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Executive Summary 
 
The predictive Princeton Ocean Model developed for NEPSTAR is now operational and 
can be used to hindcast temperature, salinity and current velocity fields for the northeast 
Pacific dating back to 1980. Model forecasts can now be made up to 7 days in advance. 
The current velocity fields derived by the model have been combined with sea surface 
temperature data (obtained from the Optimum Interpolation  SST V2 data and the 
GODAS SST fields) to recalculate Chilko and Early Stuart return migration dates for 
comparison with the historical OSCURS estimates. The modeled and observed 
oceanographic time series have also been used in linear regressional analyses to delineate 
those spatial oceanic regions and temporal periods (time spans) that yield the best 
(highest explained variance, r2) correlative links with Chilko and Early Stuart return 
timing data. Contrary to historical OSCURS predictions, we find that the combination of 
NEPSTAR-derived eastward currents in the Gulf of Alaska in March (the “oscmh1” 
region) and the mean SST in for the Gulf of Alaska for November and December of the 
previous year (the “gaksst” region) have negligible skill in predicting the return timing of 
Chilko Lake sockeye salmon. (The reason for this low skill may be associated with 
fundamental changes in fish behaviour, changes in ocean variability that have occurred 
since OSCURS was first formulated, or (ironically) with the greater accuracy of the more 
recent data; regardless of the cause, the results point to the need for revision of the 
methodology.) The predictive skill level increases for later months, reaching a peak r2 ~ 
0.5 when May SST and eastward current values are used in the regressional analysis. The 
analysis also identifies other regions and timing periods yielding much higher prediction 
skill than the historical OSCURS regions and time periods. The 5 to 10 day averaged 
eastward current off the northwest coast of the Queen Charlotte Islands in mid-March for 
the period 1980 to 2009 is correlated with Chilko marine migration timing with r2 ~ 0.7. 
This area is centered at 54.5° N, 136.5° W but covers much of the northeast Pacific 
westward to 140-150° W and likely encompasses the offshore waters that river-bound 
sockeye were passing through. The northward current is also significantly correlated with 
Chilko marine migration timing off the Queen Charlotte Islands but over 10-20 days 
centered on June 21 (r2 ~ 0.3), and the relation is stronger further south (r2 ~ 0.5 at 40.5° 
N, 131.5° W), reflecting the possible influence of the strength of the southward-flowing 
California Current. For modern SST records spanning the period 1982-2009, peak 
correlation with Chilko marine migration timing is strongest for 3-day averages centered 
on June 3 at 48.5° N, 139.5° W (r2 ~ 0.6); relations remain strong over longer periods and 
a larger area (r2 ≥ 0.5 over 15 days and over 45-55° N, 135-155° W). Another strong 
relation with SST is centered to the southwest of this location (42.5° N, 144.5° W) on 
January 10 and over 31 days (r2 ~ 0.5). 
 



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 returning migration timing and diversion rates for Fraser River Sockeye 

salmon. Present focus is on the Chilko and Early Stuart stocks. The principal goals of the 

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

through which the 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 track (and 

back-track) the return migration of the salmon stocks; and (3) to examine correlative 

relationships between the return migration timing and Northern Diversion rate of the 

salmon stocks and observed/modeled physical conditions in the upper ocean.  

 

Improved forecasts of salmon migration trajectories will enable fisheries managers to 

improve estimates of landfall location and timing and to improve estimates of the 

Northern Diversion Rate.  

 
Part 1: Modelling Surface Currents in the Northeast Pacific Ocean for 
the NEPSTAR Program 

 
The goals of the NEPSTAR numerical ocean modeling component are: 

1. to generate a 30-year historical database of the physical ocean environment 

encountered by the returning stocks based on up-to-date oceanic data and 

meteorological forecasts; 

2. to use the forecast data in (1), together with salmon behavioural characteristics, to 

predict return timing and Northern Diversion rates (the percentage of migrating 

salmon using the northern return route through Johnstone Strait); 

3. to establish multi-variate regressional relationships between modelled/observed 

ocean variables and salmon migration timing and diversion rates; 

4. to provide in-season forecasts of environmental factors that could shift the 



percentage of fish taking the northern and southern migration routes; and  

5. to be adaptable for use in future scenarios under climate change. 

