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To make good policy decisions, knowledge of the trends and patterns in regional and local fluctuations in
water resources and the influence of regional meteorological conditions are required. This study quanti-
fied the spatial–temporal variability of annual streamflow variations and meteorological changes in parts
of eastern Canada. Time series and Geographic Information System (GIS) methods were used to evaluate
the potential influence of low frequency climate change on annual spring flood onset and streamflow
amplitude over a 24 year period. Continuous wavelet (CWT) and cross-wavelet transforms (XWT) were
used to detect and extract temporal changes in the annual streamflow cycle amplitude, and to determine
its relative phase shift to a standing 1-year sine wave through time. This was done to determine spatial–
temporal differences and trends in the annual flood onset, and to determine the differences in the range
between flood and background levels in 23 hydrological stations in eastern Canada. The study was carried
out in the eastern Ontario/southwestern Quebec region of Canada because of the relatively high spatial
density of hydrological stations from generally pristine waterways, as well as the high density of mete-
orological stations with uninterrupted recordings for a 24 year period from 1/1969 to 12/1992. This
research indicates that over this 24 year period, the southwestern part of the region, along the US border,
experienced an increase in temperature of up to 0.05 �C/year, and a decrease in precipitation of �0.5 mm/
month; the predominantly rural northwest region warmed only <0.02 �C/year and became <0.2 mm/year
wetter. During the same time interval, the annual streamflow shifted on average to a �20 days earlier
flood onset, following the similar northwest–southeast trend of the meteorological records. In the north-
west, along the Ottawa River, flooding occurred approximately 50 days earlier in the early 1990s than in
the late 1960s, while it was less than 10 days earlier in the southeastern streams. The streamflows of the
Ottawa and Rideau River, the main waterways that were studied, have generally lower annual stream-
flow amplitudes than the smaller and more pristine waterways that experience more seasonality, while
the annual streamflow amplitude does not show any significant trend in time and space.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction et al., 2001). It has been estimated that southern Canada warmed be-
Knowledge of the relationship between climate and water re-
source fluctuations is important for water resource predictions
and management in a changing climate. The worldwide observa-
tional temperature records have revealed a global temperature in-
crease of 0.3–0.7 �C in the last century (IPCC, 2007). In the
northern hemisphere, most of this increase has been attributed to
an increase in diurnal and annual temperatures, suggesting that
conditions are actually ‘less cold’ rather than ‘warmer’ (e.g., Bonsal
tween 0.5 and 1.5 �C through the 20th century due to several sources
of anthropogenic warming, in particular greenhouse gas output
(Bonsal et al., 2001; Zhang et al., 2000). In the same time interval,
precipitation and streamflow patterns underwent significant, albeit
regional, variations (Ehsanzadeh and Adamowski, 2010; Coulibaly,
2006; Coulibaly and Burn, 2005). For example, over the last 50 years,
a large decrease in annual mean streamflow has been observed in
British Columbia (Western Canada), which can be linked to a large
increase in spring temperatures (Zhang et al., 2001).

The climate in eastern Ontario/southwestern Quebec is conti-
nental, with long, cold winters, short hot-humid summers, and
slightly moderated by the effects of the Great lakes and the St. Law-
rence River. The general climate pattern in the region is controlled
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by the jet stream with predominant westerly winds, and to a weak-
er degree by El Nino’s and the North Atlantic Oscillation (NAO), and
in the summer by moisture from the Gulf of Mexico (e.g., Zhang
et al., 2001). The climate in the metropolitan area of Ottawa, the
area of focus in this study, is overprinted by urban heat island
warming of �1 �C through the last century (Prokoph and Patterson,
2004). The streamflow pattern in and around Ottawa is character-
ized by strong spring flooding, with relatively constant low stream-
flows during the rest of the year (Adamowski, 2008). Occasionally,
large rainfall events or warm spells in winter lead to additional
flooding, providing generally weaker peaks in the streamflow than
the main spring flood.

Several studies have incorporated both spatial and temporal
information, and combined streamflow patterns (means and ex-
tremes) with climate records (Adamowski and Bocci, 2001; Coulib-
aly and Burn, 2005). The results of several spatial–temporal studies
using Geographic Information Systems (GIS) in watersheds in Can-
ada have found that trends differ significantly from region to re-
gion, or there may not be any detectable trends. While GIS based
climate and water resource studies on a large scale are common
for Canada, only a few have examined water resources in the Otta-
wa region. Those studies focused on water quality such as chemical
composition (e.g., Telmer and Veizer, 1996), while other GIS stud-
ies focused on geological mapping in eastern Ontario, Canada (e.g.,
Couture et al., 2006).

