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ABSTRACT

Christian, J. R. and Foreman, M.G.G. 2013. Climate trends and projections for the Pacific Large
Aquatic Basin. Can. Tech. Rep. Fish. Aquat. Sci. 3032: xi + 113 p.

The Pacific Large Aquatic Basin (LAB) includes all marine waters along the west coast of Canada as
well as rivers, lakes and streams bearing anadromous fishes that live in the Pacific Ocean for part of
their lifespan. There are four spatial sub-divisions of the Pacific LAB: Strait of Georgia (SOG), West
Coast of Vancouver Island (WVCI), North Coast (NC), and Gulf of Alaska (GOA). The Gulf of Alaska
includes all oceanic waters beyond the continental shelf. Within these domains there are a variety of
sources of data on trends in and projections of climatic and ocean states. Some data sets collected by
DFO go back more than half a century while others are much more recent. In this report we document
trends in temperature, salinity and stratification, coastal sea level, the carbon system, oxygen, and
nutrients, and projections of these quantities using Global Climate Models (GCMs) and future
greenhouse gas forcing scenarios. A trend is based on past observations; the length of the observational
records varies and in many cases is too short to detect long-term trends against the background of
natural variability. A projection is estimated from climate model output based on scenarios for future
anthropogenic greenhouse gas emissions. For the coastal domains, GCM output was downscaled using
regional atmosphere and ocean models with greatly enhanced resolution relative to the GCMs. Trends
and projections show a coherent picture of an ocean becoming warmer, fresher and more stratified,
resulting in reduced entrainment of nutrients into the euphotic zone and declining subsurface oxygen
concentration. In some cases these trends are modulated by opposing tendencies in certain regions and
seasons, e.g., through the enhancement of upwelling-favourable winds. Global sea level rise and ocean
acidification are monotonic trends superimposed on background natural variability. Sea level rise is
mitigated somewhat on the BC coast by tectonic uplift of the land; extreme states associated e.g. with El
Nifio events become more serious risks as mean sea level increases. In the freshwater habitats of Pacific
salmon, air temperatures are projected to increase with regional and seasonal variation in the magnitude,
while precipitation changes may be positive or negative depending on region and season. Warmer, drier
summers will pose risks to stocks in some areas.



RESUME

Christian, J. R. and Foreman, M.G.G. 2013. Climate trends and projections for the Pacific Large
Aquatic Basin. Can. Tech. Rep. Fish. Aquat. Sci. 3032: xi + 113 p.

Le grand bassin du Pacifique inclut toutes les eaux marines le long de la cdte ouest du Canada ainsi que
les rivieres, lacs et cours d'eau abritant des poissons anadromes qui vivent dans I’océan Pacifique pour
une partie de leur vie. Le grand bassin du Pacifique se divise en quatre sections spatiales: le détroit de
Géorgie, la cote ouest de I’ile de Vancouver, la cote Nord et le golfe d’Alaska. Le golfe d’Alaska
comprend toutes les eaux océaniques au-dela du plateau continental. Il existe diverses sources de
données sur les tendances et les projections des conditions climatiques et océaniques pour ces régions.
Quelques ensembles de données ont été recueillis par le MPO depuis plus d’un demi siecle tandis que
d’autres sont beaucoup plus récents. Dans le cadre de ce rapport, nous documentons les tendances de la
température, salinité¢ et stratification, niveau cotier de la mer, le systétme de carbone, oxygene et
¢léments nutritifs ainsi que les projections de ces variables dérivées de modeles climatiques globaux
(MCGs) et de scénarios futurs de forcage des gaz a effet de serre. Une tendance est fondée sur des
observations antérieures; le nombre d’observations réalisées varie mais souvent le nombre limité ne
permet pas de révéler des tendances a long terme dans le contexte de la variabilité¢ naturelle. Une
projection est obtenue a partir des résultats de modéles climatiques qui s’appuient sur des scénarios
d’émissions futures de gaz de serre d'origine anthropique. Pour les domaines cotiers, les données
produites a partir de MCGs ont été converties a une échelle plus fine a I’aide de modeles régionaux
atmosphérique et océanique offrant une résolution nettement améliorée par rapport au MCGs. Les
tendances et projections dressent un tableau cohérent d’un océan qui devient plus chaud, doux et
stratifié; ce qui réduit I’entrainement des éléments nutritifs vers la zone euphotique et la concentration
de I’oxygene en profondeur. Dans certains cas, ces tendances sont mitigées par des tendances opposées
dans certaines régions et saisons; par ex. par l’intensification des vents favorables a la remontée. La
hausse du niveau de mer global et 1’acidification de I’océan sont des tendances monotones qui s’ajoutent
a la variabilité naturelle fondamentale. La hausse du niveau de mer est atténuée sur la cote de la C.-B. en
partie par le soulévement tectonique des régions cotieres; conditions extrémes associées par ex. avec les
¢vénements El Nifio posent des risques plus grands avec la montée du niveau moyen de la mer. Les
températures de 1’air devraient augmenter dans les habitats d’eau douce du saumon du Pacifique, avec
des variations régionales et saisonniéres en magnitude, tandis que les changements de précipitation
seront soit positifs ou soit négatifs selon la région et la saison. Des étés plus chauds et secs poseront des
risques aux stocks dans certaines régions.
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INTRODUCTION
J. R. Christian, Institute of Ocean Sciences, Fisheries and Oceans Canada

GEOGRAPHICAL SCOPE OF THE PACIFIC LARGE AQUATIC BASIN

The geographical scope of the Pacific Large Aquatic Basin (LAB) is the marine waters along the west
coast of Canada, as well as rivers, lakes and streams bearing anadromous fishes that live in the Pacific
Ocean for part of their lifespan. The characteristics of both marine and freshwater environments differ
considerably across the region. The Pacific LAB consists of the open ocean ecosystems of the Gulf of
Alaska, the Canadian portion of the North Pacific continental shelf (from the Strait of Juan de Fuca to
Dixon Entrance), the Canadian portions of the Salish Sea (Straits of Georgia and Juan de Fuca), the
numerous fjords and inlets of the BC coast, and the rivers where salmon and other anadromous fish
spawn. The various domains are connected by the migrations of the salmon (which are present in all
five domains), by the influence of freshwater inflow on coastal circulation, and by the upwelling of
nutrient rich but oxygen and carbonate poor waters from the oceanic thermocline onto the continental
shelf.

There are four spatial sub-divisions of the Pacific LAB: Strait of Georgia (SOG), West Coast of
Vancouver Island (WVCI), North Coast (NC), and Gulf of Alaska (GOA) (Figure 1). The Gulf of
Alaska includes all oceanic waters beyond the continental shelf (as defined e.g., by the 300 m depth
contour). The SOG subdomain includes all Canadian waters of the Salish Sea (which includes the Strait
of Juan de Fuca and Puget Sound as well as the Strait of Georgia proper). The North Coast region
roughly overlaps the Pacific North Coast Integrated Management Area (PNCIMA). While there may be
biophysical justifications for further subdividing this region, it is aggregated here for primarily practical
rather than conceptual reasons (e.g. lack of data).
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Figure 1: The four spatial sub-divisions of the Pacific LAB: Strait of Georgia (SOG), West Coast of
Vancouver Island (WVCI), North Coast (NC), and Gulf of Alaska (GOA).



OCEANOGRAPHIC CONDITIONS

Among the three marine LABs (Atlantic, Arctic, and Pacific), the Pacific is unique in that it lacks sea
ice, at least within Canadian waters. Another unique oceanographic characteristic is the extremely low
oxygen concentrations and low CaCOj; saturation states found at very shallow depths of the oceanic
thermocline. Finally, the economic importance of anadromous fish is much larger than in the other
LABs (the wild Atlantic salmon fishery being of relatively minor importance), so the impacts of
terrestrial climate changes are more directly experienced by marine fisheries.

The seasonal cycle of wind stress varies greatly along the coast. The west coast of Vancouver Island
(WCVI) is part of the California Current large marine ecosystem, characterized by seasonal upwelling
that exists throughout the US west coast from Washington to California. The winds are upwelling
favourable (Ekman transport offshore) in summer, with downwelling (transport onshore) in winter.
Further north the prevailing winds induce onshore transport (downwelling) year round, although the
mean wind is relatively small compared to the variance in winter (i.e., storm-induced mixing and
mesoscale currents are more important than the mean flow). The BC coast is characterized by large
amounts of freshwater input, which affects coastal circulation both by enhancing near-surface
stratification and via currents induced directly by the flux of 'excess' water.

The large freshwater flux (along with the mineralogy of the drainage basins) also regulates productivity
via the mixture of nutrients available to phytoplankton. For example, BC coastal waters are rich in
silicate, and the principal limiting nutrient is nitrogen (Whitney et al. 2005). It is important to note that
river borne nutrients play a relatively small role in regulating phytoplankton production: enormous
amounts of nitrogen are dissolved in subsurface ocean water and marine phytoplankton growth is mostly
determined by physical ocean processes such as seasonal stratification and mixing and upwelling of
nutrients into the near-surface layers. Open ocean waters of the Gulf of Alaska are mostly iron-limited,
but the boundary between the iron and nitrogen-limited domains is not well characterized and is likely
an ever-changing mosaic. Mesoscale eddies that are characteristically generated at specific locations
along the coast are an important mechanism for transport of iron from the shelf to iron-deficient offshore
waters (Johnson et al., 2005). Diatoms and dinoflagellates dominate the phytoplankton of the shelf and
coastal domains but give way to the smaller (<10 pm) flagellates in the open Gulf.

CLIMATE VARIABILITY

Northeast Pacific climate has an extremely large amount of year-to-year variability. This is usually
known as interannual to interdecadal variability, interannual being variations such as the El Nifio —
Southern Oscillation (ENSO), with a characteristic timescale of 3-7 years, and interdecadal the longer
time scale variations associated with the Pacific Decadal Oscillation (PDO). These terms refer to
variations in climate at the same phase of the seasonal cycle in successive years. They are smaller in
amplitude than the seasonal cycle, but large relative to the more gradual long-term trends associated
with anthropogenic warming. So on a time scale of e.g. 10-20 years, the anthropogenic component will
be small (although its relative magnitude may increase, depending on future emissions).

It is important to note that while the term 'oscillation' may seem to imply a regular, cyclic process, the
PDO is neither. It is simply a term that came into use with the observation that the system tends to
'oscillate' between two apparently distinct states: colder (warmer) than usual in the Northeast Pacific and
the eastern tropical Pacific when it is warmer (colder) than usual in the west-central Pacific. This is
partly an artefact of the statistical methods used to characterize the phenomenon, but even to the extent
that these 'reversals' are a real phenomenon, they do not occur at regular intervals. Nor are they
demonstrably cyclic in the way that ENSO is (despite its irregular period). The year-to-year variability
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is thus for all practical purposes “noise” (every frequency contributes about equally) with a slight bias
towards lower frequencies (i.e., warmer and colder years tend to come in clusters so if one year is
unusually cold there is a better-than-even chance that the next one will be as well).

Skill at predicting climate variations more than a season ahead is limited and may not improve much in
the coming decades, as it is limited by the inherent unpredictability of the climate system and not simply
by our technology and ingenuity. Much of the coherence and predictability in coastal BC climate
derives from ENSO. El Nifio events are rarely predictable more than a season ahead (although this could
conceivably improve), but often their genesis can be clearly seen a few months prior to the peak, and
there are predictable consequences for coastal BC climate and sea level. The state of the tropical Pacific
is now well observed in real time, so the effects of ENSO on the Pacific LAB can be 'predicted' from
these observations even if they can not be forecast ahead of time. However, one of the largest unsolved
problems in climate science is whether anthropogenic warming will 'project' onto the ENSO "'mode’ (i.e.,
will manifest as a shift towards greater prevalence of one extreme of the existing mode), whether it will
be a uniform warming across an unchanged 'background' ENSO, or something in between (e.g. Vecchi
and Wittenberg 2010). The implications of this for the Pacific LAB are mostly in the frequency of
extreme years at either end of the spectrum (e.g. El Nifio winters with warm temperatures and little
snow, La Nifia winters with heavy snow).

TRENDSAND PROJECTIONS

A trend is based on past observations, and the length of the observational records varies. A projection is
estimated from climate model output based on assumptions about future anthropogenic greenhouse gas
emissions. We make projections only for the 50 year timescale.

In the North Pacific, natural climate variability is large relative to the long-term anthropogenic trend.
Climate model projections are not meaningful on the 10-year time scale, and trends based on less than
20-30 years of data can not be assumed to represent long-term trends. Ten year projections are best
estimated as linear extrapolations of past trends, with the caveats that (a) only those based on relatively
long time series are robust trends, and (b) even these are only our best estimate of the long-term trend on
which unpredictable short-term variability is superimposed, and not the total signal.

The uncertainty associated with extrapolation of a trend depends of the length of the data record used to
estimate the trend, and on how far out we extrapolate. Extrapolating an observed trend 50 years out
would be extremely speculative. On a ten year time scale, it is possible to extrapolate present trends if
the data record is sufficiently long, but as noted above, the natural variability will tend to overwhelm the
anthropogenic component at this time scale.

The 50 year projections are based on climate model output, and uncertainty derives from three sources:
(1) the forcing scenario (the greenhouse gas emissions used to force the model), (2) model error, and (3)
model internal variability. The latter is analogous to the natural (e.g., PDO) variability discussed above.
A good model reproduces the general characteristics of this variability (i.e. it will reproduce the
frequency and magnitude of events), but climate models can never reproduce the timing of specific
events exactly. Therefore model projections are only useful when averaged over fairly long periods (20
years has been used routinely in ACCASP). We also minimize model error by averaging over multiple
models. While it is possible that there are systematic biases common to most or all models, it is well
established that the average of an ensemble of models developed (mostly) independently will generally
be a better predictor of the actual state than any individual model (Lambert and Boer 2001).



Scope of thisreport

This report represents a summary of our best available knowledge at this time about trends in and
projections of the oceanography and climate of the Pacific LAB. It consists of a number of largely
independent reports on specific topics. In most cases if a topic is not covered it is because there is no
information available. This report does not consider trends in abundance of fish or other "macro"
organisms, which will be covered in separate publications by the by the Impacts, Vulnerabilities and
Opportunities (IVO) group.

TRENDS

TRENDSIN SEA SURFACE TEMPERATURE AND SALINITY
P. Cummins and D. Masson. Institute of Ocean Sciences, Fisheries and Oceans Canada

I ntroduction

Anthropogenic global warming is a phenomena taking place on a century-long time scale. However,
ecosystem-based management of coastal waters must consider not only such long term secular changes
but also variability in the marine environment occurring over range of time scales, from seasonal out to
the medium term, say 20 to 30 years. Both long term global warming, as well as natural variability on
ENSO to decadal time scales, can contribute importantly to variability over the middle-term. While it is
reasonable to expect secular warming trends to dominate over the long term, what can be expected over
the middle term? To address such a question, we have characterized trends and variability of the coastal
waters of BC. For this purpose, use is made of data collected at lighthouse stations (Figure 2), in part
because they represent some of the longest records available.
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Figure 2: Lighthouse stations are indicated by red dots. This represents a subset of the stations with the
longest records.

Six stations with long, near-continuous records to 2010 are considered:
e Entrance Island — 74 yrs
e Race Rocks — 69 yrs



Amphitrite Pt. — 76 yrs
Kains Is. — 76 yrs
Langara Is. — 74 yrs
Pine Is. — 74 yrs

Additional sites considered are:
e Bonillals. — 51 yrs
e Chrome Is. — 48 yrs

Analysis of lighthouse data

Temperature and salinity anomalies are formed by removing monthly means for 1971-2000 from the
data. Except where noted, no smoothing of data is done. Anomalies are de-trended by removing long
term linear trends. Empirical Orthogonal Functions (EOFs) of the longest records are used to
characterize regional variability. Time series analysis techniques were applied to leading Principal
Components (PCs). The extent to which the leading PCs are related to other indices or forcing was
examined. The influence of decadal variability on trends of varying duration was also examined.

Variability

An EOF analysis on the SST and SSS records is used to characterize the variability. The leading
principal components of SST and SSS and given in Figure 3 and Figure 4.
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Figure 3: PC1 for lighthouse SST provides an index of SST variability for coastal BC waters. Note the
variability occurring on decadal time scales.
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Figure 4: PC1 for lighthouse SSS. This also shows variability over a wide range of time scales. PCI for
salinity is not correlated (r = -0.1) with PC1 for SST.
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Figure 5: Autocorrelation for PC1 of lighthouse SST (top panel and SSS (lower panel).

The autocorrelation function the leading principal component of the lighthouse SST and SSS data are
shown in Figure 5. The dotted lines indicate an exponential decay of autocorrelation which provides a
reasonable fit for lags out to 6 months. The integral time scale for the SST principal component is 10
months, whereas it is only 5 months for the SSS principal, indicating that SSS is subject to greater short
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term variability than SST. All entries in Table 1 are of the same sign, implying in-phase co-variability
over the entire coast. The non-stationary Langara salinity record is omitted.

Table 1: Leading mode EOF amplitudes (loadings).
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SST mode 1 SSSmode 1
(68% variance) | (59% variance)

Amphitrite Pt. 0.46 0.47
Kainsls. 0.50 0.44
Langarals. 0.44 o

Pinels. 0.37 0.13
Entrancels. 0.36 0.75
Race Rocks 0.28 0.11

Figure 6: PC1 of lighthouse SST vs. the PDO. A 9-month triangular filter has been applied to both

records.
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Figure 7: Cross-correlation of PC1 and PDO time series in Figure 6. Red line indicates no smoothing.

The time history of PC1 of lighthouse SST is compared with that of the Pacific Decadal Oscillation in
Figure 6. Note the generally close agreement on decadal times scale. The cross-correlation between the
two time series is given in Figure 7 and indicates that the two records are most correlated at zero time
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lag. The implication is that the leading mode of BC coastal SST co-varies with the large scale
variability over the Pacific. This is consistent with the earlier finding of Masson and Cummins (2007)
that low frequency variability in the Strait of Georgia water column temperature reflect northeast Pacific
variability as measured along Line P (Figure 8).
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Figure 8: Depth-averaged temperature anomalies in the Strait of Georgia (blue curve) and for 10-50 m
along Line P (red curve), normalized by the standard deviation for each region. Figure is adapted from
Masson and Cummins (2007).

The leading principal component (PC1) of SST variability represents an index of variability for coastal
BC waters. This PCI1 is strongly correlated with the PDO index, which is the leading principal
component of SST variability over the entire extratropical North Pacific. We can not say that local SST
variability is driven by the PDO. Rather, they co-vary on interannual to decadal time scales. They may
be driven by common forcing. SSS anomalies have shorter time scales than SST and appear to be
locally driven as they are not related to any large scale climate index. The results presented here are
consistent with an earlier study (Masson and Cummins 2007) that showed water column temperatures in
the SoG covary with Line P temperatures.

L ong ter m and decadal trends

Long term trends, calculated over the full length of each record, are given in Table 2, along with 95%
confidence intervals. These intervals were computed according to an exponential fit to the
autocorrelation of each record, as in Masson and Cummins (2007). All of the stations display varying
degrees of warming over the long term, presumably reflecting the global warming signal. These results
are largely consistent with the SST trends identified in the shorter lighthouse records analysed by
Freeland (1990). The SSS data also indicate a tendency for freshening of the offshore coastal waters
(see subsequent chapter on Trends In Temperature, Salinity, Water Column Stability And Mixing Depth
In The Open Gulf Of Alaska).

Trends over the middle term, say over 20-40 years, are also of interest and will reflect both long term
secular trends, as well as variability on decadal time scales. Figure 9 illustrates 20-year running trends
for SST based on records at four representative lighthouse stations.



Table 2: Long term secular trends at different lighthouse stations.

Duration | dof (T) Temp trend dof (S) | Salinity trend
(yrs) (°C century™) (century™)
Amphitrite Pt. 76 140 0.77 £ 0.60 228 -0.78 + 0.54
Kainsls. 76 96 0.57+0.74 223 -0.45 + 0.50
Entrancels. 74 198 1.48 +£0.53 192 1.09 £ 0.79
Race Rocks 69 78 1.52+£0.57 56 -0.33+£0.51
Pinels. 74 51 0.86+0.80 86 -0.67 £0.33
Langarals. 71 104 0.85+0.75 73 -1.36 £0.31
Bonillals. 51 89 0.86 +1.05 77 0.50 +£0.60
Chromels. 48 144 3.60 + 1.86 61 0.46 £1.35
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Figure 9: Running 20-year SST trends for four lighthouse stations. Note that the long term trend has not
been removed from the SST anomalies for this calculation.

Average histograms for the running SST trends of varying length are presented in Figure 10. The
average is based on the four stations presented in Figure 9. The results show that as the period over
which trends are determined becomes longer, the histogram becomes narrower and shifts toward
positive values reflecting to the long term warming over the region. A similar change is seen in results
from global climate models (Easterling and Wehner 2009). For shorter periods, the spread of the
histogram is greater due to decadal variability. The probability of a negative (i.e., cooling) trend
decreases as the length of the running trends increases.

The probability of the trend < 0:
e 2(0-year running trends: 39%
e 30-year running trends: 34%
e 40-year running trends: 17%
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Figure 10: Average histograms for running SST trends of different lengths

Summary

The first Principal Component (PC1) for the lighthouse SST observations provides an index of the
dominant SST variability over BC coastal waters. It is closely related to the PDO; hence it reflects
large-scale variability occurring on decadal time scales over the Pacific. This is not the case for SSS
which appears to be closely linked to regional forcing. To varying degrees, all of the lighthouse stations
display long term warming tendencies. The stations on the open west coast also show a freshening
tendency which appears to be a phenomena extending over the northeast Pacific. Tendencies
determined on time scales of 20-30 years are dominated by decadal variability, although the long term
warming signal is also manifest. On a time scale of 20 years, the historical record at BC lighthouse
indicates that there is a fairly significant probability (nearly 40%) for either no net tendency, or cooling
of SSTs. This is a consequence of the strong decadal variability. However, over periods greater than 40
years duration, the probability of seeing a warming tendency is much greater.

TRENDS IN SALINITY AND TEMPERATURE OFF THE WEST COAST OF VANCOUVER
ISLAND

M.G.G. Foreman' and J. Galbraith?. 'Institute of Ocean Sciences, Fisheries and Oceans Canada, 2560
Wildwood Crescent, Gabriola, BC VOR 1X4

| ntr oduction

Water temperature and salinity observations have been taken off the west coast of Vancouver Island for
several decades. Early observations were with bottles but since 1979 conductivity-temperature-depth
(CTD) measurements have been taken at stations along several lines crossing the shelf
(http://maps.waterproperties.ca/wcvi_stations.php) at least two to three times a year. These observations
were at the standard depths of 0 m, 5 m, 10 m, and every 10 m thereafter down to the bottom or 2400 m.
Though the stratification and internal tide patterns do change seasonally, it is feasible to restrict each
station/depth time series to one season and analyze for tidal variations in salinity and temperature. Here
we restrict the observations to the summer period of June through September, inclusive, and the five
lines shown in Figure 11. As the stations were seldom visited at exactly at the same location, for the
purpose of this analysis any observations taken within 2km of the “standard” locations were assumed to
be at that station.
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Figure 11: West coast Vancouver Island water property stations used in this analysis.

Figure 12a shows the 10 m summer temperatures observed at station 11 (numbers increase from the
shore) in Line-B over the period of 1979 to 2011. An increasing linear trend and R* value obtained via
regression are also shown. Given the relatively short length of this time series it is likely that the trend
is highly influenced by variability arising from features like El Nifio and the Pacific Decadal Oscillation
(PDO, Mantua et al. 1997). In fact, monthly PDO values (http://jisao.washington.edu/pdo/PDO.latest)
for the same time period (Figure 12b) show a decreasing trend in temperature over this period,
suggesting that if the PDO influence were somehow removed from the station 11 temperatures, the latter
would show an even stronger increase. This has not been done for the present analysis but is being

considered for the future.
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Figure 12: a) Observed summer temperatures and fitted linear trend at 10 m depth at station 11 in Line-
B, b) monthly PDO values, and linear trend, for 1979-2011.

The analysis approach

At each station and depth, the salinity and temperature time series were assumed to have the form
yi=ap+a;*t; where t; is the time in 365 day increments from an arbitrary origin, y; is the temperature or
salinity observation at time t;, and ap and a; are parameters found from a least squares fit using a
Singular Value Decomposition algorithm (Press et al. 1992). Though initial analyses also included tidal
harmonics in the fit (Foreman et al. 2009), their presence was not found to make much difference to the
solutions for (ap, a;). No analyses were performed with fewer than twenty-one observations and the
maximum number of observations at one station was 79. A t—test (http://stattrek.com/regression/slope-
test.aspx) was applied to determine if the slope, a;, was significantly different from zero, and the number
of degrees of freedom was taken to be N-2, where N is the number of observations at a particular station
and depth.

Results

Figure 13a shows smoothed temperature trends along Line-B (Figure 11). Average summer seasonal
currents crossing this line include a near-surface, wind-driven, Shelf Break Current (SBC) flowing to the
southeast; a near-surface Vancouver Island Coastal Current (VICC, Thomson et al. 1989) flowing to the
northwest, and a California Undercurrent (CUC) flowing to the northwest along the continental slope
and centered at about 200 m depth (Freeland et al. 1984; Thomson and Krassovski 2010). Similar to the
analysis in Foreman et al. (2009), a warming of up to 0.047°C/year is seen in the SBC, a cooling of up to
0.037°Clyear is seen in the VICC, and a slight warming is evident in the CUC. However a cooling
pattern that extends from underneath the SBC upward and onto the shelf is also evident and may
indicate increased upwelling. However when a t-test is applied to determine if these (and other) trend
values are different from zero, relatively few are found to be statistically significant. Apart from a
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slightly saltier trend in the near surface portion of the SBC, the associated salinity trends (Figure 13b)
show only a weak tendency to fresher values.
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Figure 13: Trends in a) temperature (°C/365 days) and b) salinity (PSU/365 days) along Line-B. Station
numbers are given along the x-axis, depths are along the y-axis, and land below the shelf bathymetry is
shaded. t-test probabilities indicating if particular trend values are significantly different from zero are
indicated by the different sized diamonds. “Z0 No-Tide” indicates that only a constant term, a0, and
linear trend, al, were included in the least squares analyses.

