
Biological	intercomparison	in	the		
California	Current	System:	Objec:ve	

•  To	compare	performance	of	3	different	established	
ecosystem	models	within	a	single	physical	circula:on	
system	

•  Focus	on		
–  State	variables	
–  Rate	processes	

•  Approach:	A	La:n	Hypercube	sampling	of	model	rate	
parameters	to	op:mize	models	to	one	configura:on	

•  Summary	sta:s:cs	from	1-year	(Monte	Carlo)	and	6-
year	(rate	process)	runs	

•  Collabora:ons:	Edwards,	Banas	(now	MacCready),	Chai	



3	models	

•  Cascadia	(Banas)	
•  CoSiNE	(Chai)	
•  NEMURO	(Edwards)	
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A biogeochemical model for the US Pacific Northwest coast
(NS Banas et al, JGR, 2009,
KA Davis et al, in prep,
S Siedlecki et al, in prep)

· dilution experiments (Lessard)
· 14C primary productivity (Kudela)
· deckboard incubations and
      growth kinetics expts (Kudela)
· attenuation–chl–salinity relationships
      from CTDs (Hickey, Kudela)

· dilution experiments (Lessard)

· bottle measurements (Bruland, Cochlan, Masson/IOS)

· calibrated CTD oxygen (Hickey/Connolly)

· biomass and species composition
     from microscopy (Lessard)

· satellite and bottle chl (Kudela)
· POC:PON:chl stoichiometry (Kudela)
· biomass and species composition
     from microscopy (Lessard)

· benthic flux parameterization based
     on historical, local benthic oxygen 
     consumption data
     Hartnett and Devol 2003)



•  The	cost	func:on	J(θ)	summarizes	model	
performance	in	one	number	

•  Measures	model-observa:on	misfit	as	a	
func:on	of	select	biological	parameters	θ

•  Based	on	real	satellite	Chlorophyll	and	
climatological	nitrate	from	WOA	

•  Individual	cost	contribu:ons	are	normalized	by	
the	reference	simula:on	with	parameters	θref	

model cost function J(✓)

The cost function J(✓) summarizes model performance in one number.
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• measures model-observation misfit as a function of select biological
parameters ✓ = (✓(1), ✓(2), . . . , ✓(n✓))

• based on chlorophyll satellite and NO3 observations

• individual cost contributions are normalized by the reference
simulation with parameter values ✓ref

model intercomparison

Op:miza:on	



Annual	Average	performance,		
Surface	Chlorophyll	

SeaWiFS	 Cascadia	 NEMURO	 CoSiNE	

Op:mized	==>	



Average	Annual	Performance,	
Surface	Nitrate	

SeaWiFS	 Cascadia	 NEMURO	 CoSiNE	

Op:mized	==>	



Rate	process	comparison	(1	of	2)	
	Pgrowth/P	vs	Zgraze/P,	models	and	observa:ons	together,	

Original	parameters,	Data	from	Banas	et	al.	(2008)	



Rate	process	comparison	(2	of	2)	
	Pgrowth/P	vs	Zgraze/P,	models	and	observa:ons	together	

Op:mized	parameters,	Data	from	Banas	et	al.	(2008)	



Cascadia	is	at	presently	used	in	UW	
forward	model	system	

P.	MacCready	



Performance	of	forward	Cascadia	run	
against	Newport	Time-series	

(2011-2015)	
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Ph	

P.	MacCready	



Adjoint	and	Tangent	linear	models	for	both	
NPZD	and	NEMURO	have	been	wriaen	and	

tested	for	4D-Var	Assimila:on.		
Evalua:on	for	Year	2000	

Figure 2: Annual average of log-transformed surface chlorophyll in the year 2000 (left column)

and Hovmöller diagrams showing the dynamics of log-transformed chlorophyll as a function

of latitude (right column; chlorophyll concentrations are averaged longitudinally in between

the coast and 200 km o↵shore (see line in a)). The rows display (a,b) the satellite data used

for assimilation (grey areas in b indicate missing data), (c,d) model results of the NPZD free

simulation, (e,f) the NEMURO free simulation, (g,h) the NPZD data assimilation, and (i,j)

NEMURO assimilation. Model chlorophyll is derived from the phytoplankton variables using

the conversion factors presented in Section 2.5.
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Satellite	Chl	Observa:ons	

NEMURO	Free	Run	

NPZD	Free	Run	

NPZD	Assimila:on	

NEMURO	Assimila:on	

Song	et	al.	(2015a,c),	Maaern	et	al.	(submiaed)	