 

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 

populations, in particular, their model suggests that most salmon stocks leave 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 direction that generally follows the 

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

salmon home toward the west coast in a rapid migration that takes 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), Healey et al. (2000) and Crossin et al. (2006). 

 

Numerical Ocean Model: Present Status 
 
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) 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 an underlying 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 the 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 first year of the NEPSTAR program, the focus of the numerical modelling 

effort has been to create a database of ocean current velocity for the period 1980-2009, 

corresponding to the satellite-era for which sea surface temperature data and other 

oceanic records are most reliable. These data are subsequently being used for multi-

variate analyses to assess the effect of the environment on salmon return timing and to 

develop algorithms for tracking of individual fish.  The POM hindcast modelling was 

successfully completed using winds from the NCEP NARR reanalysis at the surface 

boundary at 32-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, USA, from their Web site at 

http://www.esrl.noaa.gov/psd/ - see Appendix for details). Velocity fields were archived 

at selected depths of 1, 5, 10, 15, 20, 30, 40 and 50 m at full 1/8° horizontal model 

resolution and 3-hour temporal resolution.  Daily mean currents for the full three-

dimensional sigma-coordinate POM grid were also archived (Figure 1).  The complete set 

comprises nearly 1 terabyte of data. An example of the mean surface (1-m depth) currents 

is provided in Figure 2 for March 2010. 



 

Figure 1.  The NEPSTAR POM domain with contoured bathymetry.  The POM grid is a 

regular 1/8º meridional by 1/8º zonal grid (not shown) which overlays this domain. 

NEPSTAR regions 4, 40 and 50 correspond to historical regions oscmh1 (OSCURS 

March), oscmay28 (OSCURS May), and gaksst (SST Nov-Dec), respectively. 



 
Figure 2. Monthly mean surface (1-m depth) currents for March 2010 from the 

NEPSTAR numerical ocean model. The length of the vector gives the current speed in 

cm/s; the water depth at the location of the current vector is denoted by the colour bar to 

the right. The red box denotes the 3º×3º March current velocity region (NEPSTAR4) 

used in historical OSCURS pre-season return migration predictions.  

 
 
Comparison of previous regression model input variables to NEPSTAR 
derived variables 
 
The Department of Fisheries and Oceans presently forecasts sockeye salmon arrival times 

based on multi-variate regression between historical time series estimates of the 50% 

return dates and (a) Gulf of Alaska (gak) sea surface temperature (SST) and (b) a current 

index derived from the OSCURS current velocity model developed by W. James (Jim) 

Ingraham (National Atmospheric and Oceanic Administration (NOAA)- retired) (Michael 



Folkes, PBS, pers. comm.).  The empirical OSCURS model developed by Dr. Ingraham 

simulates surface currents in the North Pacific Ocean for a grid spacing of approximately 

90 km. The model uses a combination of mean geostrophic currents based long-term 

historical observations and geostrophic winds computed from 6-hourly or daily sea level 

pressures obtained from U.S. Navy and NCAR atmospheric databases.  Retrospective 

analyses for surface drift can be computed from 1901 to present for drifters in the North 

Pacific using a Live Access Server (LAS) interface maintained by the NOAA fisheries 

service.  The wind-driven component of the surface current velocity is obtained from the 

geostrophic winds using a scaling factor that relates wind speed to surface current speed 

and a rotation angle that accounts for deflection of the surface current velocity to the right 

of the wind direction in the Northern Hemisphere. 

