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Abstract:

Continuous wavelet analyses of hourly time series of air temperature, stream discharge, and precipitation are used to
compare the seasonal and inter-annual variability in hydrological regimes of the two principal streams feeding Bow
Lake, Banff National Park, Alberta: the glacial stream draining the Wapta Icefields, and the snowmelt-fed Bow River.
The goal is to understand how water sources and flow routing differ between the two catchments. Wavelet spectra
and cross-wavelet spectra were determined for air temperature and discharge from the two streams for summers
(June–September) 1997–2000, and for rainfall and discharge for the summers of 1999 and 2000. The diurnal signal of
the glacial runoff was orders of magnitude higher in 1998 than in other years, indicating that significant ice exposure
and the development of channelized glacial drainage occurred as a result of the 1997–98 El Niño conditions. Early
retreat of the snowpack in 1997 and 1998 led to a significant summer-long input of melt runoff from a small area of ice
cover in the Bow River catchment; but such inputs were not apparent in 1999 and 2000, when snow cover was more
extensive. Rainfall had a stronger influence on runoff and followed quicker flow paths in the Bow River catchment than
in the glacial catchment. Snowpack thickness and catchment size were the primary controls on the phase relationship
between temperature and discharge at diurnal time scales. Wavelet analysis is a fast and effective means to characterize
runoff, temperature, and precipitation regimes and their interrelationships and inter-annual variability. The technique
is effective at identifying inter-annual and seasonal changes in the relative contributions of different water sources to
runoff, and changes in the time required for routing of diurnal meltwater pulses through a catchment. However, it
is less effective at identifying changes/differences in the type of the flow routing (e.g. overland flow versus through
flow) between or within catchments. Copyright  2003 John Wiley & Sons, Ltd.
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INTRODUCTION

Runoff from alpine catchments is typically dominated by snow and ice melt, which peak in spring and
summer. Intra- and inter-annual variability in runoff regimes result from variations in winter snowfall and
summer meteorological conditions. In some areas, variability at both time scales may be strongly coupled
to atmospheric teleconnection patterns such as the El Niño–southern oscillation (ENSO), the Pacific decadal
oscillation (PDO), and the North Atlantic oscillation (NAO) (Redmond and Koch, 1991; Kahya and Dracup,
1993; Dracup and Kahya, 1994; Brown, 1998; Moore and Demuth, 2001). Inter-catchment differences in
runoff regimes may reflect differences in the dominant runoff sources (snow, glacier ice, and rainfall) and in
the flow routing within the catchments. These influences also affect processes such as acidification (Stoddard,
1995), nutrient and carbon budgets (Brooks et al., 1995; Boyer et al., 1997), and the transport of organic
(Blais et al., 2001a,b) and inorganic contaminants.
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This paper investigates the runoff regimes of two adjacent alpine catchments (one largely glacier covered
and one virtually ice free), their relationship to meteorological forcing, and their inter-annual variability over
an ENSO cycle. Wavelet analyses of temperature, discharge, and rainfall time series are used to compare
the seasonal and inter-annual variability of hydrological processes operating in the two catchments in four
consecutive summers (1997–2000). As this period includes the strong 1998 El Niño event, the meteorological
and discharge time series data provide a unique opportunity to examine the hydrological regimes of the glacial
and non-glacial streams under contrasting hydroclimatological conditions.

In snow- and ice-covered catchments, solar radiation is the primary force driving the seasonal hydrological
cycle. Although net radiation is the main energy source for melt, air temperature is usually better correlated
with melt production and run-off than net radiation (Braithwaite, 1981). Therefore, air temperature is used here
as a proxy for melt energy input to the catchments. As the melt season progresses, the relationship between
discharge and air temperature evolves. This is due to changes in snowpack extent, the exposure of glacial ice,
and the storage of meltwater in the snowpack, glacier (i.e. due to development of englacial and subglacial
drainage systems), and/or shallow soils and groundwater. Thus, the relationship between temperature and
runoff contains information about the transfer and storage processes operating in the catchment.

Many recent studies have applied a combination of time domain statistical techniques to climatic and
hydrological time series data from glacial catchments to infer changes in the functioning of glacier drainage
systems during the ablation season (Gurnell et al., 1992; Hodgkins, 2001). These techniques include linear
regression, cross-correlation, autoregressive integrated moving average (ARIMA) and transfer function-noise
(TFN) models. Other studies have used spectral (Fourier transform) analysis to investigate the relationships
between meteorological conditions and runoff in glacial catchments (Gudmundsson, 1970; Gudmundsson and
Sigbjarnarson, 1972). This paper presents the first application of the continuous wavelet transform to the
analysis of air temperature–runoff relationships. Wavelet analysis is a time-dependent spectral analysis that
decomposes a data series in time–frequency space. Wavelet methods have been used for more than a decade
in many different types of signal and image analysis (Kadambe and Boudreaux-Bartels, 1992; Kronland-
Martinet et al., 1987; Schiff, 1992). Recently, the use of wavelets has expanded into the physical Earth
sciences (Whitfield and Dohan, 1997; Smith et al., 1998; Torrence and Compo, 1998; Labat et al., 2000).

