	can	be	resolved.	First,	the	shortcomings	of	Mie	
theory	 will	 be	 discussed.	 The	 flocculating	 nature	 of	 particles	 will	 be	 addressed	 and	
related	 to	 transmissometer	 use	 by	means	 of	 a	 fractal	 dimension	 in	 fractal	 geometry.	
Adoption	 of	 the	 fractal	 theory	 serves	 to	 retroactively	 validate	 previous	 experimental	
results	and	justifies	the	continued	use	of	this	convenient	optical	sampling	method.	
	
2.	Mie	scattering	theory	

Mie	theory	has	been	the	theoretical	framework	employed	to	understand	scattering	over	
the	 last	 century	 of	 optical	 research	 in	 the	 ocean	 (Baker	&	 Lavelle,	 1984).	Mie	 theory	
answers	 the	 question	 of	 how	 a	 beam	 of	 light	 will	 be	 absorbed	 or	 scattered	 when	
contacting	 a	 theoretical	 sphere	 for	 some	diameter,	D.	The	 sphere	 is	 a	dielectric	when	
treating	 light	 as	 an	 electromagnetic	 field.	 A	 dielectric	 can	 be	 polarized	 by	 an	 applied	
electrical	field	(here,	the	beam)	and	one	can	solve	Maxwell’s	equations	to	describe	the	
electromagnetic	 field	 characterized	 by	 the	 presence	 of	 the	 beam/sphere	 interaction	
(Mobley,	 1994).	 The	 field	 will	 represent	 scattering	 or	 absorption	 depending	 on	 the	
optical	 properties	 of	 the	 sphere.	 So	 far	 this	 analysis	 has	 been	 applied	 to	 a	 single,	
spheroid	 particle.	 Particles	 in	 ocean	 water	 that	 affect	 visibility	 to	 not	 adhere	 to	 the	
constraints	of	this	theory	as	they	are	not	all	spheres,	and	certainly	not	all	the	same	size	
(Boss	et	al.,	2009b).	
	
Consider	the	ways	in	which	a	suspended	particle	can	differ	from	its	neighbors.	Particles	
can	vary	by	index	of	refraction,	size	and	shape,	and	by	extension,	proportion	of	surface	
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area	by	volume.	Indeed,	for	a	linear	relationship	between	Cp	and	suspended	particulate	
mass	(SPM)	concentration	to	exist	those	other	factors	must	compensate	for	each	other,	
or	 be	 negligible	 (Baker	 &	 Lavelle,	 1984).	 There	 needs	 to	 be	 an	 understandable	
relationship	 between	 these	 variables	 to	 conclude,	 in	 the	 most	 general	 sense,	 that	 a	
certain	 scattering	 profile	 accurately	 describes	 the	 suspended	 particles	 themselves.	 It	
would	 be	 tempting	 to	 casually	 duplicate	 the	 deployment	 of	 transmissometers	 in	 the	
experimental	 fashion	of	previous	studies,	but	Baker	and	Lavelle	 (1984)	show	that	 the	
aforementioned	 variables	 must	 be	 carefully	 considered	 each	 time.	 This	 is	 because	
different	 marine	 environments	 will	 obviously	 have	 drastically	 different	 particles	
present.	The	low-energy	open	ocean	will	have	fewer	large-grained	particles	suspended,	
whereas	the	turbid	waters	of	a	tidal	estuary	could	have	a	larger	range	of	particles.	The	
characteristics	of	the	transmissometers	themselves	must	also	be	considered.	Scattering	
can	only	be	measured	as	well	 as	 the	 instrument	 is	 capable,	 and	different	 instruments	
have	 different	 acceptance	 angles	which	 affect	 the	 attenuation	 of	 the	measured	 beam	
(Boss	et	al,	2009a).	
	
