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Introduction

The climate of British Columbia is
changing, and with these changes
come many adjustments in watershed
hydrology and ultimately in our use of
water-related resources. For example,
declining snowpacks are a concern
because they affect many aspects of
water resources, from instream flows
for fish to community water supplies
to soil moisture, groundwater, and
aquifer recharge (BCMOE 2007).
Because British Columbia is
hydrologically diverse, the local
responses to the anticipated
changes in precipitation and
temperature will differ. As a
guide to what might hap-
pen in the future,
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this article (Part I) summarizes histori-
cal temperature and precipitation
trends and future climate scenarios for
British Columbia. The accompanying
article (Part Il) discusses eight broad
hydrologic implications of climate
change in British Columbia.

Historical Trends in Temperature
and Precipitation

Historical trends' in temperature and
precipitation provide important infor-
mation on the past climate variability
and change. Trends provide the con-
text against which future projections
are evaluated. Climate studies gener-
ally indicate a rise in air temperatures
for all seasons, with the greatest
warming occurring in the winter over
the last 100 years in British Columbia.
This warming has been greater in
northern British Columbia than in the
southern and coastal regions.

'Pre-historical (paleoclimate) trends in pre-
cipitation and temperature are not
considered in this article.

- Update

A recent study of temperature and
precipitation trends from 1900 to
2004 (Rodenhuis et al. 2007) reported
increased annual mean temperature
(+0.5 to 2.0°C), annual minimum tem-
perature (+1.0 to 2.5°C), and annual
maximum temperature (+0.5 to
1.5°C) in British Columbia. Seasonal
trends of minimum temperature in the
winter and spring increased as much
as +3.5°C in northern British Colum-
bia. The overall BC trend indicates that
climate has become less cold rather
than substantially warmer over the
past century. Nighttime temperatures
Continued on page 2
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appear to have increased more than
daytime temperatures (Vincent and
Mekis 2006). This can be seen in a sta-
tistically significant but small decrease
in the diurnal temperature range (0.5
to 1.5°C) at some stations in southern
British Columbia.

Trends in annual precipitation across
British Columbia for the last century
are more varied than for temperature.
Average annual precipitation trends
have increased (+22%) but were spa-
tially variable, with the larger increases
occurring in regions with compara-
tively low annual precipitation
(Rodenhuis et al. 2007). Vincent and
Mekis (2006) found an increase in the
number of days with precipitation and
a decrease in the number of consecu-
tive dry days. Seasonally, precipitation
has increased over the past century
across most of British Columbia in the
winter and spring by up to 50%, espe-
cially in the northern Interior
(Rodenhuis et al. 2007). However,
analyses of the last half-century gener-
ally show declining trends of
precipitation at some locations, espe-
cially in the winter. For example, from
1950 to 2002 there was an overall
reduction in winter precipitation and
an increase in summer precipitation
(Zhang et al. 2000). Precipitation indi-
ces for Canada over the 20th century
have shown an increase in annual
snowfall from 1900 to the 1970s fol-
lowed by a considerable decrease until
1980 (Vincent and Mekis 2006).

The interactions between increased
temperature and changes to precipita-
tion in British Columbia are complex
and not fully understood. Research in
the western United States suggests
that the snow-to-rain ratio is changing
and less snow is falling during winter
at lower elevation sites on the U.S.
west coast owing to the increase in
temperatures (Knowles et al. 2006).
Mote et al. (2005) report a general
decline in snowpacks over much of
western North America from 1950 to
1997, despite increases in precipita-
tion. The change in temperatures over
the past 50 years has also been linked
to increased atmospheric water vapour

and associated dewpoint and specific
humidity trends during the winter and
spring (Vincent et al. 2007). In British
Columbia, the Ministry of Environ-
ment reported overall decreasing
trends in snow water equivalent (SWE)
from 1956 to 2005 based on data
from 73 long-term snow courses ana-
lyzed (63 decreased, 10 increased)
(BCMOE 2007). The largest decreases
occurred in the mid-Fraser basin while
the Peace, Skeena, and Nechako bas-
ins had no notable change over the
50-year study period; the provincial
average SWE decreased 18% (BCMOE
2007).