Summary:	Intercomparison	of	Cascadia,	
NEMURO	and	CoSiNE	within	UCSC	CCS	model	

•  State	variables:	
–  NEMURO	has	lowest	RMS	error	against	satellite-derived	chl	and	climatological	

nitrate	
–  CoSiNE	leaves	high	nitrate	near	surface,	cannot	be	removed	through	op:miza:on	
–  Cascadia	arguably	suffers	in	terms	of	state-variable	metric	due	to	only	one	

phytoplankton	

•  Rate	process	inves:ga:on	reveals		
–  CoSiNE	exhibits	grazing-limited	produc:on,	limi:ng	nitrate	uptake	
–  NEMURO	and	Cascadia	are	more	consistent	with	observa:ons,	showing	a	shif	

from	high	phytoplankton	growth	in	nutrient-replete	condi:ons,	shifing	to	a	
growth/grazing	balance	in	low	nutrient	condi:ons	

–  NEMURO	rate	processes	reasonably	span	range	of	available	observa:ons	
–  Cascadia	does	not	yield	high	phytoplankton	growth	por:on	found	in	observa:ons	

•  Cascadia	is	func:oning	in	non-data-assimila:ve	mode	at	UW	in	hindcast	and	forecast	
studies.	

•  4D-Var	assimila:on	demonstrated	for	both	NPZD	and	NEMURO.	



Extra	slides	



In	case	people	are	curious	about	
individual	cost	func:on	components	

•  Chlorophyll	is	in	log-space	and	rela:ve	to	
satellite	observa:ons	

•  Nitrate	is	using	seasonal	and	1ox1o	spa:al	
averages	rela:ve	to	WOA	

model cost function J(✓)

The cost function J(✓) summarizes model performance in one number.
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model intercomparison



Cost-func:on	scaaerplots	



Climatological	cycle	of	rate	processes	
Primary	produc:on	

•  Similar	seasonal	cycle	of	processes	
•  Magnitudes	differ	by	factors	2-5	in	different	:mes	

of	year	and	loca:ons	



Climatological	cycle	of	rate	processes	
Zooplankton	grazing	

•  Similar	seasonal	cycle	of	processes	
•  Magnitudes	differ	by	factors	2-5	in	different	:mes	

of	year	and	loca:ons	



Climatological	cycle	of	rate	processes	
Ver:cal	export	

•  Similar	seasonal	cycle	of	processes	
•  Magnitudes	differ	by	factors	2-5	in	different	:mes	

of	year	and	loca:ons	



NPZD	rate	sta:s:cs	
Spa:al	mean	vs.	every	point	



NEMURO	rate	sta:s:cs	
Spa:al	mean	vs.	every	point	



Rate	process	comparison	(3	of	3)	
	Diatoms	only	



Evalua:on	of	rate	processes	against	observa:ons	
(sorry,	must	flip	axes)	

•  Dilu:on	experiments	from	Oregon	(E.	Lessard)	
suggests	that	region	experiences	specific	
growth	and	grazing	rates	mostly	between	0	and	
1	/d.			

•  This	suggests	that	NEMURO	(and	op:mized	
Cascadia)	exhibit	somewhat	higher	rates	than	
measured.	

•  Must	be	added	to	constrain	op:miza:on.	

2.2. Dilution Experiments and Other Observations

[13] Before describing the ecosystem model, we need to
describe the biological observations that motivate it. The
data we use for model calibration and validation comes
from two three-week cruises (RISE1 and RISE3) aboard the
R/V Wecoma in July 2004 and August 2005. Both cruise
periods were upwelling dominated, although intervals of
weak and downwelling-favorable wind occurred during
both as well. We make particular use of conductivity-
temperature-depth (CTD) data from July 2004 (see
section 3), and microzooplankton dilution experiments from
both cruises. Since the dilution experiment data are crucial
to our treatment of zooplankton in the model and choice of
vital rate parameters, we will describe them here in some
detail.
[14] The dilution method [Landry and Hassett, 1982] is

used to determine the impact of microzooplankton grazing
on natural phytoplankton communities. In this method, the
density of the grazers, and thus grazing pressure, is
manipulated by dilution with filtered seawater, and the net
growth of the phytoplankton community (as measured by
chlorophyll changes) over 24 h is measured in a dilution
series. Phytoplankton intrinsic growth rate is assumed to
remain the same in all dilutions. A linear regression model
can be fit relating net growth to dilution level, and growth rate
m of the phytoplankton is determined from the y-intercept and
grazing rate g from the slope. In the experiments reported

here, treatments were amended with nutrients to prevent
nutrient limitation during incubation; the in situ phytoplank-
ton growth rate m was estimated from the sum of the net
growth in undiluted control samples without added nutrients
and the estimated grazing rate [Olson et al., 2008]. Each
experiment yields a phytoplankton community growth rate
m and a community grazing rate g such that

