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Summary

The 21st century is expected to witness a continued rise
in global average sea level as a result of the melting of
continental glaciers and ice caps, and warming (expan-
sion) of the upper ocean. At the regional scale, sea level
will change in response to these global effects, as well as
local effects, including ocean and weather conditions and

vertical movements of the land due to geological processes.

Consequently, the expected changes in sea level for the
British Columbia coast will differ from the global projec-
tions; they will not be uniform. For instance, estimates of
most probable sea level rise range from 11 cm at Nanaimo to
more than 50 cm in parts of the Fraser River delta. Because
of the many uncertainties in measuring past sea level
changes and predicting future sea levels, the possible range
could be much greater. Applying a possible, but extreme,
global rise rate, sea level could rise 8o cm for Nanaimo and
120 cm for the Fraser River delta by 2100.

The anticipated changes in sea level could have significant
consequences for areas currently protected by dikes (such
as the Fraser and Squamish deltas), where coastal erosion
is already an issue (eastern Graham Island, Haida Gwaii), or
where development and harbour infrastructure is close to
present high tide limits.

Of particular concern will be extreme weather events,
such as storm surges, occurring at the same time as these
high sea levels. These extreme events can add as much
as one metre to sea levels, regardless of local shoreline
features and waves.

This report summarizes the current scientific knowledge on
projected sea level changes as it applies to B.C. during the
21st century to inform decision-making and planning by
coastal communities and other authorities. It is a summary
of a technical report entitled “An Examination of the Factors
Affecting Relative and Absolute Sea Level in Coastal British
Columbia” by R.E. Thomson, B.D. Bornhold and S. Mazzotti
(2008) in conjunction with Fisheries and Oceans Canada
and Natural Resources Canada.
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Most scientists and world governments now accept that
global climate change is occurring and that it is being
driven in part by greenhouse gas emissions related to hu-
man activities. This consensus has led to a need to under-
stand the consequences of climate change so that adaptive
response strategies can be developed. Climate-induced

sea level rise is of particular importance as it threatens
large and growing coastal populations around the globe.
Although B.C. is dominated by a rocky, high-relief coast,
the province is notimmune to the impacts of sea level rise.
For instance, the Fraser River delta and the east coast of
Graham Island (Haida Gwaii) in the Queen Charlotte Islands
are particularly vulnerable areas.

The primary mechanisms that determine the level of the
sea relative to the land are:

1. changes in global ocean volume due to melting of ice caps,
continental ice sheets and mountain glaciers;

2. global and regional changes in ocean volume due to
thermal expansion and salinity effects on water density
(warmer, fresher water occupies more volume than colder,
saltier water);

3. regional volume changes due to dynamic atmospheric and
ocean processes, such as shifting major wind systems and
ocean currents; and,

4. local changes due to vertical land motions, associated with
recovery from the weight of glaciers during the last Ice
Age (rebounding), subsidence (sinking) in river deltas, and
tectonic processes in the earth’s crustal plates.

While the general nature of these mechanisms over large
geographical areas is well understood, the details at the
local scale are not.

Projected sea level changes for British Columbia in the 21st century

Introduction




Past and Projected Changes

in Global Sea Levels

Over the course of geologic time, the earth has undergone
sea level changes of several hundred metres, mostly due
to the growth and shrinkage of continental glaciers (over
many thousands of years) and movement of the earth'’s
crustal plates (tectonics). Very large tectonically-induced
sea level changes typically occur over the span of millions
of years.

During the last Ice Age, which reached a maximum about
21,000 years ago, global sea levels were approximately

120 m lower than they are today (Figure 1). This is because

a significant portion of the water in the world’s oceans was
frozen in continental glaciers. Warming began 18,000 years
ago and between 15,000 and 7,000 years ago, sea levels
around the world rose rapidly, about 14 mm per year on
average. About 2,000 to 3,000 years ago, globally-averaged
sea levels stabilized to approximately their present position
(Figure 1).

Based on worldwide tide gauge records and more recent
(since 1993) satellite measurements (Figures 2 & 3), we know
that global sea level has risen more than 20 cm since the
late 19th century. This is equivalent to annual sea level rise
rates of about 1 mm per year in the early part of this period
to more than 3 mm per year over the past decade or so.