Trends in extreme events for the past
50 years indicate that precipitation
characteristics in western Canada may
be shifting, especially when the sea-
sonal patterns are examined. Stone et
al. (2000) found a significant increase
in heavy rainfall events during spring
(May, June, July, 1950-1995). Zhang
et al. (2000) examined the differences
between the first and the second half
of the century and found an increase
in both extreme wet and extreme dry
conditions that occurred in summer
(1950-1998). However, while only the
number of days with heavy precipita-
tion increased significantly over the
past 50 years (based on the national
trend), some stations in southern Brit-
ish Columbia show significant
increases in two extreme indices: the
highest 5-day precipitation and very
wet days (the number of days with
precipitation > 95th percentile) (Vin-
cent and Mekis 2006; Figure 5).

Climate variability from atmo-
sphere-ocean oscillations can
confound historical trends. British
Columbia’s relevant modes of climate
variability include the El Nifio South-
ern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO), Pacific North Ameri-
can pattern (PNA), and Arctic
Oscillation (AO) (Moore et al. 2008).
Climate variability on the scale of years
and decades may cause changes in
temperature and precipitation of the
same magnitude or greater than
changes in historical, long-term trends
(Rodenhuis et al. 2007). For example,
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El Nifio winter mean temperatures are
generally +3.9°C warmer than average
years, compared with the historical,
long-term winter mean temperature
trend (+2.1°C per century) (Rodenhuis
et al. 2007). The two most commonly
considered modes of variability are
ENSO and PDO; the positive phase of
ENSO (El Nifio) can cause BC winters
to be warmer and drier than average,
whereas the negative phase (La Nifa)
can bring colder and wetter winters
(Shabbar and Khandekar 1996;
Shabbar et al. 1997). In the past cen-
tury, there also have been two PDO
cycles. Cool phases occurring from
1890 to 1924 and from 1947 to 1976,
and warm phases 1925 to 1946 and
1977 to 1998 and possibly to the
present, which have affected BC win-
ter temperatures and precipitation
(Mantua and Hare 2002).

During El Nifio winters, British
Columbia is generally drier, except for
northern Vancouver Island, Haida
Gwaii, and parts of the South Coast,
which display an opposite (wet) sig-
nal, while most of the province is
wetter during La Nifia winters, with
the exception of Haida Gwaii
(Rodenhuis et al. 2007). During
spring, the El Nifio (La Nifia) response
is weaker than in the winter at most
locations, with wetter (drier) condi-
tions occurring throughout most of
British Columbia. Warm (cool) PDO
conditions during winter generally
exhibit the same pattern as El Nifio

(La Nifa) winter but signals are
weaker (Rodenhuis et al. 2007). Dur-
ing spring, the PDO warm (cool)
precipitation response is strong and
widespread (Rodenhuis et al. 2007).

The interaction of PDO and ENSO can
amplify responses in a particular
region (Gershunov and Barnett 1998;
Storlazzi et al. 2000). For example,
results from southwestern British
Columbia illustrate that in-phase La
Nifia/cool PDO precipitation is +19%
to +25% higher than dur-
ing non-ENSO and
out-of-phase (PDO) years,
and +39% greater than
during in-phase El
Nifio/warm PDO years
(Kiffney et al. 2002). Dur-
ing these in-phase
periods, ENSO and PDO
reinforce each other and
hence there may also be
increased likelihood of

previous
decades.

The recent rate of
glacier loss in the
Coast Mountains
is approximately
double that
observed for the

influence of climate variability and
resulting effects on streamflow must
be taken into account when assessing
climate change impacts (Fleming et al.
2007).

Historical Trends in Glaciers, Ice
Cover, and Streamflow

The overriding trend is that most BC
glaciers are out of equilibrium with the
current climate. They are slowly adjust-
ing to changes in seasonal
precipitation and ele-
vated temperatures
with widespread gla-
cial volume loss and
retreat in most areas.
For example, the
lllecillawaet Glacier in
Glacier National Park
has receded over 1 km
since measurements
began in the 1880s
(Parks Canada 2005).
Glacial volumes have

two

extreme weather events.

The PNA pattern’s positive phase also
brings warmer winters to British
Columbia with a reduced snowpack
(Moore and McKendry 1996). The AO
affects the extent of cold Arctic air
into British Columbia with the nega-
tive (positive) phase bringing an
increase (decrease) in the number of
cold days (Higgins et al. 2002). These
atmosphere-ocean patterns are further
complicated by interactions with each
other (Bond and Harrison 2006;
Moore et al. 2008). Importantly, the

increased in some
areas of British Columbia (e.g., north-
west) at high elevations, where
precipitation has increased and tem-
peratures have remained cold enough
(Rodenhuis et al. 2007). Schiefer et al.
(2007) reported that the recent rate of
glacier loss in the Coast Mountains is
approximately double that observed
for the previous two decades.