Trends in temperature and salinity along Line-C are shown in Figure 14. Warming down to

approximately 50 m is seen to extend eastward from station 12 to station 4 with cooler waters extending
below that to approximately 150m. As with Line-B, this suggests a warmer SBC and the upwelling of
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cooler waters. However, in this case the cooling upwelled waters do not reach the surface. The pattern
near the coast is a little more complex. The warming waters below the surface could be the VICC and
the slightly cooler water right at the surface could reflect fresher (and more buoyant) water leaving
Barkley Sound. The associated salinity trends show a small to zero freshening everywhere except at
station 3 where a saltier trend is evident near the surface. This latter feature needs more investigation; it
may indicate more upwelling off Amphitrite Point.
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Figure 14: As in Figure 13 but for Line-C.

8

Trends in temperature and salinity along Line-D are shown in Figure 15. The temperature patterns are
similar to those for Line-B with warming down to about 30 m off the shelf break and a cooling pattern
underneath that, in this case, extends up onto the shelf and to the coast. A slightly warmer VICC lies
underneath the cooler coastal waters and there is also the suggestion of a slightly warmer CUC, though
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only some of the trend values are statistically significant. Apart from slightly saltier waters at about
100m depth at stations 8 and 9, the associated salinity trends suggest slight freshening.
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Figure 15: As in Figure 13 but for Line-D.

Trends in temperature and salinity along Line-G off Estevan Point (Figure 16) show similar patterns to
those along Lines B and D; namely, warming waters down to about 30m off the shelf, cooling waters
underneath that extend onto the shelf and reach the surface, and a warmer surface waters at the coast that
may be associated with the VICC. A slightly (in some cases statistically significant) warmer CUC is

also evident. In this case the associated salinity trends suggest the SBC is becoming slightly saltier and
everywhere else there is no change or slight freshening.
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Figure 16: As in Figure 13 but for Line-G.

Results of the trend analysis along line BP off Brooks Peninsula are shown in Figure 17. In this case,
significant warming in the SBC extends eastward for all near-surface waters, albeit with smaller values
over most of the shelf and then attains larger values in what could be the VICC, though it is not clear
that this current always extends past Brooks. Slight cooling trends are seen under this surface warming
feature and again extend eastward, though unlike the patterns for Line-B, do not reach the surface. The
associated salinity trends indicate a slight freshening almost everywhere, though at only a few locations
and depths are the values significant.
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Figure 17: As in Figure 13 but for Line-BP.

Discussion and Summary

The preceding presentation describes a preliminary trend analysis of summer (June to September)
temperatures and salinities at stations along five sampling lines crossing the west coast of Vancouver
Island. Though the time series span the relatively short period of 1979 to 2011 and the trends will be
aliased with interannual and interdecadal variability from features like El Nino and the PDO, some
statistically significant linear trends were found (particularly with the temperatures) that might be
attributable to climate change. The predominant summer currents in the region (SBC, VICC, and CUC)
are generally evident in the temperature trend contours and show consistent warming trends for all five
lines. A subsurface tongue of cooling water that extends from offshore (under the SBC and over the
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CUC) onto the shelf is also found consistently and may indicate increased upwelling of cooler waters.
The salinity trends are less definitive and generally indicate fresher waters.

Clearly further analyses need to be done. They could include attempts to remove the PDO component
from the time series, analyses over more lines, correlations with trends from nearby coastal lighthouses,
a more careful examination of apparent anomalous features (e.g., the near surface salinity trend at station
3 in Line-C), and attempts to explain (or at least link) the trends with associated changes in fields that
force the main currents (e.g., winds for the SBC, freshwater discharge for the VICC). Of course, similar
analyses could be carried out for other seasons and waiting a few years until there are more data might
help the statistical significance of the results (assuming the trends continue).

TRENDSIN TEMPERATURE, SALINITY, WATER COLUMN STABILITY AND MIXING
DEPTH IN THE OPEN GULF OF ALASKA

H. Freeland, Institute of Ocean Sciences, Fisheries and Oceans Canada
| ntroduction

Freeland (1990), hereinafter F90, showed evidence, based on daily observations of sea-surface
temperature at lighthouse stations around the coast of British Columbia, that the coastal ocean was
warming. Seven years later, this problem was revisited by Freeland et al. (1997), hereinafter F97. In
F97 the warming problem was re-examined with longer time series and it was shown that though some
changes had occurred the essential story had remained unchanged. F97 also examined trends in salinity
and included Ocean Station Papa in the analysis. It was shown that significant freshening trends existed,
in addition to the warming trends, with both of these contributing to decreasing sea-surface density.
Assuming that trends in deeper waters were weak this must imply steadily increasing barriers to mid-
winter mixing. The F97 paper then examined the mid-winter mixed layer depths at Ocean Station Papa
and showed that indeed the mid-winter mixed layer was getting shallower at the surprisingly large rate
of 58428 metres per century. It was recognised that this was a very large rate of decline that simply
could not be sustained for a long time. In two centuries such a trend would completely eliminate the
mid-winter mixed layers, an option that must be extremely unlikely. F97 also made use of data from a
few profiling floats that had been launched near Ocean Station Papa.

A detailed reanalysis of coastal stations to review the results of the F90 is difficult because so many of
the coastal sampling stations have been terminated. However, a significant number remain and we will
re-examine three of those stations. Further, the sampling frequency along the line of oceanographic
stations known as Line-P, extending from the mouth of the Juan de Fuca Strait to Ocean Station Papa at
50°N and 145°W, has also decreased and that makes a direct comparison with F97 also problematic.
Fortunately, a large array of floats has been maintained in the Gulf of Alaska as part of the Argo project
since 2002, and this can be used to make up the recent deficits in shipboard sampling along Line-P,
especially at Ocean Station Papa.

This report re-examines the temperature and salinity trends reported in F90 and F97. It will be shown
that though the specific numbers have changed the basic story has not. The paper will then examine the
variation in trends with depth and show that, with 15 years more data, the conclusions in F97 concerning
the increasing stability of the water column remain valid. Finally, the time series of mixed-layer depths
will be extended to the present time. We will see that a statistically significant shallowing trend
remains, though the trend is smaller than the 58 metres/century reported in F97.
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British Columbia Shor estations

Sea-surface temperature and salinity have been sampled daily along the Pacific Coast of Canada since
1935. At a few locations in inside waters sampling began much earlier, but these stations will not be
discussed here. The paper FO0 reported temperature trends at 19 lighthouse stations and since that time
6 of those stations have been terminated as the lighthouses have been automated. F97 was mainly
concerned with the effects of changes on the formation of ocean mixed layers and so focused on only
three of the lighthouse stations that were well exposed to the open sea. Here we will re-examine those
three stations. 95% confidence intervals are quoted and the method for allowing for autocorrelation in
the time series is described in Masson and Cummins (2007) which is itself based on the methods
outlined by von Storch and Zwiers (1999).

Table 3: Temperature (top panel) salinity (middle panel) and density (bottom panel) trends at three
lighthouse stations well exposed to the open ocean. F90 and F97 are the trends reported in the
previously cited studies.

Temperature Trends (°C)

Site F90 (century” £95%) | F97 (century” +95%) This Study
(century'1 +95%)

Amphitrite Point 0.87 £0.68 1.01 +0.69 0.75+0.53

Kains Island 0.19 + 0.67 0.61+0.77 0.52 +0.57

Langara Island 0.53+£0.78 0.95+1.15 0.78 £ 0.59

Salinity Trends (pss)

Site F90 (century” £95%) | F97 (century” +95%) This Study
(century'1 +95%)

Amphitrite Point Not reported -1.00 £ 0.51 -0.71 £ 0.41

Kains Island Not reported -0.91 £0.61 -0.48 £ 0.44

Langara Island Not reported -0.82 £1.15 -1.40+£0.32

Density Trends (o, , kg.m™)

Site F90 (century” £95%) | F97 (century” +95%) This Study
(century'1 +95%)

Amphitrite Point Not reported -0.95+0.19 -0.67 +0.34

Kains Island Not reported -0.81 £0.24 -0.46 £0.38

Langara Island Not reported -0.78 £0.42 -1.21£0.29

Table 3 illustrates the trends observed at three lighthouse stations well exposed to the open Pacific
Ocean. The F90 study only examined temperature trends but also reported trends for a large number of
other stations. Other stations have also been examined recently both by this author and also as part of a
paper by Cummins and Masson (unpublished data). The new trends shown here are consistent with
those shown by Cummins and Masson. One significant change is the rather large trend in salinity that
has developed at Langara Island. When the salinity started to decline rapidly samples were obtained to
check that the sampling protocols were being observed and no problem was detected. Further the onset
of a rapid decline is also occurring at another nearby light station at Bonilla Point.

The data shown in Table 3 indicate that the temperature trends shown in 1990 continued through the
1997 report without significant change, and are continuing through the end of 2011. We see consistently
around the coast of British Columbia trends towards warmer and fresher waters. Warming and
freshening trends both contribute to decreasing surface density and so it is not surprising that the trends
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in density and salinity show higher significance levels than temperature (Figure 20). There is also a
tendency for short-term variations in temperature to be anti-correlated with short-term variations in
salinity and so are density-compensating. The result is that the time series of density has a lower
background noise level than do either temperature or salinity. This also results in higher significance
levels.

The observations of the freshening trends shown in Table 3 are also broadly consistent with the trends in
the Gulf of Alaska shown by Durack and Wijffels (2010) and Durack et al. (2012) in their global

analyses.

Line-P Trendsin Temperature, Salinity and Density

Before we examine trends along Line-P it is necessary to understand some of the history of sampling
along that line. Systematic ocean observations at Ocean Station Papa itself began in 1949, but these
were largely observations using mechanical bathythermographs and the data are not very useful. In
1956 systematic sampling began using the regular trips completed by the Weatherships CCGS
Vancouver and CCGS Quadra between the mouth of the Juan de Fuca Strait and Ocean Station Papa at
50°N and 145°W, producing surveys at approximately 6-week intervals. In the early years sampling was
restricted to a set of 13 stations shown by the large dots in Figure 18. In 1980 the Weathership program
was terminated and sampling was continued using various research vessels. As part of this change the
number of stations was increased to 27 but sampling was significantly less frequent. Gradually, funding
cuts have resulted in fewer and fewer surveys per year. At present, research vessels complete surveys
along Line-P three times per year, typically in February, June and September. After 1981 sampling was
carried out at 27 stations of which the original 13 stations were a sub-set (Ocean Station Papa was
designated as P26 rather than P13).
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Figure 18: This map shows the principal locations used in the report. Amphitrite Point, Kains Island and
Langara Island are lighthouses where sea-surface temperature and salinity have been observed daily
since the mid 1930s. The dots in the offshore regions show the locations of stations comprising Line-P.
Station P26 is more commonly known as Ocean Station Papa.

The various changes in sampling strategies are clearly evident in the upper panel of Figure 19. The dots
on Figure 19 show only when sampling has been carried out in any month/year combination at Ocean
Station Papa. Some of the other stations are sampled better than is P26, for example the inshore stations
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P1 and P2 are very well sampled in most months, and some stations, P14 being a good example, are not
sampled as well as P26 is sampled. This makes it difficult to estimate trends uniformly as the data
coverage varies so much from station to station and especially from one month to the next. However,
since 2001 the international Argo program has been supplying a wealth of data in the upper 2000 metres
of the Gulf of Alaska. For the purposes of this paper we will view the start of the Argo era in January
2002, continuing to the present time. For any particular station along Line-P we can draw a large circle
around that station and accept, for any month, all Argo profiles falling inside that circle, then use those
observations to interpolate onto the Line-P station using objective analysis as described by Bretherton et
al. (1976). For this particular application data were accepted into the interpolation process that lay
within 800 km of the interpolation location and interpolation was carried out using a Gaussian
autocovariance function with a decay scale of 400 km. This allows us to simulate Line-P stations for
every month of each year starting in 2002 as shown in the lower panel of Figure 19. The data selection
process provides a large range in the number of profiles within 800 km, varying from a low of 20 to a
maximum of about 70. Sections of temperature and salinity anomalies have been computed and
compare well with those computed directly from shipboard surveys. This interpolation process was
completed for 11 of the 13 original Line-P stations only; the two neglected being the two stations closest
to the coast, since including these would require extrapolating beyond the Argo array. The sampling at
the two innermost stations was judged to be excellent without the assistance of Argo. All of the
following results will be based on analyses at the original 13 stations only because the time series for the
other stations (the small circles on Figure 18) are substantially shorter.
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Figure 19: Sampling at Ocean Station Papa (P26) in the upper panel. In the lower panel the distribution
of samples as shown after the sampling along Line-P is augmented with interpolations using Argo data.

Figure 20 shows the distribution of trends in temperature, salinity and o; plotted against depth in the top
200 metres of the water column and listed as the appropriate units per century.
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Figure 20: Trends in scalar properties computed at station P26 versus depth.

The shaded bands show the 95% confidence bounds and it is interesting that though the warming trend
is persistent, in the top 100 metres it is generally not significant at the 95% confidence level. The
salinity trends by contrast are highly significant in the top 100 metres and so are the density trends.
Below 100 metres the density trend is smaller and not significantly different from zero and hence we
conclude that the density contrast between the surface waters and water below 100 metres is increasing.
Another way of stating this is that the potential energy of the water column is decreasing. It follows
from this that we require an increasing work rate from mid-winter winds to produce any given mixed-
layer depth. Or, if the rate of working by the winds remains unchanged, then we require that mixed
layers are getting shallower. This was the important result from the paper F97, and inevitably must
result from this paper. The important remaining questions are, by how much are mixed layers changing
and how are the changes distributed?

To compute the trends in Figure 21, 6, was computed for each month for which data exist at station P26,
i.e. at each of the dots in Figure 19. The trend was then computed for each month. The number of years
for which data exist varies from one month to another; also, the amount of variability is significantly
variable from one season to another. Given the observations shown in Figure 20 that the density trend is
fairly constant between the surface and a depth of about 80 metres, then decreases to zero between 80m
and 100m, the density was averaged over the top 80 m of the water column before the trends in Figure
21 were computed. The shaded bands again are 95% confidence levels. We see that the trend towards
decreasing density is evident in all months of the year, though not always passing the significance test.
The wider confidence bands in the late summer months are due primarily to an increase in natural
variability. The plot suggests that the observed trends are significantly different from zero in 8 of the 12
months, but some of these carry very marginal significance. The trends are most clearly distinguishable
from zero in the winter months, November through March, when the surface mixed layer is always
deeper than the base of the layer (80 metres) used for averaging the density trends in Figure 21.

22



0.2 =

o

S
(X
|

s
'S
|

Density trend (kg m-3 cent.-1)
>
1

-0.8 — ¢

I | | | | I I I I I I )
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 21: Monthly density trends (averaged over the interval 0-80 dbar) at station P26.

Figure 22 shows the distribution of the trend in o; versus depth and distance along Line-P. For this
display data are used irrespective of month, which is sensible given the observations in Figure 21 that
the density trends are present in each month. For this computation we used only the data from the
original 13 stations, shown by the large circles in Figure 18. The data from the other stations has a
significantly shorter duration and in particular miss the early period of frequent sampling which is a
deficit that Argo cannot correct.
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Figure 22: Density anomaly trends (kg m™ century™) along Line-P averaged over all months of the year,
the symbols above the top axis indicate the location of the stations used.
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In Figure 22 we see essentially the same behaviour at all stations as is illustrated at Ocean Station Papa
(a.k.a. P26) in Figure 20. Thus we conclude in general from our survey of trends seen by the lighthouse
stations and the Line-P observations that warming and freshening are continuing along all of Line-P and
in the surface waters along the outside coasts of British Columbia. The freshening, in particular, is the
dominant driver towards less dense near-surface waters, but this tendency does not persist below about
100 metres depth. Thus we conclude that, in at least the bulk of the Gulf of Alaska, the density contrast
between near-surface waters and deeper waters is increasing. In other words the potential energy of the
water column is decreasing everywhere in the Gulf of Alaska. This is in agreement with the
observations made recently by Durack and Wijffels (2010) and Durack et al. (2012). In the latter paper
Durack et al. make a strong case for the driving force of this change being a strong intensification of the
global hydrological cycle yielding freshening of surface waters at high latitudes and increasing salinity
at low latitudes.

It remains now to examine the effect of these changes on the development of the mixed layers in the
Gulf of Alaska and the effects on the potential energy of the water column.

Line P trendsin mid-winter mixed layer depth

There are a very great many papers written describing different methods of representing the continuous
vertical profiles we see in the ocean as a two-layer system. For example, Li et al. (2005) use a method
first described by Kara et al. (2000) which claims to be an objective method. It is similar to many other
methods in that it requires the specification of a threshold change that is used to detect the depth of the
mixed layer. A different approach was described by Thomson and Fine (2003) which uses neither a
threshold nor conservation of integral properties of the water column. In this case we note that certain
properties of the ocean need to be conserved when we make the transition from a continuous profile to a
two-layer system. Specifically, when a representative layer depth, h, is determined then the potential
energy and total mass of the 2-layer representation must equal that of the continuous profile. So with
that in mind let us explore how we would take a continuous profile of the density anomaly c(z) and
reduce it to a two-layer system where shallow and deep values of oy, call them o, and o4 respectively are
separated by a mixed layer of depth h. All computations are made relative to a deep reference level H =
250 decibars.

Following Ladd and Stabeno (2012) we define a parameter y proportional to the potential energy of the
water column as:-

¥ = J'_OH (0,(2)- < o >)zdz

where
_ 1 0 d
<o >= EJ‘—H o,(2)dz.

If we then set these two integral values equal to the values that would be obtained in the 2-layer
representation then:-
<o>=[ho,+(H-h)o,]/H
and
y=["*(c.—<o>)+(H>-h*)o,— <0 >)]/2.
Substituting between these two equations we obtain an expression for the mixed layer depth of:-
_ 2x
" H(o>-0,)
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Evidently we need one more constraint to determine the mixed-layer depths from the integral constraints
and, somewhat arbitrarily, we choose to set o, the surface value of o, equal to the average value over
the top 60 metres of the water column. This is selected because the depth of 60m is about the greatest
depth one can choose without ever coming close to the shallowest mixed-layer depth ever observed in
winter months, which is about 90 metres. This will not work well during the summer months when the
mixed-layer depths can become as shallow as 20 metres, so in all that follows it will be assumed that this
method applies only to mid-winter mixed layer depths.

Figure 23 shows the results of this computation. In the upper panel the mid-winter mixed-layer depths
are plotted where “mid-winter” is defined as an average over the months November to March inclusive.
As part of the computation of the mixed-layer depth an integral quantity that is proportional to the
potential energy of the water column is computed, and that is plotted in the lower panel. The dashed
lines show the regression slopes. For the MLD the slope indicated a shallowing trend of 15.4 + 15.2
decibars/century and the PE-like parameter shows a declining trend of 410 + 342 units/century. The
error bars listed here are the 95% confidence levels, each of the parameters just barely being significant
at that level. Both are significant at the 90% confidence level (£12.7 and £286 respectively).
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Figure 23: The mid-winter mixed-layer depths at station P26 (Ocean Station Papa) in the upper panel
and a parameter proportional to the potential energy of the water column.

Discussion and Summary

This paper has compared trends in temperature and salinity in several long time-series around the coast
of British Columbia and into the Gulf of Alaska with computations published 15 and 22 years ago. The
original conclusion in earlier papers, that the waters of the Gulf of Alaska are both warming and
freshening, remains valid. The temperature trend is weak and generally does not pass significance tests,
but the salinity trend in the upper ocean is robust and does pass 95% significance tests. The specific
trends computed have changed from the earlier papers, but not sufficiently to change the essential
conclusions. Additional to the conclusions of the earlier papers we now conclude that the surface
freshening extends over almost all of the length of the Line-P series of oceanographic stations into the
centre of the Gulf of Alaska.
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It is clear from the trends computed that the changes in potential energy of the water column in the Gulf
of Alaska are primarily being driven by changes in salinity rather than changes in temperature. That
conclusion was also reached in F97, but that paper could only speculate rather vaguely about the
possible cause. Durack and Wijffels (2010) look at a global analysis of salinity in the upper ocean and
come to the same conclusion in the Gulf of Alaska. The centre panel of Figure 5b in Durack and
Wijftels shows a contour of -0.2 pss/50 years passing close to Ocean Station Papa. This is not far from
the value of -0.3 pss/century shown in Figure 20 of this paper. The Durack and Wijffels (2010) paper
shows a clear pattern of changing salinity that is close to the distribution of actual salinity. Essentially,
all low-salinity areas of the oceans are getting fresher and the high-salinity areas are getting saltier, a
scenario described by the authors as “the rich get richer”. In Durack et al. (2012) modelling studies are
used to show that this is completely consistent with an acceleration of the global water cycle between
1950 and 2000, an idea that was only vaguely speculated about in F97.

A simple box model is enlightening as it shows how little additional freshwater is needed to change the
Gulf of Alaska in the way we describe. Consider a vertical column of water at Ocean Station Papa of
height H = 700 decibars. At Station Papa we compute a trend in salinity, averaged over the top 700
decibars of the water column of -3.9 x 10 pss/year. If we ignore horizontal advection the rate of

t° =W(S; —S,)—S,R, where Sy is the average

change of total salt in the water column is given by H

salinity of the water column, Sg is the salinity at the base of the column, w is a deep upwelling velocity
and R 1is the excess of precipitation over evaporation. So in steady state we must
havew(S; —S,)—-S,R, =0 . Now let us keep the deep vertical velocity constant and perturb this steady

state by increasing R, so H ddsto =W,(Sg —S;)—S,(R, +R) and soH % =-5,0R. Setting H = 700

metres, Sy at Station Papa is 33.77 pss and the rate of change in salinity at -3.9 x 10 pss/year we find a
needed value of 6R =0.81 cm/year. This is not a very large change in total rainfall and is not
measurable by any available technique except inference from salinity changes.

The results of a persistently shallowing mixed layer are potentially profound, leading to changes in the
ocean environment that can have effects on organisms. Two effects spring to mind immediately. If we
assume that phytoplankton is cycled between the surface and the base of the mixed layer by turbulent
motions, then as the mid-winter mixed layer shallows it will spend a larger fraction of its time in the
photic zone and able to use nutrients as we approach spring. However, as the base of the mid-winter
mixed layer becomes shallower we must also expect the supply of nutrients to decrease. It seems
important, therefore, that we continue to monitor the evolution of the upper ocean in response to global
climate change.

TRENDSIN SEA LEVEL

B. D. Bornhold' and R. E. Thomson®. 'Coastal and Ocean Resources Inc., *Institute of Ocean Sciences,
Fisheries and Oceans Canada

Pacific Sea L evel Trends

The four main mechanisms which determine relative sea level — the local or regional position of the
ocean surface with respect to the land - are:
e changes in global ocean volume due to the melting of mountain glaciers, grounded polar ice caps
and continental ice sheets;
e changes in ocean volume resulting from temperature and salinity effects on water density;
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e regional volume redistribution due to changes in atmospheric and oceanic circulation, such as
shifting locations of major atmospheric pressure systems and ocean gyres; and,

e Jlocal changes due to vertical land motions associated with recovery from glacial loading and
regional gravitational enhancement during the last Ice Age, compaction (sinking) of deltaic
areas, and tectonic processes resulting from interactions among the earth’s crustal plates.

While the general nature of these mechanisms is well-understood, many details are not. There has been
considerable examination of these mechanisms over the past few years, with particular attention focused
on the contribution from the melting of large continental ice sheets, a significant element in determining
mean global (eustatic) sea level rise.

Thomson et al. (2008) presented an in-depth examination of the trends in sea levels along the British
Columbia coast and made projections regarding possible future sea level scenarios for the end of the 21%
Century. Using the best available information at the time, they provided sea level trend analyses for
many British Columbia coastal communities and estimates of high, medium and low sea level rise by
2100. We shall not repeat the detailed discussions in that report but have updated some of the estimates
to reflect the scientific advances which have taken place over the past four years.

Over the course of geologic time, the earth has witnessed sea level changes of several hundred metres,
mostly in response to the growth and retreat of continental glaciers (with time scales of many thousands
of years) and to varying rates of plate tectonic processes (for example, episodes of increased or
decreased volcanic activity on mid-ocean ridges and deformation of continental margins as they cool or
undergo compression related to subduction). Large tectonically induced sea level changes typically
occur over time scales of tens of millions of years.
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Figure 24: Post-glacial eustatic sea level rise.

During the last Ice Age, which reached a maximum about 21,000 years ago and started to rapidly warm
about 18,000 years ago, sea levels globally were approximately 120 m lower than they are today. This
i1s because a significant portion of the globe’s water was moved from the oceans into continental
glaciers. Between 15,000 and 7,000 years ago, sea levels around the world rose, on average between 13
and 14 mm per year, or about 75 cm during a person’s lifetime (Figure 24). About 2,000 to 3,000 years
ago globally averaged sea levels stabilized at about their present position.