 

Fish timing forecasts are performed for individual salmon runs (e.g. Chilko River and 

Early Stuart) through regressional analyses using SST and OSCURS current indices. In 

particular, the end-of-March prediction for the marine arrival of Chilko Lake stocks has 

been based on the mean combined November plus December SST values for the so-

called “gaksst” region lying within in a 5°×10° box between 45° and 50° N and 140° and 

150° W for the previous year (NEPSTAR region 50; see Figure 1) and the mean eastward 

current for March for the 3°×3°  oceanic region centred at 57.5°N and 145°W in the 

northern Gulf of Alaska (NEPSTAR region 4). Similarly, the first prediction for the Early 

Stuart Sockeye Run forecast is based on the same November/December SST observations 

for the Gulf of Alaska, and the OSCURS “sea current index” for May of the return year 

for the 3°×3° region centred at 45° N and 140°W (NEPSTAR region 40). For both stocks, 

estimates span the period 1950 to present, despite the lack of reliable oceanographic time 

series prior to the satellite ocean observing period that began after 1979. As indicated by 

Table 1 for the Chilko stocks, there is considerable reduction in the skill level (variance 

explained = r2) of the model predictions for the period 1980 to 2009 compared to the full 

1950 to 2009 fisheries period. It is uncertain why the skill level is significantly lower for 

the post-1980 period given that both the SST and OSCURS current velocity time series 

are more reliable for this period. The most obvious conclusion is that the higher 

correlation obtained for the full dataset is an artefact of the highly spatially and 



temporally smoothed oceanographic time series available prior to 1980. 

 

 
Table 1: Variance explained (r2) for pre-season predictions for the 50% Marine Timing 

date for Chilko Lake Sockeye. The left-hand group is for the full return timing period 

(1951-2009); the right-hand group is limited to the period post 1980 with reliable sea 

surface temperature (SST) data. gaksst = average SST for November and December of 

the preceding year in the regional box bounded by 45º-50º N; 140º-150º W in the 

northeast Pacific; oscmh1 is the average March eastward (U) OSCURS current in 

northern Gulf of Alaska.  

 
 OSCURS period 1951-2009 OSCURS period 1980-2009 
   
Month gaksst Oscmh1 combined gaksst oscmh1 Combined 
March 0.291 0.191 0.403 0.186 0.000 0.188 
 
 
 
As noted above, the current index used for the initial Chilko run forecast is the mean 

eastward current velocity for March averaged over (NEPSTAR region 4; see Figure 1).  

The OSCURS current index and the equivalent NEPSTAR index for the 1980 to 2009 

period are compared in Figure 3.  Although the range of OSCURS values is larger than 

the NEPSTAR values, they are highly correlated (r = 0.86).  Figure 4 compares the 

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

(starting in 1980), spatially averaged over NEPSTAR region 50, against the GODAS SST 

for the same time and area; these two series are also highly correlated (r = 0.87) - see 

Table 2 for a complete summary of all data.  These data do not necessarily represent the 

best correlation dataset to be used for future return timing estimates, but because the 

present forecasting method may continue to be used in the near-term, it is clear that the 

POM model currents and GODAS SST data can now be used as the input data to the 

existing regression model. This is important given that the historical methods for 

determining OSCURS current indices and SST are no longer readily unavailable. 

 

A comparison of the return timing date using the historical OSCURS and NEPSTAR 



currents and SST values for the period 1980 to 2009 is presented in Table 3. The table 

also compares model skill (as measured by r2) using eastward currents and SST values 

for April through June, indicating that the model skill peaks in May mainly due to SST 

contributions.    

 

 

 
Figure 3.  March eastward current indices from NEPSTAR (orange) and OSCURS 

(magenta). 

 
Figure 4.  November-December average SST for the central northeast Pacific from 

historical sources (orange) and GODAS (magenta). 

 



Table 2.  Variables used in regional model forecasting of Chilko sockeye salmon 

migration return timing (1980-2010): eastward current velocities averaged over 

NEPSTAR region 4 from March of the return year from OSCURS and NEPSTAR; and 

Sea surface temperatures derived from various sources (historical) and from GODAS 

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

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 

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 



Return Year OSCURS NEPSTAR Historical GODAS 

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 8.80 

 
 
 
Table 3: Variance explained (r2) for pre-season predictions for the 50% Marine Timing 

date for Chilko Lake Sockeye for the period post 1980 with reliable sea surface 

temperature (SST) data. The left-hand estimates are those derived using the historical 

approach with gaksst = average SST for November and December of the preceding year 

in the regional box bounded by 45º-50º N; 140º-150º W in the northeast Pacific and 

oscmh1 the average March eastward (U) OSCURS current in northern Gulf of Alaska. 