The temporal trends in streamflow and climate are of a similar
complexity. Ko and Cheng (2004) related meteorological data to
hydrological data showing different response times of streamflow
in a relatively small area in southern Ontario. In addition, there
are only a few regional studies on potential climate-streamflow
connections, such as on trends in the onset of floods in the western
USA (e.g., Steward et al., 2005), or on changes in the amplitude of
the annual streamflow cycles relative to precipitation in southern
Canada (Adamowski et al., 2011). There are indications of a signif-
icant increase in precipitation and streamflow in the northeastern
USA through the last century (e.g., Krakauer and Fung, 2008).

The combined spatial–temporal analysis of coeval meteorologi-
cal and streamflow fluctuation are complicated by several issues.
These include:

(a) Dams and other man-made land-use changes influence
streamflows independent of climate changes.
Fig. 1. Map eastern Ontario/southwestern Quebec, Canada: Red dots mark 23 streamflow
mark meteorological stations used in this study.
(b) Coeval records from both meteorological and streamflow
measurements do not exist in close proximity and over long
time intervals.

(c) Local meteorological records represent local conditions
while streamflow patterns reflect conditions along the entire
drainage system.

(d) Local warming due to urbanization (‘urban heat island
effect’, e.g., Karl et al., 1988) overprints regional and global
climate patterns.

(e) Only a few streamflow records are complete.

Thus, this may make it very difficult to draw solely data-based
conclusions on future streamflow levels in Canada and their link to
global climate change for both annual mean flow (e.g., Burn and
Hag Elnur, 2002; Pilon and Yue, 2002; Adamowski and Bocci,
2001; Zhang et al., 2001), as well as streamflow extremes (e.g.,
Burn et al., 2010; Cunderlik and Burn, 2002).

In this study, changes in the annual streamflow amplitude and
streamflow distributions were compared with changes in mean
temperature and precipitation in eastern Ontario and southwest-
ern Quebec, Canada, through the use of time series analysis tech-
niques (trend, wavelet, cross-wavelet analysis) and spatial
analysis using ArcGIS�. Eastern Ontario and southwestern Quebec
have the advantage of having many, still pristine streamflows, with
a relatively high density of meteorological and streamflow gauge
stations where data has been recorded without interruptions for
over 24 years (Fig. 1). Data was sampled from different locations
in the same region, as well data representing surface hydrology
and atmospheric conditions, and were combined and analyzed to
allow for the interpretation of their spatial–temporal relationship.
Knowledge of such relationships can help policy makers to miti-
gate water supply and flood problems based on knowledge of the
regional meteorological trends and other temporal patterns. At
the same time, it is possible to determine which hydrological re-
gions are more susceptible to short and long term meteorological
fluctuations.

2. Data

Complete monthly precipitation and temperature records from
9 stations in eastern Ontario and southwestern Quebec, for the
time interval from January 1969 to December 1992, were
gauge stations (for names and ID’s see Table 1) and gray dots (except for Ottawa)



Fig. 2. Monthly air temperature measurements (in �C) from 9 stations in eastern Ontario/southwestern Quebec. For locations see Fig. 1.
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downloaded from the Government of Canada Department of Envi-
ronment website (http://climate.weatheroffice.gc.ca). About 20
additional meteorological stations are located in the region, but
they have record gaps. The precipitation record for station White-
field is an exception, with a 9 month gap during 1973. This record
was kept for analysis because of its regionally relevant location
north of Ottawa. This was deemed acceptable since the analysis
covers a longer time interval (24 years), and precipitation does
not have a strong seasonal signal like streamflow and temperature.
In 1993, large budget cuts required the closure of most of the sta-
tions, thus restricting spatial analysis in this study to the time
interval from 1969 to 1992. The monthly temperature record is
dominated by the annual cycle with mean winter temperatures
of ��12 �C and summer temperatures of �22 �C (Fig. 2). Total
monthly precipitation ranges from �20 to 200 mm in the region
(Fig. 3), showing much less annual cyclicity and less regional cor-
relation than the temperature records.