@P

@t
¼ m" gð ÞP ð2Þ

where P is phytoplankton biomass and t is time. All
experiments used here are from seawater collected at a
depth corresponding to 50% surface irradiance, usually 2–
3 m depth; water temperature of these samples ranged from
9.6 to 16.3!C. Results are summarized in Figure 2. At
high nitrate levels (i.e., in recently upwelled water),
phytoplankton growth far exceeds grazing. When nitrate
is depleted, m and g are comparable, indicating a
phytoplankton population near equilibrium and sometimes
even declining (when m < g).
[15] Note that mesozooplankton were excluded by

filtering samples through 200 mm mesh, so g represents
the grazing impact of microzooplankton, not copepods or
other mesozooplankton. Copepod grazing experiments from
2003 in northern Washington waters [Olson et al., 2006]
suggest that in this region (like many others [Calbet and
Landry, 2004]) microzooplankton have a far greater grazing
impact on the phytoplankton community than do copepods.
Copepods in fact select for microzooplankton prey [Leising
et al., 2005; Olson et al., 2006] and thus may even have a
positive effect on phytoplankton biomass via a trophic
cascade [Olson et al., 2006].
[16] Cell counts for both phytoplankton and microzoo-

plankton were also obtained for each dilution experiment.
Picoplankton, small flagellates and dinoflagellates were
counted from gluteraldehyde-preserved samples filtered
onto 0.2 or 0.8 mm membrane filters using epifluorescent
microscopy [Lessard and Murrell, 1996], while ciliates,
larger dinoflagellates, and diatoms were counted in settled
Lugol’s solution–preserved samples with an inverted
Zeiss microscope. Autotrophs and heterotrophs were
distinguished by taxa or autofluorescence. Picoplankton
were sized using digital images and image analysis
software; other cells were sized using a computer-aided
digitizing system [Roff and Hopcroft, 1986]. C biomass
was estimated from cell volumes using the equations of
Menden-Deuer and Lessard [2000] for diatoms,
nanoflagellates and dinoflagellates, Worden et al. [2004]
for picoplankton, and Putt and Stoecker [1989] for ciliates.
In July 2004 and August 2005, diatoms dominated
the phytoplankton biomass, although photosynthetic
dinoflagellates (mainly Prorocentrum) were abundant
as well [Frame and Lessard, 2009]. Heterotrophic
dinoflagellates usually dominated the microzooplankton
biomass during both cruises, although in August, mixotrophic
and heterotrophic ciliates dominated at times.
[17] Thus a logical, minimal set of components for an

ecosystem model intended to match these observations and
reproduce Figure 2 numerically would be (1) a finite pool of
available nitrate, (2) a population of diatoms, and (3) a
population of microzooplankton, subject to grazing by

Figure 2. Overview of results from dilution experiments
used in this study. Each point represents one experiment.
Low-nutrient, near-equilibrium points used to diagnose
zooplankton rate parameters are marked with black circles.
Standard errors are indicated with vertical and horizontal
bars.
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Climatological	cycle	of	rate	processes	
Primary	produc:on	versus	grazing	

•  Total	grazing	and	produc:on	between	
models	(not	shown)	does	not	look	that	
different	(overall	magnitudes	vary	between	
factor	of	2-5,	but	along	straight	lines	
showing	that	growth	and	grazing	vary	
propor:onally	to	one	another).	

•  When	normalized	by	phytoplankton	
concentra:on	(shown),	differences	between	
models	are	more	clear.	

•  NEMURO	is	high	growth/high	grazing	
Cascadia	is	low	growth/low	grazing	

•  Op:miza:on	shifs	Cascadia	toward	the	
NEMURO	dynamics	(red->pink)	

•  As	nutrients	diminish	(offshore)	CoSiNE	
shows	low	growth	(but	s:ll	high	grazing),	
which	is	the	cause	for	the	high	nutrients	lef	
at	the	surface	in	CoSiNE	simula:ons.	