The right-hand results are based on the Reynolds SST for the same regional box and the 

NEPSTAR-derived eastward (U) current for the Gulf of Alaska. From April onward we 

use U40 (the “oscmay28” region instead of the U4 (the “oscmh1”) region.  
 
 OSCURS (Ingraham) DOF = 21 NEPSTAR DOF = 21 
   
Month gaksst oscmh1 combined SST 50 U4 combined
March 0.186 0.000 0.188 0.144 0.004 0149
       
    SST50 U39 combined
April NA NA NA 0.340 0.018 0.358
May  NA NA NA 0.464 0.011 0.465
June NA NA NA 0.433 0.096 0.434
       

 
 



Part 2: Co-variability between the return migration timing of Fraser 

River Sockeye Salmon and surface ocean currents and water properties 
 

Specific correlative relations between sockeye return timing and sea surface temperature 

(SST) and surface currents were established more than a decade ago using data sources 

that are now either difficult to obtain (e.g., surface currents from the Ingraham OSCURS 

model) or that provide at a coarser than optimal resolution (e.g., SST with two month 

averages over a 5° × 10° latitude-longitude box). Presently, sockeye return timing 

forecasts are based on linear regressional analysis between historical migration timing 

and a combination of physical oceanographic and individual stock (biological) properties. 

For the Early Stuart and Chilko stocks, the physical oceanographic variables presently 

available include: 

 

• SST averaged over 45-50°N and 140-150°W over November and December the 

year prior to adult sockeye river return year (this is the “gaksst” region of the 

existing prediction model and region “50” of the NEPSTAR model); 

• Eastward surface current velocity over a 3° × 3° box centered at 45°N, 140°W in 

May of return year (Early Stuart) (this is the “oscmay28” region and the 

NEPSTAR region 40); 

• As above but averaged over 45-50° N and 140-150° W (Early Stuart); 

• The average latitude in °N of the 8 °C SST isotherm in May of return year (Early 

Stuart); 

• Eastward surface current velocity over a 3° × 3° degree box centered at 57.5° N, 

145° W in March of return year (Chilko) (the OSCURS “oscmh1” region and 

region “4” of the NEPSTAR model); and  

• Eastward surface current velocity over a 3° × 3° box centered at 47.5° N, 130° W 

in June of return year (Chilko).(the “oscje24” region). 

 

As part of the NEPSTAR salmon migration modelling system, we are re-examining 

empirical relations between migration timing and SST and surface currents for the 

revised (May 2010) Early Stuart and Chilko salmon stocks. 



Data and Methods 

There are 51 and 52 years of return migration timing data for the Early Stuart and Chilko 

salmon stocks at Pattullo Bridge (New Westminster) and Area 20 (Juan de Fuca Strait), 

respectively (Figure 5). This figure reflects updated marine migration timing data for the 

Chilko and Early Stuart data provided by the Pacific Salmon Commission (Michael 

Folkes, Department of Fisheries and Oceans, pers. comm., April and May 2010). There 

are also 30 years of timing data available up-river at Mission which will be examined 

later in the context of variability in the Strait of Georgia/Juan de Fuca Strait versus 

migration timing, especially for the Chilko. 

 

 
Figure 5. “Marine” in-bound migration timing of four Fraser River sockeye stocks (Early 

Stuart; Chilko, Weaver, and Adams). 

 

 



To demonstrate the relations between oceanographic conditions and fish migration, we 

considered the linear correlation between Early Stuart/Chilko migration timing (Patullo 

Bridge/Area 20) and northeast Pacific near-surface currents, SST, and wind stresses. 