Monthly mean streamflow (discharge) records from 23 stations
from the area at longitude W76.5�–W75.5�, and latitude N44.5�–
N45.5�, were also made available by Environment Canada (http://
climate.weatheroffice.gc.ca). These streamflow records show
average monthly streamflows ranging from �1 to 1000 m3/s,
reflecting the different sizes of the drainage areas, topography, as
well as watershed widths. Four stations are located along the Otta-
wa River with an increasing drainage area from west to east. The
standard deviations of the streamflow are in accordance with the
average streamflows, except for station 02LBO10N (Ottawa River
at Cumberland), which is regulated by a series of dams, and used
as an example of non-pristine conditions in this study (Fig. 4A).
In all other stations, the annual variability is relatively constant
compared to the streamflow average (Figs. 4B, 5). For example, sta-
tion 02KFO09N (Ottawa River at Chats Falls), which is also regu-
lated by a dam for a power station as well as the downriver
located station Ottawa River at Brittania Bay show monthly-averaged
streamflow patterns characteristic for pristine streamflows
(Fig. 5). Nine of the stations have complete records (Table 1),
whereas the other stations have missing records in the beginning,
middle, or at the end of the 1969–1992 time interval. Missing re-
cords are due to: (i) instrumental and recording malfunctions that
result in short-time gaps, mostly shorter than a week; or (ii) long-
term gaps in records due to stopped measurements/recording
caused by government spending cuts. The latter resulted in the
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Fig. 3. Monthly total precipitation measurements (in �C) from 9 stations in eastern Ontario/southwestern Quebec. For locations see Fig. 1.
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variable start and end of the records used in this analysis. In this
study, all 23 stations have at least 8 years of uninterrupted stream-
flow records. In addition, all streamflow stations have complete re-
cords for 1986, which is used as a ‘standard year’ and used for
normalization of the magnitudes and standard deviation stream-
flow between the stations.

3. Methods

3.1. Analysis of streamflow records

Each streamflow record F was normalized using the annual
standard deviation (s1986) and annual mean F1986 calculated from
the 12 monthly records from 1986 to (a) relate trends and other
temporal patterns consistently to the same year for all records,
and (b) to adjust for the large differences in total discharge
(streamflow) and variability (standard deviation) at the stations.
The commonly used normalization utilizing mean and standard
deviation of the entire dataset (e.g., Davis, 1986) was not used, be-
cause of potential bias due to uneven record lengths and missing
records. The normalized streamflow FN for each station x at time
t (Fig. 5) was calculated by:

FNðx; tÞ ¼ ðFðx; tÞ � F1986ðxÞÞ=s1986ðxÞ ð1Þ

Then, wavelet and cross-wavelet analysis were carried out on
the normalized streamflow records to detect and extract the Fou-
rier amplitudes and the phase in the annual (0.8–1.2 year) wave-
band, as well as the phase shift to a standing cosine wave with
amplitude 1 and a wavelength of 12 months( = 1 year).

3.2. Wavelet and cross-wavelet analysis

Wavelet analysis emerged as a filtering and data compression
method in the 1980s (e.g., Morlet et al., 1982). Wavelet analysis
transforms information from a ‘depth’ or ‘time’ domain into a spec-
tral domain by using various shapes and sizes of short filtering
functions, so called ‘wavelets’. An advantage of wavelet over Fou-
rier (spectral) analysis is that the wavelet coefficients are related
to a specific period of time and frequency simultaneously
(Fig. 6B), making it possible to trace the amplitude and phase of



Fig. 4. Streamflow statistics for 23 stations (for ID’s see Table 1): (A) logarithmically scaled means of monthly streamflow (black diamonds) and their standard deviations
(black squares) for 1969–1992; (B) range of monthly average streamflow records for 1986 based on the smallest (bottom) and largest streamflow (top) studied.
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fluctuations of a specific wavelength through time. Single window
spectral analysis provides a very accurate estimate of variance (or
power) or Fourier amplitude, but is averaged over the discrete
length of the analyzed dataset (Fig. 6A). As a result, changes of a
wavelength specific Fourier amplitude through time cannot be
measured.

The wavelet coefficients W of a time series x(s) are calculated by
a simple convolution (Chao and Naito, 1995):

Wwða; bÞ ¼
1
a

� �Z
xðsÞw s� b

a

� �
ds ð2Þ

where w is the mother wavelet; a is the scale factor that determines
the characteristic frequency or wavelength; and b represents the shift
of the wavelet over x(s). In this study, the wavelet coefficient was
scaled by 1/a, which represents wavelet amplitudes while most other
applications use 1/

p
a to calculate the modulus or variance of the sig-

nals (Chao and Naito, 1995). The wavelet coefficients W were normal-
ized to represent the amplitude of Fourier frequencies. The continuous
wavelet transform (CWT) was used, with the Morlet wavelet as the
mother function (Morlet et al., 1982). The shifted and scaled Morlet
mother wavelet is defined as (Chao and Naito, 1995):

wl;a;bðsÞ ¼
ffiffiffiffi
p4
p ffiffiffiffi

al
p

e�
i2pðs�bÞ

a e�
1
2

s�b
alð Þ

2

ð3Þ

The Morlet wavelet is a sinusoid with wavelength/period a
modulated by a Gaussian function, which provides robust results
in analyses of climate and hydrological related records (e.g., Ada-
mowski et al., 2009; Coulibaly, 2006; Torrence and Compo,
1998). A parameter l modifies wavelet transform bandwidth reso-
lution either in favor of time or in favor of frequency, according to
the uncertainty principle. The bandwidth (frequency) resolution
for the wavelet transform varies with (Prokoph and Patterson,
2004)
Da ¼ a
ffiffiffi
2
p