Based on tide gauge measurements from around the world, we know that sea level globally has risen
more than 20 cm since the late 19" century (Figure 25), equivalent to an annual sea level rise of about 1
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mm per year in the early part of this period and more than 3 mm per year over the past two decades.
These findings are supported by more precise satellite (altimetry) measurements that have collected
since 1993 (Figure 26).
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Figure 25: Global mean sea level change since the end of the 19" Century based on tide gauge records.
Superimposed on the tide gauge curve is a shorter sea level curve (red line) beginning in 1993 that is
based solely on satellite altimetry data (see Figure 26).

30 Global Mean Sea Level
. Variations
E 20t
& Rate = ~3.2 mm/year
©
@ 10F
(1]
Q
w
c 0fF W
[1)]
Q
s
_10 |
_20 | 1 1 1 1 ]
1992 1994 1996 1998 2000 2002 2004 2006

Year

Figure 26: Global mean sea level change between 1993 and 2006 based on satellite altimetry (also
plotted in Figure 25).

According to the IPCC (2007) report, more than half of the present 3.2 mm/year rise in globally
averaged sea levels is the result of changes in volume due to heating of the upper ocean. Most of the
remaining increase (about 1.2-1.6 mm per year) is the result of melting of glaciers in Antarctica,
Greenland and mountain areas.

Superimposed on these global mean trends are regional and local influences resulting from changing

ocean temperature and salinity, subsidence of land areas (e.g., the Fraser Delta), remnant glacial
adjustment (uplift) Figure 27), and tectonically driven uplift (e.g., west coast of Vancouver Island).
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These regional or local trends can effect quite different sea level rise trends over relatively short
distances.
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Figure 27: Continuing uplift (mm per year) of Vancouver Island and the adjacent British Columbia
mainland resulting from the melting of glaciers during the last Ice Age (James et al. 2009).

In coastal British Columbia there remains a small effect of relative sea level fall resulting from the
disappearance and unloading of glaciers from the landscape after about 18,000 ago (Glacial Isostatic
Adjustment or GIA). Because of the generally low mantle viscosity in the region (Hyndman et al. 2005;
James et al. 2009 and references therein), response to glacial unloading has been rapid. Today, rebound
velocities are expected to be everywhere low (less than about 0.1 mm per year) along the British
Columbia coast (Figure 27). In addition to the change in land level (uplift) due to the unloading of the
crust with the removal of glacial ice, sea levels are affected by the gravitational effects of continental ice
sheets on the adjacent sea water. This spatially varying “sea level fingerprinting” occurs because, as the
ice disappears, relative sea levels fall at decreasing rates from highly glaciated areas to less glaciated
areas (Mitrovica et al. 2001; Riva et al. 2010; U.S. National Research Council, 2012). Continued
investigations of the spatial variability in this effect are taking place for the BC coast by the Geological
Survey of Canada (T. James, pers. comm., June, 2012).

Coastal British Columbia is also affected by major, but spatially varying, tectonic forces which have a
significant effect on relative sea levels. Along western Vancouver Island, for example, continued stress
caused by the Juan de Fuca tectonic plate as it descends beneath North America results in annual uplift
of the land (or fall in relative sea level) of about 2 to 3 mm per year (Mazzotti et al. 2008a, b) (Figure
28). This effect diminishes across Vancouver Island and the Strait of Georgia to near zero on bedrock
areas near Vancouver. Similar rates of 2 to 3 mm per year have also been measured on parts of Haida
Gwaii. The uplift of Vancouver Island is largely reversed during great (larger than Magnitude 9)
earthquakes along the Cascadia subduction zone with subsidence of the land by 0.5 m to 2 m. These
events occur approximately every 500 to 600 years with the last being on January 26, 1700.
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Figure 28: Annual rates of uplift (mm per year) of the land along coastal British Columbia. Note the
high rates on southwestern Vancouver Island which diminish rapidly to the east to zero near Vancouver
(Mazzotti et al. 2008a, b).

Mazzotti et al. (2008b) undertook a combined GPS-tide gauge study of relative and absolute sea level
change in British Columbia and the northwestern U.S. Their careful and thorough analysis showed that
mean absolute sea level (ASL) increased at 1.8 + 0.2 mm/year in the region during the 20" Century, a
value very close to other global mean sea level rise estimates. Between 1993 and 2003, however, ASL
rates in the study area were found to be - 4.4 £ 0.5 mm/year, in contrast to global estimates of +3.2
mm/year, reflecting regional decadal-scale climatic and oceanographic effects such as El Nifio-Southern
Oscillation (ENSO) and Pacific Decadal Oscillation (PDO).

On the Fraser Delta, on the other hand, the load of sediment is causing the delta to sink (or a rise in
relative sea level) at rates of 1 to 2 mm per year (Mazzotti et al. 2008) (Figure 28, Figure 29). Although
all major deltas in the world are compacting, the tendency for the land to sink is, under natural
conditions, countered by new river-borne sediments being added to the surface of the delta. In the case
of developed deltaic areas, such as those of the Fraser and Mississippi Rivers, human intervention
(dredging, construction of training walls and dikes) results in the diversion of these sediments into
deeper water away from the delta. Because of the slow response of the deltas to sediment loading, the
deltas continue to sink long after the supply of sediment to their surface has been cut off. The rate of
sinking observed for the Fraser Delta is further increased locally (to more than 3 mm per year) by very
large construction projects, such as ferry terminals, airports or other port facilities, which add a further
load and serve to further compact the sediments below; these higher rates decline over time and
eventually reach the background levels of the rest of the delta region.
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Figure 29: Map of Vancouver and the Fraser Delta showing areas of documented subsidence (sinking)
(blue areas) on the Fraser Delta and more stable surrounding areas (yellow areas).

While there have been few studies of the steric effects on sea levels in the northeast Pacific, one
investigation based on an extensive time series of water property profiles at Station “P” (50° N, 145° W)
has revealed that between 1956 and 1986 there was an average 1.1 mm/year sea level rise, of which 67
% was due to increased upper ocean temperature and 33 % to decreased upper ocean salinity (Thomson
and Tabata 1989). Since that time, further analysis to 2007 has shown an accelerated rate of steric sea
level rise in the northeast Pacific, consistent with the globally accelerating sea level rise observed since
1993 in satellite altimetry data.

Historic Sea Level Change along BC coast to 2004
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Source: Marine Environmental Data Service, Fisheries and Oceans Canada.

Figure 30: Changes in relative sea level along the British Columbia coast as measured by tide gauges
between 1910 and 2004. (Kangasniemi 2009)
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Figure 30 summarizes the relative sea level history at four locations on the British Columbia coast
between 1910 and 2004 (Kangasniemi 2009). In contrast to Tofino, where sea level has been falling
because of tectonic processes, sea levels at Victoria, Vancouver and Prince Rupert rose between 2 and
4.9 cm over 50 years. These rates are significantly less than long-term global sea level rise over the
same period because of residual glacial isostatic and tectonic effects on the British Columbia coast.

Sea levels also vary on shorter time scales of days to decades (Abeysirigunawardena, unpublished data;
Tinis, unpublished data). While past trends in the frequency and magnitude of short-term variability are
not well known, it is expected that these trends will be altered as mean global and regional
oceanographic conditions are altered. Atmospheric conditions can affect relative sea levels on daily to
seasonal time scales, with amplitudes of 0.1 to 0.5 m arising from passing atmospheric low pressure
systems and associated winds. Prevailing southeasterly winds in winter, combined with low
atmospheric pressure, increase sea levels along the British Columbia coast by 0.1 to 0.3 m. Prevailing
northwesterly (equatorward) alongshore winds in summer, combined with high atmospheric pressure
and equatorward coastal currents, normally lower coastal sea levels by ~ 0.1 m.

Decadal-scale variability in regional sea level along the British Columbia coast associated with changes
in alongshore currents, coastal water temperature and atmospheric wind and pressure conditions are
primarily linked to El Nifo-Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO)
fluctuations. Longer-term trends are linked to climate-induced changes in ice melt and steric effects
arising from changes in upper ocean temperature and salinity. El Nifio events occur every 2 and 7 years
in the tropical Pacific region and last from 6 to 18 months. However, only major events (such as those
in 1982/83 and 1997/98) have a pronounced impact on the British Columbia coast. The PDO and ENSO
interact to intensify or diminish oceanographic effects in coastal areas. Since about 1976, ENSO events
have become more intense and frequent with their effects lasting longer (Trenberth and Hurrell 1995;
Timmermann 1999). Off the coast of Oregon, Washington and British Columbia, documented sea level
changes related to ENSO can be in the range of 0.30 to 0.40 m above the monthly mean values. In the
1997-98 ENSO event, Hecate Strait had sea levels ~0.4 m higher than normal (Barrie and Conway 2002;
Walker et al. 2007); it was even greater during the 1982-83 El Nifio period (Figure 30).

Bromirski et al. (2012) point out that relative sea level rise along the west coast of the continental U.S.
since 1980 has actually been less than global mean sea level rise. This is in contrast to the western
tropical Pacific where relative sea level rise has been much higher than global mean rates. They
attribute this departure from global mean values to “... a dramatic change in eastern boundary and basin-
wide wind stress patterns after the mid-1970s climate regime shift”. These changes suppressed sea level
along western North America in an absolute sense and in relation to what would be expected during a
warm phase of the Pacific Decadal Oscillation (PDO). Bromirski et al. (2012) state that “... future
regional sea level changes across the North Pacific will depend on the magnitude of changes in the PDO
and the trade wind mode, as well as other regional and basin-wide anomalies in wind forcing”.

Annual changes in upper ocean temperature and salinity off British Columbia give rise to thermosteric
and halosteric sea level changes of about 0.2 m. Clearly, as future run-off from coastal rivers changes
and the temperature in the upper ocean increases, the magnitude and timing of these steric sea level
cycles are also expected to change. These cycles are set against a broader regional sea level rise driven
by more widespread warming and salinity changes. In the Strait of Georgia, salinity effects account for
about 63 % of the observed sea level change and temperature about 37 %, reflecting the greater role of
coastal run-off (R.E. Thomson, unpublished data).
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Extreme sea level events that occur during the passage of intense storms have resulted in sea level up to
one metre above the predicted high tide levels off western Canada. These elevations do not take into
account run-up effects, which are controlled by local coastal and seafloor morphology, which can add
significantly to the actual sea level heights experienced at a particular location. Since these extreme
events are added to the sea level conditions at the time, clearly the most hazardous situation would be a
major storm system occurring at high spring tide during an El Niflo year when sea levels are elevated
due to temperature effects. Some research has indicated that the frequency and intensity of major storms
along the British Columbia coast have been increasing over the several decades. Some studies suggest
that North Pacific storm intensities between 1940 and 1998 have increased (Graham and Diaz 2001)
while others have shown that storm surge-related winds have increased in frequency since the 1970s
(Abeysirigunawardena 2010); both of these changes are coincident with a regime shift in the Pacific
Decadal Oscillation around 1976 and a possible ENSO regime shift during the 1970s.

Abeysirigunawardena (2010) examines the relationships among extreme events, climate change, climate
variability and overall sea level rise in British Columbia. The following are some of her conclusions
regarding the present and future trends in sea levels:

e Since the mid-20"™ Century, annual maximum sea level amplitudes at Prince Rupert have been
increasing at about 3.4 mm/year, about twice the measured mean sea level rise in the area. This
is attributed to enhanced storm conditions and to the influence of major ENSO events,
particularly since the mid-1970s, in agreement with the observations of other researchers (e.g.
Graham and Diaz 2001).

e Mean sea levels show highly significant correlations (both positive and negative) with many
climate variability indices (e.g., PDO, ALPI, NOI, MEI) for the northern coastal waters of BC.

e Major regime shifts, as reflected by large simultaneous changes in the principal climate
variability indices, are reflected in long-term changes in sea level in northern coastal BC. Eight
out of 9 of the highest mean sea level events examined occurred after the mid 1970s PDO
regime shift while 7 out of 9 of the lowest sea level events preceded it.

e Climate variability indices from preceding seasons cannot be reliably used to predict mean or
extreme sea levels into the future.

e Decadal to interdecadal climatic variability is important in explaining the frequency and
amplitude of extreme sea levels in southern coastal BC.

e Extreme winds are more frequent during ENSO cold phases (La Nifia) than during warm phases
on BC’s inner coast. Regional sea levels are lower during these periods than during El Nifio
periods due to steric effects.

We question the last conclusion because changes in the alongshore wind strength and direction along
the BC coast in winter change from markedly poleward during moderate to strong El Nifio events to
weaker poleward-prevailing winds during moderate to strong La Nifia events. Because of the Coriolis
effect, prevailing wind-driven poleward currents along the coast are balanced by an upward cross-shore
tilt of the sea surface (prevailing equatorward currents are balanced by a downward cross-shore tilt).
The weaker the poleward winds (cold phase) in winter, the lower the sea level set-up at the coast while
the stronger the poleward winds (warm phase) in winter the greater the sea level set-up.

Northeast Pacific Projections

Projections of regional relative sea level change are the sum of the various factors identified above.
Fundamentally they are based on global mean sea level projections upon which are superimposed:
e Jocal and regional anticipated changes in land level due to residual glacial influences, tectonic
uplift and subsidence;
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e steric effects arising from changes in upper ocean temperature and salinity;
e anticipated trends in the frequency and magnitude of mid latitude storminess, ENSO, PDO, and
other ocean-atmosphere phenomena.

Table 4: Estimates of thermosteric sea level rise from various sources (U.S. National Research Council
2012).

Depth Instrument Bias Thermosteric Sea-
Source Period Range (m) Corrections Level Rise {mm 1,.rr'1]
IPCC (2007) 1961-2003 0700 Mone 032x012
03,000 D42+012
Domingues et al. (2008) 1961-2003 O0-700 XBT fall-rate bias 0.52+0.08
Full depth 0D72+013
Izhii and Kimoto (2009) 1951-2005 0700 XBT and MBT D29 +0.08
depth bias
Kuo and Shum (personal 1955-200% 0700 ¥BT and MBT 0.33+0.01
communication, 2011} depth bias
Ighii (personal 1961-2008 0700 ¥BT and MBT 0.39+£0.05
communication, 2011)° depth bias
IPCC (2007) 1993-2003 0700 Mone 1505
03,000 16205
Domingues et al. (2008) 1993-2003 O0-700 XBT fall-rate bias 0.79+0.39
Full depth 1.020.40
Izhii and Kimoto (2009) 19932005 O0-700 XBT and MBT 1.23+0.30
depth bias
Izhii (personal 1993-2009 0700 XBT and MBT D80 +0.186
communication, 2011)° depth bias
Church et al_ {2011)° 1993-2008 0700 XBT fall-rate bias, 0D.71+£0.3
Full depth ARGO pressure 0.88 +0.33
hias
Willis (perzonal 2005-2011 0900 Biased ARGO data 0.48+0.15
communication, 2011)° removed

Since publication of the Thomson et al. (2008) report, there have been changes in global sea level
projections related to the contribution of meltwater from the Antarctic and Greenland ice sheets. It is
generally agreed that these contributions had been substantially underestimated in projections of the
IPCC (2007) (Figure 31). IPCC estimated that land ice melting accounted for about 40 % of sea level
rise whereas more recent estimates suggest that it probably accounts for about 65 % of the rise (U.S.
National Research Council 2012).

In addition to the IPCC’s underestimation of glacial ice’s current volumetric contribution to sea level
rise, it also now appears, due to instrumental biases, that it also overestimated the themosteric
contribution; it had previously been concluded that recent rates of thermosteric sea level rise were
significantly higher than the long-term average rate. Recent corrections show that the two rates are
actually similar (U.S. National Research Council 2012). As shown in Table 4, IPCC (2007) indicates
nearly a five-fold difference between the long-term thermosteric contribution and the recent thermosteric
contribution; other estimates, with appropriate corrections, show a much closer agreement between the
two values.

Since 2008 there have also been relatively small modifications to our understanding of other sea level

contributions such as impoundment of water behind dams, extraction of groundwater, and various post-
glacial rebound effects such as sea level “fingerprinting” (see above). In particular, Wada (2012) has
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shown that changes in groundwater extraction and reservoir storage since 1990 has led to a net 0.25
mm/yr rise in global mean sea level; if the trends for greater exploitation of groundwater and reduction
in dam construction and water storage continue, this contribution to global sea level rise could increase
during the 21* Century (U.S. National Research Council 2012).

Projections of sea level change fall into two broad approaches — semi-empirical and model-based. The
model-based approach of the IPCC (which was based on an imperfect understanding of ice and
precipitation dynamics) yielded much lower projections of sea level rise for the 21* Century than
empirical estimates based on actual observations of conditions in Greenland and Antarctica.

Depending on the model used and the greenhouse gas emission scenario assumed, there are presently
several different estimates of projected global mean sea level change. The following is a summary of
these based on 2011-2012 publications from several sources.
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Figure 31: Comparison of global mean sea level rise estimates from various sources based on data from
Rahmstorf (2010) and U.S. Army Corps of Engineers (2011).

Jevrejeva et al. (2012) state that the most likely estimates for 2100 global sea level rise (referenced to
2000) fall into the range 0.57 to 1.10 m (the 5 % and 95 % limits are 0.36 and 1.65 m). The authors
point out that these estimates are lower than their previous estimates (Jevrejeva et al. 2010) presented in
Figure 31. Rahmstorf (2012) references several other studies and their projections: specifically, the
Delta Commission of the Dutch government gives an upper limit of 1.10 m (Vellinga et al. 2009); the
Scientific Committee on Antarctic Research (SCAR 2009) cites 1.4 m as a maximum; the Arctic
Monitoring and Assessment Programme (AMAP) presents a range from 0.90 to 1.60 m (AMAP 2011);
and the U.S. Army Corps of Engineers (2011) presents “low”, “medium” and “high” scenarios of 0.5,
1.0 and 1.5 m for civil works planning purposes relative to 1992 levels (Figure 32) (note that sea levels
in 2000 were about 0.026 m higher on average than in 1992). In the U.S. National Research Council’s
(2012) report on sea level rise for California, Oregon and Washington, they assume global mean eustatic

sea level rise by 2100 of 0.50 to 1.40 m (mean 0.827£0.016 m).

35



Modified NRC-III

08 + Aodified NRC-II
06 T
04 1 Modified NRC-I

Eustatic Sea-Level Rise Relative to 1992 (m)

02t

00 A }
2 2 2
[ 7 7,
%D o

P 2 2
€ 2 2
% 2] 0 ) 7] % % % ? % /)

Year

Figure 32: Projected mean global sea level change during the 21% Century presented as low, medium
and high scenarios relative to 1992 (U.S. Army Corps of Engineers 2011).

While there remain many uncertainties with the above projections, it would appear that reasonable
estimates for “low”, “medium” and “high” sea level rise relative to 2000 levels are 0.7 m, 1.1 m and 1.4
m. Using these revised values for global mean sea level rise at the end of the 21* Century, we have re-
calculated the projections of relative sea level change for the British Columbia coast using the 2008
methodology of Thomson et al. (2008). Table 5 presents the results for the Strait of Georgia, the Fraser
Delta and western Vancouver Island, including the western entrance to Juan de Fuca Strait. We note
that the U.S. National Research Council (2012) report concludes that expected relative sea level rise by
2100 at the mouth of Juan de Fuca Strait would be about 0.65 m, compared to our estimated mean of

0.83 m.

Table 5: Projected relative sea levels for year 2100 compared to 2000, for the Strait of Georgia, the
Fraser Delta and the west coast of Vancouver Island (modified after Thomson et al. 2008).

Source Mean (m) Low (m) High (m)
Long-term global and regional trends
Global Eustatic 1.10 0.70 1.40
Steric (Strait of Georgia) 0.076 0.063 0.088
Steric (northeast Pacific) 0.034 0.028 0.040
Vertical Land Motion — Str. of Georgia
Tectonic 0.0 -0.05 0.05
Subsidence — Fraser Delta 0.30 0.23 0.37

Vertical Land Motion — West Coast
Vancouver Island
Tectonic -0.30 -0.23 -0.37
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TOTAL — Strait of Georgia 1.18 0.76 1.49

TOTAL —Fraser Ddta 1.48 0.99 1.86

TOTAL —West Coast Vancouver |s. 0.83 0.50 1.07

Amplitudes of Variation about Trend

Seasonal steric height 0.15 0.10 0.25
Seasonal atmospheric pressure 0.15 0.05 0.50
Seasonal winds and currents 0.15 0.10 0.25
Storm surges 0.40 0.10 1.00

Major ENSO steric height 0.50 0.30 1.00
Major ENSO atmospheric pressure 0.10 0.0 0.30

Table 6 presents a summary of anticipated sea level changes at various British Columbia communities
for a revised mean, low and high projected eustatic change of 1.1, 0.7 and 1.4 m by 2100. The non-
eustatic components used in the table are derived from local trends obtained using regional tide gauge
and GPS time series.

Table 6: Sea level rise at the end of the 21% Century relative to 2000 for various British Columbia
communities based on mean, low and high projected eustatic changes of 1.1, 0.7 and 1.4 m by 2100.
Regional changes are derived using observed trends in both tide gauge and GPS data series.

L ocation Mean (m) Low (m) High (m)
Prince Rupert — tide gauge 1.05 0.65 1.35
Prince Rupert - GPS 1.26 0.86 1.56
Nanaimo - GPS 0.91 0.51 1.21
Victoria — Tide gauge 0.99 0.59 1.29
Victoria - GPS 0.97 0.57 1.27
Vancouver — Tide Gauge 0.99 0.59 1.29
Vancouver - GPS 1.13 0.73 1.43

Thus, under these new estimates of mean eustatic sea level rise, all locations in British Columbia will
experience sea level rise during the 21% Century. Sea level rise will range from a possible low of 0.50 m
along western Vancouver Island to a high of 1.86 m on the Fraser Delta.

An area of research which is only now receiving greater attention relates to climatically induced
circulation changes in the North Pacific and their consequences for regional sea levels. Bromirski et al.
(2012) indicate that sea levels in the North Pacific will depend to a great extent on the magnitude of
changes in the Pacific Decadal Oscillation as well as basin-wide and regional wind forcing anomalies.
They suggest that the anticipated weakening and poleward expansion of Hadley Cell circulation, which
is expected to accompany global warming, will lead to reduced trade wind strengths and higher sea
levels along the West Coast of North America.
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Every how many years will today's 100—year event recur in 20507
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Figure 33: Frequency of 100-year extreme sea level (storm surge) events in 2050. Note that in Juan de
Fuca Strait today’s 100-year storm surge will occur every 20 years in 2050. (Tebaldi et al. 2012).
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Figure 34: Storm surge amplitudes and frequencies for today (green), 2030 (blue) and 2050 (red) in Juan
de Fuca Strait (Tebaldi et al. 2012). Amplitudes are metres above Mean High Water at the time, taking
into account regional relative sea level rise.

Extreme sea level events (storm surges) are predicted to increase in frequency during the 21* Century,
including in coastal British Columbia (e.g. Abeysirigunawardena 2010). Tebaldi et al. (2012) examine
the probable change in return periods for major storm surges around the U.S. (Figure 33). For the
entrance to Juan de Fuca Strait they show that what today is a 1 in 100 year event (1 % annual
probability) will occur every 20 years (5 % annual probability). At Neah Bay at the entrance to Juan de
Fuca Strait, the “100 year” event in 2050 will have a mean amplitude of about 1.55 m above Mean High
Water at the time, with the a 5 % probability that it could reach about 1.8 m (Figure 34).

I nformation Gaps and Future Work

Most of the information gaps identified by Thomson et al. (2008) remain today. Because of the marked
regional differences in the rate of sea level rise along the British Columbia coast, there is a requirement
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for the continuation, and expansion, in long-term physical oceanic measurements from both offshore and
coastal regions of the province. Primary focus should be on the maintenance of long-term observations
of sea level variations using coastal tide gauges, offshore bottom pressure recorders (BPRs), and land-
based GPS installations. Coincident measurement of upper ocean temperature and salinity continue to
be critical to determining the contribution of steric effects on long-term sea level trends. New
observational sites are needed if we are to resolve the pronounced regional differences in sea level rise
arising from tectonic, oceanic, atmospheric, and hydrological changes within coastal BC. Moreover,
these regional changes need to be considered within the broader global context of sea level change
processes and projections. Specifically, the following are seen as important areas on which to focus
future observations and research:

(1) Glacial and Ice Cap Contributions. Understanding the contributions to sea level change from major
ice sheets on Antarctica and Greenland, as well as from mountain glaciers, is, and will continue to be, a
major focus of international research over at least the next decade. This is a critical area of uncertainty
which is being addressed both by those investigating processes and by those involved in the analysis of a
growing observational dataset from satellite altimetry and tide gauges. In Canada, particular attention
could be focused on a better understanding or the processes and rates of mountain glacier retreat and the
consequences in terms of freshwater delivery to coastal waters and regional SLR.

(2) Coupling of regional sea level change to climate-scale changes in ocean circulation and steric
effects. The atmospheric and oceanic circulation systems are complexly coupled through complex
feedback mechanisms. Long-term repositioning of the basin-scale North Pacific High and Aleutian Low
atmospheric pressure systems in the North Pacific could conceivably give rise to long-term changes in
sea level associated with the corresponding changes in the dynamical contributions from oceanic wind
regimes and circulation. Modeling is required, on a regional scale, to understand better possible
scenarios in the northeast Pacific for atmospheric/oceanic circulation in relation to anticipated global
climate change, and the implications for sea level elevations at the coast (mean, seasonal and extreme
events). Interactions among climatic phenomena such as the Pacific Decadal Oscillations and Hadley
cell intensity dynamics are expected to have important consequences for regional sea levels but are as
yet poorly understood.

(3) Hydrologic modeling of coastal British Columbia watersheds. The volume of freshwater entering
coastal waters of British Columbia will have an impact on coastal circulation and, through dynamic and
steric effects, sea levels. As regional climate modeling improves, research is required to focus
particularly on: (a) rivers entering the central and North Coast of British Columbia (especially the
Skeena); (b) glacier-fed coastal rivers primarily on mainland British Columbia (see 1., above); and, (c)
rainfall-dominated watersheds mainly on Vancouver Island. It will be important to understand the
nature of regime shifts from glacier-dominated to rainfall-dominated systems and the possible
redistribution of flow throughout the year.