The lack of a static 24 h discharge cycle, and the dynamic nature of the temperature–runoff relationship
make continuous quantitative analysis of the amplitude and the timing of runoff response to air temperature
inputs difficult using standard time series techniques. For example, regression and cross-correlation techniques
require several steps of data preparation, and the subdivision of the time series into periods of similar behaviour
to evaluate seasonal changes in the time series (Gurnell et al., 1992; Hodgkins, 2001). Wavelet methods are
better suited to this type of problem, because one can quantify the variability of a series continuously in time
and at different scales of response. The covariance (or coherence) and the phase (or lag) relationships of
paired time series can also be quantified continuously across both scale and time, by combining the wavelet
transforms of the two data sets. The introduction of statistical significance tests by Torrence and Compo (1998)
has greatly improved the quantitative nature of wavelet analysis. In this paper, wavelet spectra are determined
for air temperature and discharge of the two streams for four consecutive summer seasons (June–September,
1997–2000). The cross-wavelet spectra between air temperature and the two stream runoff series for each
year are also determined. Wavelet spectra of rainfall and rain-runoff cross-spectra are calculated for 1999
and 2000.

FIELD SITE AND DATA

Stream discharge and meteorological data were collected at Bow Lake, Banff National Park, Alberta, Canada
(51°400N, 116°270W) between June 1997 and September 2000. Two main catchments feed Bow Lake: one is
largely glacier covered, the other is virtually ice free (<1Ð5% glacier ice) (Figure 1). The principal inflow to
the lake is the ‘Glacial’ stream (GL) fed primarily by meltwater from the Wapta Icefield. The catchment of
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Figure 1. Map of Bow Lake. GL and BR mark the gauging stations for the glacial stream and the Bow River. The Bow Lake meteorological
station is located near the outflow gauging station (OF). The location of the Alberta Environment weather station at Bow Summit is

also shown
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this stream is approximately 27 km2, has a mean elevation of 2560 m a.s.l., and consists of glacier ice (41%,
11 km2), till, moraines, and some spruce-fir forest (12%). The secondary inflow is the headwaters of the Bow
River (BR). This stream drains into the north side of Bow Lake, and its catchment has a mean elevation of
2310 m a.s.l., 67% of the ¾17 km2 catchment consists of subalpine meadow and spruce-fir forests, but the
remaining area is either sparsely vegetated or unvegetated.

Gauging stations were installed in the spring, and removed in the fall of each year. Each gauging station
was equipped with a pressure transducer (Keller Series 169). Water pressure was sampled at 10 s intervals
and hourly and daily averages were recorded using a Campbell CR10 datalogger. The pressure record was
converted to a discharge hydrograph using rating curves. Discharge was measured by the velocity–area
method, and at least ten discharge measurements were used to fit the rating curve function. The error associated
with the discharge is estimated to be š10% (Dingman, 1993). Air temperature and rainfall were measured at
a meteorological station near the outflow of the lake (Figure 1). Air temperature, measured using a Campbell
Scientific Model 107 probe with radiation shield, was sampled every 10 s and averaged hourly and daily.
Hourly and daily rainfall totals were measured using a tipping bucket rain gauge (Texas Electronics model
TE525). Snowpack accumulation and melt were recorded using an ultrasonic depth gauge (Campbell Scientific
model UDG 01).

Difficulties with the power source at the weather station in the summers of 1997 and 1998 resulted in gaps
in the temperature and precipitation records. A total of 17 days of data were lost in 1997 (days 222–232,
234–236, and 239–247) and a total of 42 days of data were lost in 1998 (days 167–178, 201–209, 221–232,
235–247). The missing data were interpolated using linear regression equations obtained by establishing a
relationship between the Bow Lake data (1940 m a.s.l., 51°390N, 116°270E) and data from a station (operated
by Alberta Environment) located less than 5 km away, at Bow Summit (2080 m a.s.l., 51°420N 116°280E)
(Figure 1). Hourly and daily mean values were predicted for temperature. Only daily totals were predicted
for precipitation, since the hourly records from the two sites were poorly correlated. For the hourly mean
temperature, regressions were calculated using all available points for months where data were missing. For
daily mean temperature and total precipitation, regressions were calculated using all the points from June to
August (0Ð80 < r2 < 0Ð95). All regressions were significant at p D 0Ð01 or better.

METHODS

Wavelet analysis

The wavelet analysis in this paper follows the methods of Torrence and Compo (1998). The software used
was provided by C. Torrence and G. Compo, and is available at URL: http://paos.colorado.edu/research/wave-
lets/. Although the basic components and methods of wavelet analysis are reviewed here, readers are referred
to Torrence and Compo (1998) for a more detailed explanation of the analysis.

