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Executive Summary 
 
The NEPSTAR project began with three major goals: (1) to develop a basin-scale 

numerical model of the ocean environment through which returning Fraser River 

Sockeye Salmon are migrating using the best available data to hindcast/forecast ocean 

currents, temperature, and salinity; (2) to use the modeled ocean currents to generate a 

suite of numerical algorithms that will help track (and “back-track”) the return migration 

of the salmon stocks; and (3) to examine correlative relationships between the observed 

and modeled physical conditions in the upper ocean and the return migration timing and 

Northern Diversion rate of the salmon stocks. We have had considerable success in 

achieving goals 1 and 3 but, for logistical reasons, have made less progress towards goal 

2. Specifically, by the beginning of Year 3, it became clear that the formulation of an 

interactive salmon-tracking module was a more formidable challenge than we had 

anticipated and would require considerably more computing power than was available to 

us. It also became clear that any future operation and maintenance of the numerical 

model and tracking software would not be supported by the Department of Fisheries and 

Oceans. A lack of support staff and decreasing research funding are the primarily reasons 

given. As a consequence, our focus has been on developing the numerical circulation 

model and formulating correlative relationships for predicting the return migration timing 

and Northern Diversion rates. To this end, predictions of the timing and diversion rates 

for Pink Salmon have now been added to those being provided for Chilko and Early 

Stuart lake stocks. As part of the final year of the OSCURs program, we also undertook 

research to account for the extremely poor returns of salmon stocks to the Fraser River in 

2009. This research demonstrated that adverse marine conditions in the Strait of Georgia 

and in Queen Charlotte Sound during stock out-migration in the spring of 2007 were 

responsible for the 2009 returns. Our work culminated in presentations to the Cohen 

Commission and in the publication of an extensive peer-reviewed paper in Marine and 

Coastal Fisheries (Thomson et al., 2012). In addition, the database and research 

formulated under the auspices of the OSCURS program supported contribution to a book 

chapter (Strait of Georgia: The Physical Ocean”; Thomson, 2015) on coastal fisheries 

entitled “The Sea Among Us: The Amazing Strait of  Georgia”, published by Harbour 

Publishing in Madeira Park, BC (Eds. Richard Beamish and Sandy McFarlane). 



 

Other specific contributions to the OSCURS project include: (1) an updated database for 

all available observed physical parameters such as SST, coastal salinity, oceanic winds, 

upwelling intensity, and current meter observations; (2) an updated model-derived ocean 

current velocity database for the northeast Pacific at a time step of 3 hours at full model 

resolution (1/8º latitude x 1/8º longitude) for the five model layers between the surface 

and 30 m depth for the period January 1980 to January 2013; (3) upgrading of the 

numerical circulation model and initial development of interactive graphical tools to 

explore the effects of the physical marine environment on salmon migration using the 

NEPSTAR current database and user-defined fish swimming behaviour (this work was 

conducted in conjunction with storm-tracking algorithms being developed for a related 

Storm Surge operational model we have formulated for southwest British Columbia); and 

(4) pre- and in-season predictions for the marine timing and diversion rates for Chilko 

and Early Stuart salmon stocks. We are continuing our analyses of the covariability 

between salmon behaviour (and characteristics) and the physical oceanography of the 

northeast Pacific and adjoining coastal waters. This effort is helping guide the 

establishment of a basis for environmentally-driven return forecasts for Fraser River 

salmon. As noted in our previous report, the productivity indices for Early Stewart Fraser 

River sockeye salmon stocks are significantly correlated with near-surface currents 

modelled by NEPSTAR and observed by moored current meters at the shelf break off 

Vancouver Island. Years of enhanced upwelling (more specifically, weaker downwelling-

favourable wind forced coastal currents) in the spring that the smolts enter the ocean are 

associated with higher than average productivity. Productivity also appears to be 

enhanced in years with a stronger than average eastward flowing Subarctic Current and 

strengthened cyclonic Alaskan Gyre circulation in the Gulf of Alaska. Work continues to 

show that the Northern Diversion Rate (NDR) is significantly correlated with modelled 

and observed near-surface currents. In particular, years with a stronger than average 

northward current along the British Columbia coast in the winter/spring of the year of 

return river entry are associated with a higher NDR, and vice versa. There is also a strong 

positive relation between the NDR and SST in the northeast Pacific such that the higher 

the average spring/summer SSTs, the higher the NDR, and vice versa.  



      

Over the remaining months of the program we will: (1) collaborate with staff of the 

Pacific Salmon Commission and the Pacific Biological Station in providing predictions 

of marine timing and diversion rates for Chilko, Early Stuart, and Pink stocks; (2) 

contribute to a Canadian Science Advisory Secretariat  report on the methodology used 

for the return timing and diversion rates; and (3) to summarize future work required, 

including uncompleted work on the salmon tracking algorithms and modelling. 