(4) Storm surge frequency and magnitude. As global sea level continues to rise, there will be an
increasing impact of storm surges on the low lying regions of British Columbia. Further research and
numerical modeling is needed to improve the forecast and predictions of storm surges in British
Columbia, including changes in frequency, intensity and direction of future major storm events.

(5) ENSO frequency and magnitude. Major El Nifio events also lead to anomalously high sea levels
along the coast of British Columbia. Present coupled atmosphere/ocean models are beginning to deal
with ENSO phenomena but are not yet particularly sophisticated. It will be important to understand
whether global climate change in the tropical Pacific will be El Nifio- or La Nifia-like and, if El Nifio-
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like, how it will affect the frequency and magnitude of ENSO events on coast of British Columbia.
Changes in these events will, in turn, have implications for mean regional sea levels and the frequency
and amplitudes of extreme sea levels associated with storms.

(6) Steric effects in the North Pacific and coastal waters. Steric contributions rival the volume
contributions from melting ice in terms of long-term increases in global sea level. Establishing the rate
of sea level change from increased global heating and advective redistribution of heat and salt in the
ocean presently lays with a determination of steric sea level changes from oceanic temperature-salinity
profile observations. Estimates will improve with ever growing time series of oceanic CTD profile data
from repeat shipboard survey lines, moored buoy instrumentation, cabled observatory instrumentation,
and the International Argo program. Eventually, coupled ocean-atmosphere GCMs, with realistic ocean
circulation and surface mixing dynamics will be capable of determining the contributions of halosteric
and thermosteric effects on global and regional sea level rise.

(7) Long term measurements by tide gauges, GPS and CTD profiling. Ongoing time series
measurements (including tide gauge, GPS, meteorological, and CTD programs), as well as new tide
series for poorly sampled coastal regions and highly vulnerable shorelines, are critical in coastal areas of
British Columbia where there is a complex suite of geological and oceanographic processes which
determine relative sea level rise. In particular, the CTD profiling series at the Nanoose Bay site, on the
west coast of Vancouver Island and at Station “P” need to be maintained and upgraded if we are to
understand the steric changes which affect regional sea levels along the coast and in the Northeast
Pacific. More measurements are needed in poorly sampled northern BC coastal areas (e.g., Hecate
Strait/Dixon Entrance) where freshwater influences, especially from the Skeen River, are expected to
change during this century. As well, there appear to be some anomalous tectonic effects on some parts
of the BC coast (e.g., Vancouver, Prince Rupert) which require longer GPS time series as well as further
geophysical modelling.

TRENDSIN UPWELLING AND DOWNWELLING WINDSALONG THE BRITISH
COLUMBIA CONTINENTAL SHELF

M.G.G. Foremanl, W.J. Merryﬁeld2 and B. Pal’. 'Institute of Ocean Sciences, Fisheries and Oceans
Canada, *Canadian Centre for Climate Modelling and Analysis, Environment Canada, University of
Victoria.

Summary

As this section summarizes Foreman et al. (2011) (henceforth FPM11), the interested reader is referred
to that manuscript for more details.

Using the Bakun (1973) upwelling index to approximate the amount of water drawn upward from the
base of the Ekman layer at six equally spaced sites between 33°N and 48°N, Bograd et al. 2009
(henceforth B09) estimated trends and variability in coastal upwelling along the California Current
System (CCS) over the period of 1967 to 2007. Cumulative upwelling indices (CUI, Schwing et al.
2006; henceforth S06) computed for each year and at each site were used to quantify the timing of the
spring transition, the length of the upwelling season, and cumulative upwelling and downwelling
strength. Among various statistically significant trends, they found that in the northern CCS the spring
transition was becoming later and the upwelling season was becoming shorter at the respective rates of
1.0 day/yr and 1.1 day/yr.
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FPM11 extended the B09 analysis northward to the waters off British Columbia (BC) where the North
Pacific Current bifurcates into the California and Alaska Currents (Dodimead et al. 1963). Though
upwelling is generally considered to be a characteristic of CCS and roughly extends from Vancouver
Island to Baja California (Thomson 1981), the latitude of the bifurcation and positions of the Aleutian
Low and North Pacific High pressure systems all exhibit interannual variability so that northern BC
waters can have a short upwelling season (Hsieh et al. 1995; Freeland 2006). It is therefore useful not
only to determine if the trends found by B09 extend to southern BC, but also how far upwelling extends
to the north and whether or not its timing and magnitudes have changed.

As Faucher et al. (1999) extended the Environment Canada network (Figure 35) of weather buoys off
the BC coast back to1958, the winds from the six stations closest to the shelf break (206, 132, 207, 147
208 205), rather than those derived from atmospheric pressure fields (Bakun 1973), were used to
compute our BC CUIs. Specifically, the Faucher et al. (1999) version of these winds were used up to
1997 while for 1998 to 2007, gaps in the buoy observations were filled using the NASA archive of
cross-calibrated, multi-platform (CCMP) ocean surface winds (Ardizzone et al. 2009;
(http://podaac.jpl.nasa.gov/DATA _CATALOG/ccmpinfo.html). See FPMI1 for analyses of the
differences between these data sets and the expected impact of combining them on the subsequent trend
analyses.
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Figure 35: Locations of 13 weather buoys off the Canadian west coast. Only observations from those
shown in blue are discussed in this analysis.

Once all gaps were filled in the wind time series, the associated wind stresses, 7, were calculated using
the bulk formula (Gill 1982).

T = pa*Cy* vy

where p, is the air density (1.2kg/m’), Cq is a constant drag coefficient (0.0013) and v is the wind vector
with magnitude |v|. These stresses were then resolved into their alongshore and cross-shore components,
where, consistent with alongshore bathymetry and coastline orientations (Figure 35), 30°
counterclockwise from north was chosen as the alongshore direction for the three northern buoys while
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45° counterclockwise from north was chosen for the southern ones. Offshore/onshore Ekman transports
per 100m of coastline were then estimated by dividing these alongshore stresses by the Coriolis
parameter and density of seawater (S06). At each buoy location, the CUI was calculated (S06) by
integrating the daily upwelling indices over the duration of the upwelling season and for each year, the
spring and fall transitions were determined as the dates when the gradient of the CUI changed sign from
negative to positive (spring) and vice-versa (fall). For each buoy location, decadal (or climatological)
means were then computed by simply averaging the CUIs over ten consecutive years and filtering with a
fifteen-day running average to remove any remaining high frequency variability. Consistent with B09,
the total upwelling magnitude index (TUMI) was computed as the difference between the CUI at the end
of the upwelling period and at the beginning; and somewhat differently from B09, the total downwelling
magnitude index (TDMI) was defined as the CUI on December 31 minus the TUMIL.

Decadally-averaged CUIs were computed for the F99 and observed+CCMP data sets are shown in
Figure 36. The associated upwelling start and end dates are given in Table 7 and also shown in Figure
36. The estimation of confidence limits associated with these dates is complicated by numerous wiggles
in the yearly CUIs, even after the application of a fifteen-day moving average filter. Though careful
analysis of local versus global minima/maxima might permit the definition of start/end dates for each
year, FPM11 used a bootstrap approach to estimate 90% confidence intervals for the values listed in
Table 7. These limits are usually less than about 20 days and comparable to those listed in Table 7 of
B09, but in some instances they can be much larger. The interested reader is referred to FPM11 for
further details.

Table 7: Decadal average start (1% number, Julian day number) and end dates (2™ number) of the
upwelling season at the six weather buoys.

Buoy 1959- [ 1969- [ 1979- [1989- | 1999-2008
1968 1978 1988 1998 | (obs+CCMP)
(F99) | (F99) | (F99) | (F99)

206 89 78 105 118 113 271
275 283 272 277

132 94 118 127 119 113 280
275 274 272 279

207 97 153 144 122 151 276
251 264 270 276

147 169 158 149 125 151 263
249 231 266 271

208 100 154 144 122 151 270
251 262 267 264

205 174 159 190 128 209 225
245 232 236 244
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Figure 36: Decadal-average CUIs for 1959-2008 at weather buoys a) 205, b) 208, c¢) 147, d) 207, e) 132,
) 206. CUIs for the first four decades were computed from the F99 time series while those for the last
decade used observed buoy winds with gaps filled from the CCMP data set. Dots denote the start and
end of the upwelling season. Labels 49-54 denote buoy latitudes (°N) rounded to the nearest degree.
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Visual inspection of the upwelling start dates shown in Figure 36 suggests that despite some
interdecadal variability, there may be trends towards later onsets at all buoys except 147. In fact there
are, and FPM11 compute them to be 0.88, 0.39, 0.77, -0.69, 0.70, and 0.23 days per year for buoys 206,
132, 207, 147, 208, and 205 respectively. All are significantly different from zero at the 95% level and
at all buoys except 147, upwelling is becoming later, a trend consistent with, though smaller than, the
1.0 days/year value that BO9 found at their 48°N site. A similar analysis was carried out for the
upwelling season durations and again at all buoys except 147, the trend was toward shorter upwelling
duration. In this case, all trends except that for buoy 207 were significantly different from zero at the
95% level and the value for buoy 206 was -1.02 days/year, very close to the -1.1 days/year that B09
found at their 48°N site. The contrary trends toward an earlier spring transition and longer upwelling
season at buoy 147 are interesting and may arise from changes in the seasonal winds in Hecate Strait and
Queen Charlotte Sound, even though opposite trends were found at buoy 207 which should also be
affected similarly. As seen in Figure 35, Environment Canada has three buoys in this region (204, 185,
183) and F99 also extended their time series back to 1958. Analyses of trends in these are ongoing but
the results are not reported here.

Table 8 lists five decades of TUMI and TDMI associated with the CUI shown in Figure 36, while Figure
37 displays these data in graphical form, along with linear trends that have been fit via least squares.
Note that the TUMIs do not decrease monotonically from south to north. The largest TUMIs are at the
second most southerly buoy (132) while the fifth buoy (208) displays more upwelling than the fourth
(147). Although there is considerable interdecadal variability and a notable decline in upwelling over
the last decade at all but buoy 206, all TUMIs except 205 show an overall increase over the past five
decades with the largest trends (Table 8) being at buoys 132 and 207. The trends at buoys 206, 132,
207, and 147 are significantly different than zero at the 95% confidence level while that for buoy 208 is
significant at the 90% level. Transforming these trends into forty-year changes in the associated
upwelling-favourable winds, the last column in Table 8 shows increases ranging between 0.9% (205)
and 25.7% (147).

Table 8: TUMI and TDMI decadal averages (m’s™ per 100m of coastline), linear trends (m’s™ per 100m
per year), and associated percentage wind increase over forty years at the six weather buoys. * and *
denote trends that are significantly different from zero at the 90% and 95% levels.

Buoy 1959- 1969- | 1979- 1989- 1999- Mean Linear | % wind

1968 1978 1988 1998 2008 (obs+ (F99 + trend speed
(F99) (F99) | (F99) (F99) CCMP) obs/CCMP) increase

206 2457 2453 1859 2093 3041 2381 8.1" 7.0 559
-2647 -2478 | -4563 -4445 -5826 -3992 -83.3"

132 4344 3420 4000 5189 5168 4424 3427 16.9 25.7
-5095 -4627 | -7367 -6531 -7661 -6256 -70.4"

207 1489 1050 1845 2470 1542 1679 153" | 202 35.1
-4228 -4008 | -6808 -4946 -7817 -5561 -81.2"

147 754 482 1030 1655 686 921 104" | 25.7 183
-5362 -5870 | -7177 -4718 -8582 -6341 -52.9"

208 1204 849 1411 2259 737 1292 4.8 7.7 20.9
-4232 -4412 | -6096 -3947 -7085 -5154 -52.4"

205 342 167 406 730 91 343 0.2% 09 13.2
-6782 -7073 | -8646 -5246 -10054 -7556 -46.7"
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Although the largest and smallest (negative) TDMI values (Figure 37b) arise at the most northerly and
southerly buoys, namely 205 and 206, TDMIs at the buoys in between do not display a monotonic
progression from north to south. The second smallest TDMI is at the second most northerly buoy (208)
and the third largest is at the second most southerly buoy (132). Though all TDMIs show a 1989-98
decrease in downwelling that becomes progressively stronger to the north, all linear trends show
increased downwelling with particularly strong increases over 1999-2008. All trends are significantly
different from zero at the 95% level with the largest being at buoys 206 and 207. The associated forty-
year increases in downwelling-favourable winds range between 13.2% (205) and 55.9% (206).
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Figure 37: a) TUMI and b) TDMI values (dots) and linear trends over the past five decades at the six
weather buoys. Labels 49, 50, 51, 52, 53, 54 denote buoy latitudes rounded to the nearest degree and
correspond to buoys 206, 132, 207, 147, 208, and 205, respectively.
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An intensification of TUMI and TDMI along the BC shelf over the last fifty years leaves open the
question of whether these trends might continue in the future. As summarized in another section of this
report, Merryfield et al. (2009) showed that ensemble mean summer winds along the BC shelf in the late
21% century were projected to increase in speed by 5-10% and rotate clockwise by ~5°, both statistically
significant changes, while the associated model ensemble winter winds showed no statistically
significant changes. Though these changes are considerably less than the historical upwelling- and
downwelling-favourable wind changes found here, both Yin (2005) and Salathé (2006) found a
deepening and northward shift of the Aleutian Low accompanied by a northward shift in North Pacific
storm tracks that would be a consistent continuation of our TDMI trends. Perhaps more importantly,
Gillett et al. (2003) not only found trends in December-February Northeast Pacific sea level pressures
over 1948-98 that are consistent with stronger downwelling-favourable winds in the California Current
region, but they also demonstrated that anthropogenic greenhouse gases and sulphate aerosols have had
a detectable influence on sea level pressures over the second half of the 20" century.

Though Global Climate Models (GCMs) have been to used to project future changes in the seasonality
and magnitude of winds and river discharges (Morrison et al. 2002), further study with regional models
that have much finer horizontal resolution than the >1° that is common to most GCMs will be necessary
to provide more credibility and spatial detail. A 3 km regional ocean model has been developed for the
British Columbia continental shelf and results from one simulation are presented in the subsequent
chapter "Results from Regional Climate Model Simulation for the British Columbia Continental Shelf".

TRENDSIN OXYGEN CONCENTRATION ON THE CONTINENTAL SHELF OF BRITISH
COLUMBIA.

Bill Crawford' and Angelica Pefia’. 'Fisheries and Oceans Canada, retired, *Institute of Ocean Sciences,
Fisheries and Oceans Canada.

| ntr oduction

This report describes the typical oxygen concentrations on the British Columbia continental shelf, based
on almost 80 years of measurements by oceanographers and fisheries scientists, evaluates past changes
in these concentrations, and offers insight into future changes. For records of oxygen concentration, we
rely on observations archived by the Ocean Sciences Division of Fisheries and Ocean Canada at the
Institute of Ocean Sciences, as well as those of the US National Ocean Data Center. This chapter
summarizes results by Crawford and Pefia (2013), henceforth CP13, and also include more recent
calculations not yet submitted for publication in a scientific journal.

Subsurface waters of the continental margin of the west coat of the Americas are chronically low in
dissolved oxygen. Whereas ocean surface waters everywhere are usually saturated with oxygen, with
concentration close to 300 micromoles per kilogram (umol kg™), the oxygen concentration declines with
increasing depth below the ocean surface mixed layer. This decline with depth is significantly greater
along the North American west coast than is typical of the ocean in general. On the British Columbia
continental margin the oxygen concentration declines to almost zero at depths of 700 to 1000 m below
the ocean surface. The low concentration is attributed to low oxygen in the California Undercurrent that
flows northward at depths of 200 to 300 m along the North American margin from Central America, as
well as to oxidation of organic material on the continental margin itself. Upwelling-favourable winds
along the west coast, especially in summer, advect low-oxygen waters across the slope and shelf,
decreasing the near-bottom oxygen concentration. This same upwelling also injects nutrients into
surface waters that accelerate plankton growth and increase biomass of species higher up the food chain.

46



The continual fallout of detritus from this biomass leads to increased oxidation rates in summer and
additional declines in local oxygen concentration on the shelf.

The waters of the California Current originate in the Eastern Tropical North Pacific (ETNP) off Central
America where oxygen concentration is near zero, but along the route there is significant exchange with
adjacent more oxygenated waters. By the time they reach British Columbia, the ETNP waters are
diluted by about 50% (Thomson and Krassovski 2010). Therefore, multi-year changes in oxygen
concentration in bottom waters off BC are due to changes in these two source waters, as well as to
changes in the mixing of these waters and in upwelling winds along the west coast.

Local ecosystems have adapted to these low concentrations, but changing oxygen concentration will
lead to ecosystem changes. In 2002 a significant decline in oxygen concentration on the bottom of the
Oregon continental shelf at depths less that 100 m in summer led to mortality of shellfish, an event not
recorded in previous years (Grantham et al. 2004). Similar events followed in later summers, and the
low-oxygen bottom water reached its greatest extent to the north in the summer of 2006, reaching
Canadian waters (Connolly et al. 2010).

Spatial Distribution

As noted above, the oxygen concentration decreases with increasing depth below the ocean surface
mixed layer. This decrease is due to slow mixing of oxygen from the ocean surface and to local
oxidation of organic material. Because in shelf and slope waters the lowest oxygen concentration is
usually near the ocean bottom, we first examine the spatial distribution of oxygen along the bottom on
the British Columbia continental shelf.

Figure 38 presents a summary of observations of oxygen within 20 m of the ocean bottom by plotting
symbols to represent past observations. Only observations from months of June to September are
included, since winter concentrations are almost always higher. Concentration is expressed in millilitres
per litre (ml L), where 1 ml L™ ~44 pmol kg'. The term hypoxia is often used for waters with low
oxygen concentration. For example, Connolly et al. (2010) define hypoxia as <1.4 ml L™ (61 pmol
kg ). Chan et al. (2008) define extreme hypoxia as <0.5 ml L™' (<22 pmol kg").

The two panels of Figure 38 reveal the decrease of oxygen concentration with increasing depth. Severe
hypoxia (<0.5 ml L™") is observed only deeper than 500 metres, or in some inlets. The bottoms of these
inlets exchange deep water very slowing with outside oceanic waters, and do not mix oxygen down to
the bottom, so their oxygen concentration can go to zero in some inlets. This is a natural feature.
Changes in oxygen in these inlets are outside the scope of this paper.

Hypoxic bottom water (<1.4 ml L") is rarely found along the inner continental shelf of British
Columbia, inside the 100 m contour. In contrast, hypoxia, and even extreme hypoxia have been
observed in summer on the Oregon and Washington shelves well inside the 100 m contour (Grantham et
al. 2004). We do not expect to see similar hypoxia along the BC coast. We attribute this fundamental
difference to the outflow of seawater from Juan de Fuca Strait that flows to the northwest along the
Vancouver Island coast, forming the Vancouver Island Coastal Current. This outflow is well
oxygenated due to intense tidal mixing in Juan de Fuca Strait, and is about 100 m deep. When winds
blow from the northwest in summer and upwell nearshore water, this upwelled water is replaced by
oxygenated water of the Vancouver Island Coastal Current. By contrast, the Oregon and Washington
coasts have no comparable alongshore current, so upwelling winds there bring low-oxygen water toward
shore along the ocean bottom.
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A comparison of Figure 38a and b reveals that at most depths the oxygen concentration is lower off
southern British Columbia than in northern BC. Almost all the hypoxic shelf water inside the 200 m
contour is at mid-shelf off southwest Vancouver Island (Figure 38b), where there is a broad shelf
between 100 and 200 m depth (CP13). Concentration below 1.4 ml L™' on the continental shelf is rarely
observed inside the 200 m contour in samples north of 49.5°N (CP13). Concentration below 1 ml L™ is
rarely observed in summer inside the 100 m contour north of this same latitude.
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Figure 38: Historical observations of oxygen concentration (ml/I"") within 20 m of the ocean bottom
plotted on maps of the BC shelf and inlets, for the months of June to September. (a) northern BC; (b)
southern BC. Depth contours are in metres. Straight black lines pass along the LB and LG lines. Station
P4 is marked by a star. (Source: Crawford and Pefia 2013).

There is a broad shelf section off southwest Vancouver Island with hypoxia extending well across the
continental shelf. Sampling line LB (Figure 38b) lies in this region. We attribute this extensive hypoxic
region to the presence of the Juan de Fuca Eddy (CP13). This eddy carries seawater cyclonically
(counterclockwise) over the shelf, with its northern arc passing directly over the LB line of stations.
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Bottom water with lower oxygen concentration upwells into the centre of this eddy from deeper regions,
bringing low oxygen water. A numerical simulation of this eddy reveals that both upwelling of low-
oxygen water and local oxidation inside this eddy in summer contribute to hypoxia in summer near
bottom (CP13).

Temporal changes

We focus on stations of the southern British Columbia shelf where hypoxia is most frequent in summer.
There are two stations with sampling in almost all summers for three decades. LBO0S8 is on the
continental shelf at 48°25.3N, 125°28.66W in 145 m of water. Station P4 is on the continental slope at
48°39.0N, 126°40.0W in 1300 m of water. Figure 39 presents time series of changes in summer oxygen
concentration at these stations. The symbol sigma-t (o) refers to the density of water, whereby o of
26.4 indicates a water density of 1026.4 kg m™.
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Figure 39: Oxygen and o at stations LBOS (left) and P4 (right) observed in late summer and early
autumn. (a, d) Oxygen versus year of observation. (b, €) o; versus year of observation. (c, €) Oxygen
versus o;. Observations were averaged within each year prior to plotting. Colours denote depth of
observation. (Source: Crawford and Pena 2013)

The time series of oxygen (Figure 39a-c) shows a decline for the period 1979 to 2011 at both 125 and

100 m, with linear slopes of 0.019 and 0.017 ml L™ y ' (0.83 and 0.74 umol kg ™' y™"), respectively, and
an R? of 0. 44 and 0.33 and P< 0.01 and 0.001 respectively (data were assumed independent from one
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year to the next). A smaller linear decline of 0.013 ml L™ y' (0.57 umol kg™' y ') per year at 75 m is
significant only at p < 0.1. There is even less statistical significance to the linear trend at 50 m and no
decrease at shallower depths. Similar trends in o; from 1978 to 2011 (Figure 39b) were not observed at
the four depths from 50 to 125 m. However, rather large year-to-year variability might mask the
tendency for o, to have been greater from 2004 to 2010, when oxygen also tended to be lower. Figure
39c presents the co-variability of o; and oxygen in the same data. At 50 and 75 m there is clear co-
variability in these two properties, with lower oxygen on higher o, surfaces. The outliers with the lowest
density occur in 1998. At both 100 and 125 m it is more difficult to see a relationship between o, and
oxygen. The years with the lowest oxygen at 125 m (2006 and 2009) have a o, of about 26.61, with
seven other years experiencing higher density but also higher oxygen. From Figure 39b and ¢ we
conclude that the co-variability of o; and oxygen might explain some of the interannual variability of
oxygen between 1979 and 2011 but not the general decline of oxygen at 100 and 125 m over this period
(CP13).

A longer time series of oxygen on density surfaces is available on the continental slope along Line P at
Station P4 (Figure 40d-f). This station lies in 1300 m of water off southwest Vancouver Island. Oxygen
concentration has been measured here during almost every Line P cruise since the early 1980s and on
several cruises in the early 1960s. We averaged August to September observations in each year, plotting
one value per year. As shown in Figure 39d, there is a decrease in oxygen from the 1980s to present at
three of the depths. The lowest oxygen concentrations occurred in 2002, 2005, and 2009. The linear
declines are 0.017, 0.025, and 0.024 ml L™' y' (0.74, 1.1, 1.0 pmol kg ' y ') at 150, 200 and 250 m
depths, respectively, with corresponding R* of 0.083, 0.32 and 0.36. Trends at 200 and 250 m are
significantly different from zero at P < 0.01, while the trend at 150 m is not significant. Concentration at
100 m does not have a trend over this same interval. Although calculations indicate that oxygen has been
decreasing at P4 more rapidly than at LBO8 since 1980, the differences are not statistically significant.
When observations from the 1960s are included in the calculation of trend, the linear rates of decline are
0.012 ml L' y™" at both 250 and 200 m, with R? of 0.20 and 0.15, respectively (P > 0.07). There is no
significant linear trend in o; in Figure 39¢e. However, at 150 m depth there is a minimum in c; from 1997
to 1998, corresponding to the prolonged El Nifio impacts on local waters. We plotted o, versus oxygen
concentrations at four depths in 22f to investigate any tendency for low oxygen concentrations to be
caused by shoaling of isopycnal surfaces. The three years 2002, 2005, and 2009 stand out from other
data points at 250 m. These are the three years that provide the lowest recent oxygen concentrations to
the time series of Figure 39d. However, even excluding these three years, a decrease in oxygen at 250 m
is still present in this time series. A separate analysis revealed a decline of 0.022 mI L™ y' (0.96 pumol
kg™' y') in oxygen on the 26.6 o, surface near P4, not significantly different from the rate of decrease at
200 m depth, close to this density surface (CP13).