Increasing temperatures have also
affected the length and date of sea-
sonal lake ice cover. A Canada-wide

Continued on page 4

Table 1. Changes in seasonal air temperature and precipitation by 2050 for regions in British Columbia for the A2 scenario from the

Canadian GCM3. Updated from Rodenhuis et al. 2007.

Region Temperature Region Precipitation

Winter  Spring  Summer Fall Annual Winter  Spring  Summer Fall Annual
Columbia Basin 1.8 1.5 2.4 1.8 1.9 Columbia Basin 7% 8% -8% 8% 4%
Fraser Plateau 1.9 1.6 2.0 1.8 1.8 Fraser Plateau 8% 10% -4% 11% 7%
North Coast 1.5 1.3 1.4 1.5 1.4 North Coast 6% 7% -8% 9% 6%
Peace Basin 2.4 1.7 1.8 1.8 1.9 Peace Basin 9% 9% 3% 10% 7%
Northwest 2.0 1.6 1.8 1.7 1.8 Northwest 10% 9% 4% 8% 8%
Okanagan 2.0 1.8 2.6 2.0 2.0 Okanagan 5% 12% -8% 8% 5%
Southern Coast 1.5 1.3 1.7 1.6 1.5 Southern Coast 6% 7% -13% 9% 6%
BC 1.9 1.6 1.8 1.7 1.7 BC 7% 8% -3% 9% 6%
Winter = Dec-Jan-Feb / Spring = Mar-Apr-May / Summer = Jun-Jul-Aug / Fall = Sept-Oct-Nov
Streamline Watershed Management Bulletin Vol. 11/No. 2 Spring 2008 3
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Figure 1a. Mean maximum July temperature for British Columbia for current climate
(1961-1990 average) and that predicted for British Columbia in 2020s, 2050s, and 2080s.
Data were produced by the ClimateBC software, which downscaled change data for the A2
scenario from the Canadian global climate model version 2 (Wang et al. 2006). Source:

Spittlehouse (2007).
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Figure 1b. Mean minimum January temperature for British Columbia for current climate
(1961-1990 average) and that predicted for British Columbia in 2020s, 2050s, and 2080s.
Data were produced by the ClimateBC software, which downscaled change data for the A2
scenario from the Canadian global climate model version 2 (Wang et al. 2006). Source:

Spittlehouse (2007).

Continued from page 3

study showed significantly earlier lake
“ice-free” dates for the 1951 to 2000
period (Duguay et al. 2006). In several
BC lakes, the first melt date and
ice-free date decreased 2-8 days per
decade from 1945 to 1993, while the
duration of ice cover decreased by up
to 48 days over the 1976 to 2005
period (BCMOE 2002; Rodenhuis et al.
2007).

Few studies are available that have
documented the influence of past cli-
mate change on streamflow in British
Columbia. This may be due to the lim-
ited amount of available long-term
hydro-climatic data, and the con-
founding influences of varying levels of
land use (i.e., forest harvesting) and
natural disturbance on watershed pro-
cesses and function. A few studies,
however, do provide some insight.
Leith and Whitfield (1998) examined
long-term streamflow records for six
watersheds in south-central British
Columbia, the results of which dem-
onstrated an “earlier onset of
snowmelt runoff followed by an
increasingly long and dry summer,
with the possibility of water shortages
in late summer” (Leith and Whitfield
1998, p. 230). In their study, land use
was not a factor as the main study site
was inside a park. Observed increases
in winter streamflows were attributed
to a greater percentage of rain falling
versus snow accumulation during this
season. Similar results were found in a
more recent study of streamflow
trends across Canada (Whitfield and
Cannon 2000). In both studies, the
hypothesized effect (increases in win-
ter streamflow via a greater
percentage of rain falling vs. snow
accumulation during this season) was
not statistically significant. However,
recent analysis has now determined
that the effect is significant (i.e.,
increased flows in early winter due to
precipitation as rain rather than snow
in November/December) (P. Whitfield,
pers. comm., 2007).

In another study, Zhang et al. (2001)
reported that annual mean streamflow
has decreased based on trend analysis

Streamline Watershed Management Bulletin Vol. 11/No. 2 Spring 2008



for the past 30-50 years (three time
periods: 1967-1996, 1957-1996,
1947-1996) across Canada. Their
results also included:

e an increase in mean monthly
streamflow across Canada in March
and April, with decreases in
summer and fall;

e a decrease in annual minimum
daily mean streamflow in southern
Canada, with increases in northern
British Columbia and Yukon
Territory;

e a decrease in annual maximum
daily mean streamflow;

e an earlier starting date of spring
high-flow season;

e an earlier date of annual maximum
daily mean streamflow;

e an earlier centroid (date) of annual
streamflow; and

e an earlier date of spring ice
break-up.