 



1. Introduction 
 
The Northeast Pacific Salmon Tracking and Research (NEPSTAR) project (funded under 

the title of “OSCURS for the 21st Century”) is a collaborative research study between the 

Pacific Salmon Commission and the Department of Fisheries and Oceans to enhance 

understanding of return migration timing and diversion rates for Fraser River Sockeye 

salmon. Present focus is on the Chilko Lake and Early Stuart Lake stocks. At the request 

of the supporting agencies, the migration timing of Fraser River Pink salmon stocks has 

been added to the study. As outlined in the Executive Summary, the principal goals of the 

program are: (1) to develop a basin-scale numerical model of the ocean environment 

through which returning Fraser River Sockeye Salmon are migrating; (2) to use the 

modeled ocean currents to help track (and “back-track”) the return migration of salmon 

stocks; and (3) to examine correlative relationships between the observed/modeled 

physical conditions in the upper ocean and the return migration timing and Northern 

Diversion rate of the salmon stocks.   

 

This report is presented as three components dealing with: (1) the numerical simulation 

of surface ocean currents that can affect the movement of migrating Chilko and Early 

Stuart Fraser River salmon stocks; (2) co-variability between the salmon characteristics 

and oceanic variables; and (3) the relationship between northern diversion rates and 

oceanic variables.  

 

2. Goals Final Year  
 
The two primary goals for the final year were to (1) begin using the DFO northeast 

Pacific Princeton Ocean Model circulation model to determine the possible forward and 

backward trajectories of adult sockeye salmon returning to the coast and (2) to continue 

to examine the correlative links between the physical oceanographic variables and the 

return timing and Northern Diversion rates. Results were to include probability 

distributions for landfall and start locations and time. The possible contribution from 

nonlinear effects due to ocean wind waves and swell was to be considered, but was not 

undertaken due to more immediate modeling requirements encountered by Dr. Scott Tinis 



(the numerical modeller in the OSCURS project).  

 

Despite the computational challenges, progress has been made toward development of the 

salmon-tracking algorithms (Goal 1) using input parameters that include: (a) sockeye 

salmon migration start locations and distributions based on historical knowledge and 

back-trajectory estimates from known landing zones in previous years; (b) swimming 

velocity (speed and direction); and (c) swimming depth. As with previous authors (e.g., 

Walter et al., 1997), we have allowed for both active and passive swimming behaviour, 

ranging from highly directed migration toward the east (or other specified direction) to 

purely random, undirected swimming behaviour. The default swimming velocity in the 

few model runs completed is one body length per second for model time steps of three 

hours. For purely random swimming behaviour, the fish essentially behave as passive 

drifters, whereby ocean currents are the primary factor determining the fish trajectories. 

For directed swimming behaviour, surface currents in the direction of swimming will 

either augment or counter fish progress; currents at right angles to the directed swimming 

velocity will deflect the fish from their dedicated trajectory.  In the case of eastward 

swimming velocity, the meridional component of current leads to deflections to the north 

or south of the intended landfall location. Back trajectories were computed from 

historical surface currents generated from the operational model using start locations 

determined from historical annual timing and locations of salmon arrival on the BC coast. 

These back-trajectories provide a distribution of probable starting locations and guide 

selection of starting locations for forward trajectories for operational model runs in 

forecast mode in real time.  

 

The salmon tracking software was developed and tested using the IDL platform and was 

from the beginning intended as a “proof-of-concept program” designed to test the 

viability of integrating numerical model-derived environmental variables with salmon 

swimming behaviour.  It was successful to the extent that it demonstrated that it was 

possible to develop a user interface for application as an operational tool for tracking 

salmon during the migration season. Our results also confirmed that development of this 

tool cannot progress without the following critical components: 



 

1. Porting of the software to a stripped down IDL or non-IDL (compiled C or 

FORTRAN) platform for rigorous exploration of stochastic parameter space – the 

current platform is simply too slow (depends too much on graphical interface) do 

perform the required number of model runs. 

2. Expert advice on the pre-migration location and known/theoretical migration 

swimming behaviour of Sockeye salmon that can lead to an operationally viable 

algorithm for migration tracking. 

 

The first component is a technical one that is readily solved with existing tools, but is 

beyond the scope of the current project because of time constraints.  The second 

component is not readily solvable, because it identifies a gap in knowledge of Sockeye 

salmon behaviour that would require both a multi-disciplinary research effort to resolve, 

and the ability to test new algorithms under operational conditions.  The work done to 

date on the salmon tracking program has created a foundation upon which further 

research may be performed.  