To examine changes in subsurface oxygen concentration prior to about 1980, we cannot rely on repeat
sampling at one or two fixed location stations. Instead, we examined all observations and averaged over
general shelf regions where there have been many samples in most decades. We decided to examine
changes in oxygen on constant density surfaces of the ocean, since CP13 showed at LB08 and P4 that
decadal declines in oxygen were not due to uplifting of the density structure, but instead to changes in
oxygen on these constant density surfaces. We computed oxygen concentration on several constant
density surfaces for each profile in the archives, this time using sigma-theta (oy) rather than sigma-t (cy).
The numerical difference between these two parameters is very small at depths we examine, and the
actual difference is related to effects of subsurface water pressure on water temperature. Since the
waters of the continental slope are source waters for the bottom of the continental shelf in summer, we
examined changes in oxygen over the continental slope.
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We found that the archives hold many observations of oxygen in the continental slope of the west coast
between latitude 48N and 49N. From these observations we prepared a time series of oxygen on several
oo surfaces. Results on the 26.7 surface are shown in Figure 41 below. Each blue symbol represents a
sample collected over past decades between latitude 48°N and 49°N, where the total water depth was
between 200 and 1500 m. The red line is a least-squares-fit cubic polynomial to the blue symbols. We
found little change if a fourth order polynomial was plotted.
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Figure 40: Oxygen concentration interpolated onto the 26.7 oy surface for observations over the
continental slope of the south coast of Vancouver Island. Blue symbols show individual observations;
red line is a cubic least-squares polynomial.

Figure 40 clearly shows decadal variability, with increasing oxygen concentration for 1950s to 1980s,
and declining concentration through the 1990s and 2000s. Therefore the declines observed since 1980
are not part of a longer period decline in oxygen. A second feature of Figure 40 is a slight increase in
oxygen after 2009.

We found similar decadal variability on the continental margin to south, as far as 32°N. Off Central
America, Deutsch et al (2011) observed similar decadal variability in the spatial extent of the eastern
tropical Pacific oxygen minimum zone. Therefore the decadal changes presented in Figure 40 might be
due to changes in oxygen content on the source waters of the California Undercurrent.

¢ 51-55N, 131-137W
— Cubic Trend

250

200 -

150 +

=

o

o
!

Oxygen Conc. (umol/kg)

a1
o
1 X
<

0 T T T T T T T T T T
1935 1945 1955 1965 1975 1985 1995 2005
Year

Figure 41: Oxygen concentration interpolated onto the 26.7 oy surface for observations over Dixon
Entrance and west of Haida Gwaii. Blue symbols show individual observations; red line is a cubic least-
squares polynomial.
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There are few samples on the central and northern BC continental margin, so we examined observations
there over a larger range from 51°N to 55°N, and 131°W to 137°W. These observations extend through
Dixon Entrance and west of Haida Gwaii, and are not confined to the continental margin. Results are
presented in Figure 41.

Figure 41 reveals a broad maximum in oxygen concentration from the 1950s to the 1980s, and declines
after then until 2003. The low correlation coefficient of R* = 0.06 suggests the decadal variability
represented by the red line is not significant.

Whitney et al. (2007) and Falkowski et al. (2011) have examined changes in oxygen on constant density
surface at Ocean Station P at 50°N, 145°W in the Gulf of Alaska. They document a half-century of
decadal variability and declining oxygen concentration on the 26.7 oy surface, and on other similar-
density surfaces. A minimum in oxygen was observed in 2003. Our own analysis of all data collected
in the Gulf of Alaska as well as at Ocean Station P reveals considerable variability and the most
dominant and widespread change is a drop in oxygen concentration from mid 1990s to mid 2000s, not
only in deep ocean waters, but also along the continental margin of USA and Canada.

These findings of decadal variability from 1940s to 2011 suggest that future declines in oxygen
concentration along the North American West coast will be modulated by decadal variability, and that
the rate of decline between 1980 and 2010 might have been stronger than expected for an average over
then next 50 years or so (see subsequent chapter on "Projections For The Open Gulf Of Alaska").

Summary

Over the British Columbia continental shelf and in adjacent oceanic waters the ocean surface waters are
saturated with oxygen. However, as one descends through the ocean the concentration decreases,
reaching almost zero at 700 to 1000 metres depth. The decline is most significant at depths below the
ocean surface mixed layer, which can be 10 to 100 metres deep. Most of the continental shelf has
bottom depths less than 200 m, and in some shelf regions the oxygen concentration is sufficiently low to
impact marine life near the ocean bottom.

The lowest near-bottom oxygen concentration on the continental shelf is found in late summer and early
autumn in some regions off southwest Vancouver Island, where a concentration of 1 millilitre per litre
(ml L) is typical at depths of 145 m (1 ml L™ ~ 44 umol kg"). Higher concentrations are observed in
other seasons and elsewhere on the British Columbia continental shelf.

Off southwest Vancouver Island, oxygen concentration declined to 0.7 ml L™ in the late summer of 2006
and again in 2009. On average, near-bottom oxygen concentration there declined at a rate of 0.019 ml
L'y (0.83 pmol kg™' y) from 1979 to 2011. This decline is based on repeated observations at a
single station, LBO8 (48° 25.3'N, 125° 28.66'W in 145 m of water) in almost every summer since 1979.
Station P4 (48°39.0N, 126°40.0W in 1300 m of water) on the nearby continental slope has also been
sampled regularly for several decades. The decline in concentration of oxygen there at 200 m depth is
0.025ml L'y ' (1.1 pmol kg ' y") from 1981 to 2011. Because regular sampling does not extend back
past 1979 at these two stations, we cannot determine earlier trends.

However, by searching through DFO and American databases of oxygen measurements since the 1930s,
we have been able to determine longer-period trends and decadal variability of oxygen concentration for
several general regions of the British Columbia continental slope, as well as along the USA continental
slope. This search reveals that from the 1960s to 1980s oxygen concentration increased at depths of 200
to 300 m along the continental slope of California to southwest Vancouver Island. In British Columbia,
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oxygen concentration increased somewhat after 2009. Because the water near 200 m depth upwells onto
the continental shelf in summer and influences the minimum oxygen concentration at shelf-bottom in
late summer, we believe that the rate of decline at LBO8 and at P4 noted above for the past three decades
was greater than the average over a longer period. A future decline in oxygen concentration off
southwest Vancouver Island will likely continue at a smaller rate than observed for the period of 1979 to
2011, and will be influenced by decadal variability.

TRENDSIN NUTRIENT CONCENTRATION IN THE NORTHEAST SUBARCTIC PACIFIC
Angelica Peia, Institute of Ocean Sciences, Fisheries and Oceans Canada
| ntroduction

This report describe variations in nutrient concentrations on the continental shelf and open ocean of the
northeast subarctic Pacific, based mostly on almost 40 years of measurements along Line P, which
extends from the southwest corner of Vancouver Island to Ocean Station Papa (OSP, 50°N, 145°W) in
the Gulf of Alaska, and many years of observations at station LBO8 on the continental shelf of British
Columbia. It extends previous analysis of surface ocean nutrient variability along Line P (Pefia and
Varela 2007; Di Lorenzo et al. 2009), and includes recent analysis of temporal changes in nutrient
concentrations on the continental shelf of British Columbia. It also offers insight into future changes in
these concentrations.

The Gulf of Alaska is a high-nutrient, low-chlorophyll (HNLC) region where iron limits phytoplankton
growth. As a result of iron limitation, nitrate and silicate commonly remain abundant in summer. In
contrast, continental shelf phytoplankton are not limited by iron but by nitrate supply. Due to frequent
injections of nutrients from rivers, upwelling, estuarine circulation and tidal mixing, the continental shelf
is very productive. Beyond the shelf, nutrient concentrations increase gradually offshore and are highest
in late winter due to nutrient transport to the upper layer by wind-forced upwelling and mixing during
winter storms. Between the HNLC region and continental shelf waters lies a transition area that does
not experience coastal upwelling and where nitrate becomes depleted in summer. In addition to seasonal
variability, large interannual and decadal variability in mixed layer nutrient concentration has been
observed along Line P (Whitney et al. 1998; Pefia and Varela 2007).

Climatic changes resulting in surface warming and/or freshening cause an increase in the density
gradient between the surface layer and underlying nutrient-rich waters and thus could reduce the
transport of nutrient-rich waters to the surface layer of the ocean. Also, increase in upper ocean
stratification might increase the remineralization of organic matter (increasing the concentration of
nutrients and consumption of oxygen) in waters just below the mixed layer, countering the effect of
reduced water transport. Freeland et al. (1997) and Whitney et al. (1998) provided evidence of a long-
term trend towards fresher, warmer, and less nutrient-rich waters at OSP based on observations over the
1956-1996 period. However, a later analysis of Line P surface layer nutrient concentrations for the
years 1969-2005 (Pefia and Varela 2007) showed significant interannual and decadal variations rather
than a long-term trend. In the subarctic Pacific, Ono et al. (2008) found evidence of decline in summer
surface nutrient concentrations during 1975 to 2005. Their analysis suggests that this nutrient trend is
mainly due to recent stratification of the upper ocean rather than an alias generated by decadal or shorter
term variation. In contrast, Whitney (2011) did not find significant linear trends in surface layer
nutrients in the eastern subarctic Pacific in both winter and summer during the 1965-2009 period,
despite evidence that the upper ocean is becoming more stratified (Freeland 2013). He suggested that
nutrient enrichment of the shallow pycnocline might be countering the effects of strengthening upper
ocean stratification in this region.
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Open Ocean

Long time series of upper ocean nitrate and silicate concentration collected in the Gulf of Alaska along
Line P have shown marked interannual and decadal variability. Nitrate anomalies (Figure 42a),
computed by removing the long-term monthly means (1964-1981) along Line P, were positive beyond
the continental shelf (west of 128°W), indicating higher concentrations of nitrate that the long-term
average in 1971-1972, 1975-1978, 1988-1990, 2000-2002 and 2007-2009. During the 1990s, nutrient
anomalies were mostly negative (i.e. lower concentrations of nutrients that the long-term average). This
period coincides with the strong warming cycle observed in the NE subarctic Pacific. Di Lorenzo et al.
(2009) showed evidence that these decadal variations in upper ocean nutrients (and also salinity) are
linked to the North Pacific Gyre Oscillation (NPGO; Figure 42b); a climate mode of variability that
tracks changes in strength of the central and eastern branches of the North Pacific Gyre and of the
Kuroshio-Oyashio Extension. Their analysis included observations from years 1963-2004. In recent
years, these relationships generally hold except for a brief period during 2009-2011 where nutrient
anomalies present a different pattern of variability than the NPGO.
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Figure 42: (a) Hovemoller plot of upper mixed-layer nitrate concentration anomalies (umol/L) along
Line P from 1969 to 1981 and from 1988 to 2012. (b) Comparison of upper mixed-layer nitrate
concentration anomalies averaged along Line P (west of 128°W) with the NPGO climate index.

In the HNLC portion of Line P (Figure 43a), long-term fluctuations in upper layer nitrate concentration
have little effect on phytoplankton nitrate utilization (Pefia and Varela 2007) because iron availability
rather than nitrate limits phytoplankton growth. Iron is transported to the northeast Pacific from
continents either in the ocean as mesoscale eddies or off-shelf transport or in the atmosphere as volcanic
ash and dust. Eastward, towards the shelf, fluctuations in the winter supply of nutrients to the surface
layer results in variations in the size of the region where nitrate is depleted in summer. For example,
during the summer following the 1997-98 El Nifio nitrate was depleted eastward of 135°W along Line P.
During 2010, nitrate depletion was also extensive but in nearshore stations nitrate was high. In contrast,
in 2007 and 2008 (La Nifia conditions) summer nitrate depletion occurred over a narrower region (from
~126° to 129°W). As shown in Figure 43c, variations in the extent of nitrate depletion are better linked
to the Oceanic Nifio Index (ONI; positive for El Nifio, negative for La Nifia) than to the NPGO, although
both indices display some common variability. Whitney et al. (1998) suggested that variations in the
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eastern boundary of the HNLC region were due to variable seasonal

waters which is related to El Nino effects.
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climate indices (ONI and NPGO).
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Given that significant decadal variations in nutrient concentrations are present in the northeast Pacific,
long time series of observations are necessary to separate decadal oscillations and shorter-term
variations from ‘linear’ long-term trends that may be resulting from increasing ocean stratification with
anthropogenic climate change. Linear trends in nitrate concentration in the mixed-layer and below the
surface layer (150 m) were carried out at the five main stations of Line P (Figure 43a). Only
observations from winter were included in the analysis of upper layer nutrients. Contrary to expectation,
significant (P>0.95) positive trends toward higher surface layer nitrate concentration were found at P4
and P12 but not at the other main stations (Figure 43). Below the surface layer, a significant trend
towards higher nitrate concentration was found only at OSP. Similarly, a significant trend towards
lower oxygen concentrations has been reported in subsurface water (100-300 m) at OSP (Whitney et al.
2007). Nutrient concentrations vary inversely with oxygen (Figure 44), as would be expected from the
remineralization of organic particles.

British Columbia continental Shelf

Horizontal gradients in surface and sub-surface nutrient concentrations are significant along and across
the continental shelf of British Columbia. In this region, surface layer nutrient concentrations are
highest in late summer and early fall during the coastal upwelling season. The spatial distribution of
surface layer and near-bottom nitrate concentrations during fall are shown in Figure 45. Nitrate
concentrations are higher along the inner shelf of Vancouver Island and in Hecate Strait. At both
depths, waters with high nitrate concentrations extend farther offshore off southwest Vancouver Island
(SWVI) where there is a broad shelf between 100 and 200 m depth. The SWVI region is part of the
northern California Current eastern boundary current system which is influenced by seasonal coastal
upwelling. Upwelling winds along the west coast, especially in summer, advect nutrient-rich, oxygen-
poor California Undercurrent waters across the slope and shelf. In addition, tidal mixing provides
nutrients to the outflowing surface waters of Juan de Fuca Strait, which is a major source of surface
nutrients on the continental shelf of the southwest coast of Vancouver Island
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Figure 45: Composite contours of nitrate concentration at the surface and at 100m on the British
Columbia shelf from historical observations at IOS and WODOS5 data for the years 1960-2006.

In this region, nutrient observations are neither temporally nor spatially intense enough to resolve
variations in surface layer nutrient concentrations during short-duration events such as tidal mixing or
wind-driven upwelling. Therefore, to look at temporal changes, we focus on subsurface nutrient
concentrations at a station on the southern British Columbia shelf, LBO8 at 48° 25.3'N, 125° 28.66'W in
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145 m of water, where sampling have been carried out in almost all summers for three decades. Figure
46 presents a summary of nitrate observations within 20 m of the ocean bottom for 1979-2010.
Seasonally, nitrate concentrations range from 23 to 42 umol/L and are lowest in winter and highest at
the end of summer (Figure 46a). More observations are available for oxygen concentrations (Figure
46b) which vary inversely with nitrate, as would be expected from the remineralization of organic
particles (Figure 46¢). In general, the highest nitrate (lowest oxygen) concentrations at LB08 have
mostly occurred since 2005. One expects nitrate concentrations to increase in sub-surface waters as
oxygen declines, because of the oxidation of organic matter. Thus, the increase in nitrate in recent years
is compatible with oxidation in subsurface waters.
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Figure 46: Near bottom nitrate (a) and oxygen (b) concentrations versus day of year at LBO8 during
1979 to 2011. Comparison of nitrate and oxygen concentrations (c). The black line has a slope of 9.

THE INCREASE IN CARBON ALONG THE CANADIAN PACIFIC COAST
D. Ianson, Institute of Ocean Sciences, Fisheries and Oceans Canada
| ntroduction

This chapter deals with the increase in dissolved inorganic carbon along the Canadian Pacific coast and
the risk that this increase may pose to marine organisms. The following text gives some brief
background concerning the increase in carbon and associated ocean acidification. A biological indicator
for ocean acidification is defined. Available data in the study region are discussed. The circulation in
the study area is also discussed in detail, as this circulation plays a major role in setting the carbon state
in our region. Finally the best evidence for the current carbon state in our region is presented and
potential changes due to climate change are discussed.

Carbon in the Ocean: As atmospheric CO; increases due to anthropogenic greenhouse gas emissions,
the oceans take up a significant portion of this carbon (about 25%, Le Quéré et al. 2010; 30% if land use
changes are not included, Denman et al. 2007). The ocean has a great capacity to hold carbon due to the
reaction of CO2 with seawater (Revelle and Suess 1957). However, increasing the total amount of
dissolved carbon in seawater changes the ratio of the chemical forms of that carbon, ultimately
decreasing ocean pH. This issue has been termed 'ocean acidification' (e.g. Orr et al. 2005).
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Biological impacts of ocean acidification: Biological impacts of ocean acidification on marine
organisms are anticipated both through the decreased ability to calcify (for organisms that require
calcification, Orr et al. 2005) and via hypercapnia (essentially the reduction of the blood's ability to carry
oxygen when CO; concentrations become too high; e.g. Redfield and Goodkind 1929). Research into
these biological effects is still in its infancy. However it is clear from the geological record that mass
extinctions are possible. For example, about 55 million years ago, atmospheric CO, increased at the
greatest rate in the Earth's history prior to human times (~10 times slower than the current rate of
increase), many benthic calcifiers disappeared (Zachos et al. 2005). It is also possible that many
organisms will adapt, although research into adaptation is only beginning (Kelly and Hoffmann 2012).
Regardless, changes to marine ecosystems due to the increased carbon in the ocean are likely. These
changes are anticipated to impact economies (e.g. Cooley and Doney 2009).

Defining a biologically relevant indicator - "Undersaturation": Many marine organisms (e.g. plankton
such as coccolithophores and pteropods, and benthic molluscs such as oysters) build shells out of
calcium carbonate, and from a thermodynamic standpoint, calcification becomes increasingly difficult as
pH decreases (or as carbon concentrations increase). The shift in chemical speciation of carbon causes a
decrease in the free concentration of carbonate ion with increased carbon (decreased pH). The two main
mineral forms of calcium carbonate are aragonite and calcite. The form that is most susceptible to
increased acidity is aragonite. Many organisms that are ecologically relevant along the Pacific Canadian
coast use aragonite in their shells and structures e.g. pteropods, a staple food for juvenile salmon (Boldt
and Haldorson 2003; Armstrong et al. 2005). For this reason, the aragonite saturation state ({2arag) Will
be used here as a biological indicator of ocean acidification. Specifically, the point at which aragonite
dissolution occurs more rapidly than aragonite production (,rae=1) Will be used. The depth in the water
column at which this point is reached is termed the aragonite saturation horizon.

The aragonite saturation state decreases as the amount of dissolved carbon increases for a given
temperature, salinity, pressure and alkalinity. Alkalinity changes occur when organisms precipitate
calcium carbonate and when carbonate minerals dissolve. Lesser changes are associated with plankton
uptake and remineralization of nutrients. In our region, alkalinity is affected most by dilution, i.e. inputs
of fresh water with negligible alkalinity (Ianson et al. 2003). Because carbon (and pressure) generally
increase with depth in the ocean, the saturation state almost always decreases with depth (e.g. Mucci
1983). As a result, at present surface waters are supersaturated with respect to aragonite at most times
and places in the world's ocean and undersaturated (i.e. aragonite will dissolve) at depth. The exact
depth of the transition from saturation to undersaturation (the saturation horizon) depends on the
location and the time of year.

Our current knowledge of the carbon state: There are few places in the world's ocean where a time
series of carbon state exists that is sufficient to examine trends in carbon, or acidity, with time. This
lack of data is partially due to the fact that the ocean hasn't been sampled for carbon (or related
parameters such as alkalinity, pH or the partial pressure of carbon dioxide, pCO,) as extensively as it has
for temperature, salinity or oxygen. In addition, to fully determine the carbon state, and aragonite
undersaturation, at least two of the above carbon parameters must be measured, along with temperature,
salinity and pressure.

A second barrier is the difficulty in making these carbon measurements well. Until the mid-late 1980s
research groups were not able to get consistent results in their measurements because the techniques had
not developed sufficiently. Now there are standard methods and well-developed inter- comparison
projects (e.g. Dickson et al. 2007). This report only considers carbon data collected with well
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established methods and in which the carbon state is defined (i.e. at least two of the carbon parameters
have been measured, as described above).

On the outer coast in our study region the first carbon data were collected in July 1998 (Ianson et al.
2003). This year was not a typical year (strong El Nifio in winter 1997-98 followed by strong La Nifia
in summer 1998). There have been three subsequent surveys along the outer coast: in 2004, 2007 (Feely
et al. 2008) and in 2010. Carbon data are a regular part of the Line P surveys (data are collected at two
stations over the shelf off the west coast of Vancouver Island, WCVI, on each of the 3 trips/year). DIC
data have been collected along Line P since 1986 and alkalinity since 1992, but the quality of the
alkalinity data is poor prior to 2000. Similarly 4 shelf locations are sampled on the LaPerouse cruises
(DFO) (2 trips/year). In the inner waters of the Salish Sea, even fewer carbon data have been collected.
There have been samples collected in the Strait of Georgia in fall and winter of 2003 and summers of
2010 and 2011. Similar to the WCVI, samples are now collected regularly at 4 stations as part of the
Strait of Georgia monitoring programme. Thus, it is not possible at present to examine trends in carbon
states and difficult to evaluate even the current state. This difficulty is in part due to the dynamic nature
of the local circulation.

Physical circulation and itsimpact on carbon states

Outer British Columbian coast: The circulation off the WCVI is complex (e.g. Thomson 1981;
Freeland et al. 1984). During all seasons, a strong buoyancy current flows northward over the inner-
shelf, the Vancouver Island Coastal Current (VICC) (e.g. Hickey et al. 1991). During the summer,
upwelling along the WCVI occurs along with equatorward flow along the shelf-break (adjacent to and
seaward of the poleward VICC). During the winter, winds reverse direction, the shelf-break current
flows poleward and downwelling occurs. Between these seasons are the spring and fall transitions. The
northern tip of Vancouver Island forms the northern boundary for strong summer upwelling (Thomson
1981; Ware and Thomson 2005). North of Vancouver Island, in the Queen Charlotte Sound region, the
summer is considered a time of relaxation (no consistent upwelling or downwelling) and winter
downwelling is considerably stronger than off WCVI (e.g. Foreman et al. 2011).

Upwelling circulation causes dense, nutrient and carbon rich water from intermediate depths (~100 m) to
be raised to the surface in sporadic bursts (e.g. Lentz 1992; Smith 1994). The upwelled water, rich in
carbon, also has a considerably lower pH and saturation state (for both calcite and aragonite) than water
usually found near the surface (e.g. Feely et al. 2008). Once at the surface this upwelled water sparks
phytoplankton blooms, often so intense that they draw pCO, down well below atmospheric pressure
(e.g. Tanson et al. 2003; Nemcek et al. 2008; Evans et al. 2012; Tortell et al. 2012). Under these
conditions, surface waters are highly supersaturated with respect to aragonite. These changes happen
rapidly, so that in a matter of days surface conditions at a given coastal location can change from
saturated to under-saturated to highly super-saturated. Thus coastal upwelling regions have the most
extreme spatial and temporal variability in carbon states of any oceanic region (e.g. Hales et al. 2007).
These abrupt changes are much greater than the anthropogenic signal of increased carbon occurring in
the atmosphere during the same period. Thus anticipated changes in carbon states along our coast over
the next decades will be controlled primarily by physical wind forcing (responsible for upwelling) and
changes in water column stratification (which affects the depth and density, hence carbon content, of
upwelling).

Downwelling in winter is essentially the opposite of upwelling. Surface waters are forced onshore by
the poleward winds (interacting with the Coriolis force, e.g. Smith 1994). Constant density surfaces are
forced down further from the surface. In fact strong winter downwelling is likely to precondition the
local shelf so that nutrient and carbon concentrations are lower in spring and summer following a strong
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downwelling winter (e.g. lanson et al. 2009; Tortell et al 2012) and potentially cause upwelled water to
have lower carbon concentrations and fuel lower productivity, resulting in less variability (Ianson and
Allen 2002).

Southern Strait of Georgia: In the southern Strait of Georgia the Fraser River plays a dominant role in
setting circulation and chemical properties in the upper layer of the water column (e.g. Masson 2006).
The Fraser River is the most important fresh water source (relative to other streams, inlets and
tributaries). Its plume covers the south and central Strait and is usually 2-10 m thick with a strong
density gradient beneath it (LeBlond 1983). Tides are strong, and open ocean connections at the south
dominate the control of sea level in the Strait (LeBlond 1983). These ocean connections are relatively
shallow and narrow and so are sites of intense tidal mixing, in which subsurface water, anticipated to be
rich in carbon (therefore low Q) is brought to the surface.

Thus, estuarine circulation (Hansen and Rattray 1966) and tidal flows play the key roles in setting the
physical circulation. Briefly, over time scales larger than days, the upper layer flows seaward from the
Fraser. In classical estuarine circulation (Hansen and Rattray 1966) there is a return flow in the sub-
surface layer. In this case the return flow is modified in the shallow constricted areas where tidal energy
mixes this flow into the surface. Most of the deeper water that flows into the Juan de Fuca Strait (the
return flow) ends up flowing out (seaward) again as part of the overall estuarine circulation (e.g. Masson
2006). Some of this water enters the Strait of Georgia, primarily at intermediate depths (~100 m,
Masson 2006). Only during summer are there occasional 'deep water renewal' events during which
dense salty water from the return flow enters the deepest layer of the Strait. As a result, the deep Strait
waters are relatively stagnant and mixing is minimal with only weak vertical gradients (Masson 2006).
During winter the Fraser River flow is at a minimum, and during the summer its flow is strongest (due to
snow melt). Thus, during winter the estuarine circulation is weakest. Winds are strongest in winter. As
a result, wind mixing plays a more important role in the surface layer in the Strait during winter.