These data are summarized in Table 4. For our analyses we focus on years since 1980, a 

period when SST data are more complete with the advent of satellite products. Current 

velocities at the surface and 30 metres depth have been simulated using the POM model 

over 1980-2009. SSTs are a blend of satellite/in situ data from the Optimum Interpolation 

(OI) SST V2 data (Reynolds et al. 2002) over 1982-present. Wind stresses have been 

obtained from the  NCEP/NCAR Reanalysis-1 data set over 1948-present, (Kistler et al. 

2001). This is a useful data source since it is widely used and its gridded values are 

global, so the entire northeast Pacific is covered. Wind stress is being used as a proxy for 

wind-driven surface currents (where or when not available) since they quantify the force 

exerted on the surface of the ocean by the wind. The Reanalysis data set also includes 

SSTs which have been prescribed from other sources, consisting of OI SSTs, 1982-

present, and the UK Meteorological Office HadISST (Rayner et al. 2003) before that. 

 
 
Table 4. Data characteristics. 
 
Variable Temporal Characteristics Spatial Characteristics 

Resolution Range Resolution Range 
Chilko Marine 
Migration 
Timing 

Annual 1951-2009 Single location  Area 20, Juan 
de Fuca Strait 

Early Stuart 
Marine 
Migration 
Timing 

Annual 1953-2009 Single location  Area 20, Juan 
de Fuca Strait 

POM U and V 
Velocities 

Daily 1980-2009 1° x 1° latitude-
longitude grid 

northeast 
Pacific Ocean 
40°-60° N, °-
124° to 180W 

Optimum 
Interpolation 
(OI) SST V2 

Weekly 1982-2010 1° x 1° latitude-
longitude grid 

northeast 
Pacific Ocean 
40°-60° N, °-
124° to 180°W 



Variable Temporal Characteristics Spatial Characteristics 
Resolution Range Resolution Range 

NCAR/NCEP 
Reanalysis 1 
Wind Stress 

Daily 1948-2010 1.9° x 1.9° 
latitude-
longitude grid 

northeast 
Pacific Ocean 
40°-60° N, °-
124° to 180°W 

Lighthouse SST 
& SSS 

Daily Variable, 
depending on 
the lighthouse 

Variable 
locations  

Coastal British 
Columbia 

 
 

The day of year of Chilko and Early Stuart marine migration timing have been compared 

with the ocean variables listed above for years after 1980 with coincident data. Each 

marine timing series was correlated with each ocean time series separately. We have 

examined the ocean time series averaged over periods ranging from 3 to 91 days, and 

over a range of lags from July 1 of the year of river entry back through November of the 

year preceding river entry. In addition to the mean of the ocean variable, we also 

considered the variance, as well as its minimum and maximum value, over the given time 

periods. This was to determine if there were stronger relations with these measures of 

variability and extremes than the simple mean value of the ocean variable over the given 

time period. 

 
Results 
 
Chilko Marine Migration Timing 
 
Near-Surface Eastward Current Velocities (historical OSCURS direction) 

For regression of the Chilko marine migration timing against the POM 1-m depth mean U 

(eastward) velocity, the highest magnitude correlation over all combinations of the ranges 

of space, time averages, and time lags, is r = –0.83 (p<0.05) for a region centered at 54.5º 

N 136.5º W spanning a five-day period centered on March 18 for the year of river entry 

(Figure 6). The negative relation for this location northwest of the Queen Charlotte 

Islands appears reasonable in that years with stronger eastward currents (i.e., a “tailwind” 

for the eastward migrating fish) are associated with earlier marine timing, and vice versa. 

The highest current velocity occurred in 2005, an anomalous year in many respects, 

including high overall surface ocean temperatures. However, the value in 2005 doesn’t 



appear to define the relation; in particular, the value for 2005 is not off the regression line 

obtained using all data except 2005, even though the 2005 values certainly strengthens 

the relation significantly. 

 
 
Figure 6. Relation between Chilko return timing at Area 20/Juan de Fuca and the mean 

daily U (eastward) velocity averaged over 5 days, centered on March 18 of the return 

timing year. The solid line represents the linear regression fit between the two variables 

and the dotted lines the 95% confidence intervals for a new observation.  