The continuous wavelet transform and wavelet functions

The wavelet transform was designed to analyse time series that contain non-stationary power over many
different frequency scales (Daubechies, 1990) and is most easily understood when compared with the more
commonly used Fourier transform. The Fourier transform breaks up a signal into sine waves, and expresses
a signal in terms of the frequency (x) and power (y) of its constituent sine waves, without reference to when
the frequencies occur. Localization in time can be achieved with the Fourier transform by transforming the
data within a specified window of time and shifting this window along the time series (Daubechies, 1992).
However, the window length has to remain fixed regardless of the frequency. The wavelet transform addresses
this problem by breaking up a signal into scaled versions of a wavelet function, where the scale of the wavelet
(the window) varies with frequency. Thus, the wavelet is narrow in time at high frequencies and the scale of
the wavelet increases with decreasing frequency. The wavelet transform, therefore, expresses a time series in
three-dimensional space: time (x), scale/frequency (y), and power (z).
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The wavelet transform may be continuous where the transform is calculated for all scales and positions in
time, or discrete where the transform operates on discrete dyadic scales and positions in time. The continuous
transform is used in this study. The continuous wavelet transform of a discrete time series xn is defined as

Wn�s� D
N�1∑
n0D0

xn0 Ł
[
�n0 � n�υt

s

]
�1�

where N is the number of points in the time series,  �t� is the wavelet function (normalized to have unit
energy) at scale s and translated in time by n, υt is the time step for the analysis, and the asterisk indicates
the complex conjugate (Torrence and Compo, 1998). Equation (1) is therefore the convolution of xn with a
scaled and translated version of the wavelet function. However, the calculation of the wavelet transform is
much more efficient if the convolution is done in Fourier space using the Fourier transform (Torrence and
Compo, 1998):

Wn�s� D
N�1∑
kD0

Oxk O Ł �sωk�eiωknυt �2�

where Oxk is the Fourier transform of xn, k is the frequency index (0, . . . , N� 1), and  �sωk� is the Fourier
transform of the wavelet function at scale s and angular frequency ωk .

A wavelet function is a waveform that has a zero mean and can be localized in both time and frequency
space (Misiti et al., 1996). Numerous wavelet functions exist, and the choice of a function depends on both the
desired analysis and the nature of the time series being analysed. Wavelet functions can be either orthogonal
or non-orthogonal, and they can be complex- or real-valued functions. Orthogonal wavelets can only be used
for discrete wavelet analysis, whereas non-orthogonal wavelets can be used for either discrete or continuous
wavelet analysis. If the analysis requires information about the phase relationship between the wavelet spectra
of two series, a complex wavelet (with real and imaginary parts) must be used. Two other aspects that should
be considered when choosing a wavelet function are the width and the shape of the function. The shape of
the function should reflect the features present in the data series (Smith et al., 1998; Torrence and Compo,
1998), and the width of the wavelet will depend on whether one is looking for good resolution in time or in
frequency (Torrence and Compo, 1998). The work presented in this paper uses the Morlet wavelet:

 �t� D ��1/4ei6te�t2/2 �3�

The Morlet wavelet, as shown in Equation (3), is the equation used by Torrence and Compo (1998). It is
non-orthogonal and complex.

Local wavelet spectrum (variance) and cross-wavelet spectrum (covariance)

The local wavelet power spectrum (Torrence and Compo, 1998) is defined as the squared absolute value
(or squared amplitude) of the wavelet transform coefficients (jWn�s�j2). The square of the absolute value
(jzj2) of a complex number (z D aC bi) is simply the product of the number and its complex conjugate
(zzŁ D �a C bi��a � bi� D a2 C b2). Therefore, the local wavelet power spectrum is expressed as

WXX
n �s� D WX�s�WXŁ�s� D jWX

n�s�j2 �4�

where, again, the asterisk denotes the complex conjugate. When the wavelet function is complex (e.g. the
Morlet), the wavelet transform coefficients are also complex. The values of the wavelet spectrum represent
the magnitude of the variance in the series at a given wavelet scale and location in time.

When comparing two series xn and yn, the local cross-wavelet spectrum (or covariance) of the two series
can be determined:

WXY
n �s� D WX

n�s�W
YŁ
n �s� �5�
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Another useful property of the cross-spectrum of two series is the phase difference between the two series:

�XYn �s� D tan�1�=fWXY
n �s�g/<fWXY

n �s�g� �6�

where =fWXY
n �s�g and <fWXY

n �s�g are the imaginary and real parts of the cross-wavelet spectrum respectively
(Torrence and Compo, 1998). The phase is given in degrees (0–180°), where a 180° phase difference means
the two series are completely out of phase. Therefore, at a scale of 24 h, the dependent variable lags the
independent variable by 12 h.