 

 

3. Modelling Surface Currents in the Northeast Pacific Ocean for the 
NEPSTAR Program 

A primary focus of this project has been finding readily available oceanographic 

parameters that link (in a regressional analysis sense) the diversion rate to temporal 

variations in coastal ocean conditions. We support the regressional approach to the 

problem but believe that previous studies have been hampered by a lack of reliable, 

rapidly sampled, and widely distributed environmental time series, including the time and 

location of coastal landfall.  The Institute of Ocean Sciences, Pacific Biological Station, 

and the Pacific Salmon Commission have assembled a wide range of meteorological, 

oceanographic and biological time series for the northeast Pacific and coastal BC that 

greatly enhance our ability to find links between ocean conditions and fish behaviour. 

These data have been used in a recent publication (Thomson and Hourston, 2011) to 

account for changes after 1995 in the return timing of Late-run Fraser River sockeye 



salmon and in a second recent publication (Thomson et al., 2012) to account for the 

collapse of the 2009 Fraser River sockeye salmon returns. Both of these studies were 

partially supported by work conducted during the OSCURS project. Our explanation for 

the 2009 failure was accepted by Judge Cohen as a possible cause for this failure (2012 

Commission of Enquiry into the Decline of Sockeye Salmon in the Fraser River, Volume 

2, Causes of the Decline). These data, coupled with an increasing understanding on how 

changes in environmental variables affect changes in fish physiology and behaviour, 

greatly increase our ability to predict pre- and in-season diversion rates.  

3.1 The NEPSTAR Model 

The predictive ocean model used for NEPSTAR is based on the Princeton Ocean Model 

(POM) (Blumberg and Mellor, 1987), an open-source ocean model developed at 

Princeton University.  It is a finite-difference, prognostic ocean model that can integrate 

the ocean state forward in time using a time-dependent set of forcing fields, such as 

winds and atmospheric pressure.  The characteristics that make POM a desirable choice 

for operational modelling are moderate memory and CPU requirements and the relative 

simplicity of its programming.  Adapting the code for specific purposes (e.g. embedded 

drifter tracking) or to accept diverse forcing data is relatively straightforward.  The 

disadvantages of POM are that there is little choice of advection schemes, mixing 

parameterization, vertical level scheme (only sigma-coordinates can be used) and other 

advanced features that some community models employ.  However, recent versions of 

POM have included schemes for wetting/drying cells in intertidal regions, wave-breaking 

parameterization in surface momentum coupling, an adjoint model for 4DVAR data 

assimilation and code parallelization for running on multiple concurrent CPUs. 

 

POM does not have a native data assimilation feature, but several contributors within the 

POM development community have created assimilation schemes of various 

complexities for ingesting real-time or climatological data.  One recently developed 

method for assimilating temperature and salinity into ocean models, known as “spectral 

nudging”, is computationally inexpensive and allows temperature and salinity fields to be 

nudged toward known values without suppressing high frequency variability (e.g. 



mesoscale eddies), which traditional nudging methods are known to do.  A simplified 

version of the spectral nudging technique has been coded into the NEPSTAR POM 

model and implemented for the initial hind cast model runs. 

 

During the final year, the focus of the numerical modelling effort was to build upon the 

database of currents for the period 1980 to present to be used for multi-variate and 

tracking analysis to assess the effect of the marine environment on Fraser River sockeye 

salmon return timing and migration pathways. The POM database, now complete up to 

the end of December 2012, was successfully completed using winds from the NCEP 

NARR reanalysis at the surface boundary at 15-km resolution, and temperature and 

salinity interpolated from the 1º longitude by 1/3º latitude GODAS fields (GODAS data 

provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado). Velocity fields were 

archived at a select number of fixed depths (1, 5, 10, 15, 20, 30, 40 and 50 m) at full 

horizontal model resolution (1/8° latitude and longitude) and a temporal resolution of 3 

hours.  Daily mean currents were also saved over the full three-dimensional sigma-

coordinate POM grid (Figure 3.1). 



Figure 3.1.  The NEPSTAR POM domain with contoured bathymetry.  The POM grid is 

a regular 1/8º by 1/8º (latitude, longitude) grid (not shown) which overlays this domain. 

 

The NEPSTAR model goals for the Final Year were: 

1. to generate in-season prognostic forecasts of currents for March and May 2012 

based on the most up-to-date observations and meteorological forecasts for return 

timing predictions of Chilko Lake and Early Stuart Lake Sockeye salmon; 

2. to add a more complex geographical navigation swim behaviour for simulated 

fish tracking in the tracking module; and  

3. to add the ability for ensemble averaging of forward and backward trajectory 

modelling for testing hypotheses on migration start location. 