 

 

Although the averaging period of five days is short, we note that the correlation phase 

space is actually significant (at p ≤ 0.05) for r-values with magnitudes greater than 0.7 for 

averaging periods of up to about 10 days (Figure 7), with smaller, albeit still significant r-

values for averaging periods of up to 40 days. When we examine the peak r-value for 

these averaging periods and lag of 5 days (centered on March 18) for the entire spatial 

region, we find a large swath of significant r-values over the northeast Pacific extending 



along coastal British Columbia and Alaska westward to 140-150º W (Figure 8). While we 

have some concern that the r-value peak location at 54.5º N 136.5º W might be too close 

to the coast when considering sockeye locations for the time of year (March), we note 

that the range of significant r-values extends over much of the northeast Pacific – likely 

encompassing offshore waters the returning sockeye are passing through. Moreover, the 

center of this region is close to where homing sockeye salmon are believed to make 

landfall near the Queen Charlotte Islands (Mike Lapointe, Pacific Salmon Commission, 

pers comm. 2008). It is also where the eastward flowing Subarctic Current bifurcates into 

the northeastward Alaska Current and southeastward California Current in summer. It is 

here that the mean U velocity component changes sign (Figure 9) and where U is likely to 

undergo high temporal variability compared to other regions of the basin (Figure 10). 

 
Figure 7. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 

and the mean daily POM U (eastward) velocity at 54.5º N 136.5º W averaged over 3-91 

days at lags from July 1 back to mid-March of the year of river entry. The heavy solid 

lines represent significance at the p=0.05 level of significance. 



 
Figure 8. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 

and the mean daily POM U (eastward) velocity over the northeast Pacific averaged over 5 

days centered at March 18 of the year of river entry. The heavy solid lines represent 

significance at the p=0.05 level of significance. 

 
 
 

 
Figure 9. Means of daily POM U (eastward) velocity over the northeast Pacific over 5 

day periods centered on March 18 of the year of river entry. 

 



 
 
Figure 10. Standard deviations of daily POM U (eastward) velocity over the northeast 

Pacific over 5 day periods centered on March 18 of the year of river entry. 

 

 

Near-Surface Northward Current Velocities 

For Chilko marine migration timing and POM 1-m depth mean V (northward) velocities, 

peak correlation is r = –0.78 (p<0.05) for a region centered at 40.5º N, 131.5º W for a 17- 

day average centered on June 21 for the year of river entry (Figure 11). The significant 

negative relation applies to longer averaging periods of up to three months (Figure 12) 

and extends north to the west coast of the Queen Charlotte Islands (Figure 13). The core 

of this region is where V is generally negative (southward) in summer, reflecting the 

southeastward flow of the California Current.  This regressional case suggests that a 

weaker (i.e., more positive) California Current leads to earlier marine migration, and 

vice-versa. Thus, the weaker the California Current in summer, the less the fish are 

advected equatorward away from Johnstone and Juan de Fuca straits, and the earlier 

migration timing. It is also plausible that a weaker than normal equatorward tendency in 

the California Current causes the fish to favour travel toward the shorter Johnstone Strait 

migration route. Alternatively, the regression may simply be due to the link between a 

stronger eastward Subarctic Current and a stronger southeastward California Current in 

summer. Thus, the link between return timing and surface flow is due to a direct link with 

the eastward flowing Subarctic Current in the open ocean rather than with the California 



Current itself. 

 
 
Figure 11. Relation between Chilko return timing at Area 20/Juan de Fuca and the mean 

V (northward) surface current velocity averaged over 17 days, centered on June 21 of the 

return timing year. The solid line represents the linear regression fit between the two 

variables and the dotted lines the 95% confidence intervals for a new observation. 

 



 
Figure 12. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 
and the mean POM V (northward) surface current velocity at 40.5º N 131.5º W averaged 
over 3-91 days at lags from July 1 back to mid-March of the year of river entry. The 
heavy solid lines represent significance at the p=0.05 level of significance. 
 