Baker	 and	 Lavelle	 (1984)	 used	 small	 glass	 spheres	 to	 empirically	 validate	 the	
predictions	of	Mie	 theory	 through	 their	 experiment.	Predictably,	when	using	particles	
that	were	indeed	spheres,	Mie	theory	predicted	the	slope	of	their	Cp:SPM	plot.	However,	
when	 using	 natural	 particles	 there	 was	 a	 discrepancy	 between	 the	 theoretical	 and	
observed	 slopes	 of	 their	 Cp:SPM	 plots.	 	 They	 surmised	 that	 particles	 should	 be	
considered	 beyond	 the	 spheroid	model.	 Natural	 particles	 tend	 to	 flocculate:	 they	 are	
aggregates	 of	 smaller	 particles.	 The	 flocs	 are	 not	 interpretable	 under	 standard	 Mie	
theory	 because	 flocs	 appear	 to	 have	 larger	 diameters	 than	 their	 Mie	 theoretical	
counterparts.	 Figure	 1	 shows	 how	 a	 calculation	 depending	 on	 diameter	 can	 yield	
different	results	for	the	same	concentration	of	suspensions	in	the	liquid.	

	
Figure	1.	Constant	area	with	variable	diameter	(D,	d)	for	shape.			
The	circle	of	radius	=	1	has	area	π	[(π)(1)2	=π].	Ten	circles	of	radius	0.316	also	yield	
approximate	area	π.	However,	the	circles	representing	flocculating	particles	on	the	right	
can	be	arranged	to	yield	a	larger	diameter.	Expanding	the	representation	to	the	third	
dimension	shows	how	Mie	theory,	which	has	diameter-dependant	term	in	its	calculation,	is	
insufficient	in	addressing	flocculation	of	particles.	Inserting	‘d’	into	the	Mie	theory	
equation	would	give	a	larger	particle	concentration	than	‘D’,	when	they	have	been	shown	
to	be	the	same.	
	
This	 may	 explain	 why	 transmissometers	 must	 be	 calibrated	 in	 a	 way	 dependant	 on	
particle	size	to	get	the	appropriate	Cp:SPM	slopes.	Obviously,	when	sampling	a	parcel	of	
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ocean	 water	 a	 researcher	 begins	 by	 knowing	 very	 little	 about	 it.	 Dependence	 on	
knowing	 what	 sizes	 of	 particles	 to	 expect	 limits	 the	 effectiveness	 of	 using	
transmissometers	 in	 lieu	of	other	methods.	 If	 the	aim	is	 to	measure	the	mass	present,	
then	 not	 knowing	 the	 diameters	 of	 particles	 could	 lead	 to	 erroneous	measurements.	
Ideally,	the	aim	is	to	be	able	to	discount	the	effect	that	the	shape	of	matter	may	have	on	
being	able	to	assess	the	total	matter	present.			
	
3.	Theoretical	constraint	of	particle	size	effects	
A	more	thorough	review	of	Baker	and	Lavelle’s	1984	experiment	further	demonstrates	
the	shortcomings	of	Mie	theory.	They	measured	attenuation	vs.	SPM	concentration	for	
particles	of	8.5	 to	16.6	μm	that	were	 composed	of	natural	 rock	or	mineral	 fragments.	
Particles	 were	 added	 in	 a	 stepwise	 fashion,	 so	 the	 mass	 concentration	 was	 known	
beforehand.	This	could	then	be	compared	to	measurements	from	the	beam	attenuation,	
and	their	theoretically	predicted	results.	A	control	of	glass	spheres	was	also	used	to	best	
approximate	 the	 theoretical	 construct	 of	 Mie	 scattering	 theory.	 Like	 most	 previous	
studies,	this	experimental	procedure	involves	knowing	the	range	of	sizes	that	particles	
may	be.	Under	Mie	theory,	particle	diameter	 is	part	of	the	Cp	equation.	This	 limits	the	
applicability	of	optical	scanning	for	waters	that	are	 less	understood	-	such	as	complex	
coastal	 waters.	 Ideally,	 instruments	 would	 not	 need	 to	 be	 calibrated	 on	 known	 size	
distributions.	
	