 



3.2 Comparison of historical OSCURS regression model input variables to NEPSTAR-
derived variables 

The present DFO  forecasting method for sockeye salmon arrival time is based on multi-

variate regressions between historical estimates of the 50% return date and (a) Gulf of 

Alaska sea surface temperature (SST) and (b) a current index based on the OSCURS 

model developed by W. James (Jim) Ingraham (National Atmospheric and Oceanic 

Administration (NOAA)- retired) (Michael Folkes, PBS, pers. comm.).   Forecasts are 

performed for individual salmon runs (e.g. Chilko River, Early Stuart) based on 

regressional analyses against SST and OSCURS current indices. For example, the Early 

Stuart Sockeye Run forecast is based on SST observations for the Gulf of Alaska in 

November and December of the previous year, and the OSCURS “sea current index” for 

May of the return year.  

 

The OSCURS numerical ocean model was developed by Dr. Ingraham to simulate 

surface currents in the North Pacific Ocean (Ingraham and Miyahara, 1988).  The model 

domain covers the entire North Pacific Ocean with a grid spacing of approximately 90 

km, and uses a combination of computed long-term mean geostrophic currents and 

geostrophic winds computed from daily or 6-hourly sea level pressures obtained from 

U.S. Navy and NCAR atmospheric databases.  Retrospective analyses for surface drift 

can be computed from 1901-present for drifters in the north Pacific using a Live Access 

Server (LAS) interface maintained by the NOAA fisheries service.  The effect of 

computed winds on surface drift is tuned to observed currents by adjusting the coefficient 

relating surface flow to wind speed as well as adding a deflection of surface flow to the 

right of the wind. 

 

For the Chilko Lake run forecast, the currently used index is the mean eastward current 

velocity averaged over a 3° x 3° spatial region centred at 145° W and 57.5° N during 

March of the return year.  The OSCURS current index and the equivalent NEPSTAR 

index for this period are compared in Figure 3.2.  Although the range of OSCURS values 

is larger than the NEPSTAR values, they are highly correlated (r = +0.86).  Table 3.1 

provides a complete summary of the NEPSTAR/OSCURS current index values and the 



historical SST indices for November-December of the year prior to the return year, 

spatially averaged over a 10° × 5° spatial box centred at 145° W and 47.5° N to the 

GODAS SST for the same time and area. The SST time series are also highly correlated 

(r = +0.87).  These data do not necessarily represent the best correlation data set for 

return timing, but because the present forecasting method will continue to be used in the 

near-term, it is instructive to note that the POM model currents and GODAS SST data 

can be used as reasonable proxies for the input data to the existing regression model in 

the event that the OSCURS current indices and/or SST estimates become unavailable in 

the future.  The complexity of comparing currents averaged over a large region in the 

Gulf of Alaska is illustrated by the NEPSTAR currents for March 2010 shown in Figure 

3.3.  It must be noted that the historical OSCURS model does not take into account basin 

geometry when computing currents, so there will necessarily be consistent differences 

between NEPSTAR and OSCURS based on modelling philosophy alone. 
 

 
Figure 3.2.  March eastward current indices for the 3° x 3° averaging box for Chilko 

return timing forecasting (NEPSTAR (red) and OSCURS (blue)). 

 



Figure 3.3. Average currents for March 2010.  The box shown is the 3x3 degree 

averaging box for Chilko return timing forecasting. 

 

 

Table 3.1.  Variables used in regional model forecasting of Chilko sockeye salmon 

migration return timing (1980-2012): eastward current velocities averaged over the 3°x3° 

spatial box centred at 145° W, 57.5° N from March of the return year from OSCURS and 

NEPSTAR; Sea surface temperatures derived from various sources (historical) and from 

GODAS monthly climatology for November-December of the year prior to return are 

averaged over the 10° x 5° box centered at 145° W, 47.5° N. 
 

Return Year OSCURS NEPSTAR Historical GODAS 

 East Current 

(cm/s) 

East Current 

(cm/s) 

SST (C)  

Nov-Dec prev. year 

SST (C) 