4pl
ð4Þ

and a location resolution

Db ¼ alffiffiffi
2
p ð5Þ

The wavelet coefficients on the top and bottom of the data are
subject to ‘edge effects’, because only half of the Morlet wavelet
lies inside the data set. Missing data for the analysis window were
replaced (‘padded’) by zeros. For long wavelengths (e.g., wave-
length a covers more than half of the whole data series) the edge
effect can stretch across the whole time series. Thus, the boundary
of edge effects on the wavelet coefficients forms a wavelength
dependent curve for ‘weak edge affected’ areas known as the ‘cone
of influence’ (Torrence and Compo, 1998).

To transform a measured, and hence limited and discrete time
series, the trapezoidal rule was used for the wavelet transform,
which provides W*l(a,b). The cross-wavelet spectrum of two series
x(t) and y(t) is defined by:

Wxyða; bÞ ¼Wxða; bÞW�
yða; bÞ ð6Þ

where Wx(a,b) and Wy(a,b) are the CWT of x(t) and y(t) respectively,
where * denotes the complex conjugate (Jury et al., 2002). In our
application the modulus of the wavelet transform |Wxy(a,b)| repre-
sents the cross-amplitudes of x(t) and y(t). The phase difference is
defined by:

DUðbÞ ¼ tan�1

R a2
a1 imðWxyða; bÞÞdaR a2
a1 ReðWxyða; bÞÞda

ð7Þ

with b corresponding to the time lag b (Jury et al., 2002). Im and Re
indicate the imaginary and real part, respectively.



Fig. 5. Normalized monthly streamflow records for 23 stations (for ID’s see Table 1) and cosine curve of amplitude 1 and wavelength of 12 months; El Nino years are marked
in italic, very strong El Nino year (1983) marked in bold italics.
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Wavelet analysis was carried out on the monthly streamflow
records for a bandwidth of 0.8–1.2 years to extract annual signals
(W1yr.,b) only. As a result of the edge effect, the wavelet coefficients
for a specific wavelength represent 94% of the Fourier amplitude
that would be extracted from a stationary process using spectral
analysis for a 12 month wavelength. To counteract the edge effect
influence, wavelet analysis was also carried out on a standing co-
sine wave with amplitude 1, resulting in Wcos,b. Finally, the wavelet
coefficient was corrected by:

Wc1yr:;b ¼W1yr:;b=Wcos;b ð8Þ

In many applications the parameter l is chosen to be between l = 6
and 10 (e.g., Prokoph and Patterson, 2004; Ware and Thomson,
2000) with sufficiently precise results in resolving time and fre-
quency, respectively. In this study, wavelet analysis was applied
to hydrological records with many gaps. Even small gaps may lead
to a reduction of amplitude and ‘smearing’ effects on the onset and
offset of gaps by using l P 6. Thus, l = 2 was chosen for superior
amplitude recognition in time (location), even if frequency
resolution is diminished compared to l = 6. The reduced frequency
resolution (see Eq. (3)) due to using l = 2 is of minor concern for this
study, because the narrow bandwidth (0.8–1.2 years) analyzed by
wavelet transform sufficiently represents the dominant annual
signal in the streamflow variability (see Fig. 5). Furthermore,
cross-wavelet coefficients and phase shifts were calculated to a
amplitude = 1 and wavelength = 12 month signal to (a) emphasize
the annual wavelength and (b) to replace phase by phase shift,
which is easier to use to calculate phase change trends over time.
The amplitude and wavelength pattern relevant to this study that
can be extracted by cross-wavelet transform is shown via a
conceptual model that is composed of a synthetic annual signal
with time gaps of different lengths (Fig. 7).
3.3. GIS analysis

ESRI ArcView 3.2 with spatial analyst module was used for spa-
tial–temporal analysis of the 9 meteorological records. The follow-
ing protocol was followed:



Table 1
Meteorological and streamflow stations.