Since the wavelet spectrum presents a large amount of information in one image, it is often desirable to
condense this information by averaging the results over a range of scales or times. One useful technique is
to average the variance at every scale over the whole time series, to compare the spectral power at different
scales. Torrence and Compo (1998) call this the ‘global wavelet spectrum’. The result is a graph of variance
versus scale, analogous to the Fourier power spectrum, in which localization in time is lost. The global wavelet
spectrum is defined as

W
XX
n �s� D 1

N

N�1∑
nD0

WXX
n �s� �7�

where N is the length of the series x. It is also often desirable to extract the results for a single wavelet scale,
especially if the wavelet power is located in a limited number of scales.

Significance levels

The significance of the wavelet power spectrum can be evaluated by comparing the spectra with a
background (or noise) spectrum. The background spectrum depends on the nature of the data. In geophysical
processes the background spectrum is often either white noise (constant variance across all scales, or
frequencies) or red noise (increasing variance with increasing scale, or decreasing frequency) (Schiff, 1992;
Torrence and Compo, 1998). Once the background spectrum is chosen, the wavelet spectrum of the time
series is compared with the expected spectrum of the background function at a determined confidence level.
Where the wavelet power of the time series exceeds the power of the background at the chosen confidence
level, the time series variance can be deemed significant relative to the expected background. The calculation
of the background spectrum depends on the type of wavelet spectrum being evaluated: local, global, or cross
spectrum (Torrence and Compo, 1998). For example, the distribution of the normalized local wavelet power
spectrum is

WXX
n �s�

�2
x

) 1

2
Pk�

2
2 �8�

at each time t and scale a. The value of Pk is the mean Fourier power of the background spectrum for the
Fourier frequencies k that correspond to the wavelet scales s, and �2

2 is the chi-square value for the chosen
confidence level (e.g. 95%), where the subscript ‘2’ on �2 designates the degrees of freedom (two for a
complex wavelet and one for real-valued functions). The Fourier power Pk of a white noise spectrum is equal
to one at all k. For the red noise spectrum, the Fourier spectrum is (Torrence and Compo, 1998)

Pk D 1 � ˛2

1 C ˛2 � 2˛ cos�2�k/N�
�9�

where ˛ is the assumed lag-1 autocorrelation for the time series.
The next section explains how the wavelet analysis tools described above were applied to the data collected

at Bow Lake between 1997 and 2000.

Wavelet analysis of discharge and temperature time-series

The Morlet wavelet was chosen for this analysis, because it is complex and thus allows for the determination
of the phase relationship between the temperature and discharge series. The Morlet wavelet also has relatively
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good resolution in frequency compared with other wavelets, such as the Mexican Hat or Paul, which have
better resolution in time. Furthermore, the wavelet is smooth and symmetrical, similar to the features in the
temperature and discharge time series. It has also been used previously in both hydrological and meteorological
applications (Torrence and Compo, 1998; Labat et al., 2000).

The start date and total length of the stream discharge and temperature measurements varied from year
to year. To simplify inter-annual and inter-stream comparisons of the wavelet analyses, the time series were
truncated to keep the start and end dates consistent. The series were confined to the latest start date (7 June,
day 157), and the earliest end date (3 September, day 247) for a total series length of 2130 h, or 88Ð75 days.
The only exception to this is the 1997 hourly temperature record, which ends on 30 August 1997. Since the
temperature and discharge time series have widely different statistics, the series were also centred on their
means and normalized by their standard deviations prior to calculating the wavelet transforms to facilitate
comparison of results across catchments and years. The hourly precipitation data from 1999 and 2000 were
not normalized because the large number of zeros in these time series meant that the data were not normally
distributed.

The wavelet transform was calculated for a discrete set of 42 (j D 0, 1, . . . , 41) scales. The scales are a
series of fractional powers of two (Torrence and Compo, 1998):

sj D s02jυj �10�

where s0 D 6 h and υj D 0Ð125. This gives scales ranging from 6 h to 209 h (approximately 9 days). It should
be noted that the wavelet scale is often expressed in terms of its equivalent Fourier period in order to facilitate
the comparison of the wavelet and Fourier power spectra. The scale–period relationship varies for different
wavelet functions, and the equivalent Fourier period for a particular wavelet can be derived analytically
(Torrence and Compo, 1998). For the Morlet wavelet the wavelet scale and Fourier period are almost equal
(Period D 1Ð03 ð Scale), so the terms period and scale are used interchangeably here.

The red-noise spectrum was chosen as the background spectrum for testing the significance of the results,
since the data match this spectrum quite well. A lag-1 autocorrelation coefficient (˛ in Equation (9)) of 0Ð96
was found for all four temperature series (1997–2000), but ˛ values for the runoff time series varied between
each year. Their values are presented in Table I. For the wavelet analysis of rainfall, a white noise spectrum
was used as the background (˛ D 0).