The Intergovernmental Panel on Climate Change (IPCC), an
international body of several thousand climate scientists,
was charged with presenting a comprehensive status report
on climate change and its potential impacts. According

to the 2007 IPCC Report, of the 3.2 mm rise per year since
1993 (figure 3), more than half of the rise (1.6 mm per year)
in global sea level change is the result of volume changes
from heating of surface waters (water expands when
heated). Most of the remaining increase (about 1.2-1.6 mm
per year) is due to melting glaciers in Antarctica, Greenland
and mountain areas.
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Many researchers argue that the IPCC'’s estimates of glacial
melt’s contribution to sea level rise are too low and that the
rates may increase substantially during the 21st century.

Such changes, caused by many complex— and often
interacting — processes, challenge our measurement instru-
ments and techniques. Furthermore, the recent history

of rates of sea level change may not necessarily be good
predictors of the future; many scientists argue that impor-
tant processes, such as the melting of glaciers on Antarctica
and Greenland, may be accelerating. Thus, projections of
future rates of sea level change are uncertain, particularly
on more localized scales.
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Figure 3: Global mean sea level change since 1993 based on satellite altimetry
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Rapidly eroding bluffs along the east coast of Graham Island, Haida Gwaii
(Queen Charlotte Islands)
Photo: Vaughn Barrie, Geological Survey of Canada

Storm surge flooding, Victoria. Photo: B.C. Ministry of Environment




Past and Projected Changes
in British Columbia Sea Levels

Trends in global sea levels are greatly modified by regional
and local processes. Thus, while there was a 120 mrise in
global (eustatic) sea level over the past 15,000 years or so,
parts of the B.C. coast experienced nearly a 200 m fall in sea
level, due to local glacial melting and uplift of the land. In
some instances, sites as little as 100 km apart, such as Prince
Rupert and Haida Gwaii (Queen Charlotte Islands), experi-
enced completely opposite sea level histories

(Figure 4).
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Effects Due to Vertical Land Motions

Post-Glacial Rebound

While these very large post-glacial sea level changes largely
stabilized about 8,000 years ago, there appears to be a
continuing minor uplift of coastal areas of between 0.20 to
0.25 mm per year along the B.C. coast.

Tectonic Processes

Tectonic processes have a major effect along the outer
coast. In areas such as western Vancouver Island, the
continued stress of the Juan de Fuca tectonic plate as it
moves beneath the North American plate results in an
annual uplift (Figure 5) of the land (and corresponding fall in
sea level) of about 2 to 3 mm per year. This effect diminishes
across Vancouver Island and the Strait of Georgia to near
zero on bedrock areas near Vancouver. Similar uplift rates
of 2to 3 mm per year have also been measured on Haida
Gwaii. The uplift of Vancouver Island is partially reversed
during extreme earthquakes (greater than Magnitude 9)
along the Cascadia subduction zone with near instanta-
neous lowering of the land by 0.5 m to 2 m. These events
take place approximately every 500 to 600 years with the
last occurrence on January 26, 1700.
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Subsidence

On the Fraser River delta, sediment loading is causing the
delta to sink at rates of 1to 2 mm per year (Figure 6). While
all major deltas in the world are sinking, under natural
conditions, new river-borne sediments are added to the
surface of the delta, compensating for subsidence. 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, thereby adding to the natural subsidence rate.
The rate of sinking for the Fraser Delta is further increased
locally (to more than 3 mm per year) by very large construc-
tion projects, such as ferry terminals or other port facilities,
which further compact the underlying sediments. These
rates will slow over time, eventually reaching similar rates of
movement to the rest of the region.

Atmospheric Effects

Atmospheric conditions can also affect sea levels, though
on much shorter time scales. Sea level varies between
about 0.1to 0.5 m on one to 30-day time scales due to
atmospheric low-pressure systems and associated winds.
Strong northwesterly winds and high atmospheric pressure
associated with “fair weather” conditions during summer
can lead to marked sea level variability on the British
Columbia coast. Specifically, prevailing northwesterly
(equatorward) alongshore winds in summer combined with
high atmospheric pressure and equatorward coastal cur-
rents normally lower sea levels by about 0.1 m. Conversely,
southeasterly winds in winter combined with low atmo-
spheric pressure and strong poleward coastal currents can
increase sea levels by over 0.5 m.

Projected sea level changes for British Columbia in the 21st century
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Figure 6: Map of Metro Vancouver and the Fraser Delta showing areas of
documented subsidence (blue areas) in the delta region and more stable
surrounding areas (yellow areas).