Station name North West Time period

Meteorological
station

Temperature Precipitation

Arnprior 45�250 76�220 7/1964–9/1999 1/1965–9/1999
Maniwaki UA 46�180 76�000 8/1953–5/1993 8/1953–5/1993
Wakefield 45�360 75�540 1/1963–3/1993 1/1963–3/1993
Ottawa CDA 45�230 75�430 11/1889–8/

2002
11/1889–8/
2002

Morrisburg 44�550 75�110 3/1913–8/2002 3/1913–8/2002
Cornwall 45�010 74�450 11/1950–8/

2002
11/1950–8/
2002

Glen Gordon 45�100 74�320 1/1969–7/1999 1/1967–7/1999
Dalhousie mills 45�190 74�280 5/1968–8/2002 5/1968–8/2002
LesCedres 45�180 74�030 3/1913–8/2002 3/1913–8/2002

Streamflow station North West Map
code

Station
ID

Drainage
area
(km2)

Clyde River at Gordon
Rapids

45�080 76�380 1 02KF013 280

Clyde River near Lanark 45�030 76�240 2 02KF010 614
Mississippi River at

Fergusons Falls
45�030 76�170 3 02KF001 2620

Indian River near
Blakeney

45�150 76�160 4 02KF012 203

Ottawa River at Chats
Falls

45�280 76�140 5 02KF009 89,600

Carp River near Kinburn 45�250 76�120 6 02KF011 269
Mississippi River at

Appleton
45�100 76�070 7 02KF006 2900

Rideau River below
Merrickville

44�570 75�490 8 02LA011 1920

Ottawa River at Britannia 45�230 75�480 9 02KF005 90,900
Jock River near Richmond 45�150 75�470 10 02LA007 559
Gatineau (Riviere) a la

Centrale des Rapides
Farmers

45�300 75�460 11 02LH030 23,600

Outaouais (Riviere des)
Centrale de Hull 2

45�250 75�440 12 02LA019 91,300

Rideau River at Ottawa 45�230 75�420 13 02LA004 3830
Rideau River below

Manotick
45�150 75�420 14 02LA012 3120

Kemptville Creek near
Kemptville

44�600 75�400 15 02LA006 409

South Nation River at
Spencerville

44�500 75�330 16 02LB007 246

North Branch South
Nation River near
Heckston

44�590 75�310 17 02LB017 69.2

South Castor River at
Kenmore

45�140 75�250 18 02LB020 189

Ottawa River at
Cumberland

45�310 75�240 19 02LB010 92,000

Castor River at Russell 45�160 75�210 20 02LB006 433
Bear Brook near Bourget 45�260 75�090 21 02LB008 440
Payne River near Berwick 45�120 75�060 22 02LB022 152
South Nation River at

Casselman
45�190 75�050 23 02LB013 2410
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3.3.1. Data pre-processing

1. Four year average temperature and precipitation were cal-
culated for 6 intervals from 1/1969 to 12/1992 for the 9
meteorological stations and average annual amplitudes
and phase shifts for up to 23 streamflow records per 4 year
interval. For easier interpretation, the phase shift of the
annual streamflow cycle was transformed from radian /r

into days /d by /d = /r (365.25/2p), applying an average
year of 365.25 days.

2. Linear regression equations y(t) = a + b(t) with a intercept at
t = 0, and b gradient were calculated by Least-square-error
estimate for each of the 24-year temperature and precipita-
tion records for each of the 9 meteorological stations. In
addition linear regression gradients were calculated in the
24-year average annual amplitudes and phase shifts that
were derived from wavelet analysis for the 9 streamflow
records that have no record gaps.

3.3.2. ArcView3.2 data processing
The SPATIAL ANALYST module was used for calculating the gra-

dient map for each 4 year interval in temperature and precipitation
and their gradients by using an ‘inverse squared distance’ interpo-
lation method applying a 150 km range of influence for this inter-
polation, and using the location range as analysis areas.

The hydrological parameters, which includes 4 year averaged
annual streamflow amplitude and annual variation (i.e., phase
shift) of flood onset, were plotted at their location and color coded
according to relative amplitude and phase shift.
4. Results

4.1. Temporal variability in annual streamflow

The normalized streamflow records show good accordance be-
tween all records, particularly in terms of their flood peaks, except
for the late 1980s and during 1983 when an El Nino influence was
strong in Eastern Canada (Fig. 5). Besides the spring flood peak,
most streamflow records also exhibit autumn peaks, and especially
since �1980 (Fig. 5). The wavelet coefficients (amplitudes) of the
annual streamflow signals show strong year-to-year variability
from 1969 to 1985, and are relatively stable after 1986 (Fig. 8).
The year 1986, which is set as a calibration year, has the weakest
annual amplitude in the entire 24 year time interval, while the year
1984 has the strongest annual amplitude as can be seen in Fig. 5.
Most stations show similar variability, but the annual amplitudes
of stations 02LB010N (Ottawa River at Cumberland) and
02KF009N (Ottawa River at Chats Falls) are often different, proba-
bly due to water flow regulations on the Ottawa River.

In general, the cross-wavelet analysis derived phase shifts show
good accordance between all stations, except for 02LB010N (Ottawa
River at Cumberland) and 02KF009N (Ottawa River at Chats Falls), that
are slightly off to all other stations for most of the years (Fig. 9). The
years 1982 and 1987 show a strong deviation from the normal phase
shift (�1–2 radians) due to some unusually large autumn floods that
suppressed the dominance of the spring floods in these years.