Nov-Dec prev. year 

1980 -0.96 -6.32 9.11 NA 

1981 NA -7.1 NA 9.31 

1982 -2.72 -7.12 8.64 8.91 



Return Year OSCURS NEPSTAR Historical GODAS 

1983 -13.42 -11.05 9.07 9.27 

1984 -8.47 -8.03 9.12 9.34 

1985 -0.83 -4.19 8.84 9.02 

1986 -6.43 -8.16 10.13 10.65 

1987 -8.27 -6.99 10.55 10.96 

1988 -4.25 -6.18 9.16 8.79 

1989 -9.19 -8.43 8.63 8.69 

1990 -8.94 -7.84 10.18 10.49 

1991 4.02 -3.33 10.34 9.48 

1992 -0.59 -4.2 10.31 10.78 

1993 -6.57 -7.34 9.52 9.67 

1994 -2.29 -4.46 10.79 11.12 

1995 -8.4 -7.6 8.96 8.92 

1996 -6.03 -6.13 9.59 9.49 

1997 -8.08 -7.05 9.73 9.44 

1998 -7.22 -7.69 9.63 9.47 

1999 -3.79 -5.43 8.67 8.86 

2000 -6.43 -6.37 8.62 8.53 

2001 -2.74 -4.95 8.69 9.86 

2002 -6.92 -8.08 7.43 8.4 

2003 -8.74 -9.38 10.08 10.64 

2004 0.66 -4.83 9.15 9.19 

2005 -5.23 -4.68 10.13 9.99 

2006 -10.39 -7.9 9.39 9.47 

2007 -6.6 -5.26 9.3 9.14 

2008 -5.16 -4.89 8.51 8.58 

2009 -3.06 -5.04 9.06 9.26 

2010 -3.7 -5.83 8.72 8.8 

2011 -12.89 -8.98 8.53 9.48 



3.3 Salmon Migration Trajectory Modelling  

Salmon migration patterns have been the subject of considerable study over the past 60 

years.  French et al. (1976) provide one of the first comprehensive behavioural models of 

lifetime migration of Sockeye Salmon in the North Pacific.  For Fraser River Sockeye 

species, in particular, their model suggests that the salmon move away from their natal 

streams 1-2 years after hatching and spend the next 1-3 years in the offshore northeast 

Pacific Ocean, migrating in a counter-clockwise motion generally following the 

prevailing surface currents of the Alaskan Gyre.  Sometime in their return year, the 

salmon head back toward the west coast in a fast migration taking only a few months to 

travel from the middle of the Gulf of Alaska to the continental shelf.  Walter et al. (1997) 

revisited this model using individual based modelling and concluded that the feeding 

phase of the salmon is likely more complex than can be described by a single simple 

model, but that surface currents are the primary driving force for the migration pattern at 

this stage of development.  The subject of when and how the salmon begin and conduct 

their return migrations has also been discussed by Thomson et al. (1992), Dat et al. 

(1995), Bourque et al. (1999),  and Crossin et al. (2006). 

 

The NEPSTAR model-derived database of ocean currents comprises the core of the 

NEPSTAR salmon trajectory modelling component.  A suite of programs have been 

designed to ingest the model currents and track salmon migration based on user-defined 

geographical and behavioural parameters.  The tracking modules allow the user to follow 

forward migration of individual (or groups of) simulated migrating salmon from a 

defined start location.  Reverse migration of salmon from a known location and time can 

also be performed.  The suite of programs was initially designed to accommodate only 

simple swimming behaviour, with the user providing a fixed migration speed and 

bearing.   During Years 2 and 3, two key upgrades have been made to the migration 

trajectory modules: 

1. Salmon swim behaviour now includes a navigational component, whereby the 

salmon focus on a fixed geographical point upon entering coastal waters, 

simulating river mouth navigation; and 



2. Ensembles of migrations may now be run, allowing multiple reverse trajectories 

from one geographic start location in order to map a set of likely starting points 

using a large set of varying swim parameters. 

 

Forward migration simulation using groups of salmon will be used primarily to explore 

the covariability of landfall latitude versus migration timing and northern diversion 

statistics.  A simple multiple trajectory run is shown in Figure 3.4.   The salmon start at 

several locations along a common meridian and at the same time.  Given a single bearing 

and swim speed, the migrating salmon are allowed to intersect the coast and the mean 

latitude of landfall is calculated.   Using ensembles of runs of this type, statistics of 

landfall can be created for each migration year for using in multivariate regression with 

diversion rates and arrival timing.   

 

 

Figure 3.4.  Forward group migration using a single swimming behaviour and start time. 

Fish swim from the site of the open circle to the east at a speed of 61 cm/s (one body 

length per second for a “typical” salmon). Migration starts on May 1, 2005 and proceeds 

for 60 days. In this example, fish are deflected northward by the Alaska Current and 

southward by the California Current; fish to the south of Vancouver Island do not 

intersect land in this time period.  



Reverse migration from a single geographic location, such as the entrance to Juan de 

Fuca Strait, can provide insight into the effect of the physical marine environment on 

migration path and duration.  By selecting reasonable swim behaviour values and 

migration arrival timing dates, running a reverse migration from a specified time and 

place of known arrival, a migration starting location may by estimated.  Expanding this 

analysis to include an ensemble of reverse trajectories with variable swim behaviour can 

generate a patch of possible starting locations with a spatially varying level of 

probability.  Figure 3.5 shows a reverse simulation for 2005 in which the forward 

(homing) swim bearing of the fish was assumed to have varied from 95-105° (degrees 

True compass reading, where 90° True is towards the east) and swim speed was set at 1 

body length/second (61 cm/s) with a random Gaussian velocity error (having a mean = 5 

cm/s) added to the velocity vector.  The start date for the reverse migration (i.e., the 

actual arrival date at the coast) varied from July 17 to 30, and the reverse migration time 

was set at 30 days.   Trajectory end points (estimated start locations) were binned into 1/8 

x 1/8 degree spatial squares and contoured. A total of 2570 reverse migration runs were 

performed.   