The local wavelet power spectra WQQ
n �s� or WTT

n �s�, the global wavelet spectra W
QQ
n �s� or W

TT
n �s�, and

the corresponding 95% confidence levels for the red-noise spectra were determined for each of the discharge
series (four for the glacial stream (QGL) and four for the Bow River (QBR)) and temperature series (T) for
the summers (June–August) 1997 to 2000. The local wavelet cross-spectra WTQ

n �s� and the phase coherence
�TQn �s� (or lag) were then determined for the paired temperature (independent variable) and runoff (dependent
variable) series for each year. The local precipitation–runoff wavelet cross-spectra WPQ

n �s� and the phase
coherence �PQn �s� were also determined for 1999 and 2000.

RESULTS

A summary of seasonal snow, temperature, and rainfall conditions illustrates the inter-annual variability in
the gross hydroclimatological conditions at Bow Lake in the period 1997–2000 (Table II). The year fall 1997

Table I. The lag-1 autocorrelation coefficients ˛
used for testing significance of the wavelet power

1997 1998 1999 2000

˛GL 0Ð93 0Ð98 0Ð99 0Ð999
˛BR 0Ð97 0Ð99 0Ð99 0Ð997
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Table II. Comparison of seasonal snowpack, temperature, and precipitation conditions at Bow Lake for 1997–2000

1996–97 1997–98 1998–99 1999–2000

Snowpack (mm SWE) at Bow Summit (2080 m a.s.l.)
30 March 462 257 460 434
30 May 254 0 329 239

Exhaustion of snowpack at Bow Lake met. station (1940 m a.s.l.) — 2 May 30 May 23 May

Discharge (106 m3)
Bow River (7 June–31 August) 7Ð7 4Ð1 8Ð1 7Ð5
June 3Ð5 1Ð9 2Ð9 2Ð5
July 2Ð7 1Ð8 3Ð5 3Ð6
August 1Ð5 0Ð9 1Ð8 1Ð4
Glacial (7 June–31 August) 28 34 20 19
June 9Ð0 5Ð3 3Ð5 2Ð7
July 9Ð3 15 6Ð7 8Ð9
August 9Ð4 13 9Ð5 7Ð1

Degree-day total (°C) January–August 838 1148 791 808

Mean daily air temp. (°C)
May 2Ð4 5Ð5 0Ð9 1Ð3
June 6Ð1 6Ð8 5Ð3 6Ð0
July 9Ð1 12Ð6 7Ð8 9Ð6
August 9Ð2 11Ð1 10Ð5 8Ð6

Total precipitation (mm) June–August 193 233 236 155

Total monthly precipitation (mm)
June 59Ð8 82Ð0 27Ð5 41Ð7
July 63Ð4 40Ð4 117Ð1 82Ð8
August 69Ð8 110Ð4 91Ð5 30Ð8

to fall 1998 had much lower snowfall, and higher spring and summer temperatures than all the other years.
According to monthly snow course measurements at Bow Summit by Alberta Environment (Figure 1), the
snow accumulation (mm SWE) at the end of March 1998 was approximately 57% of that in March 1997,
1999, and 2000. The positive degree-day total (1 January–3 September), a measure of energy input during the
melt season, was 26–30% higher in 1998 than in the other years. 1999 was the coldest summer, and winter
1998–99 had the highest snowpack SWE. In 1998, the glacial stream had the highest total seasonal runoff of
the four years (3Ð4 ð 107 m3), and the Bow River had the lowest total runoff that year (4Ð1 ð 106 m3). In the
case of the Bow River, seasonal runoff increased with increasing snowpack SWE (Table II). For the glacial
stream, seasonal discharge increased with increasing temperature (positive degree-day total) and decreasing
snowpack (SWE; Table II).

Figure 2 and Table III present the results of the global wavelet analysis of the discharge and air temperature
time series for 1997–2000. The power of the global wavelet spectra is the variance averaged at each scale
across the whole length of the time series. Since the data series were mean centred and normalized, the
spectral power is dimensionless. Therefore, the wavelet power expresses the variance of the series as squared
standard deviations from the mean. The terms variance and power are used interchangeably in the text. The
95% confidence level for a red-noise spectrum (the significance line) was determined for each spectrum. In
order to avoid cluttering the graphs, only the significance lines for the 1997 (˛GL D 0Ð93 and ˛BR D 0Ð97)
and 2000 (˛GL D 0Ð999 and ˛BR D 0Ð997) series were plotted. The ˛ values are highest for 2000 because the
signal is very smooth, and the autocorrelation of the data is very strong at a 1 h lag. The lower ˛ values for
1997 indicate that the discharge signal is noisier than for other years (Table I). As a result, the significance
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Figure 2. Plot of global spectra for each year by variable: (a) glacial stream discharge; (b) Bow River discharge; (c) air temperature

lines for the background spectrum in 1997 are higher than in other years, and the variance in the discharge
series has to be much stronger in order to be considered significant.