 

 
Figure 13. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 
and the mean POM V (northward) surface current velocity over the northeast Pacific 
averaged over 17 days centered at June 21 of the year of river entry. The heavy solid lines 
represent significance at the p=0.05 level of significance. 
Sea Surface Temperature 



The maximum correlation between sea surface temperature (SST) and Chilko marine 

migration for 1982-2009 (the period of the OI SST data set) is r = +0.75 at 48.5º N, 

139.5º W for 3-day temporal averages centered on June 3 (Figure 14). At longer 

averaging periods, r is still greater than +0.6 out to 90 days (Figure 15), and significant r 

values cover much of the northeast Pacific (Figure16). 

 

 
 
Figure 14. Relation between Chilko return timing at Area 20/Juan de Fuca and the mean 

daily SST averaged over 3 days centered on June 3 of the return timing year. The solid 

line represents the linear regression fit between the two variables and the dotted lines the 

95% confidence intervals for a new observation.  

 



 
Figure 15. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 

and the mean SST at 48.5º N 139.5º W averaged over 3-91 days at lags from July 1 back 

to November of the year preceding river entry. The heavy solid lines represent 

significance at the p=0.05 level of significance. 

 

 
 
Figure 16. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 

and the mean SST over the northeast Pacific averaged over 3 days centered at June 3 of 



the year of river entry. The heavy solid lines represent significance at the p=0.05 level of 

significance. 

 

There are other peak correlations over the range of space, lags, and averaging periods, 

including one at 42.5º N, 144.5º W for averaging periods of 31 days centered on January 

10 the year of river entry (Figure 17). Again the range of significance is large over a 

range of lags and averaging periods (Figure 18) and over much of the northeast Pacific 

south of 50º N (Figure 19). Since the averaging period is centered on January 10, the long 

lead time allows us to predict a return date of August 5 for the 2010 Chilko marine timing 

(see value in blue in Figure 17).  

 

 
 
Figure 17. Relation between Chilko return timing at Area 20/Juan de Fuca and the mean 

daily SST averaged over 31 days, centered on January 10 of the return timing year. The 

solid line represents the linear regression fit between the two variables and the dotted 

lines the 95% confidence intervals for a new observation. For 2010, the predicted return 

date is August 5. 



 

 
 
Figure 18. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 

and the mean SST velocity at 42.5º N 144.5º W averaged over 3-91 days at lags from 

July 1 back to November of the year preceding river entry. The heavy solid lines 

represent significance at the p=0.05 level of significance. 



 
 
Figure 19. Correlation (r-values) between Chilko return timing at Area 20/Juan de Fuca 

and the mean daily SST over the northeast Pacific averaged over 31 days centered at 

January 10 of the year of river entry. The heavy solid lines represent significance at the 

p=0.05 level of significance. 

 
 
Comparison of Relations with OSCURS 

For the Chilko marine timing, we have obtained a maximum correlation with the 

eastward surface current off the Queen Charlotte Islands in March, similar to that used in 

the OSCURS scheme. However, the OSCURS grid square (a 3° × 3° degree box centered 

at 57.5° N, 145° W in March) mostly falls beyond the p = 0.05 significance line indicated 

in Figure 9 and will therefore need to be adjusted for use in any new forecast model. 

For SST, the region of highest correlation (Figure 16) is nearly the same as that used for 

OSCURS (45-50°N and 140-150°W) but the time period is the beginning of June of the 

year of river entry as opposed to the mean November –December SST value using by 

OSCURS. There is also a comparable peak in the winter before river entry centered on 

January 10 although the region is somewhat further south than that as used in OSCURS, 

indicating the SST region(s) will also need to be adjusted for the new forecast model. 

 

Early Stuart Marine Migration Timing 

Marine migration timing for Early Stuart sockeye have recently been updated by the 



Pacific Salmon Commission (Michael Folkes, pers. comm., May 13, 2010). All future 

analyses will be conducted using these revised data series. 