The four year average of phase shifts for each hydrological station
show that the phase shift generally increased. The phase shifts peak
in the early 1980s, indicating earlier onsets of spring floods and/or
generally higher streamflows occurring in the earlier part of the year
(Fig. 10A: low radians-late annual floods, high radians-early annual
floods). The increasing trend in phase shift changes occurs in all sta-
tions, whereas the four year peak interval varied (Fig. 10A). Simi-
larly, the four year average streamflow amplitude variability
demonstrates common peaks in the mid 1970s, and lows in the
mid 1980s, with strong local differences (Fig. 10B). For example,
the annual streamflow amplitude varied little for station 02KF005
(Ottawa River at Britannia), probably due to dams and other stream-
flow regulations along the Ottawa River, whereas stations in the
more rural areas on pristine rivers such as 02LB006 (Castor River
at Russell) varied in relative amplitude between 2.5 and 1.5 com-
pared to 1986, and are generally higher than the four year amplitude
average from all stations (Fig. 10B).

4.2. Spatial–temporal meteorological and annual streamflow
variability

Spatial analysis of the four year average annual streamflow
amplitude and air temperature in eastern Ontario/southwestern



Fig. 6. Morlet transform scaling: Top: Analysis window (AW) in scale-location space. Bottom: Morlet wavelet centered at location b1.

Fig. 7. Cross-wavelet analysis of conceptual model for model years 1916–2010 and centered at waveband 0.8–1.2 years: (A) conceptual streamflow model with 1 year
wavelength, amplitude = 1 model unit and missing (nulled) record of different duration, (B) standing cosine wave of 1 year wavelength, amplitude = 1 model unit, (C) cross-
wavelet amplitude using AW scaling factor L = 2, (D) phase shift between conceptual model and standing cosine wave using AW scaling factor L = 2, (E) cross-wavelet
amplitude using AW scaling factor L = 6, (F) phase shift between conceptual model and standing cosine wave using AW scaling factor L = 6, (G) wavelength with strongest
local (cross-wavelet) amplitude for L = 2 and L = 6, (H) locally strongest (cross-wavelet) amplitude, corrected for edge effects, for L = 2 and L = 6.
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Quebec is shown for a relatively cool interval (1977–1980) and a
relatively warm interval (1985–1988) (Fig. 11). In both intervals,
a strong regional NW–SE temperature gradient existed, which
was already punctuated by the urban heat islands of Ottawa,



Fig. 8. Edge-effect corrected amplitudes of normalized streamflow for 23 stations (for ID’s see Table 1) from 1969 to 1992.

Fig. 9. Phase shift of normalized streamflow to 12-month cosine wave for 23 stations (for ID’s see Table 1) from 1969 to 1992.
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Montreal and Cornwall during the relatively cool period; they were
already >0.3 �C warmer than their surroundings (Fig. 11). The dom-
inance of the heat island decreased through the 1970s to the 1990s,
because of the warming of the region of southeastern Ontario by
�0.5 �C (Fig. 11). In the transition from ‘‘cool’’ to ‘‘warm’’ the rela-
tive annual streamflow amplitude generally decreased, with higher
amplitudes remaining in the cooler western parts (Fig. 11).

The mean precipitation maps for the wettest 4-year period
(1969–1972) and driest period (1985–1988) show that (1) the pre-
cipitation distribution was spatially more even during the wet than
dry periods in eastern Ontario/southwestern Quebec (Fig. 12), (2)
an increasing precipitation trend exists from east to west, (3) re-
duced precipitation occurred in the heat islands of Ottawa and
Montreal, and (4) a positive precipitation anomaly existed north-
west of Ottawa due to a �30 km long mountain range with topog-
raphy up to 900 m above sea level. The annual streamflow cycle
peaked up to 50 days later in the low precipitation western regions
compared to the high precipitation area in the southeast of the re-
gion (Fig. 12).

In the study area, a positive warming trend is common for all
locations but most pronounced and significant in the cities. In con-
trast, the precipitation trends vary from positive to negative and
are generally less significant (Table 2).

All nine hydrological stations with a complete 24 year record
show decreasing annual amplitudes in streamflow (i.e., less pro-
nounced spring flooding or generally less seasonality in the
streamflow). The average decrease in amplitude by 0.1 compared
to a normalized standard deviation of 1 for the annual flow of
1986 (see Eq. (1)) indicates a 0.1/1 * 100% = 10% reduction of an-
nual streamflow amplitude compared to the individual 1986
streamflow amplitude. This drop is >95% significant and stronger
(�20%) in the smaller, rural streams such as the Castor River near



Fig. 10. Normalized streamflow pattern for 23 stations (for ID’s see Table 1) from 1969 to 1992: (A) 4 year averaged annual normalized streamflow amplitudes; (B) 4 year
averaged phase shift for annual normalized streamflow to 12-month standard wave; Bold black line indicates averages from 9 stations with complete 1969–1992 records.
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Russell and comparably insignificant in the broader, more regu-
lated streams, such as the Ottawa River near Britannia (�2%).