The power around the 24 h scale is the dominant feature in all the global spectra, indicating strong diurnal
signatures in the time series. There is also high power at low frequency (96 < 192 h) in all years, indicating
strong signals at the scale of weather systems (4–8 days), but the power is not usually significant at these
scales (Figure 2, Table III). For the glacial stream, the diurnal signal was strongest in 1998 and then 1997
(Figure 2a, Table III). In 1999 and 2000, the power of the diurnal signal was orders of magnitude lower
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Table III. Summary of results from the global wavelet spectra for runoff Q and temperature T for the 24 h scale W
XX
n �24�

and for the mean low-frequency power centred on 120 th (W
XX
n �120� the average global power for scales between 96 and

148 h). The ratio of the global power for discharge at the 24 h scale in the two streams is also shown (W
QQ
n �24� GL/BR).

The last column lists the day when the normalized Bow River discharge falls below zero (QBR norm < 0) for each year

Glacial Bow River Temperature GL/BR QBR norm < 0

W
QQ
n �24� W

QQ
n �120� W

QQ
n �24� W

QQ
n �120� W

TT
n �24� W

TT
n �120� W

QQ
n �24�

1997 9Ð9 13 0Ð37 0Ð35 480 183 27 205
1998 20 10 0Ð13 0Ð14 370 91 154 194
1999 1Ð3 15 0Ð22 0Ð35 500 194 6 211
2000 0Ð42 3 0Ð08 0Ð33 520 117 5 216

than in 1998. The wavelet power at the 12 h scale was also significant for the glacial stream runoff in 1998
(Figure 2a). For the glacial stream, the mean low-frequency global power centred on 120 h (W

QQ
n �120�), was

greater than the 24 h scale power W
QQ
n �24� in all years except 1998 (Table III). The magnitude of the diurnal

and low-frequency power was always higher for the glacial stream than for the Bow River (Table III). This
implies that the glacial stream discharge is more responsive to temperature changes, both at diurnal time
scales and at the scale of weather systems.

The distribution of global power across scales is similar for the two streams, but the magnitude of the power
is much lower for the Bow River (Figure 2b). The global diurnal power for the Bow River runoff was most
pronounced in 1997, followed by 1999 (Table III). However, despite the magnitude of the power, the global
variance in the Bow River runoff at the 24 h scale was not statistically significant in 1997, due to the noise
in the record (Figure 2b). The 12 h scale variance in runoff was significant for this stream in 1998, 1999, and
2000. The average low-frequency power for the Bow River was generally of the same order of magnitude as
the diurnal scale power, and was lowest in 1998 (Table III). The global wavelet spectra for temperature are
similar to the stream discharge spectra, but the power is orders of magnitude higher (Figure 2c, Table III).
The power is very strong at the 24 h scale, and there is little variability from year to year. The power is also
strong at low frequencies, where it displays greater inter-annual variability (Figure 2c, Table III).

The temperature and discharge time series are shown in Figures 3–6, along with their local wavelet spectra.
The significant features of the wavelet analyses are also summarized by stream and year in Table IV. As for
the global spectra, most of the variance in the local spectra is concentrated at the 24 h scale, although
periodically there is significant variance at sub-diurnal scales (Figures 3a–c(ii)–6a–c(ii)) and also at higher
scales (Figures 3c(ii), 5a(ii), and 6a(ii)). For the glacial stream, the low-frequency power (>96 h) is usually
strongest in July and August (Figures 3a(ii)–6a(ii)). For the Bow River discharge, the power at low frequency
is strongest in June and early July, but is never statistically significant, and always much lower than for the
glacial stream discharge (Figures 3b(ii)–6b(ii)). The diurnal component of the local wavelet spectra for air
temperature is much more consistent in strength and distribution in time than the low-frequency power (e.g.
Figure 3c(ii)). The diurnal power for the discharge spectra is much weaker than for air temperature, and there
is greater seasonal and inter-annual variability in the distribution of the 24 h discharge signal (Figures 3–6).

In 1997, the local wavelet spectra for runoff in both streams had significant power at the 24 h and 6–12 h
scales near the beginning of June (Figure 3a(ii) and b(ii), days 158–170). This power increased moderately
in both streams between the end of July and end of August, but it was not significant (Figure 3a(ii) and b(ii),
days 195–240). In 1998, the 24 h wavelet power for discharge in both streams was concentrated between mid
July and August, with frequent episodes of significant power at the 6 and 12 h scales, especially in August
(Figure 4a(ii) and b(ii), days 190–248). The power in the diurnal discharge cycle was always higher in the
glacial stream than in the Bow River in 1997 and 1998 (Figures 3, 4, 7d, and 8d). In 1999 and 2000, the
diurnal signal in glacial stream discharge was much weaker than in 1997 and 1998, but the variance was still
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a (i)

a (ii)

b (i)

b (ii)

c (i)

c (ii)