For many of these variables, Zhang et
al. (2001) identified southern British
Columbia as a significantly impacted
region. Advances of 10-30 days in the
centre of mass of annual streamflow
(date by which half of the annual total
runoff has occurred) were measured in
streams in Pacific North America
(Stewart et al. 2005).

These trends indicate that shifts are
occurring in hydrologic regimes. The
magnitude and direction of these
shifts vary across British Columbia and
among studies. For example, mean
annual streamflow has been reported
to be decreasing in southern British
Columbia, increasing in the central
Interior and northeastern British
Columbia, and decreasing in the
northwest (Rodenhuis et al. 2007).
This is not surprising given the relative
importance of the different hydrologic
processes on the Coast versus Interior
and differing drivers of streamflows
(e.g., winter rain storms vs. spring
snowmelt). Differences between stud-
ies also occur due to the use of
different time periods in trend analyses
(i.e., newer studies are based on more
and [or] longer time series of data).

Continued on page 6

»Adlin
2020s
. Pacent Change frem “Hormal™
R (1961 - 1999) in Masn May 1o
‘Saptember Precipitation
Im

% ¥ @Prince George >

=Hamicops.
Cranbrocke

eVictoria

2050s 2080s
Pecant Changs fram “Narmal™ Pecent Changs from “Normal™
{1961 - 1990} in Mhaan May o {1961 - 1990 in Mean May o
September Precipitation September Precipitation
Im
[l
sPrince Rupert ...y\

ePrince George

Figure 2a. Mean May to September precipitation for British Columbia for current climate
(1961-1990 average) and the percentage change predicted for British Columbia in 2020s,
2050s, and 2080s. Data were produced by the ClimateBC software, which downscaled change
data for the A2 scenario from the Canadian global climate model version 2 (Wang et al.
2006). Source: Spittlehouse (2007).
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Figure 2b. Mean October to April precipitation for British Columbia for current climate
(1961-1990 average) and the percentage change predicted for British Columbia in 2020s,
2050s, and 2080s. Data were produced by the ClimateBC software, which downscaled change
data for the A2 scenario from the Canadian global climate model version 2 (Wang et al.
2006). Source: Spittlehouse (2007).
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For example, Rodenhuis et al. (2007)
reported differing trends in mean
annual streamflow for British Columbia
than those reported by Zhang et al.
(2001). Rodenhuis et al. (2007) attrib-
uted these differences to the different
PDO phases that occurred during their
analysis period (1976-2005) com-
pared with Zhang et al.’s
(1967-1996). The detailed trends pre-
sented in Rodenhuis et al. (2007) are
beyond the scope of this section, and
the reader is referred to this report for
more detailed descriptions of regional
streamflow trends in British Columbia.

The influence of modes of climate vari-
ability on streamflow, such as ENSO
and PDO, are evident and can con-
found identification of historical
trends. On the South Coast, some
streams that are normally rainfall-dom-
inated have snowmelt runoff in the
spring during cool La Nifia years
(Fleming et al. 2007). This results in
years with two run-off peaks in a
watershed where there normally may
be only one. During El Nifio years,
substantially less streamflow may
occur from May to August in
snowmelt-dominated basins, especially
those in the Okanagan Basin
(Rodenhuis et al. 2007). Warm-PDO
phases, like the one that occurred
from 1977 to 1998, advance the
spring or summer freshet, lower peak
flows, and cause drier summer periods
for many streams in British Columbia.
Some exceptions occur in northern
British Columbia where the opposite
response, such as increased peak
flows, takes place during warm-PDO
phases (Rodenhuis et al. 2007).

Future Temperature and
Precipitation Regimes

Projections of future climates are avail-
able from numerous global climate
models (GCMs) and for a range of
emission scenarios. These scenarios
depend on future developments in
technology, economic growth, and
international co-operation (IPCC
2007). Differences in how certain pro-
cesses are modelled mean that the

GCMs can produce different future cli-
mates for the same emissions
scenarios. Projections by the GCMs of
the direction and magnitude for tem-
perature changes are generally closer
in agreement than projections of pre-
cipitation changes (Barnett et al. 2005;
Rodenhuis et al.
2007). Figures 1
and 2 illustrate
the magnitude
of climate
change for Brit-
ish Columbia,
based on simula-
tions from the
Canadian CGM
for the A2 sce-
nario. The A2
scenario has
emissions con-

atmospheric

The depth of the
snowpack and length of
the snow season will
decrease while the

evaporative demand
and climatic moisture
deficits will increase.