Annual carbon cycles

Outer Coast - Modelled: A model was developed to predict carbon states on the outer shelf and slope
of the WCVI, not including the buoyancy current (Ianson and Allen 2002). This model shows the strong
variability discussed above, particularly during the summer upwelling season (Figure 47). This
variability is present despite averaging both surface and lower-layer concentrations. Fully resolved
vertical profiles would be expected to show even greater extremes. A typical annual cycle in acidity
(pH, Figure 48) shows that, as is the case with the other carbon parameters (pCO, and total inorganic
carbon, Figure 47), the greatest variability occurs during the summer upwelling season. Surface acidity
levels over the shelf range from well below 8 (~7.8) to just over 8.1, which is about the current average
in the global surface ocean. Again these values represent average values in the upper layer and greater
extremes are expected if results were vertically resolved. However, the lowest (or most acidic) intervals
during summer are short lived. During winter and fall the average surface (both shelf and slope) pH is
consistently low, i.e. less than ~7.9 (Figure 48). These results agree with a recent compilation of surface
pCO; (Evans et al. 2012) given that pH generally decreases as pCO, increases (if alkalinity and T and S
are constant). Where data are available results compare favourably (Figure 47).

In the lower layer pH and total inorganic carbon is less variable (Figure 48 and Figure 47 respectively)
but still not constant, indicating that physical circulation and remineralization (decaying organic matter
produced by phytoplankton blooms) play an important role (Ianson et al. 2009). These lower layer pH
values (around 7.6) are generally indicative of undersaturated conditions. Thus, bottom-dwellers such as
groundfish experience undersaturated conditions all, or most of, the time.
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Figure 47: Modelled annual (bottom axis - Julian Day, top axis - months of the year) cycles of surface
pCO; (thin solid line), surface average total inorganic carbon (DIC) concentrations (bold line) and lower
layer average DIC (bold dashed line) over the outer shelf (bottom panel) and slope (top panel) of the
WCVI for a typical year in upwelling and downwelling forcing. The range in DIC from several
transects during the summer of 1998 (Ianson et al. 2003) is shown by grey ellipses. Average DIC data
from two transects during spring 2007 (Feely et al. 2008) are also shown. Figure taken from lanson et
al. 2009.
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Figure 48: Modelled annual (bottom axis - Julian Day, top axis - months of the year) cycles of pH in the
surface layer (bold green curve) and lower layer (black dashed curve) over the shelf (bottom panel) and
slope (top panel) of the WCVI for a typical year in upwelling and downwelling forcing.

Year to year variability in wind forcing causes large changes in upwelling and downwelling, both in
intensity, duration and timing (e.g. Thomson and Ware 1996; Foreman et al. 2011). These changes in
wind-forcing will cause strong interannual variability in carbon states experienced on the shelf (e.g.
Ianson and Allen 2002; Ianson et al. 2009). To generalize, strong downwelling will likely cause acidity
to be lower throughout the year, while strong upwelling has the opposite effect. There are subtleties in
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these generalizations as the ratio of upwelling to downwelling is important, as is shelf width (Ianson et
al. 2009). Variation in buoyancy flux due to fresh water delivered through rain or terrigenous run-off,
not addressed in the previous studies, will also play a role. Specifically, increased fresh water flux
would cause stratification in the water column to increase so that more energy would be required to raise
deep, carbon rich parcels of water to the surface. However, increased buoyancy fluxes themselves may
play an important role in setting the carbon state (e.g. terrigenous run-off may contain ions that affect
the alkalinity and acidity of the receiving waters).

The inner-shelf buoyancy current: The inner-shelf buoyancy current (VICC) is expected to play an
important role in setting carbon concentrations along the WCVI. It is included in the model presented
above (Ianson and Allen 2002) but not in a predictive sense. Its properties are prescribed based on data
(Ianson et al. 2003). Similarly, a quasi 2-D vertically resolved model of the same region (that runs
through spring and summer only, Bianucci et al. 2011) uses the same data set to prescribe conditions in
the VICC.

Briefly, the VICC is a strong consistent current and forms a barrier to upwelled water, and other
properties (Thomson et al. 1989; Bianucci et al. 2011). It also has exceptionally high nutrient and
carbon content throughout the water column near its source at the south west tip of the island (e.g.
lanson et al. 2003). Thus surface waters of the VICC have generally high inorganic carbon
concentrations, pCO, (Ianson et al. 2003; Nemcek et al. 2008) and so lower saturation states along the
southwest of the WCVI. This excess carbon is a result of strong tidal mixing in the source waters of the
VICC (the Juan de Fuca Strait) and is drawn down by biological productivity (in summer), mixed with
outer shelf waters, and outgassed, so that by the time the VICC is roughly midway up the island its
surface carbon content does not differ from the surrounding waters (e.g. lanson et al. 2003). On the
other hand the presence of the VICC stops upwelled water from penetrating the inner shelf, essentially
protecting that region from the high carbon (low saturation state) water delivered by upwelling (e.g.
Bianucci et al. 2011).

Reconstructed carbon states on the outer coast: An empirical method that allows estimation of Q
from Temperature (T) and O, observations was developed for the outer BC coast where the majority of
the Pacific coast carbon data have been collected to date (Ianson, unpublished data). There are ~600
total carbon samples (for which DIC and alkalinity as well as T, S, O, and nutrients are available)
collected mostly in summer (1998-2010). About 40% of these samples were collected in the surface.
There are about 12 thousand concurrent observations of T and (bottle) O, available from the study
region in the IOS data archive. These historical data (1979-1010) were collected at similar depths as the
carbon data were, and are more evenly distributed about the seasons, with the majority still falling in
summer (lanson, unpublished data). For this study the oceanographic seasons are based on the shifts of
winds that force upwelling and downwelling (Ianson, unpublished data) rather than calendar seasons
were used. The (average) winter season is the longest, followed by summer and spring, while fall is the
shortest; however interannual variability in season length is strong (Ianson, unpublished data).

Results show that some undersaturation of aragonite occurs in the deeper shelf waters much of the time
throughout the year (the blue bars indicate probability of some undersaturation in the full water column,
Figure 49). During winter most of the shelf is supersaturated with respect to aragonite most of the time,
because downwelling forces offshore surface waters, which are relatively low in carbon, onto the shelf,
and the subsurface carbon-rich waters are pushed off (Figure 49a). In contrast, the summer upwelling
season shows that at least the bottom waters (water depths are always less than 200 m) of the shelf are
undersaturated most of the time (over 80%) (Figure 49a). At the onset of this season, intermediate depth
isopycnals (rich in carbon) are brought onto the shelf and periodically mix into the surface. The intense
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blooms that result cause a secondary effect, remineralization of organic carbon over the shelf, which
reduces the saturation state, especially in the lower layer during the fall (e.g. lanson et al. 2009). As a
result, the aragonite saturation horizon is found relatively high in the water column, above 60 m depth
over 40% of the time during both summer and fall (green bars, Figure 49a). There are even rare
occurrences of undersaturation in the upper mixed layer (upper 20 m) during summer (about 2%
probability, yellow bar, Figure 49a) based on the historical data.

In addition, conditions are the most variable over the shelf, relative to the adjacent slope and offshore
waters (Figure 49a and b, respectively). As discussed above, the greatest vertical displacement of
isopycnals due to upwelling and downwelling occurs on the shelf (Figure 49a) so this result is not a
surprise. It is unusual for undersaturation of aragonite to occur shallower than 60 m depth off the shelf
(< ~10% chance, green bars, Figure 49a) and undersaturation never occurs in the surface, at least in
these reconstructed data (there are no yellow bars in Figure 49b). Some undersaturation is always
present in the water column adjacent to the shelf, simply because it is much deeper than the shelf (> 200
m at all locations) and the aragonite saturation horizon is always found above 200 m in these data (as
expected in the Northeast Pacific, Feely et al. 2004; Feely et al. 2008).
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Figure 49: The probability of undersaturation with respect to aragonite along the BC coast as determined
by an empirical model (A) over the shelf (inshore of the 200 m isobath) and (B) immediately adjacent to
the shelf over the slope and offshore waters during the four oceanographic seasons. ST = spring
transition (beginning on Julian day 65); SU = summer upwelling (beginning on Julian day 148); FT =
fall transition (beginning on Julian day 239) and WD = winter downwelling (beginning on Julian day
311). The blue bars show the probability of undersaturation occurring at any depth in the water column.
The green bars show the probability of undersaturation occurring between 20 and 60 m depth. Yellow
shows the probability of undersaturation occurring in the upper 20 m of the water column (which only
occurs over the shelf in the summer season). Undersaturation always occurs off the shelf because the
water column is deeper than 200 m.
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Modelled carbon states in the southern Strait of Georgia: A vertically resolved column model for the
Southern Strait of Georgia (Collins et al. 2009; Allen and Wolfe 2012) is able to successfully predict the
timing of the spring bloom. Although this model is only one-dimensional, it takes the flow of the Fraser
into account (model fully described in Collins et al. 2009). The model captures only the upper 40 m of
the water column, however many marine organisms of interest to DFO reside in this vertical zone (e.g.
shellfish aquaculture). Carbon has been added to this model (Ianson, unpublished data) and the annual
cycle of carbon analyzed for 10 years of local wind, cloud and freshwater forcing.
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Figure 50: Modelled annual pH cycles in the Southern Strait of Georgia for 2010, which is a typical
year, in the top 40 m of the water column. The bold dark line indicates the aragonite saturation horizon.
The time series is smoothed using a 7-d window. Figure provided courtesy of B. Moore-Maley.

During the summer the Fraser River flow plays the dominant role in controlling surface pH (as
expected). Increased stratification and light availability cause phytoplankton blooms and the resulting
biological carbon uptake causes surface pH to increase, so that most of the time it is above 8, and greater
than 8.3 for significant periods of time (Figure 50). There are however strong vertical gradients (again
as expected) and as a result the saturation horizon remains relatively shallow (~ 10 m) in the water
column as carbon increases rapidly below the upper mixed layer (Figure 50). The relaxation of strong
winds in spring is a key feature in triggering the spring bloom (Collins 2009); however in summer winds
mix nutrients (and carbon) into the surface to fuel the phytoplankton production.

A typical annual cycle (in this case 2010, Figure 48), validated by the few available data, shows that
there is a period during winter in which pH is relatively low (~ 7.8, similar to surface values over the
shelf on the outer coast at that time of year, Figure 48. Undersaturation with respect to aragonite occurs
at the surface at this time. The dark solid line in Figure 50 indicates the aragonite saturation horizon.
Sensitivity analyses show that the low surface pH is caused by wind mixing at this time, when light is
limiting to phytoplankton growth. Subsurface waters, that are richer in carbon and lower in pH are
mixed to the surface and because CO, air-sea gas exchange is relatively slow (an order of magnitude
slower than O,), the period of high surface carbon (low pH) persists.
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Anticipated trends

Interannual variability throughout the Pacific coast (both the outer shelf and inner Strait of Georgia
waters) is naturally high. Thus, it will take some time before any trends associated with climate change
would be visible even if temporal sampling resolution were high (e.g. daily or monthly). For example,
time series of only one to three decades may show a brief trend opposing the trend that would be visible
in a time series that is much longer (sensu Easterling and Wehner 2009).

In fact, surface pCO; trends in the 'transition zone' between the outer WCVI and the Alaskan gyre (open
ocean) from 1973--2005 do not show the expected positive trend (due to uptake of anthropogenic
carbon) which is seen in the gyre itself (Wong et al. 2010). This data set has limited temporal resolution
(~3 samples/yr) so natural variability could easily bias the result (recall the high variability possible
within seasons, Figure 47 and Figure 48). In addition, changes in circulation, or biological processes,
may play a role (Wong et al. 2010), highlighting the complexity of the processes upon which
anthropogenic trends are superimposed.

Despite the fact that we know overall concentrations of carbon are increasing in the ocean due to
oceanic uptake of anthropogenic carbon (Feely et al. 2004; Orr et al. 2005), this effect will be hard to
observe for some time. Climate change is anticipated to bring stronger winds to the region, both during
upwelling season and the downwelling season, although the predicted downwelling trend is not
statistically significant (Merryfield et al. 2009). A positive trend in upwelling and downwelling strength
has been observed in the past 50 years (Foreman et al. 2011). Either increased upwelling strength, or the
incidence of isolated strong events, would serve to increase the chances of low omega water on the outer
shelf. Increased downwelling on the other hand would decrease surface carbon concentrations (and
increase pH) and the annual carbon inventory on the shelf (Ianson and Allen 2002; Ianson et al. 2009).
Decreased carbon inventories would in general reduce the potential for extremes in low Q water being
brought to the surface during the summer months and also decrease the carbon concentrations that
benthic organisms experience. The balance between the impacts of the two, upwelling and
downwelling, remains unknown. Regardless, in the next decades, natural variability in wind forcing is
still expected to be greater than any climate-induced increase in winds in the Northeast Pacific region
(Deser et al. 2012).

The Northeast Pacific Ocean has in general shown a trend to freshening (see chapter on "Trends in
temperature, salinity, water column stability and mixing depth in the open Gulf of Alaska"). The
resulting increased stratification would in general cause the depth of upwelled water for a given wind
strength to decrease (e.g. Lentz and Chapman 2004) and so bring less carbon into or near the surface.
However, dilution of surface DIC by buoyancy fluxes plays a dual role, as decreasing DIC increases (2
but decreasing alkalinity (again by dilution) decreases Q. The net result of 'freshening' in the region can
also depend on the ions present in the fresh water from rock weathering (e.g. additional terrestrial
sources of alkalinity).

Conclusions

The ocean's carbon content is increasing due to uptake of anthropogenic carbon, i.e. ocean acidification
(Orr et al. 2005). However trends associated with this increase have been determined primarily from
global-scale models because in most locations of the ocean the data do not exist to determine a trend
from observations. In addition it is difficult to identify trends given natural variability without relatively
long time series (e.g. Easterling and Wehner 2009).
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Relatively few carbon data have been collected on the Canadian Pacific coast that include enough
information to define the carbon system. The first data were collected in 1998. Beginning in 2010,
following an intensive carbon survey on the entire BC coast, some carbon data are collected as part of
existing on-going monitoring programmes in the Strait of Georgia (16 profiles/yr) and on the WCVI (14
profiles/yr). This work is not formally funded. At this time it is not possible to determine any trend in
carbon states along the BC coast. However some work has been done to assess the natural variability.

Modelling studies have allowed annual cycles of carbon and pH to be determined over the outer shelf
and in the southern Strait of Georgia. These studies indicate high temporal variability, especially during
summer, due to the dynamic circulation in the region, and the associated biological response (Figure 47,
Figure 48 and Figure 50). In general the greatest extremes in low and high pH (and low and high
omega) are found during the summer over the outer shelf (Figure 47 and Figure 48). However, during
winter, when productivity is light-limited and wind-mixing is high, surface pH and omega are the lowest
relative to the other seasons (Figure 48 and Figure 50). An empirical study that estimates omega from
temperature and oxygen on the outer coast supports these model results, and shows that variability over
the shelf is high, especially during summer (Figure 49). The aragonite saturation horizon over the outer
shelf rarely reaches the surface, but undersaturated waters are usually present over the shelf. In the
Strait of Georgia, model simulations show undersaturation at the surface in winter, and the saturation
horizon is always relatively shallow, around 10 m (Figure 50).

In addition to increased carbon concentration due to ocean acidification, changes in ocean circulation
due to climate change are expected to impact carbon states along the coast. Specifically increased
upwelling intensity is expected (Merryfield et al. 2009) which will increase the likelihood of low omega
states on the coast and likely cause extreme values to be lower. However, downwelling may also
increase (Merryfield et al. 2009) and water column stratification may increase (see chapter on "Trends in
temperature, salinity, water column stability and mixing depth in the open Gulf of Alaska") both of
which would likely serve to modulate the negative impacts associated with increased upwelling.
Regardless of these complex balances, natural interannual variability is expected to exceed any of these
changes over the next several decades.
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PROJECTIONS

PROJECTIONSFOR THE OPEN GULF OF ALASKA
J. R. Christian and O. Riche, Institute of Ocean Sciences, Fisheries and Oceans Canada

I ntroduction

Projection information from the CMIP5 (Taylor et al. 2012) models is available for the Gulf of Alaska
subdomain. In the three coastal subdomains, this information is not usable without downscaling (see
subsequent chapters on Canadian Regional Climate Model Projections Affecting British Columbia
Coastal Waters and Results from Regional Climate Model Simulation for the British Columbia
Continental Shelf). In the open ocean region, these models results can be used directly, with the
understanding that they are simply model projections and therefore subject to model error and, for
shorter time scales, aliasing of internal variability whose phase can never correspond exactly to the real
world (Taylor 2001). It is well known in climate modelling that the mean of an ensemble of models
frequently exhibits greater skill than any individual model (Lambert and Boer 2001). Different models
have distinct biases, and if parameterizations are not common to many models (i.e. if the models are
truly distinct and independent representations), these biases will more often than not partially offset each
other.

Here we present physical and biogeochemical state information for the Gulf of Alaska from a suite of
six CMIP5 models, for the present (2006-2025), the recent past (1966-1985), and projections for 2046-
2065 for two distinct emission scenarios (“Representative Concentration Pathways™). This is far enough
in the future that aliasing of internal variability should be a minor source of bias, especially for the mean
of an ensemble of different models. The CMIP5 experimental design is described in detail in Taylor et
al. 2012) and the Representative Concentration Pathways by Moss et al. (2010). The scenarios chosen
are the “moderate mitigation scenario” (RCP4.5) and the “no mitigation scenario” (RCP8.5), which
correspond to atmospheric CO, concentrations of about 500 and 600 ppm in 2050 respectively (Arora et
al. 2011). However, it is important to note that the 2046-2065 time frame was not chosen for scientific
reasons, and corresponds to the period where the two scenarios begin to diverge rapidly (i.e. by 2090 the
difference between the two will be around 300 ppm). The models chosen were those that provide a
broad range of ocean fields, and particularly those that provide information about the subsurface
biogeochemical state (e.g., oxygen concentration and calcium carbonate saturation state). There are also
logistical reasons, as these were the first models available that provided these fields; others have since
been posted but have not yet been incorporated into the analysis. The six models used are CanESM?2
(Arora et al. 2011), GFDL-ESM2M (Dunne et al. 2013), HadGEM2-ES (Martin et al. 2011), IPSL-
CMS5A-LR (Dufresne et al. 2013), MPI-ESM-LR (Giorgetta, unpublished data), and MIROC-ESM
(Watanabe et al. 2011) (Table 9). These models collectively represent the state of the art in modelling
Earth system responses to greenhouse gas forcing.

Table 9. List of global Earth System models used and their horizontal and vertical resolution (number of
grid points in x/y/z directions).

nx ny nz
CanESM2 256 192 40
GFDL-ESM2M 360 200 50
HadGEM2-ES 360 216 40
I[PSL-CMS5SA-LR 182 149 31
MIROC-ESM 256 192 44
MPI-ESM-LR 256 220 40
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Pr oj ections of ocean surface temper atur e, salinity, and stratification

The models collectively project increases in sea surface temperature (SST) and decreases in sea surface
salinity (SSS) for the open Gulf of Alaska (Figure 51 and Figure 52). Note that these maps are means
for 2046-2065 and therefore show only the beginning of the changes expected under a high-emission
scenario. The overall trend in SST in the vicinity of Ocean Station Papa (OSP) is shown in Figure 53.
This shows that the two scenarios are just beginning to diverge in 2046-2065 (mean temperature change
from preindustrial of 2.35 and 2.85 °C respectively). The total increase in annual mean SST from 1850-
2100 is projected to be about 2.7 °C under RCP4.5 and 5.1 °C under RCP8.5 for the ensemble of six
models (Figure 53). Increasing SST and decreasing SSS leads to a more stable water column (see
chapter on Trends in temperature, salinity, water column stability and mixing depth in the open Gulf of
Alaska) and declines in convective mixing and therefore entrainment of nutrients that support plankton
productivity. The CMIP5 definition of mixing depth is the deepest mixed layer within a given month of
simulation; here we have averaged these monthly data into their annual mean (Figure 54). A slight
downward trend is already apparent in the "present" (2006-2025) time compared to historical (1966-
1985) values, and further declines are projected for 2046-2065. The multi-model mean projected
decline in mixed-layer depth in the vicinity of OSP for 2046-2065 is 4.8 m for RCP4.5 and 6.4 m for
RCP8.5. After 2065 the mixed layer stabilizes in the RCP4.5 simulation, while it declines further to 10.0
m by the 2090s under RCP8.5 (Figure 55).
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Figure 51: Maps of Gulf of Alaska sea surface temperature for 1966-1985, 2006-2025 (RCP 4.5) and
2046-2065 (RCPs 4.5 and 8.5). Ensemble mean of six models.
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Figure 52: Maps of Gulf of Alaska sea surface salinity for 1966-1985, 2006-2025 (RCP 4.5) and 2046-
2065 (RCPs 4.5 and 8.5). Ensemble mean of six models.
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Figure 53: Time series of sea surface temperature in the vicinity of Ocean Station Papa (50°N, 145°W)
from historical plus RCP 4.5 or 8.5 simulations. Ensemble mean + one standard deviation (dashed lines)

of six models.
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Mixed Layer Depth { m)
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Figure 54: Maps of Gulf of Alaska mixed layer depth for 1966-1985, 2006-2025 (RCP 4.5) and 2046-
2065 (RCPs 4.5 and 8.5). Ensemble mean of five models.
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Figure 55: Time series of mixed layer depth in the vicinity of Ocean Station Papa (50°N, 145°W) from

historical plus RCP 4.5 or 8.5 simulations. Ensemble mean =+ one standard deviation (dashed lines) of
four models.
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Changesin ocean carbon chemistry

The most obvious changes in ocean biogeochemistry are those forced directly by anthropogenic CO,
(e.g., pH and calcium carbonate saturation state), i.e. the anthropogenic trend is much larger than the
background spatial variability. Physical and biological changes associated with changing atmospheric
forcing due to anthropogenic greenhouse gas radiative forcing are much more subtle and gradual.
Surface ocean pH for the various time periods considered here shows almost no overlap on a common
colour scale (Figure 56).
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Figure 56: Maps of Gulf of Alaska surface pH for 1966-1985, 2006-2025 (RCP 4.5) and 2046-2065
(RCPs 4.5 and 8.5). Ensemble mean of six models.

Despite these apparently dramatic differences among time periods, changes in carbon chemistry at the
surface are relatively minor because the surface ocean is always in contact with the atmosphere. The
most significant biological impacts are in the subsurface ocean, where CO, from decomposition of
organic matter has been accumulating for centuries. In the northeast Pacific, the calcium carbonate
saturation state in the mesopelagic (200-800 m) ocean is as low as anywhere else on Earth:
undersaturation was already encroaching on the euphotic zone before anthropogenic CO; invasion and is
now moving inexorably upward with the rising atmospheric CO, concentration (Figure 57). At the
1026.6 kg m™ density surface, there is already a marked decline between 1966-1985 and 2006-2025
(Figure 58). In 2046-2065, undersaturation is widespread, particularly near the continental margins, for
the higher emission scenario (RCP8.5).
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Figure 57: Depth-time plots of seawater saturation state with respect to aragonite (Q24) and calcite (Qc)
in the vicinity of Ocean Station Papa (50°N, 145°W) using RCP 4.5.
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Figure 58: Maps of seawater saturation state with respect to aragonite (Q4) on the 1026.6 kg m™ density
surface for 1966-1985, 2006-2025 (RCP 4.5) and 2046-2065 (RCPs 4.5 and 8.5). Ensemble mean of six
models.

Changes in ocean oxygen content

As with changes in carbonate chemistry, oxygen loss is a global phenomena with a nearly monotonic
overall trend under anthropogenic forcing that primarily affects the subsurface ocean (e.g. Keeling et al.
2010). The North Pacific has most of the global volume of suboxic water and among the most intense
oxygen minimum zones (OMZs), which sit at extremely shallow depths in the Canadian part of the
northeast Pacific. Only four of the six models considered have oxygen as an output field, so the
ensemble is slightly smaller than for other fields.

Model projections of oxygen concentration in the shallow subsurface ocean trend consistently
downward (Figure 59). While it is important to consider that these projections are only valid for open
ocean areas far from land, there is substantial advection of water from the OMZ onto the continental
shelf, at depths too great for topographically induced mixing to affect the oxygen concentration. This
will likely circumscribe the habitat available for commercially important groundfish species, as well as
some midwater pelagic species as described by Koslow et al. (2011).
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Figure 59: Depth-time plot of oxygen concentration in the vicinity of Ocean Station Papa (50°N,
145°W), for historical and RCP 4.5 simulations.
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Figure 60: Maps of oxygen concentration on the 1026.6 kg m™ density surface for 1966-1985, 2006-
2025 (RCP 4.5) and 2046-2065 (RCPs 4.5 and 8.5). Ensemble mean of four models.
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Projections indicate potential reductions of oxygen concentration at the 1026.6 kg m™ density horizon
(approximately representative of the main thermocline) of up to 100 uM by 2100 (Figure 59, Figure 60
and Figure 61). Important points to note here are that (a) intermodel differences and therefore
uncertainties attributable to model error are large, (b) there is substantial natural variability
superimposed on the long-term anthropogenic trend, and therefore trends observed over shorter time
scales (e.g. Pierce et al. 2012) can not be assumed to be representative of the long term trend, and (c) the
projections using RCPs 4.5 and 8.5 diverge in the late 20th century, so ocean deoxygenation is
potentially responsive to emissions mitigation.
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Figure 61: Time series of oxygen concentration at the 1026.6 kg m™ density horizon in the vicinity of
Ocean Station Papa (50°N, 145°W) from historical plus RCP 4.5 or 8.5 simulations. Ensemble mean +
one standard deviation (dashed lines) of four models.