1

Figure 3. Time series and wavelet spectra for 1997: (a) glacial stream discharge; (b) Bow River discharge; (c) air temperature. (i) The raw
time series (black) and the mean centred and normalized time series (grey). (ii) Wavelet power spectrum WXX

n �s� contoured at variance 0Ð5,
1, 2Ð5, 5, 10, and 20 (light to dark grey). The black line contours the areas where the power is considered significant (i.e. exceeds the 95%

confidence level of a red-noise process), the dashed black line delineates the cone of influence (COI)
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a (i)

a (ii)

b (i)

b (ii)

c (i)

c (ii)

Figure 4. Time series and wavelet spectra for 1998: (a) glacial stream discharge; (b) Bow River discharge; (c) air temperature. (i) The raw
time series (black) and the mean centred and normalized time series (grey). (ii) WXX

n �s� contoured at variance 0Ð5, 1, 2Ð5, 5, 10, and 20
(light to dark grey). The black line contours the areas where the power is considered significant; the dashed black line delineates the COI
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Figure 5. Time series and wavelet spectra for 1999: (a) glacial stream discharge; (b) Bow River discharge; (c) air temperature. (i) The raw
time series (black) and the mean centred and normalized time series (grey). (ii) WXX

n �s� contoured at variance 0Ð5, 1, 2Ð5, 5, 10, and 20
(light to dark grey). The black line contours the areas where the power is considered significant; the dashed black line delineates the COI
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a (ii)
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b (ii)
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c (ii)

Figure 6. Time series and wavelet spectra for 2000: (a) glacial stream discharge; (b) Bow River discharge; (c) air temperature. (i) The raw
time series (black) and the mean centred and normalized time series (grey). (ii) WXX

n �s� contoured at variance 0Ð5, 1, 2Ð5, 5, 10, and 20
(light to dark grey). The black line contours the areas where the power is considered significant; the dashed black line delineates the COI

Copyright  2003 John Wiley & Sons, Ltd. Hydrol. Process. (in press)



WAVELET ANALYSIS OF RUNOFF VARIABILITY

Table IV. Summary of key features of wavelet analysis by stream and year. The time of occurrence of the key features are
indicated by day

Feature 1997 1998 1999 2000

GL BR GL BR GL BR GL BR

Strong WQQ
n �24� 160–170 160–170 162–164/ 161–165/ 167–170/ 163–170/ 178–184/ 160–165/

186–248 187–248 191–193/ 179–193/ 189–233 180–189/
210–220/ 230–247 195–220
230–243

Strong WQQ
n �<24� 162/167 160–167 215–228/ 168/179/ 163/188/ 205/213 160–164/

235–248 192/201/ 196/ 188/198/
215–230/ 232–245 205/213

238

Significant 203–215/ 174–245
WQQ

n �>96� 231–247

Strong WQQ
n �s�, no 168 215–228/ 168/179/ 237–239 163/196/ 205–222 160–164/

strong WTQ
n �s� 235–237 215–230/ 228–245 188/198/

238 205

Mean �TQ�24� (h) 5Ð4 4Ð9 5 3Ð6 6Ð3 7Ð4 7Ð1 5Ð6
Rapid change 192–195 192–195 241–244 168–170/ 237–239 223–225 186–188/ 174–177/

in �TQ�24� 178–181/ 204–206 184–186/
228–229 197/

204–206

statistically significant, especially during July and August (Figure 5a(ii), days 210–240; Figure 6a(ii), days
190–220). In 1999, the 24 hour power in the Bow River was highest in June and again at the end of August
(Figure 5b(ii)), and in 2000 it was strongest in early June and then increased occasionally, particularly during
July (Figure 6b(ii)).

The local temperature–runoff cross-wavelet spectra mimic the general patterns present in the local wavelet
spectra for discharge (Figures 7–10). Since the temperature consistently displays strong variance at the diurnal
scale in the local spectra, the seasonal and inter-annual variability in the local temperature–runoff cross-
wavelet spectra is a lot lower than in the local spectra of the discharge series. The local cross-wavelet
spectrum can have significant coherence in places where only one of the paired local wavelet spectra displays
a significant signal (e.g. cf. Figures 7 and 3). Hence the local cross-wavelet spectra and the corresponding
local wavelet spectra should be examined together, to determine whether the ‘significant’ covariance is
actually meaningful in terms of the runoff variance. The significance contours for local wavelet power in
the discharge series, therefore, are plotted on each of the local cross-wavelet spectra to show when the strong
temperature–discharge covariance coincides with significant variance in stream runoff. The phase difference
at the 24 h scales is shown in Figures 7c–10c.