Attenuation	 measurements	 from	 the	 spheres	 did	 correspond	 to	 the	 theoretical	
predictions.	However,	the	discrepancy	in	predicted	slopes	in	Cp:SPM	concentration	led	
them	 to	 conclude	 that	 different	 characteristics	 of	 the	 particles	 should	 be	 considered.	
Particles	of	diameter	48	μm,	for	example,	attenuated	the	beam	15	times	less	efficiently	
than	 the	 8.5	 μm	 particles.	 Consider	 the	 case	 where	 two	 particles	 have	 the	 same	
diameter,	 but	 different	 total	 mass.	 It	 becomes	 impossible	 to	 predict	 the	 amount	 of	
suspended	matter	if	attenuation	will	vary	this	much	based	on	the	shape	it	forms.	This	is	
not	possible	with	Mie	theory,	since	particle	diameter	is	part	of	the	equation	to	be	solved.	
	
Boss	 et	 al.	 (2009b)	 were	 interested	 in	 resolving	 why	 there	 is	 an	 experimental	
correlation	between	suspended	mass	and	scattering	when	theory	predicted	otherwise.	
They	 consider	 a	 theoretical	 approach	 that	 treats	 particles	 as	 aggregates	 of	 smaller	
particles.	Particles	combined	into	a	shape	are	called	flocs;	there	are	spaces	between	the	
particles	 that	 affect	 the	 optical	 properties	 of	 the	 aggregate	 as	 a	 whole.	 A	 ‘fractal	
dimension’	relates	these	gaps	in	the	aggregate	to	the	overall	diameter.	Furthermore,	this	
dimension	 co-varies	 with	 the	 overall	 size	 of	 the	 aggregate	 (Boss	 et	 al.	 2009b).	 As	
aggregates	grow,	the	void	space	between	the	agglomerated	particles	becomes	larger	as	
well.	
	
Critically,	this	theoretical	construct	was	insensitive	to	the	diameter	of	the	particles	for	
the	 Cp:SPM	 relationship.	 This	 expands	 the	 utility	 of	 optical	 methods	 for	 particle	
measurement,	 since	 a	 general	 size	 range	 would	 not	 be	 necessary	 to	 calibrate	 the	
instrument.	Further	experimental	validation	would	be	needed,	especially	to	confirm	the	
correct	fractal	dimension.	
	
4.	Fractal	dimension	constraint	of	particle	size	
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Boss	et	al.	(2009b)	deployed	two	LISST-100	transmissometers	next	to	each	other	in	an	
estuary.	 Both	 instruments	 took	 water	 from	 the	 same	 depth,	 but	 one	 took	 the	 water	
through	 a	 pump	 to	 introduce	 turbulence	 and	 shear,	 effectively	 breaking	 apart	 fragile	
aggregates.	They	hypothesized	 that	pumped	water	would	attenuate	more	of	 the	beam	
since	potentially	denser	 flocs	would	be	separated	and	 this	would	 increase	 the	surface	
area	available	 for	 scattering.	Presence	of	a	 large	amount	of	aggregates	was	confirmed	
with	 footage	 from	a	 camera	 in	 the	 same	estuary.	Their	 results	 show	 that	 in	 the	 shear	
condition,	 attenuation	 increases	 as	 particle	 size	 decreases,	 supporting	 the	 theoretical	
construct	of	particles	being	aggregates.	
	
Further	studies	in	different	experimental	conditions	have	been	conducted	to	verify	the	
assumptions	of	the	theory	posited	in	Boss	et	al.	(2009b).	Hill	et	al.	(2011)	deployed	the	
LISST	 1000x	 Type	 B	 transmissometer	 12	 m	 deep	 off	 the	 Martha’s	 Vineyard	 Coastal	
Observatory.	Several	redundant	measures	were	also	included	so	that	theoretical	slopes	
and	 experimental	 slopes	 could	 be	 compared	 against	 the	 transmissometer	 readings.	 A	
digital	camera	captured	images	of	the	larger	particles,	and	a	filtration	system	collected	
samples	 that	 could	 be	 dried	 out	 and	 manually	 measured	 to	 determine	 the	 exact	
suspended	particle	mass.	
	