2.5°C (from the 10th to 90th percen-
tile of projections). The 2050s BC
annual precipitation is projected to
increase by 6%, with a range of 3 to
11%. The seasonal temperature pro-
jections were relatively uniform but
seasonal precipitation projections var-
ied: 2% drier to 15%
wetter for winter and
9% drier to 2% wetter
for summer. Rodenhuis
et al. (2007) discuss
uncertainty in depth,
compare the magni-
tude of projected
changes to historical
variability, and com-
pare GCM results to a
higher resolution
regional climate model
projection.

tinuing to
increase over the
21st century without significant global
efforts to reduce them. In contrast, the
B1 emissions scenario is based on the
assumption that the global commu-
nity will be somewhat successful in
reducing emissions. For Figures 1 and
2, the projected changes in tempera-
ture and precipitation for the B1
scenario in 2080s are similar to those
presented for the A2 in the 2050s. The
Canadian model tends to project
warmer and wetter summers com-
pared with the UK Hadley Centre
model (Spittlehouse 2007).

All models and emissions scenarios
predict an increase in winter and sum-
mer temperatures with the greatest
increase for the higher emissions sce-
narios. An ensemble of projections
from 15 GCMs (including both the
Canadian and UK Hadley models),
with one projection from each of the
A2 and B1 emissions scenarios, was
used to compute a range of projec-
tions for the 2050s climate of British
Columbia (Rodenhuis et al. 2007).
Based on these results, the BC annual
average temperature is projected to
warm by 1.7°C compared with the
recent 1961-1990 period. Uncertainty
is represented by the range +1.2 to

Detailed results from
the Canadian model show that pro-
jected warming is greater in northern
than southern British Columbia and
larger in the winter than in the sum-
mer, particularly in the winter
minimum temperature (Table 1; Fig-
ures 1a and 1b). Changes in
precipitation vary in space as well as in
time. Southern and central British
Columbia are expected to get drier in
the summer while northern British
Columbia is more likely to be wetter
(Table 1; Figures 2a and 2b). Winters
will be wetter across British Columbia
(Rodenhuis et al. 2007).

Although this paper primarily presents
mean changes in climate, future
changes in the variability or the
extremes of temperature and precipi-
tation are anticipated to have
significant effects on hydrologic
resources. Indices of extreme events
may include changes in the frequency
of occurrence or changes in the mag-
nitude of events, examples of which
are discussed below. Global climate
model ensembles show that changes
in warm temperature extremes follow
changes in the mean summertime
temperature (Kharin et al. 2007).
Extreme maximum temperatures

Streamline Watershed Management Bulletin Vol. 11/No. 2 Spring 2008



would be higher than at present and
cold extremes would warm at a faster
rate, particularly in areas that see a
retreat of snow with warming (Kharin
et al. 2007). There will also be an
increase in intensity and maximum
amount of precipitation (Kharin et al.
2007). Changes in extreme events
may not be proportional to mean
changes, and the changes may not be
equal in either direction (Tebaldi et al.
2006). For example, increases in the
frequency of extreme maximum tem-
peratures are anticipated; however,
the frequency of extreme cold temper-
atures are anticipated to decline in the
future (Tebaldi et al. 2006; Kharin et al.
2007).

Changes in temperature and precipita-
tion extremes can be examined by
considering indices of this change that
interest resource managers. For exam-
ple, under the temperature and
precipitation scenarios described
above, the frost-free period and num-
ber of growing degree days will
increase. The depth of the snowpack
and length of the snow season will
decrease while the atmospheric evapo-
rative demand and climatic moisture
deficits will increase. GCMs are
becoming increasingly sophisticated in
their inclusion of land-surface schemes
from which some of these changes
may be diagnosed directly and
quantitatively.

Conclusion

British Columbia’s climate has
changed over the last 100 years. This
article (Part I) summarized historical
temperature and precipitation trends
and future climate scenarios for British
Columbia. The changes resulting from
global warming will result in adjust-
ments in watershed hydrology and
ultimately in our use of water-related
resources. A detailed knowledge of
trends and projections is therefore
important to develop local mitigation
and adaptation strategies. The
changes we have seen over the last
100 years should help to inform the
development of these actions.
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