 
 
Summary 
 
The predictive Princeton Ocean Model developed for NEPSTAR is now operational and 

can be used to hindcast temperature, salinity, and current velocity fields for the northeast 

Pacific Ocean dating back to 1980. Analyses of the current velocities with SST fields 

from the Optimum Interpolation V2 and GODAS SST have allowed re-assessment of the 

predictive skill for using these fields to predict Chilko and Early Stuart marine migration 

timing as defined by the OSCURS methodology. The low skill suggests that a change 

might have occurred in fish behaviour and/or ocean variability since the OSCURS 

relations were established, and perhaps a change in datasets might also be a contributing 

factor. Initial regressional analyses between the model velocity fields and SST are 

suggesting different regions, time lags, and averaging periods have more predictive skill 

than those defined by OSCURS. This analysis will be refined further to allow formulation 

of a new migration timing predictive model. This approach will be augmented by forward 

and back-trajectory modelling of sockeye within the model velocity fields to help assess 

and formulate predictive methodology (see the Executive Summary). 

 

Using an updated forecast model based only on January OI SST values, we predict a 

Chilko %50 return date of August 5, 2010.  Other forecast model results based on OI SST 

and NEPSTAR POM currents will be formulated and assessed for predictive skill as the 

2010 migration season progresses. 

 



Appendix: Data Sources for Retrospective Ocean Modelling 
 
The Princeton Ocean Model employs a time-varying surface momentum boundary 

condition based on user-provided winds, and requires three-dimensional temperature and 

salinity data as initial conditions to compute the spatially varying density field.  Other 

time-varying inputs can include sea-level atmospheric pressure, net incident long-wave 

and short wave radiation, and tidally-force elevation changes at the open boundary.  This 

section outlines the available sources of data to fill the POM requirements in both 

hindcast and forecast mode. 

 
Temperature and Salinity: NCEP Global Ocean Data Assimilation 
System (GODAS) 
 
The Global Ocean Data Assimilation System (GODAS) is being developed and operated 

by the National Center for Environmental Prediction (NCEP) as a follow on to the Ocean 

Data Assimilation System (ODAS) (Behringer and Xue, 2004). The system uses a three-

dimensional ocean data assimilation model (3DVAR) at 1º×1º horizontal resolution 

(enhanced North-South to 1/3º×1/3º between 10º N and 10º S).  There are 40 vertical 

levels spaced initially at 10 m for the first 200 m (see inset below).  The assimilation 

system uses XBT, moored buoy and ARGO float data for assimilation.  A re-analysis has 

been performed back to 1979, but complications with data conversion errors and 

changing in-situ data sources have put many caveats on using the re-analysis data.    

 



NCEP Global Ocean Data Assimilation System (GODAS)  

Temporal Coverage: 

1. Monthly values for 1980/01 - Jul 2008 .  

Spatial Coverage: 

1. 0.333 degree latitude x 1.0 degree longitude global grid (418x360).  
2. 74.5S - 64.5N, 0.5E - 359.5E.  
3. 74.0S - 65.0N, 1.0E - 360.0E.  

Levels: 

1. 5, 15, 25, 35, 45, 55, 65, 75, 85, 95, 105, 115, 125, 135, 145, 155, 165, 175, 185, 195, 205, 215, 225, 238, 
262, 303, 366, 459, 584, 747, 949, 1193, 1479, 1807, 2174, 2579, 3016, 3483, 3972, 4478 m depth.  

2. 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 231, 250, 
282, 334, 412, 521, 665, 848, 1071, 1336, 1643, 1990, 2376, 2797, 3249, 3727, 4225, 4736 m depth (for 
geometric vertical velocity only).  

3. Sea Surface  

 

Wind data: North American Regional Reanalysis (NARR) 
 
A regional version of the NCEP reanalysis has been performed from 1979/01/01 to 

present, on a 32 km Lambert conformal grid (Figure A.1), with all variables output at 3-

hourly intervals.  The grid will cover the region 110-180° W by 40-62° N or 110-170° W 

by 30-62° N, but there is a missing corner where coverage is not possible on a full 

lat/long grid with the bottom left corner at 30° N and 180° W.   

 



Figure A.1.  NCEP North American Regional Reanalysis (NARR) Lambert conformal 

grid coverage. 
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