Changesin ocean productivity

Ocean productivity responds to changes in stratification and mixing, as well as other potential climate
impacts like deposition of aeolian iron (Martin and Fitzwater 1988; Crusius et al. 2011). In the Gulf of
Alaska the dominant influence on production under anthropogenic warming is expected to be greater
upper ocean stability and stratification, with reduced depth of winter mixing (Figure 54 and Figure 55)
and associated entrainment of nutrients. Primary production is therefore generally expected to decline
(Figure 62). However, projected changes are small in the vicinity of OSP (Figure 63). The largest
declines are in the regions of highest productivity in the northwestern Gulf of Alaska (Figure 62),
potentially affecting availability of food for salmon and other wide-ranging species.
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Figure 62: Maps of primary production for 1966-1985, 2006-2025 (RCP 4.5), and 2046-2065 (RCPs 4.5
and 8.5). Ensemble mean of five models.
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Figure 63: Time series of integrated primary production in the vicinity of Ocean Station Papa (50°N,
145°W) from historical plus RCP 4.5 or 8.5 simulations. Ensemble mean + one standard deviation
(dashed lines) of five models.
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Summary and Conclusion

Climate model projections show a consistent set of changes associated with a warming climate:
increased upper ocean stratification, declining mixing depth, and reduced productivity. Interior ocean
oxygen concentrations decline due to warming of the regions where the water masses are subducted, and
calcium carbonate saturation state declines due to introduction of anthropogenic CO,. All of these
changes potentially affect both open ocean and coastal fisheries and ecosystems. Understanding the
propagation of these effects into the coastal zone requires downscaling using high-resolution regional
ocean models.

GLOBAL CLIMATE MODEL WIND PROJECTIONSALONG THE BRITISH COLUMBIA
CONTINENTAL SHELF

W.J. Merryfield', B. Pal', and M.G.G. Foreman®.' Canadian Centre for Climate Modelling and Analysis,
Environment Canada, University of Victoria, “Institute of Ocean Sciences, Fisheries and Oceans Canada

Summary

As this section is largely a summary of Merryfield et al. (2009), the interested reader is referred to that
publication for more details. Note that the analysis is based on projections from the set of [IPCC AR4
global climate models. More recent ARS projections have become available since this analysis and may
provide somewhat different results than those discussed below.

Surface marine winds along the west coast of Canada have a pronounced influence on the oceanography
and ecosystems of the region. Although other forcing influences like tides, the bifurcation of the
eastward North Pacific Current into the south-ward California Current and the northward Alaska
Current, and freshwater forcing from coastal rivers also contribute, marine winds dominate the
seasonality of the coastal surface currents. In autumn and winter, the Aleutian Low pressure system
generally gives rise to southerly winds and a northward-flowing, downwelling coastal current regime. In
the spring and summer, a relatively stable offshore high pressure system produces northwesterly winds
and a southward flowing, upwelling regime. This seasonal cycle strongly modulates primary production
and is a major reason why the continental shelf off southern Vancouver Island supports such a large
fishery (Ware and Thomson 2005).
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Figure 64: Locations of 13 weather buoys off the Canadian west coast. Colours denote the four
categories described in Table 11.
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Table 10: Climate Models Used in This Study and Their Atmospheric Resolutions.

Table 1: Climate models used in this study and their atmospheric resolutions

Symbol [ Institution/Model Atmospheric Horiz grid dimensions
resolution® lon x lat
a BCCR/BCM2.0 T63L31 128 x 64
b CCCMA /CGCM3.1(T47) T47L31 96 x 48
c CCCMA /CGCM3.1(T63) T63L31 128 x 64
d CCSR/MIROC3.2(med) T42L20 128 x 64
e CNRM/CM3 T63L45 128 x 64
f CSIRO/Mk3.5 T63L18 192 x 96
g GFDL/CM2.0 2.5° x 2°L24 144 x 90
h GFDL/CM2.1 2.5° x 2°L24 144 x 90
1 GISS/AOM 4° x 3°L12 90 x 60
] GISS/EH 5° x 4°L20 72 x 46
k GISS/ER 5° x 4°L20 72 x 46
1 INM/CM3.0 5° x 4°L21 72 x 45
m IPSL/CM4 2.5° x 3.75°L19 96 x T2
n MIUB/ECHO-G T30L19 06 x 48
0 MPI/ECHAMS5 T63L31 192 x 96
p MRI/CGCM2.3.2 T42L30 128 x 64
q UKMO/HadCM3 3.75° x 2.5°L.19 06 x T2
r UKMO/HadGEM1 1.875° x 1.25°L38 192 x 144

*Horizontal resolution is described by spectral truncation or grid box dimensions as appro-
priate, and vertical resolution by the number of model levels, e.g. L31.

Long-term observations of the coastal winds in this region have been made via a network of coastal
meteorological buoys (Figure 64) since the late 1980s (Cherniawsky and Crawford 1996). Faucher et al.
(1999) extended these time series back another thirty years with an empirical-statistical downscaling
procedure that was applied to large-scale predictors derived from the NCEP reanalysis. The resulting
dataset consists of 6 hourly winds at 13 buoy sites for the period 1958-1997. This dataset provides an
excellent basis for not only examining possible trends and shifts, but also for evaluating the winds
produced by global climate models. The aim of this study was to examine projected changes in surface
marine winds off the Canadian west coast, under the assumption they should have significant impacts on
coastal ecosystems. This was done by interpolating winds from 18 Intergovernmental Panel for Climate

78



Change (IPCC) climate model simulations (Table 10) to the buoy

contemporary and future decadal averages.

Table 11: List of Buoys and Their Positions.
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Figure 65: Summer (June-August) 1976-95 mean surface winds from buoy observations (vectors),
individual GCMs (alphabetical codes from Table 10), and multi-model mean (large circles), for our

regional groupings of the buoys. The error bars represent standard deviations of the multi-model

ensemble.
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Buoy | Lat Lon Classification
004 50.93N | 136.10W | Far offshore
036 48.35N | 133.94W | Far offshore
132 49.74N | 127.93W | Near offshore
145 54.37N | 132.42W | Inshore
147 51.83N | 131.22W | Near offshore
183 53.62N | 131.10W | Hecate Strait
184 53.91N | 138.85W | Far offshore
185 52.42N | 129.79W | Inshore
204 51.37TN | 128.75W | Inshore
205 54.16N | 134.28W | Near offshore
206 48.84N | 126.00W | Near offshore
207 50.87N | 129.92W | Near offshore
208 52.52N | 132.69W | Near offshore
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To facilitate our analyses the buoys were grouped (Table 11) into four categories. The first step in the
analysis was to assess the accuracy of the model winds through comparisons with buoy observations.
Figure 65 summarizes results for summer (June-August) over the twenty-year period of 1976-95 and
shows that despite the coarse resolution of the GCMs, there is relatively good agreement between the
models and observations. Though there is scatter among the models, their ensemble averages display
reasonably accurate upwelling winds at the near-offshore and inshore buoy locations. Merryfield et al.
(2009) include a similar plot for the winter winds and note that although they are relatively accurate far
offshore, they exhibit a northerly bias at nearshore and inshore locations, likely due to under-
representation of the orographic influence of the southeast to northwest oriented coastline.
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Figure 66: Future changes in January-March (left) and June-August (right) surface winds, averaged at
the near-offshore buoy locations, between the 1976-95 base period and 2030-49 (upper panels) and
2080-99 (lower panels). The letters correspond to individual models as in Table 10, and the bulls-eyes
to multi-model means. The larger numerals indicate the numbers of models residing in the
corresponding half planes, and the smaller numerals denote the number of models in the corresponding
quadrants. Bold letters indicate a probability that such a result would arise under the null hypothesis of
no change is less than 0.05.

Figure 66 summarizes GCM projected wind changes, shown as fractional increases in magnitude and
directional changes (degrees clockwise) over the periods 2030-49 and 2080-99 relative to 1976-95, at
the near-offshore buoys. The winter (JFM) winds show sufficient scatter among the GCMs that no
statistically significant pattern emerges, though the multi-model ensemble means suggest an
approximately 5% intensification and slight counterclockwise rotation. However, a much clearer picture
emerges for the summer (JJA) wind changes. Although only a few of the individual model changes
between 1976-1995 and 2030-2049 are significant, the model ensemble mean wind speeds show
increases of approximately 2-4% and clockwise rotations of about 2° that are statistically significant in
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some cases. The JJA wind changes between 1976-1995 and 2080-2099 show similar though
considerably stronger trends consisting of wind speed increases ranging from 4.5% to 9% and clockwise
rotations between 4° and 5°. The strength of this signal is reflected in substantial inter-model
consistency, with 16 models showing clockwise rotations.

Though the foregoing projected changes may have significant implications for marine ecosystems along
the southern British Columbia continental shelf where summer upwelling winds bring nutrients to the
surface and drive upper trophic level productivity (Ware and Thomson 2005), several other projected
changes need to be considered before the complete picture is understood. Warmer air temperatures can
be expected to heat the sea surface and contribute to a stronger stratification that will inhibit upwelling.
Climate model analyses along the southern California shelf by Auad et al. (2006) showed that an
increase in upwelling wind speed was sufficient to overcome stronger stratification. However, this
result may not carry over to British Columbia where water column stratification is largely determined by
salinity rather than temperature variations. Projected changes in precipitation and river discharge
(Morrison et al. 2002), as well as the air-sea heat flux, will thus be needed to force a regional coastal
ocean model in order to provide better estimates of physical changes to the coastal waters off British
Columbia. Preliminary results of such a regional ocean-only climate model are described in the
subsequent chapter on Results from Regional Climate Model Simulation for the British Columbia
Continental Shelf.

CANADIAN REGIONAL CLIMATE MODEL PROJECTIONSAFFECTING BRITISH
COLUMBIA COASTAL WATERS

J. Morrison, W. Callendar, M.G.G. Foreman, D. Masson and I. Fine. Institute of Ocean Sciences,
Fisheries and Oceans Canada

| ntr oduction

The projections presented here have been dynamically downscaled from Canadian Global Climate
Model results produced as part of the Inter-governmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4). More recent ARS projections have become available since this analysis and
may provide somewhat different results than those discussed below.

The recent development of an ocean circulation model for the British Columbia continental shelf
(Masson and Fine 2012; henceforth MF12) and its application to hindcasting water properties and flow
fields for the period of 1995 — 2008 has created an unique opportunity to investigate future conditions in
this same region. Numerous global and regional projections of the future oceanic and atmospheric fields
that would be needed to force and initialize such a simulation are available from archives storing the
output from global and regional climate models associated with recent Assessment Reports of the IPCC.
Consequently, it is a relatively straightforward exercise to set-up and run companion future simulations
analogous to the MF12 hindcast. Here we describe a strategy for conducting such a future simulation
and the downscaling and/or calculation of one set of fields that will be used to force it. Results from this
simulation are summarized in the subsequent chapter on Results from Regional Climate Model
Simulation for the British Columbia Continental Shelf.

In order to use the MF12 model for future projections, it need only be run with suitable future forcing
and initial fields. Although the gravitational forcing that determines the tides could be easily calculated,
the projection model was forced with the same tides as the contemporary model in order to facilitate
comparison. The required atmospheric forcing can be obtained by applying downscaling techniques to
output from global climate models (GCMs) and/or regional climate models (RCMs) that cover the

81



model domain (Figure 67). The outputs from several such models have been archived at the following

sites
o the Coupled Model Intercomparison Project phase 3 (CMIP3) and phase 5 (CMIPS;
http://cmip-pcmdi.llnl.gov/cmip5/data_description.html) multi-model data sets of the World
Climate Research Programme (WCRP), assembled at the Program for Climate Model Diagnosis
and Intercomparison (PCMDI, http://www-pcmdi.llnl.gov/) to inform the IPCC Fourth and Fifth
Assessments, or
J the North American Regional Climate Change Assessment Program (NARCCAP,
http://www.narccap.ucar.edu/),

and they will be the primary sources for this study.
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Figure 67: Map of the British Columbia continental shelf showing bathymetric contours, place names,
and major offshore currents. Solid red lines denote the outer boundary of the regional shelf model and
red boxes denote the Environment Canada (EC) buoys for which contemporary and projected winds are
shown in Figure 68.

In particular, the NARCCAP RCM data have a finer horizontal resolution (approximately 50 km versus
typically 1° or 2° for the GCMs) and thus should be better able to capture spatial variations in 1)
terrestrial precipitation (both rainfall and snowfall) and ii) oceanic winds and heat fluxes. Consequently,
their fields were the preferable source of atmospheric forcing and our model simulations were restricted
to the NARCCAP-defined ‘current’ and ‘future’ time periods of 1971-2000 and 2041-2070,
respectively. Note that these NARCCAP future simulations only assume the A2 emissions scenario (no
leveling off of greenhouse gases). Though NARCCAP offers output from six RCMs driven by up to
four atmosphere-ocean general circulation models (AOGCMs), only results from the Canadian Regional
Climate Model (CRCM) forced by the Canadian Global Climate Model (CGCM3) are presented here.
Analogous simulations with other RCM/GCM combinations and the calculation of ensemble means and
uncertainty estimates are planned. North American AR5 model output analogous to the NARCCAP AR4
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results are just becoming available through the Coordinated Regional climate Downscaling Experiment
(CORDEX, http://www.meteo.unican.es/en/projects/ CORDEX) and may also be used in the future.

Strategy and Wind Stress Anomalies

Initial conditions, boundary conditions and atmospheric forcing values were generally constructed for
the future simulation by calculating anomalies between future and current RCM/GCM downscaled
values and adding them to the hindcast values. This approach was first justified and employed by Schéar
et al. (1996), and referred to as a “surrogate climate-change scenario” method, and more recently
employed by several Japanese groups (e.g. Kimura and Kitoh 2007; Sato et al. 2007; Hara et al. 2008)
who referred to it as the “pseudo-global-warming” (PGW) method. As described in Hara et al. (2008),
the technique allows a comparison of the climate in present (control) and future PGW years, where the
latter is similar to the former in terms of interannual variations but includes future climatology. The
rationale for adopting the approach here is justified below.
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Figure 68: a) Mean monthly winds at the six EC buoys shown in Figure 67: observed and re-constructed
(Foreman et al. 2011) means over the period of 1971-2000 (black), NARCCAP CRCM/CGCM means
for the same period interpolated to these buoy locations (green), interpolated NARCCAP CRCM/CGCM
means for 2041-2070 (red); b) monthly ratios of future versus contemporary wind stresses (red versus
green in (a) for buoys 132 and 208. Numbers designate months with red (black) denoting those during
the upwelling (downwelling) seasons.
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Figure 68 shows observed and NARCCAP mean monthly winds at the six offshore weather buoy
locations shown in Figure 67. The so-called observational time series is a combination of the 1971-1997
values that Faucher et al. (1999) regressed from 1990-95 observations and 1998-2000 observations
whose gaps were filled with a technique described in Foreman et al. (2011). The monthly means show
that winter winds along the BC shelf are typically toward the north or northwest and switch to being
toward the east or southeast in summer. The spring and fall transitions in wind direction demarcate the
start and end of the upwelling season and, together with cumulative wind intensity, largely determine
annual marine ecosystem productivity along the BC shelf.

The magnitudes of the 1971-2000 monthly-averaged NARCCAP CRCM/CGCM3 winds show generally
good agreement with their observed counterparts but there are notable differences in direction. In almost
all instances, the observed winds are rotated clockwise from their CRCM counterparts and this
discrepancy is seen to be largest in May and September, around the time of the spring and fall
transitions. In particular, at the more southerly sites the CRCM transition to summer upwelling
conditions is late and the switch back in fall is early. As future winds generally display this same
behaviour (Figure 68), employing these CRCM/CGCM3 winds to force a future simulation could be
expected to produce a late and short upwelling season that could generate misleading conclusions on
future ecosystem impacts. So rather than employing these NARCCAP CRCM/CGCM3 winds to
directly force our future simulations, instead we have chosen to force with wind stress fields that are the
summation of those employed by MF12 and monthly future-minus-contemporary NARCCAP anomaly
fields. With the exception of tides (as discussed above), this same anomaly approach has been applied
consistently for all forcing and initial condition fields.

The monthly future and contemporary wind stress anomalies at buoys 132 and 208 reflect changes in
both magnitude and direction (Figure 68b). During the downwelling months (October-April) the wind
stress magnitudes are seen to be consistently larger at buoy 208 while with the exception of September,
during the upwelling season they are consistently smaller. Although there is no apparent pattern to the
directional changes, the range is relatively small so the projected changes can be considered minimal.
Systematic changes in the upwelling and downwelling wind stresses at buoy 132 are less evident. Wind
magnitudes are stronger in four of the seven downwelling months and three of the five upwelling
months and again there is considerable scatter among the directional changes, albeit over a relatively
small range. As similar patterns (or lack thereof) are found at the other four buoys, it seems that future
downwelling (winter) winds are generally projected to be stronger while future upwelling (summer)
winds will be weaker in the north and either about the same, or slightly stronger, over the southern BC
shelf. These results are generally consistent with the increased cumulative upwelling and downwelling
trends found by Foreman et al. (2011) at these same six locations over the period of 1959-2008.

However, based on Figure 68a and a similar plot (not shown) of weekly rather than monthly averages; it
is difficult to make a definitive statement about changes in the timing of the spring and fall transitions.
Both the April and May monthly-averaged future winds are seen to generally lag behind their
contemporary counterparts in terms of rotating clockwise from a downwelling to upwelling favourable
direction and this later onset of upwelling may explain the considerably smaller future wind stress at
buoy 132 in May (Figure 68b). In June and July, the future winds have generally rotated further
clockwise; however, by August they are further advanced than their contemporary counterparts in terms
of rotating back to their winter downwelling directions. It would thus appear that the future upwelling
season is projected to be both later in its start and shorter in duration, both results being consistent with
the trends described in Foreman et al. (2011). However this conclusion should be taken cautiously as
neither the contemporary nor future CRCM winds, even at the most southerly buoy locations, have
substantial southward components. Thus they never truly become upwelling favourable.
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Precipitation, Air Temperature, Short Wave Radiation and Cloud Cover Anomalies

Since the CRCM has significantly lower spatial resolution than our regional ocean model, there are
regions that it has defined as land and the MF12 model has defined as water, and vice versa. As the
values for air temperature, air pressure and humidity given by the CRCM in these regions are affected
by being over land, new values for these coastal areas were calculated using Empirical Orthogonal
Functions (EOFs). These EOFs were generated using North American Regional Re-analysis (Mesinger
et al. 2006) data over a 15 year period between 1995 and 2009 where 14 years were used to generate the
EOFs and the remaining year was used to test the ability of the EOFs to generate coastal data based on
offshore data. Ten EOFs were used to approximate the data and the regeneration of the test year was
accomplished with an average R-squared value of 0.95 and significance of the order of 10°. Dealing
with the rest of the atmospheric forcing was less complex. As no land effects were noticeable in the
CRCM precipitation output, these data were used as-is to calculate the necessary anomalies.
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Figure 69: NARCCAP CRCM/CGCM3 monthly-averaged precipitation anomalies (mm/day) for the
period of 2041-2070 minus 1971-2000.

Figure 69 shows monthly-averaged NARCCAP CRCM/CGCM3 precipitation anomalies over western
British Columbia. January and February are seen to be notably wetter along the entire coast while
October also shows significant increases along the north coast. The July anomaly is generally drier
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along the entire coast while August, November and December are projected to be drier along the south
coast. The average annual anomaly over the entire region is approximately 0.5 mm/day.

Figure 70 shows analogous monthly-averaged surface air temperature anomalies. For most months,
with January being the most notable, temperature anomalies over land are larger than over the ocean.
And though warming is seen throughout, there are distinct seasonal and regional differences. The wave-
like pattern along the mainland coast for May — September suggests less warming over some of the
major fjords, though an even-finer resolved grid than the CRCM would be needed to confirm this.
(Typically these fjords are 4-5 km wide so the CRCM orography does not capture them accurately.)
Slightly different patterns are seen when the averages are restricted to only day or night values, and
interestingly, the night-time anomalies are generally larger than those for the day. As shown later, to
some extent this may be due to more cloud cover.
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Figure 70: NARCCAP CRCM/CGCM3 monthly-averaged surface air temperature anomalies (°C) for
the period of 2041-2070 minus 1971-2000.

Figure 71 shows monthly short wave radiation (SWR) anomalies. Though small increases are seen in
some regions and months (e.g., July and August in southwestern BC), decreases are prevalent in many
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months, with the most notable being in April and May. The high correlation between these SWR values
and the associated daytime cloud cover values (not shown) reveals that these changes are primarily due
to changes in cloud cover. Photosynthetically active radiation comprises about 50% of total incident
solar radiation, so these April/May SWR decreases may be relevant to phytoplankton growth and could
delay spring blooms. Note another wave-like pattern over the mainland coastal fjords in June, similar to
what was seen in Figure 70.
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Figure 71: NARCCAP CRCM/CGCM3 monthly-averaged short wave radiation anomalies (W/m?) for
the period of 2041-2070 minus 1971-2000. Values following the month name within each panel are
monthly average values (W/m?) for the 1971-2000 period.

Freshwater Discharge

As baroclinic flows along the BC shelf are largely determined by salinity rather than temperature
gradients, freshwater discharges along the coast are important. They not only have a direct role in
generating coastal currents but an indirect role in transporting larvae and nutrients and acting as possible
barriers to cross-shelf transport (Thomson et al. 1989). As seen in Figure 69, precipitation patterns near
the BC coast are generally projected to become wetter in winter and drier in parts of the summer.
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However, as a significant amount of the winter precipitation away from the coast is stored as snow-pack
and released later in the year, drier summers do not necessarily mean less summer discharge.

The main problem in estimating both historical and future freshwater discharge affecting the BC coast is
that approximately 20% is ungauged. Morrison et al. (2011) developed a technique for estimating
ungauged runoff based on the precipitation, temperature, terrain characteristics, and storage capacity
within twenty-two basins (Figure 72) whose freshwater discharges affect coastal BC waters. The
technique has been verified with historical observations and used to reconstruct time series for each of
the twenty-two watersheds back to 1970. Though there was considerable interannual variability, the
total annual discharge averaged about 1000 km® and no statistically significant trend was found over this
time period.
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Figure 72: Drainage basins whose major rivers discharge into the model domain.

In order to employ the same technique to estimate future discharges, future precipitation, temperatures,
and snowpack estimates were downscaled from NARCCAP CRCM/CGCM3 model output. An earlier
study that was restricted to only the Fraser River watershed (Morrison et al. 2002) and projections from
the CGCM1 (Flato et al. 2000) and HadCM2 (Johns et al. 1997) IPCC AR3 global models predicted
only a modest (5%) increase in the average total annual discharge over 2070-2099. However the shape
of the annual histogram was forecast to change with increased flow over the winter, an earlier (by 24
days) spring melt, and an 18% smaller peak discharge.
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Figure 73: a) Monthly-average contemporary and future freshwater discharges for the twenty-one
watersheds (Figure 73) impacting coastal BC waters as estimated by output from CRCM output, b)
monthly-average total discharge for the entire coast, c) monthly-average discharge temperatures.

Figure 73a) shows the 1971-2000 and 2041-70 annual discharge curves for the twenty-one basins whose
river discharges enter the MF12 model domain. (The most northerly Stikine watershed included in
Morrison et al. (2011) is not included here because its river mouth lies outside the model domain.)
Figure 73b shows total discharges along the BC coast and consistent with the projections shown in
Figure 69, only for July and parts of June and August are they projected to be less than present-day, for
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the rest of the year they are larger. Although Morrison et al. (2002) predicted a future Fraser peak
discharge that is slightly smaller and occurs earlier in the year, in this case the peak is larger and to the
extent it can be determined from monthly values, occurs at the same time. Figure 73c shows the
associated average monthly temperatures, which for now have been assumed to be the same for all
rivers.

Ocean Conditions

As the CRCM is an atmosphere-only model, anomalies for the initial ocean temperature and salinity
fields and forcing along the northern, western, and southern boundaries had to be calculated from
CGCMS3 output. As with the CRCM downscaling, the coarse CGCM3 resolution necessitated the use of
special downscaling techniques. In this case, the dearth of GCM points contained within the bounds of
the regional ocean model (ROMS, see next chapter) domain made using EOFs impractical. Monthly
anomalies for the western boundary conditions were interpolated directly from the GCM output, and a
latitudinal average was found from the GCM points available for the southern and northern boundaries
as well as for the initial conditions.

Samples of the resulting anomaly fields that were applied to the boundaries are shown in Figure 74. In
addition to salinity and temperature changes, changes to the normal velocities entering along these
boundaries are also shown. Only the anomalies for the western boundary are shown here.
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Figure 74: Seasonal temperature (blue lines), salinity (red lines) and perpendicular velocity anomalies
(colour contours, difference of means for 2040-2070 and 1970-2000) for the western boundary as
computed from CGCM3 (specifically CGCM3.1 T47 SRES A2 run #4). Positive velocities denote flow
into the ROMS model domain.

Along the western boundary, the predominant current feature entering the ROMS model domain is the
eastward flowing Kuroshio Extension or North Pacific Current (Dodimead et al. 1963). It enters around
45°N (Freeland, 2006) and bifurcates into the northwestward flowing Alaska Current and southward
flowing California Current (Figure 67). The Sep-Nov panel of Figure 74 shows stronger northeastward
(perpendicular) flows almost everywhere with notably stronger values near the core of the North Pacific
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Current. In Mar-May, weaker eastward flows are seen everywhere with the largest reductions near the
surface at around 50°N. Negative anomalies are seen near the surface and along the north portion of the
boundary in Jun-Aug, consistent with an increasing Alaska Current. However, below and to the south of
this region, the flow into the model domain is increasing. Finally, in Dec-Feb the subsurface part of the
North Pacific Current is seen to be strengthening while everywhere else it is weakening. In all seasons,
the salinity anomaly is seen to be about -0.2 near the surface, and become smaller with increasing depth,
while maximum temperature anomaly is about 1.5°C near the surface. It is somewhat larger in the north
and also decreases with depth.