Phase-lag records extracted by cross-wavelet analysis show
that there is no significant phase shift towards earlier spring floods
or a redistribution of total annual water flow towards the begin-
ning of the year in the rural areas, with a range from 0 to
�1.2 days/year, which results in a total of <1 month over the entire
24 year survey period. In contrast, the Ottawa River stations expe-
rienced >95% significant early onset of spring flow by �2.5 days/
year or �50 days, which is almost 2 months over the entire survey
period.

Fig. 13 shows that the 1969–1992 gradients in air temperature
increased from northwest to southeast, whereas the precipitation
gradients decreased in the same direction, indicating that the
South easternmost region of Ontario warmed up and received less
precipitation. Furthermore, the annual streamflow amplitude in-
creased slightly over the entire 1969–1992 period in the north-
western part, and decreased towards the southeast (Fig. 13).

The spatial pattern of change of annual streamflow cycle offset
follows those northwest–southeast trends in air temperature and
precipitation change. The average offset is 1.09 days/years. A rela-
tively higher tendency of earlier flooding and/or generally higher
streamflow in the beginning of the year occurs along the Ottawa
River and in the western region, in accordance with similarly
increasing precipitation in these parts of the region.
5. Discussion

This study used cross-wavelet analysis (XWT) with the Morlet
wavelet as the mother wavelet to extract the cross-wavelet spec-
trum representing (annual) amplitudes of streamflow, as well as
to determine the phase shift (timing of annual flow maximum)
through a 24-year period using monthly mean streamflows. Based
on Heisenberg’s uncertainty principle, time (location) and fre-
quency cannot be perfectly resolved at the same time. The result
of a perfect frequency resolution as potentially provided by the
Fourier transform would lose all time resolution (e.g., Rioul and
Vetterli, 1996), which is essential for this study. In this study, time
resolution was set to be very precise (+/�0.5 years), while resolu-
tion in the annual frequency band was set low. Maraun and Hols-
chneider (2005) highlighted the problems arising from XWT
between a signal and noise resulting in a less persistent, but still
relatively strong, cross-wavelet spectrum in the frequency of the
record with the real signal, which after testing several time fre-
quency resolutions still appeared statistically significant. In this
study, it is already visually evident from the normalized stream-
flow records (Fig. 5) that the annual signal, dominated by the an-
nual spring flood, appears clearly above the background. This
allows the XWT to determine and extract the annual signal rela-
tively precisely in frequency. In addition, the high time precision
allowed for the automatic delineation of time intervals without



Fig. 11. GIS maps (with main watersheds) of 4 year mean air temperature (gray contours) overlaid by color coded 4 year mean difference of streamflow amplitudes to 4 year
mean (see Fig. 10). For locations see Table 1 and Fig. 1. Top: 4-year interval with lowest average temperature in region from 1969 to 1992. Bottom: 4-year interval with
highest average temperature in region from 1969 to 1992.
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records for removal from further treatment. The monthly records
used in this study had the advantage that (1) the amplitude of an-
nual springflood is smoothed out thus making the Morlet wavelet a
good choice as the mother wavelet, and (2) they made the timing
of the springflood onset less ambiguous due to the combination
of the pre-spring flood pulse with the main spring flood pulse as
found in western North America (e.g., Steward et al., 2005). Such
a pre-spring flood pulse pattern is also evident in the streamflows
in the Ottawa area (e.g., Adamowski, 2008).

GIS analysis was combined with spatial trend analysis for mete-
orological data using inverse square weightings and color coding of
trends and pattern of point sources for streamflow stations. In this
study, the temperature and total precipitation trends emerge from
the data from the nine meteorological stations, and reflect the rel-
atively gradual change in meteorological conditions across the re-
gion. The NW–SE trends in temperature and precipitation (see
Figs. 11 and 12) are evident in several station records. Warm and
dry anomalies around major cities such as Ottawa and Montreal
highlight the well pronounced urban heat islands around these cit-
ies that have been identified already (e.g., Prokoph and Patterson,
2004). Over the 24 year interval explored in this study, the warm-
ing trend was enhanced towards the southeast, while precipitation
was reduced in this direction (Fig. 13). This confirms the results for
the USA as shown by Krakauer and Fung (2008), who found that
precipitation in NE USA increased in the 1960s but afterwards
did not show any significant trend. In particular, an increasing pre-
cipitation toward the east was identified.