 
 



Figure 3.5.  Contours of model-derived start positions as determined from 2570 ensemble 

averaged back-trajectories calculated for the fish arrival period July 17-30, 2005.  The 

arrival position (i.e., the start position of each back trajectory) is the mouth of Juan de 

Fuca Strait.  The length of each trajectory is 30 days. In this example, fish originated in a 

north-south region located near the coast to the west of Kodiak Island, Alaska. 

 

3.4 Operational mode  

Although not a formalized deliverable for this research program, the NEPSTAR 

numerical model and regressional analyses products developed during this program may 



need to be made more available on an operational basis. For the regressional analysis, we 

will be able to develop a suite of stand-alone procedures and software applications that 

hopefully can be run by staff at the Pacific Salmon Commission in collaboration with the 

Department of Fisheries and Oceans. The fate of future numerical simulations of the 

ocean currents and fish migration trajectories is less certain. It was clear during our work 

in the final year, that there would not be sufficient time in the present proposal to develop 

a stand-alone version of NEPSTAR that could be run in an operational mode within the 

Department of Fisheries and Oceans (DFO) or the Pacific Salmon Commission. It was 

also clear from discussions with DFO management that, even if the results of this study 

were to prove valuable for fisheries, the department would require added resources to run 

the software and model “in-house” or, alternatively, to hire an individual or private 

company capable of operating the model on a contractual basis. Either way, an operating 

manual describing the model and its operation would need to be produced under separate 

contract. 

3.5 Goals for the future  

The foundation for the analysis of migration behaviour has been set through the 

development of the salmon tracking modules that use the NEPSTAR ocean model current 

database.  The covariability of observed migration arrival times and northern diversion 

rates with modelled currents will be the focus of work during the remainder of the Final 

Year.   

 

The remaining goals for the NEPSTAR ocean modelling and salmon tracking component 

for the Final Year were to: 

1. Continue ongoing modelling to keep the model output database up-to-date using 

the most recent NARR atmospheric variables and GODAS ocean salinity and 

temperature analyses; 

2. Conduct operational modelling using the NEPSTAR ocean model and 

NOAA/GFS near-realtime winds to provide in-season variables to managers on a 

timely basis for the estimation of return timing for Chilko, Early Stuart and Pink 

salmon runs using historical retrospective analysis; 



4. Co-variability between Fraser River Sockeye Salmon parameters and 
Oceanic Variables 
 
Over the previous two years of this project, we have been documenting the relations 

between physical oceanographic variables and various measures of sockeye behaviour 

and performance such as marine migration return timing, the northern diversion rate 

(NDR), and productivity. In a first year report, we documented relations between Chilko 

Lake sockeye marine migration timing and northeast Pacific temperatures and surface 

currents (Thomson et al., 2010). In our Year 2 Final Report, we showed there are 

significant correlations between surface ocean currents and both the NDR and Early 

Stuart productivity indices (Thomson et al., 2011). Here, we update the status of the 

program and ongoing analysis at the end of the final by highlighting: (1) sockeye-ocean 

relations that compliment previously reported results; and (2) an experimental framework 

based on multiple linear regressional modelling to predict various sockeye parameters 

from multiple ocean variables. 

 

Surface currents have been simulated using the Princeton Ocean Model over the northeast 

Pacific, from 40-60° N, and from 180° W to the west coast of North America (Thomson 

et al., 2011, 2010). The mean for July 1981-2008 is shown in Figure 4.1. The Pacific 

Salmon Commission (PSC) provided the NDR, which is the fraction of all Fraser River 

sockeye stocks that enter the Strait of Georgia on their way to the Fraser River through 

Johnstone Strait, as opposed to Juan de Fuca Strait (Figure 4.2). 

 

 

 



 
Figure 4.1. July 1981-2008 average near-surface currents at 1 m depth generated using 

POM. 

 

 
Figure 4.2. Fraser River sockeye salmon Northern Diversion Rate (NDR). This is the 

fraction of river-bound migrating salmon that enter the Strait of Georgia via the northern 

Johnstone Strait route, as opposed to the southern Juan de Fuca route. 



 

For Early Stuart sockeye, the annual date of their 50% marine arrival time at New 

Westminster is significantly correlated (p ≤ 0.05) to temporal variations in the eastward 

(U) surface current velocity at 1 m depth (1980-2010) over a broad expanse of the 

northeast Pacific centered west of Haida Gwaii and extending to the coast (Figure 4.3a). 