A	much	 greater	 range	 of	 particle	 size	was	 found	 in	 this	medium:	 from	 10	 –	 100	μm.	
Despite	 this	 range,	 there	 was	 only	 a	 factor	 of	 two	 variability	 in	 the	 Cp:SPM	 ratio,	
between	 0.2	 and	 0.4.	 Mie	 theory	 would	 predict	 a	 factor	 of	 ten	 (reflective	 of	 the	 size	
range),	 but	 this	 data	 supports	 the	 theoretical	 work	 of	 Boss	 et	 al.	 (2009b),	 which	
considers	 the	 aggregate	 fractal	 dimension.	 However,	 this	 study	 does	 not	 dismiss	 the	
range	 of	 slopes	 that	 exist	 in	 other	 studies.	 Other	 variables	 from	 the	 particles	may	 be	
responsible	for	this,	such	as	compositional	variability.	
	
5.	Conclusion	

There	are	many	reasons	why	understanding	the	contents	of	a	unit	of	ocean	water	could	
be	important.	Sampling	a	perimeter	around	a	point	source	of	pollution	could	be	used	to	
contain	the	spread	of	the	pollutant	(Clark	et	al.	1985).	All	chemical	oceanography	must	
begin	with	knowing	something	about	the	chemical	composition	of	a	particular	sample	of	
the	ocean.	For	these	reasons	and	more,	scientists	are	in	need	of	accessible,	accurate,	and	
economically	 viable	 ways	 to	 analyze	 ocean	 water.	 In	 the	 specific	 case	 of	 measuring	
dissolved	suspended	inorganic	matter,	calculating	beam	attenuation	by	scattering	with	
a	transmissometer	has	been	that	accessible	technology	in	a	large	body	of	research.	
	
Mie	 theory,	 first	 posited	 by	 Gustav	 Mie	 in	 1908,	 was	 accepted	 as	 an	 appropriate	
theoretical	framework	on	which	to	base	transmissometer	calibration	and	prediction	of	
scattering	behaviour.	When	Baker	and	Lavelle	(1984)	failed	to	predict	the	relationship	
between	 attenuation	 and	 mass	 concentration,	 Mie	 theory	 was	 exposed	 as	 an	
oversimplification.	Particle	size	 (diameter)	was	an	 intrinsic	element	of	 the	Mie	 theory	
calculation.	This	defeated	the	purpose	of	measuring	beam	attenuation	for	a	fully	novel	
parcel	 of	water.	 	 Removing	 the	 requirement	 of	 previous	 knowledge	 to	 take	 a	 sample	
makes	that	the	method	more	effective.		
	
The	adoption	of	the	mathematically	complex	 ‘fractal	dimension’	accounts	for	the	more	
realistic	flocculating	properties	of	microscopic	particles	in	the	ocean.	Boss	et	al	(2009b)	
were	 able	 to	 show	 the	 reason	 transmissometers	were	 able	 to	 give	 accurate	 readings	
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despite	theoretical	shortcomings.	They	showed	that	attenuation	by	scattering	increases	
as	 overall	 particle	 size	 decreases;	 a	 broken	 up	 floc	 has	much	more	 surface	 area	with	
which	 to	 scatter	 incoming	 light.	 The	 fractal	 dimension	describes	 the	 spacing	between	
the	aggregating	particles.	Admittedly,	a	complete	mathematical	proof	of	this	relation	has	
been	omitted	here	due	to	it	being	beyond	the	scope	of	this	paper.		
The	 new	 framework	 maintains	 the	 linear	 relationship	 of	 Cp:SPM.	 Lots	 of	 previous	
research	 relied	 on	 this	 linear	 relationship,	 so	 the	 fractal	model	 does	not	 discount	 the	
bodies	of	transmissometer	readings	of	previous	decades.		
	
This	 new	understanding	 of	 the	 aggregate	 nature	 of	 particles,	 particularly	 in	medium-
energy	 water	 where	 there	 is	 less	 tendency	 for	 the	 flocs	 to	 break	 up,	 may	 allow	 for	
transmissometers	to	be	deployed	in	situ	for	long	periods	of	time.	However,	as	is	evident	
in	the	conclusions	of	Hill	et	al.	(2011)	further	investigation	into	ways	in	which	particles	
can	vary	besides	size	and	density	 is	required	before	optical	methods	of	analysis	alone	
could	be	used	to	estimate	SPM	based	on	attenuation	data.	Prospects	for	future	research	
are	 encouraging,	 and	 carefully	 calibrated	 transmissometers	 will	 continue	 to	 provide	
information	about	ocean	phenomena.		
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