The results of this study also show that in the same time inter-
val the annual flow amplitude, which roughly represents the range
between annual minimum and maximum flow, did not change sig-
nificantly, and may be multi-decadal cyclic (Fig. 10). This confirms
a similar trend fluctuation for the USA (Lins and Slack, 1999; McC-
abe and Wolock, 2002), and for southeastern Canada (Burn et al.,
2010). The results of this study show that not only is the annual
streamflow amplitude trend variable, and in general insignificant
in eastern Ontario/western Quebec, but also that the larger rivers
(i.e., Ottawa River and Rideau River) have relatively less annual
amplitude fluctuations than the smaller waterways. This may be
due to waterway regulations on the larger rivers, while the smaller
rivers are more pristine.

The annual streamflow maximum occurred on average
�25 days earlier in 1969 than in 1992 at a rate of change of
�1.09 days/year (Fig. 10), confirming similar findings for other re-
gions in Canada (Zhang et al., 2001) and the USA (e.g., Steward



Fig. 12. GIS maps (with main watersheds) of 4 year mean monthly total precipitation (gray contours) overlaid by color coded 4 year mean difference of annual streamflow
phase shift to 4 year mean (see Fig. 10). For locations see Table 1 and Fig. 1. Top: 4-year interval with highest average precipitation in region from 1969 to 1992. Bottom: 4-
year interval with lowest average precipitation in region from 1969 to 1992.

Table 2
Meteorological trends.

Location North East D temperature D annual average monthly precipitation

Celsius/year r mm/year r

Arnprior 45�250 76�220 0.0379 0.88 0.1079 0.35
Cornwell 45�010 74�450 0.0577 0.92 �0.1232 �0.32
Dalhousie 45�190 74�280 0.0474 0.76 �0.0619 �0.74
Glen Gordon 45�100 74�320 0.0389 0.72 0.1686 0.48
LesCedres 45�180 74�030 0.0337 0.83 �0.3 �0.62
Maniwaki UA 46�180 76�000 0.0244 0.60 �0.6888 �0.90
Morrisburg 44�550 75�110 0.0464 0.72 0.2605 0.22
Ottawa 45�230 75�430 0.0428 0.88 �0.2146 �0.37
Wakefield 45�360 75�540 0.0385 0.69 0.0748 0.20

r: Linear correlation coefficient.
Bold: correlation coefficient r > 95% significant for 6 samples.
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et al., 2005). In addition, this study found that this trend towards
earlier annual maximum flows increased strongly in the north-
western part of the study area, with less warming but increasing
precipitation. This suggests that increases in precipitation occur-
ring earlier in the year lead to maximum flows earlier in the year.
6. Conclusions

This study applied time series analysis (CWT and XWT), and
Geographic Information System (GIS) techniques, to evaluate the
potential influence of long term climate change on annual water



Fig. 13. GIS maps (with main watersheds) of 1969–1992 trends (top) of mean air temperature (gray contours) and (bottom) of mean monthly total precipitation (gray
contours) overlaid by color coded trends of mean difference of annual streamflow amplitudes relative to mean. For locations see Table 1 and Fig. 1.
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distributions in eastern Canada for the 24 year period from 1969 to
1992. The results show that over the 24 year period the southwest-
ern part along the US Border experienced an increase in tempera-
ture of up to 0.05 �C/year, and decreased precipitation by
�0.5 mm/month, while the more rural northwest region experi-
enced insignificant warming (<0.02 �C/year) and became only
<0.2 mm/year wetter. In the same time interval, the annual
streamflow shifted on average to a �20 days earlier flood onset fol-
lowing a similar northwest-southeast trend as the meteorological
records. In the northwest, along the Ottawa River, floods occurred
in 1992 �50 days earlier than in 1969, while only <10 days earlier
than in the southeastern streams.

The streamflows of the main waterways in the region (Ottawa
and Rideau River) generally have relatively lower annual ampli-
tudes than the smaller and more pristine waterways that experi-
enced more seasonality. The annual streamflow amplitude is, in
general, decreasing but shows only significant spatial–temporal
trends through the 24 year interval in small watersheds with low
streamflow volume, similar to findings in the USA and other parts
of Canada (e.g., Burn et al., 2008, 2010).
The results suggest the need for water resource managers to ad-
just to a higher probability of earlier flood onsets, with the highest
water flow volumes generally occurring earlier in the year; this is
particularly significant in the northwestern regions and in streams
with large drainage areas with a more distinct continental climate.
With the southeastern regions experiencing more maritime influ-
ences, a wetter climate provides higher streamflows later in the
year (summer/fall). As such, a shift in the general annual water vol-
ume distribution will be less pronounced.
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