The relation is negative and strongest centered on May 17 over nine-day averages 

(Figures 4.3a, b); average velocities of a few days to three months are also significant 

(Figure 4.3c). The correlation analyses can be interpreted to mean that stronger U 

(eastward) velocities are associated with earlier marine arrival times (a possible tail-wind 

effect) and vice-versa. The lag of about two months between mid-May velocities over 

this region and July marine arrival times is considered reasonable. 

 

 
 

Figure 4.3a. Correlation between Early Stuart marine migration timing and northeast 

Pacific surface eastward currents, U, for the period 1980-2010. Plot shows the spatial 

pattern of correlation r-values between the Early Stuart marine timing and the 9-day 

averages of U centered on May 17 of return year 0 (the year of river entry). Bold white 

lines denote regions of significant correlation values (p ≤ 0.05). 

 



 
Figure 4.3b. Correlation between Early Stuart marine migration timing and northeast 

Pacific surface eastward currents, U, for the period 1980-2010 (see Figure 4.3a). Plot 

shows the regressional analysis and r-value between 9-day averages of U centered on 

May 17 of return year 0 (the year of river entry), and the Early Stuart marine migration 

timing. 

 
 



 
Figure 4.3c. Correlation between Early Stuart marine migration timing and northeast 

Pacific surface eastward currents, U, for the period 1980-2010 (see Figure 4.3a). Plot 

shows the temporal pattern of correlation r-values at 51.5° N, 140.5° W over a range of 

averaging periods (3 to 91 days) and lag times covering the calendar year of river entry. 

Bold white lines denote regions of significant correlation values (p ≤ 0.05) 



Variations in sea surface temperature (SST) also are significantly correlated with Early 

Stuart marine arrival times over much of the northeast Pacific (1984-2011) and, as with 

surface currents, are centered west of Haida Gwaii and extending to the coast (Figure 

4.4a). This relation is also strongest centered in late May (on May 21 over three day 

averages, Figures 4.4a, b) and is significant over longer averages up to at least three 

months (Figure 4.4c). 

 

 
Figure 4.4a. Correlation between Early Stuart marine migration timing and northeast 

Pacific SST for the period 1984-2011. Plot shows the spatial pattern of correlation (r-

values) between the Early Stuart marine timing and the 3-day averages of SST centered 

on May 21 of marine return year 0 (the year of river entry). Bold white lines denote 

regions of significant correlation values (p ≤ 0.05). 

 



 
Figure 4.4b. Correlation between Early Stuart marine migration timing and northeast 

Pacific SST for the period 1984-2011 (see Figure 4.4a). Plot shows the regressional 

analysis and r-values between 3-day averages of SST centered on May 21 of year 0 (the 

year of river entry), and the Early Stuart marine migration timing. 

 



 
Figure 4.4c. Correlation between Early Stuart marine migration timing and northeast 

Pacific SST  for the period 1984-2011 (see Figure 4.4a). Plot shows the temporal pattern 

of correlation r-values at 51.5° N, 143.5° W over a range of averaging periods (3 to 91 

days) and lag times covering the calendar year of river entry. Bold white lines denote 

regions of significant correlation values (p ≤ 0.05) 

 

 

5. Co-variability between Northern Diversion Rate and Oceanic 
Variables 

The existing empirical models that predict the percent of sockeye run that divert through 

Johnstone Strait (or Juan de Fuca Strait) are based on single point estimates integrated 

over the entire annual run calculated by Pacific Salmon Commission (PSC) staff.  During 

the migratory period, there is often a temporal shift between the southern and northern 

routes. These shifts are thought to be affected by changes in temperature fields during the 

summer months.  Our new model may prove useful at predicting in-season trends in 

migratory routing and therefore improve fisheries management decision-making if in-

season diversion proportions can be reconstructed and input into the modeling 



framework. This will require input from the PSC staff in the future to test our predictive 

capacity. In the few remaining months, we also hope to examine diversion rates 

separately for Adams and non-Adams Fraser River stocks. If this fails, we may seek 

additional funding from the PSC to conduct this work.   

 

A highlight of our results from the analyses of the northern diversion rate (NDR) and 

water property effects is shown in Figure 5.1. Here, the NDR has been correlated with 

variations in the northeast Pacific sea-surface temperature (SST). These results update 

initial analyses reported to the PSC in 2010. The correlation between changes in the NDR 

and SST are significant and positive over much of northeast Pacific (1982-2011), and 

centered near the west coast of Vancouver Island in late May for 31-day averages (Figure 

5.1a, b). Similar findings apply for up to three-month averages (Figure 5.1c). Again, the 

lag time is plausible and agrees with previous analyses linking the NDR to fluctuations in 

SST recorded at the Kains Island lighthouse (e.g., Thomson et al., 2011). 

 
 

Figure 5.1a. Correlation between the northern diversion rate and northeast Pacific SST 

variations for the period 1982-2011. Plot shows the spatial pattern of correlation (r-

values) between the northern diversion rate and the 31-day averages of SST centered on 

May 31 of return year 0 (the year of river entry). Bold white lines denote regions of 

significant correlation values (p ≤ 0.05). 