Anomalies applied to the MF12 initial (January) temperature and salinity fields are shown in Figure 75.
As mentioned above, the dearth of GCM points within the MF12 model domain meant that it was only
practical to form latitudinally-averaged values. No anomalies were applied to the initial velocity fields
and though this is admittedly inconsistent with the lateral boundary forcing, the model was spun up for a
year so that internal dynamics would make the appropriate adjustments before the actual “projection
run” was started.

100
€ 2007
s
(=%
3 300-
0
4007
Temperature (°C)
Salinity (psu)
500+

42 44 46 48 50 52 54 5B
Latitude (°N)

Figure 75: Temperature and salinity anomalies applied to the MF12 initial (January) conditions as
functions of latitude and depth, and as computed from CGCM3.

Summary and Future Work

The preceding presentation has provided details on the calculation of forcing and initial fields for an
ocean-only regional climate model for the BC continental shelf. The atmospheric and freshwater
discharge forcing fields were downscaled and/or computed from CRCM/CGCM3 A2 scenario model
output available on the NARCCAP archive (http://www.narccap.ucar.edu/) while the ocean initial
conditions and lateral boundary conditions were downscaled from the associated CGCM3 run. As the
CRCM winds were shown to poorly represent upwelling favourable conditions over the baseline period
of 1971-2000, a strategy of computing anomalous forcing and initial fields and adding them to the
analogous values used in MF12 was adopted.

Some of the atmospheric anomalies were consistent with the larger scale GCM findings of IPCC AR4
(Meehl et al. 2007), but CRCM did provide finer spatial resolution and some unanticipated results.
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Average surface air temperatures were consistently warmer for all months with the January anomalies
generally being the largest and those in June the smallest. Increases were larger over land than water,
larger in the north for the winter months and generally larger over the coastal mountains in April
through July. The monthly average precipitation was projected to increase along the entire coast in
January, February, April, and along the northern coast in October and November. However drier
conditions were projected along the entire coast in July and along the southern coast in August,
November and December. As a consequence, the total freshwater discharge along the BC coast was
projected to be about 10% larger in all months except for June-August when it was projected to decrease
by up to 10%. Aside from parts of the southern coast in July-September and December and the north
coast in January, the short wave radiation was projected to decrease. The largest reductions, seen along
the coast in April and May, were correlated with increases in the daytime cloud cover and may have
implications on the timing and magnitudes of spring phytoplankton blooms.

January salinity and temperature anomalies applied to the model initial conditions peaked at
approximately -0.6 psu and 2.0°C and were generally largest near the surface and coast. Seasonal
anomalies were applied to the salinity, temperature, and incoming/outgoing velocity fields along the
northern, western, and southern boundaries, reflecting CGCM3 projected changes to the North Pacific,
California, and Alaska Current system as well as to smaller scale features like the buoyancy-driven
Alaska Stream and wind-driven Davison Current. Unfortunately, the CGCM3’s relatively coarse grid
did not allow adequate resolution of the California Undercurrent so it was not possible to project any
changes to it.

Results arising from application of these forcing and initial conditions are summarized in the next
section “Results from Regional Climate Model Simulation for the British Columbia Continental Shelf”
of this report. Work has begun in computing analogous fields from other RCM/GCM combinations in
the NARCCAP archive so they could be used to initialize and force other simulations, and ensemble
averages and estimates of uncertainty could be computed.

RESULTSFROM REGIONAL OCEAN MODEL SIMULATION FOR THE BRITISH
COLUMBIA CONTINENTAL SHELF

M.G.G. Foreman, W. Callendar, D. Masson, J. Morrison and I. Fine. Institute of Ocean Sciences,
Fisheries and Oceans Canada.

I ntroduction

In the preceding chapter of this report, an approach was described for computing the initial and forcing
conditions that would permit the simulation of future ocean conditions along the British Columbia
continental shelf using a recently developed ocean circulation model (Masson and Fine 2012; henceforth
MF12) that was used to hindcast conditions for the period 1995-2008. (Figure 76 shows the domain for
this model.) The bases of these fields were regional and global climate model simulations archived as
part of the North American Regional Climate Change Assessment Program (NARCCAP,
http://www.narccap.ucar.edu/). Though NARCCAP offers several regional/global model combinations
and thus the possibility of forming ensemble averages, only those from the Canadian Global Climate
Model 3 (CGCM3) and Canadian Regional Climate Model (CRCM) coupling have been used here.
However the NARCCAP projections were not used directly, as a comparison of winds over the
contemporary period of 1971-2000 with the Faucher et al. (1999) and Foreman et al. (2011) re-
constructed observations at buoys along the BC shelf revealed systematic biases in the timing of the
spring and fall transitions and in particular, of the upwelling season. As the CRCM future winds
generally displayed the same behaviour, employing them to directly force our future simulation would
produce incorrect upwelling conditions and erroneous conclusions of their impact on marine
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ecosystems. So instead, our future simulations were forced with fields that were the summation of those
employed in the contemporary hindcast of MF12 and the future-minus-contemporary NARCCAP
anomaly fields. Similar approaches for computing future projections have been used by Schir et al.
(1996) and Hara et al. (2008)
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Figure 76: Map of the British Columbia continental shelf showing bathymetric contours, place names,
and average positions of major offshore currents. Solid red lines denote the outer boundary of the
regional shelf model and the solid dark blue line north of Tofino denotes the transect used in Figure 83.

In order to use the MF12 model for future projections, it need only be run with suitable future forcing
and initial fields. In our case, the forcing anomalies are computed from the NARCCAP-defined ‘current’
and ‘future’ time periods of 1971-2000 and 2041-2070, respectively, with the future simulations
assuming the A2 emissions scenario (no leveling off of greenhouse gases), the only scenario included in
the NARRCAP archive. Though NARCCAP offers output from six regional climate models (RCMs)
driven by up to four atmosphere-ocean general circulation models (AOGCMs), we chose to use the
results from the Canadian Regional Climate Model (CRCM) forced by the Canadian Global Climate
Model (CGCM3). This means that future water property and flow conditions along the BC shelf are
essentially simulated by moving ahead the 1995-2008 sequence of events by seventy years. We
acknowledge that our contemporary time period (1995-2008) only partially overlaps with the
NARCCAP contemporary period of 1971-2000, thereby providing an inconsistency in this pseudo-
projection. However until Masson and Fine extend their hindcast back to 1971 or another high
resolution model is developed for the region and run over a period that includes a standard climate
multi-decadal period, this is the best alternative approach.
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Changesin Water Properties
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Figure 77: Seasonally-averaged sea surface temperature anomalies (°C).

Figure 77 shows seasonally-averaged sea surface temperature (SST) anomalies with respect to their
MF12 counterparts. Though the model initial conditions were computed by adding latitude-dependent
temperature anomalies that ranged from about 1.5°C in the south to 1.8°C in the north to the MF12
values in January 1995, the resultant 14-year average SST anomalies have a more complicated structure
that reflects changes in the model forcing fields and circulation patterns (e.g., eddies). All SST
anomalies are positive with those in the summer along the western Vancouver Island (VI) shelf being
noteworthy in that they do not indicate a cooling due to an increase in the upwelling of colder subsurface
water, at least not all the way to the surface. The Dec-Feb anomalies are generally largest and the Jun-
Aug anomalies generally smallest, consistent with the surface air temperature anomalies seen in Figure
70. Even though the June-August river discharge temperatures have increased by a maximum of 2.5°C
from those in MF12, there are relatively small SST increases (approximately 0.3°C) around the mouths
of the Fraser and Columbia (not shown) Rivers because of decreases in the summer discharge (Figure
73).

Figure 78 shows seasonally-averaged sea surface salinity (SSS) anomalies with respect to the MF12
hindcast. Though here also, the model SSS initial condition anomalies were only latitude-dependent,

ranging from -.25 psu in the south to -0.6 psu in the north, changes in the winds and circulation patterns
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arising from different monthly river discharges (Figure 73) have resulted in different seasonal SSS
patterns. Though the generally smaller discharges from mid-June to mid-August have resulted in higher
nearshore salinities at a few locations and seasons, SSS values are generally lower over most of the
model domain, consistent with an overall increase in precipitation. Some of the local SSS anomalies,
such as the winter positive anomaly emanating northwestward from Barkley Sound along the west coast
of Vancouver Island and the positive winter anomaly in the Strait of Georgia, arise from changes in the
spatial distribution of freshwater plumes under changing forcing.

(a) (b)
Dec-Jan-Feb &3 " Mar-Apr-May

(d)
Sep-Oct-Nov

T 122°134°W

5SS Anorﬁaly (psu)

Figure 78: Seasonally-averaged sea surface salinity anomalies (psu).

Consistent with the predicted increase in the spring Fraser River discharge (Figure 73), the June surface
salinity anomaly along the Salish Sea thalweig (not shown) decreases by about 0.75 psu and by up to 2.0
psu near the river mouth. Below the surface, the salinity in the Strait of Georgia is uniformly reduced by
about 0.5 psu, with the general salinity signature of the estuarine circulation projected to remain
practically unchanged.

Changesin Sea Surface Elevation

Figure 79 shows seasonally-averaged sea surface height (SSH) anomalies associated with changes in the
regional ocean circulation. As described in the chapter on Trends in Sea Level, observed sea level rise
also has contributions from: 1) the melting of glaciers and continental ice sheets, ii) volume expansions
(or contractions) arising from temperature and salinity effects, and iii) vertical land motions arising from
glacial rebound, tectonic processes (e.g. subduction) and compaction (sinking) in delta regions. (The
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interested reader is referred to Thomson et al. (2008) and the sea level rise chapter in this report for
thorough descriptions of the factors affecting, information gaps associated with, and estimates of sea
level rise along the BC coast.) Apart from the extent to which our future river discharges reflect
changes in the melting of BC glaciers (Morrison et al. 2011), none of these additional contributions are
included here. ROMS assumes the ocean fluid is incompressible and thus does not capture volume
expansions that for example, would arise from warmer waters (Figure 77). Although models have been
developed to include these expansions (e.g. Kim et al. 2011), the SSH anomalies computed here mostly
arise from changes in the winds (set-up and set-down) and dynamic adjustments to changes in water
density. In particular, most of these changes arise from forcing changes within the model domain rather
than SSH signals entering via the lateral boundaries. (SSH anomalies were not directly included in the
future lateral boundary forcing, though they can develop, via dynamical adjustments, to the new density
fields.) As illustrated in the small portion of the western boundary shown in Figure 79, the CGCM3
SSH anomaly along the western boundary was generally negative, with only small areas showing
positive anomalies in fall and winter.

The generally higher SSH values on the shelf in the winter and spring (Figure 79) are due to the stronger
northwestward downwelling winds (set-up) and are projected to be as large as 4 cm in northern Hecate
Strait in Dec-Feb. Analogously, the lower SSH anomalies in almost all regions in June-August are
generally a result of stronger southeastward upwelling winds. The negative September-November
anomalies seen in southern BC shelf waters seem to be a continuation of those in Jun-Aug and thus may
be mainly explained by the winds, while the slightly positive anomalies seen in portions of Queen
Charlotte Sound and Hecate Strait are probably due to dynamic height increases arising from changes in
salinity and temperature and an earlier and/or larger set-up from the stronger winter northwestward
winds.

Mar-Apr-May

0
SSH Anomaly (cm)

Figure 79: Seasonally-averaged sea surface height anomalies (cm).

Though ROMS has the ability to incorporate SSH changes arising from atmospheric pressure, ("the
inverse barometer effect"), this was not done here nor in MF12. Therefore the SSH changes shown in
Figure 79 do not include any changes arising from the inverse barometer effect. However gradients of
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the monthly average atmospheric pressure anomaly fields (not shown) do explain many of the wind
changes described in the previous section and shown in Figure 68. For example, a deepening of the
Aleutian low pressure system in January combined with higher pressures over the continent is consistent
with stronger northwestward winds over the BC shelf. Assuming a static inverse barometer correction
to the sea levels associated with these pressures, the Prince Rupert January-July average range can be
expected to increase by almost another 3cm. However these are only average SSH increases; storm
events will certainly result in higher levels. Graham and Diaz (2001) showed that North Pacific winter
storm intensity has increased over the last half of the 20" century while Abeysirigunawardena (2010)
showed an increase in storm frequency at Prince Rupert over the same time period. The implication is
that the surges and surface wave heights associated with these events can be expected to further
exacerbate the flooding consequences of mean sea level rise.

It should be noted that there can be significant interdecadal variations in sea level rise associated with
patterns such as the Pacific Decadal Oscillation (PDO, Mantua et al. 1997) and they may over-ride those
arising from greenhouse gas emissions (Overland and Wang 2007). In particular, though sea levels have
been rising at approximately 3 mm yr' globally (Cazenave and Nerem 2004) since 1992, SSHs along
the western North American coast have remained approximately stationary since 1980. Bromirski et al.
(2011) showed that this could be explained by the dynamical response to changes in the wind stress curl
that arose when the PDO shifted from a cold to warm phase in the mid-1970s. They also cautioned that
recent changes in wind stress along the Pacific eastern boundary “may be foreshadowing a persistent
shift to the PDO cold phase” and a return to rates of sea level rise in the region that could approach or
exceed the global mean. It is therefore important to place the SSH results for the MF12 and our present
study in the context of these interdecadal variabilities. The average monthly value of the PDO over the
1995-2008 period of the MF12 hindcast (see http://jisao.washington.edu/pdo/graphics.html for a time
series plot since 1900) is only slightly positive (+0.1). Consequently, SSH statistics arising from that
hindcast and this subsequent future projection should not have been overly biased by the state of the
PDO during these simulations.

Changesin the Flow Fields

Figure 80 shows contemporary and future eddy kinetic energy (EKE) along the BC continental shelf.
Future higher EKE off the west coast of Haida Gwaii (Figure 76) and northwest VI are predominantly
winter features that arise from stronger northwestward winds. Haida Eddies are generated when
counterclockwise flows around Hecate Strait exit past Cape St James (Crawford et al. 2002; Di Lorenzo
et al. 2005) while similar flow separation arises when the northwestward Davidson Current passes
Brooks Peninsula. A simulation where only the future wind forcing was replaced with contemporary
values (i.e., all other forcing fields included future anomalies) revealed this EKE increase was almost
entirely due to increases in the winter winds. Animations further revealed that these future simulations
do not produce more Haida Eddies, only that eddy size increases (not shown). However this result may
be an artefact of our future wind forcing being formed by adding anomalies to the 1995-2008 winds.
Were changes in storm frequency also included in the future winds, as suggested by the
Abeysirigunawardena (2010) analysis, the number of Haida Eddies generated might also change. The
animations also showed that not all of the EKE off Haida Gwaii arose from Haida Eddies; some eddies
were also generated further northward, perhaps from baroclinic instabilities similar to those described in
Thomson and Gower (1998). Nevertheless, Haida Eddies do export coastal waters carrying nutrients
and larvae offshore (Whitney and Robert 2002; Johnson et al. 2005) so changes in their magnitude may
have important ecosystem consequences.
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Figure 81: Contemporary, future and differences in seasonally-averaged currents at 20 m depth in Queen
Charlotte Sound. Note the colour scale change for the anomaly column.

Flows crossing a transect in southern Hecate Strait (not shown) further illustrate the Haida Eddy
generation mechanism and how it is projected to change in the future. Contemporary, future and
differences in the seasonally-averaged, southern Hecate Strait flow fields at 20 m depth (Figure 81)
illustrate some of these patterns from a different perspective. (20 m was chosen rather than the surface to
reduce the effect of wind.) Stronger currents are seen along the western flank of Middle Bank in all
seasons and in the summer and fall they are accompanied by stronger flows on the eastern side, thereby
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strengthening the clockwise eddy. A similar but weaker eddy is also seen around Goose Island Bank
and portions of its clockwise flows are also seen to change seasonally with larger scale patterns coming
off northwestern Vancouver Island or along the eastern side of Hecate Strait. Though both these eddies
are partially generated by tidal rectification, it is changes in the larger scale wind and buoyancy-driven
flow patterns that are causing the strengthening projected here. The major summer features seen in
Figure 81 have been observed and were described in Crawford et al. (1995).

The predominant features in analogous seasonally-averaged 20 m flows in northern Hecate Strait and
Dixon Entrance (not shown) are the counter-clockwise Rose Spit Eddy (Crean 1967) in Dixon Entrance
and the northward flows along the eastern side of Hecate Strait. Both are seen to intensify in all seasons
except summer, with the eddy position also varying seasonally. The northern edge of the eddy is seen to
be an extension of the northward Hecate flows, which in turn largely arise from river discharges and the
wind
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Figure 82: Contemporary, future and differences in seasonally-averaged currents at 20 m depth in the
Salish Sea and southwest Vancouver Island shelf. Note the colour scale change for the anomaly column.

Figure 82 shows analogous seasonally-averaged 20 m flows in the Salish Sea and off southwest
Vancouver Island shelf. Stronger winter winds have generally increased the northwestward component
of all Dec-Feb surface flows and in particular, the Davidson Current (Freeland et al. 1984) off the west
coast of VI. The Mar-May surface currents have a similar pattern and with the exception of stronger
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flows along the western Washington coast, are generally weaker. These latter flows arise from stronger
winds and larger Columbia River discharges and, either weaken the surface estuarine outflow in Juan de
Fuca Strait, or are sufficiently strong to cause reversals (Thomson et al. 2007). A weak Juan de Fuca
Eddy (Freeland and Denman 1982) is also seen off the entrance of Juan de Fuca Strait in the Mar-May
contemporary and future panels and more fully formed versions are seen in the following two seasons.
These eddies are formed by a combination of upwelling winds, tidal mixing off Cape Flattery, and
estuarine flows in Juan de Fuca Canyon and Juan de Fuca Strait (Foreman et al. 2008; Macfadyen and
Hickey 2010) and have important ecosystem impacts. However unlike the more northerly Haida Eddies
which move offshore after their generation, Juan de Fuca Eddies are similar to the Middle and Goose
Island Bank Eddies and largely remain locked in place by underlying bathymetric features. Though the
Jun-Aug anomaly panel in the Figure 82 does suggest a small increase in the current magnitudes around
the periphery of the Juan de Fuca Eddy, Figure 83 (and zoom-ins that are not shown) suggest very little
difference in the future EKE in this region. Equally important to the magnitude of these eddies is the
timing of their formation and disappearance, both of which are linked to the spring and fall transitions in
alongshore winds. Attempts were made to determine if there was any change in these timings and none
were found. So unlike the more northerly eddies described above, our future simulations do not suggest
any significant changes to future Juan de Fuca Eddies.

However the Jun-Aug anomaly panel in Figure 82 does show a stronger Vancouver Island Coastal
Current (VICC, Thomson et al. 1989) arising from the stronger surface estuarine flows in Juan de Fuca
Strait. The Shelf Break Current (SBC, Freeland et al. 1984) arising from upwelling winds is also
evident in the Jun-Aug and Sep-Nov contemporary and future panels, and though the associated
anomalies suggest magnitude increases, the patterns are not sufficiently distinct from those of the Juan
de Fuca and an offshore eddy, to permit definitive conclusions.

Contemporary Future Anomaly >

’ S . p——

100 "33~
200
300

0 o : _—w—&u__- e 11 = = e e NS =]
= a1 -_.wh_ L 14 -0.2 < 5

1001—4 33— W 20 o o= 10
200
300

Depth (m)

(=]
(s/wo) Ayoojan yays-Buopy
(spwo) Ajlepwoue Ayoojen jjeys-Buopy

80 60 -40 -20 0 20 -80 -60 -40 -20 O 20 -80 -60 -40 -20 0 20

Distance from the shelf break (km)
Temperature (°C)

Figure 83: Along-shelf currents crossing, and temperature (blue) and salinity (red) contours along, a
transect off the mid Vancouver Island shelf (see Figure 76). Redder (positive) shaded areas indicate
greater flow to the northwest while darker blue regions indicate greater flow to the southeast.

100



Figure 83 shows contemporary and future seasonal alongshore currents, isotherms and isohalines along a
transect crossing the mid VI shelf. There are five main currents in this region, four of which are seen in
the Jun-Aug contemporary and future panels. They are the northwestward buoyancy-driven VICC; the
southeastward SBC which is further offshore, primarily wind-driven, and extends down the water
column to approximately 150m depth; the southeastward California Current that is even further
offshore; and the northwestward California Undercurrent (CUC, Thomson and Krassovski 2010; Hickey
1979) which is centered at approximately 150-200m depth along the continental slope. The SBC
disappears when the winds reverse in the fall and is replaced by the Davidson Current which, as can be
seen in the Dec-Feb panels, merges with the CUC and VICC to provide northwestward flow over the
entire shelf and slope.

The CUC is important for its roles in providing a conduit for the northward migration of fish species like
hake (King et al. 2011) and being a source of nutrients and oxygen (Crawford and Pefia 2012) that are
upwelled onto the VI shelf in summer. Though our results on future CUC changes could thus have
important ecosystem consequences, we need to be cautious in their interpretation because the CUC does
not originate within the model domain and its magnitude is strongly influenced by our southern
boundary forcing. In particular, as the anomaly component of this boundary forcing was interpolated
from oceanic temperatures, salinities and currents in a model (CGCM3) that barely resolves the
continental shelf, let alone slope, we do not have much confidence that these anomalies capture future
changes accurately. Clearly, a global or regional climate model that has sufficient horizontal resolution
(e.g. <10 km) to resolve the shelf and slope and that extends much further to the south (e.g., to Baja
California) would be necessary to provide better estimates of changes to the CUC entering along the
southern boundary of the model domain.

In that light, we must assign considerable uncertainty to the Dec-Feb projection that the CUC will be
smaller in the future. On the other hand, the slight increases seen for the VICC and the off-shelf
component of the Davidson Current are more credible as a future simulation wherein future wind
forcing was replaced with contemporary values demonstrated that both were due to increases in the
wind. As seen in the Mar-May anomaly panel, relatively minor changes to the alongshore currents are
projected for this time period. The VICC is seen to strengthen slightly, consistent with the lower
salinities along the coast. However the Jun-Aug changes are more notable. Though the VICC is also
stronger (and salinities smaller), a stronger CUC seems to have weakened the SBC. Though this might
be interpreted as a consequence of weaker upwelling winds, the 0-50 m depth insets in the contemporary
and future panels of Figure 83 show isotherms (e.g. 10°C in contemporary vs 11°C in future) and
isohalines (e.g., 32.5 psu) to be slightly steeper in the future case, suggesting more upwelling. And this
would also be consistent with stronger southeastward winds and the stronger California Current.
Finally, the Sep-Nov panels indicate a weakening of the VICC and perhaps not so much strengthening
of the California Current, but rather an eastward movement of its core. The CUC is essentially
unchanged and SBC is slightly weaker, possibly as a consequence of slight changes in the seasonally
transitioning winds (Figure 68).

Summary and Future Work

The preceding presentation has described and interpreted results from a simulation for the BC
continental shelf with an ocean-only regional climate model and the future forcing fields described in
the previous section. In particular, the atmospheric and freshwater discharge forcing fields were
downscaled and/or computed from CRCM/CGCM3 A2 scenario model output available on the
NARCCAP archive (http://www.narccap.ucar.edu/) while the ocean initial conditions and lateral
boundary conditions were downscaled from the associated CGCM3 run. As the CRCM winds were
shown to poorly capture average upwelling favourable conditions over the baseline period of 1971-2000,
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a strategy of computing anomalous forcing and initial fields and adding them to the analogous values
used in MF12 was adopted.

Seasonally-averaged sea surface temperatures were projected to increase by between 0.5 and 2.0°C
while the analogous sea surface salinities were projected to decrease by as much as 2.0 psu, though there
were some regions and periods in which small increases were projected. Stronger winter winds were
seen to result in larger Haida Eddies and this can be expected to have important ecosystem consequences
given the nutrients and larvae that they export offshore (Whitney and Robert 2002; Johnson et al. 2005).
Though there were indications of slightly stronger upwelling along the Vancouver Island shelf due to
slightly stronger summer winds, no appreciable change was projected in the magnitude or formation
timing of Juan de Fuca Eddies. However, increased flows were projected in some seasons for the Rose
Spit, Middle Bank, and Goose Island Bank Eddies and these could also have important ecosystem
impacts (e.g., Jamieson 1985). Although changes were also projected for the CUC, limitations
associated with the calculation of oceanic anomalies along the southern boundary of the model domain
meant they had considerable uncertainty. Consequently, it is difficult to make definitive statements on
how oxygen and nutrients upwelled from the CUC onto the VI shelf might change in the future.

However, except in summer, more precipitation over the watersheds emptying into coastal waters
produced larger freshwater input and in particular, a stronger estuarine flow in Juan de Fuca Strait and a
stronger Vancouver Island Coastal Current. Similar discharge increases along the central and north
coasts also contributed to stronger flows in Queen Charlotte Sound, Hecate Strait, and Dixon Entrance.

Finally, seasonal wind and freshwater discharge increases along most of the coast meant that the winter
minus summer range of sea surface height was generally projected to increase. An average projected
range increase of 10 cm at Prince Rupert, together with another 3 cm from average changes in the
inverse barometer effect and event-specific storm surge and surface waves increases (Graham and Diaz
2001; Abeysirigunawardena 2010), certainly suggest a potential for increased flooding and damage to
coastal structures.

Future work is planned to include the downscaling of forcing fields from other RCM/GCM
combinations in the NARCCAP archive and from analogous IPCC AR5 models that are just becoming
available through the Coordinated Regional climate Downscaling Experiment (CORDEX,
http://www.meteo.unican.es/en/projects/CORDEX). These fields will be used to initialize and force
other simulations so that ensemble averages and estimates of uncertainty can be computed. Work has
also begun on coupling the present circulation model to a biogeochemical model in order to investigate
the impacts that the aforementioned physical changes will have on future marine ecosystems.
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