Variability in regional sea level due to currents, water tem-
perature and atmospheric conditions is primarily described
by two indices, the El Nifo-Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (PDO). ENSO variations are com-
monly known as El Nifio (warm phase of ENSO) or La Nifa
(cool phase of ENSO). El Nifio events occur at a frequency of
between two and seven years in the tropical Pacific region
and last from six to 18 months. However, only major El

Nifio events (such as those in 1982/83,1991/92 and 1997/98)
have a pronounced impact on the British Columbia coast.
The PDO variability is typically over time scales of 20-30
years. These two cycles interact to intensify or diminish
oceanographic effects in coastal areas, such as sea surface
temperature, sea levels and storms.
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For much of the 20th century significant ENSO events oc- Effects Due to Temperature and Sa|inity

curred at intervals of 15 to 25 years (Figure 7). Since 1976,

El Nifio events have become more intense and frequent, Annual changes in the temperature and salinity of ocean
with longer lasting effects. Off the coast of Oregon, waters off the B.C. coast give rise to sea level fluctuations of
Washington and British Columbia, documented sea level about 0.2 m (warmer, fresher water occupies more volume
changes related to major El Nifio events are in the range than colder, saltier water). Studies of river flow in British

of 0.30 t0 0.40 m above the monthly mean values. In the Columbia have shown a trend to earlier snowmelt and
1997-98 El Nifo event, Hecate Strait had sea levels about higher discharges in the spring for most rivers. Also, with
0.4 m higher than normal. increasing warming due to climate change, as future run-off

patterns from coastal rivers change and the temperature of
Historical Sea Surface Temperature Index the upper ocean \{varms, the magnitude and timing ofthgse
3 sea level cycles will also change. These cycles are set against
a broader regional sea level rise driven by warming and
salinity changes. In the northeast Pacific, sea level rise due
to temperature and salinity has been estimated at about
o 1.1 mm per year. About half of the rise can be attributed
to temperature increases, and the other half to salinity
decreases in the upper ocean. These trends are not
uniform throughout the northeast Pacific, however. For
~oez oo 1565 7555 7550 1550 1559 1556 1556 2000 00T 2003 006 00R example, in the Strait of Georgia, salinity effects account
Time Periad for about 63 percent of the observed sea level change and
temperature accounts for about 37 percent, as a result of
coastal run-off.

-1

-2

Table 1: Relative Sea Level Rise by 2100 for Selected Locations

Sea Level Rise based on Sea Level Rise based on Sea Level Rise based on

Location extreme low estimate of global mean estimate of global extreme high estimate of global
sea level rise (m) sea level rise (m) sea level rise (m)

Prince Rupert 0.10-0.31 0.25-0.46 0.95-1.16

Nanaimo -0.04 0.11 0.80

Victoria 0.02-0.04 0.17-0.19 0.89-0.94

Vancouver 0.04-0.18 0.20-0.33 0.89-1.03

Fraser River Delta 0.35 0.50 1.20
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http://www.cdc.noaa.gov/people/klaus.wolter/MEI

Storm Effects

Extreme sea level events, related to intense storms, can
result in sea levels reaching one metre above the predicted
high tide level. These elevations do not take into account
any wave run-up effects, which are controlled by local
coastal and seafloor morphology. Run-up effects can
therefore add significantly to the actual sea level heights
experienced at a particular location. Since extreme events
add to the sea level conditions at the time, the most hazard-
ous situation would be a major storm system at high tide
during an El Nifio year when sea levels are elevated due to
temperature effects.

Projections for the Year 2100

Table 1 (facing page) presents the projected sea level
changes for various locations along the B.C. coast for the
end of the 21st century using extreme low, mean and
extreme high estimates of global sea level rise. The extreme
high estimates exceed the IPCC 2007 sea level rise projec-
tions, but are considered possible.

There are 13 tide gauges in B.C. Each of these provides

a historical sea level trend and can provide estimates of
future projections for these locations. Only projections from
five gauged locations are presented in Table 1.

Suggested Further Reading

Conclusions

Conclusions

Projected sea level rise rates vary significantly along the

B.C. coast. Decisions regarding land-use, economic develop-
ment and major long-term infrastructure projects must
consider local sea level change to effectively manage risks
and reduce vulnerabilities.

Estimates of sea level rise at the global scale will remain
highly uncertain as the rate of melting of the polar ice caps
is difficult to predict. However, scientists are confident in
the general projections. A review of sea level rise prepared
for Washington State came to conclusions similar to those
presented here. Estimates of sea level rise rates at the
regional scale can be improved by investigating vertical
land movement, the effect of changes in coastal runoff and
projected changes in climate patterns. Further collabora-
tion between federal and provincial experts and between
experts in B.C. and Washington State will advance our
understanding of the complex processes affecting sea level
along the Pacific coast.
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For further information on climate change and access to an online copy of this report visit:

www.env.gov.bc.ca/epd/climate
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