 

 

 
Figure 5.1b. Correlation between the northern diversion rate and northeast Pacific SST 

for the period 1982-2011 (see Figure 5.1a). Plot shows the regressional analysis and r-

value between 31-day averages of SST centered on May 31 of year 0 (the year of river 

entry), and the northern diversion rate. 

 

 

 



 
Figure 5.1c. Correlation between the northern diversion rate and northeast Pacific  SSTs 

for the period 1982-2011 (see Figure 5.1a). Plot shows the temporal pattern of correlation 

r-values at 49.5° N, 127.5° W over a range of averaging periods (3 to 91 days) and lag 

times covering the calendar year of river entry. Bold white lines denote regions of 

significant correlation values (p ≤ 0.05). 

 

 

6. A Forecasting Development Framework: Formulation and Use of 
Multiple Linear Regression Models to Predict Salmon Parameters 
 

Based on single variable relations described in Sections 4 and 5 (see also Thomson et. al 

2010, 2011), a methodology for forecasting salmon parameters based on various ocean 

variables has been initiated. Ocean variable selection for inclusion in the forecast scheme 

was constrained by those variables where: (1) the relations with the salmon data were 

statistically significant and plausible in terms of location and lead time; (2) the lead time 

was long enough to make a forecast of practical interest; i.e. ≥ 1 month; and (3) the ocean 

variable data was available in near real-time to allow issuing a forecast in advance of the 

forecasted date. 



The simplest approach is to use each single variable relation to make a single forecast, 

and then combine the forecast values in some manner to derive a single forecast (e.g., 

take the median forecast). However, we opted for a somewhat more complex approach 

and combined several ocean variables into a multiple linear regression (MLR) model to 

predict a single salmon parameter (cf. Figure 6.1). We then derived additional MLR 

models to generate additional forecasts of a single salmon parameter and then took the 

median of the scatter of the forecasts to determine a single “likely” prediction with 

prediction error (cf. Figure 6.2). A list of variables that fit the forecast criteria are shown 

in Figure 6.3 and the frequency that each one was included in a model is also shown for 

diagnostic reference. 

 

Each MLR model was developed using a stepwise approach. In this approach, each 

variable is considered, in turn, for inclusion in the model. If the regression coefficient of a 

particular variable in the multiple linear regressional is significantly different from zero, 

it is retained in the model; if not, the variable is removed. The final MLR model may be 

different from the initial model depending on which variables are originally included (or 

excluded) from the model. As a consequence, every possible combination of initial model 

with respect to variable inclusion/exclusion was considered. This approach resulted in 

several different final multiple linear regression models for each stock (as depicted in 

Figure 6.2). 



 
Figure 6.1. An example of a multiple linear regression (MLR) analysis using ocean 

variables to predict the Early Stuart marine arrival time. 



 
Figure 6.2. Summary of MLR model predictions of the Early Stuart marine arrival time. 



 
Figure 6.3. Summary of variables used in suite of MLR model predictions of the Early 

Stuart marine arrival time. 

 

 

 



7. Summary 
 
The NEPSTAR modelling and analyses of salmon migration and behaviour associated 

with interannual variability of the oceanography of the northeast Pacific has resulted in 

substantive progress. We believe that the correlative analysis tools we have developed, 

combined with the ability of our customized Princeton Ocean Model to simulate 3-hourly 

variations in the wind-forced surface currents in the northeast Pacific, will prove 

increasingly valuable to fisheries managers tasked with predicting the migration timing 

and Northern Diversion rates for Fraser River sockeye salmon. At the same time, we 

regret that, due to a lack of time and the unwillingness of DFO to commit to future 

logistical support, we failed to complete the development of salmon tracking algorithms 

and associated interactive software. Nevertheless, progress has been made on the fish-

tracking component of the project and we believe that we have laid the foundation for 

future development of this concept should new support for fisheries operational needs 

became available in the near future. In particular, the near-surface current velocity field 

generated for the study region for the period 1980 to 2012 by the NEPSTAR modelling 

component has enabled to begin examination of past migration behaviour and timing, and 

to test the sensitivity of these variables to various salmon swimming strategies. This 

includes examining both forward and back trajectories to better understand latitude of 

landfall and point of origin, respectively. To aid in the formulation of migration timing 

forecasts and Northern Diversion Rate predictions, correlation analyses are being 

undertaken with the modelled near-surface currents, as well with observed sea-surface 

temperatures over the entire northeast Pacific, to isolate specific times and locations that 

are significantly correlated with salmon migration and characteristics such as 

productivity. This report has presented highlights of the ongoing work and research to be 

conducted during the remaining months of the program.  
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