In general, the temperature–discharge covariance for both streams is concentrated at the 24 h time scale,
and sometimes at shorter time scales (Figures 7–10). There is also strong covariance at higher scales for
the glacial stream (Figures 7a, 9a, and 10a). When discharge showed strong variability at the 24 h and
higher scales, it was usually strongly covariant with temperature (Figures 7a and b–10a and b). However, at
shorter (6–12 h) time scales, discharge often showed strong variability in the absence of strong covariance
with temperature. This was especially true for the Bow River in 1999 (Figure 9b, days 196, 227–248)
and 2000 (Figure 10b, days 158–164, 188, 198, 205), and for both streams in 1998 (Figure 8a and b,
days 210–225). These episodes of high variance in discharge at the lower scales appear to be related to
precipitation events.

Copyright  2003 John Wiley & Sons, Ltd. Hydrol. Process. (in press)
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Figure 7. Cross-wavelet analysis 1997. (a) Temperature and glacial discharge cross-spectral analysis, WTQGL
n �s�. (b) Temperature and Bow

River cross-spectral analysis, WTQBR
n �s�, with contours at variance 0Ð5, 1, 2Ð5, 5, 10, 20. The black contour line is the 95% confidence level

of the cross-spectrum, the dashed contour is the 95% confidence level of the local discharge spectrum, and the dashed black line on the
edges is the COI. (c) The phase difference (or lag) at the 24 h scale, �TQn �24�, for GL (black), and BR (grey). (d) Wavelet power spectrum

for discharge at the 24 h scale, WQQ
n �24�, for GL (black) and BR (grey) and daily total rainfall (dotted line with dots)

The phase difference between temperature and discharge at the 24 h scale was typically between 4–6 h
(60–90°), and the Bow River discharge usually responded more quickly to temperature than the glacial stream,
except in 1999 (Table IV). The phase differences for the two streams were very similar in 1997, when they
did not exceed 6 h, and only fell below 4 h on one occasion (Figure 7c). In 1998, the phase differences
for the two streams were less similar (Figure 8c), and the average phase differences for both streams were
shorter than in all other years (Table IV). The lags were higher for both streams, between 6 and 9 h, for most
of 1999 (Figure 9c, days 160–230) and 2000 (Figure 10c, days 160–215). The difference in lags between
the two streams in 1999 was small until the end of August, when the glacial stream had a faster response
(Figure 9c, days 228–248). In 2000, the Bow River discharge usually had shorter lag times than the glacial
stream, especially in June (Figure 10c, days 160–188). Another key feature of the phase difference graphs is
the irregular, sudden, and dramatic changes (Figures 7c–10c). These large drops and/or increases in lag were
generally short lived and appeared to coincide with precipitation events. They were more frequent and more
pronounced for the Bow River than for the glacial stream.
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a)

b)

c)

d)

Figure 8. Cross-wavelet analysis 1998. (a) WTQGL
n �s�. (b) WTQBR

n �s� with contours at variance 0Ð5, 1, 2Ð5, 5, 10, 20. The black contour line
is the 95% confidence level of the cross-spectrum, the dashed contour is the 95% confidence level of the local discharge spectrum, and the
dashed black line on the edges is the COI. (c) �TQn �24� for GL (black), and BR (grey). (d) WQQ

n �24� for GL (black) and BR (grey) and
daily total rainfall (dotted line with dots)

The abrupt disruptions in the phase diagrams led to the investigation of precipitation–discharge relation-
ships. Since the hourly precipitation records for 1997 and 1998 were discontinuous, the wavelet analysis
of precipitation data was performed only for 1999 and 2000. The local wavelet spectra for precipitation
and the local discharge–precipitation cross-wavelet spectra are illustrated in Figures 11 and 12. As for the
discharge–temperature cross-spectra, the significance contours for local wavelet power of the discharge series
are plotted on the discharge–precipitation cross-wavelet spectrum to illustrate when variance in discharge was
significant. In addition, the local wavelet power for discharge and precipitation at the 24 h scale is plotted
below the local cross-wavelet spectra (Figures 11e and 12e).

Unlike the local discharge and temperature spectra, where the power is concentrated at the 24 h scale, the
power in the local rainfall spectra is spread out across the 6–192 h scales, depending on the duration of the
event. There were more major precipitation events in 1999 than in 2000 (Figures 11b and 12b). Compared
with the Bow River, the glacial stream shows little or weak covariance with precipitation (Figures 11 and
12). The response of the Bow River discharge to precipitation events appeared to be delayed by 1 or 2 days
in June and early July (Figure 11d, days 183–188; Figure 12d, days 160–165, 185–188), but not later in
the summer.
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a)

b)

c)

d)

Figure 9. Cross-wavelet analysis 1999. (a) WTQGL
n �s�. (b) WTQBR

n �s� with contours at variance 0Ð5, 1, 2Ð5, 5, 10, 20. The black contour line
is the 95% confidence level of the cross-spectrum, the dashed contour is the 95% confidence level of the local discharge spectrum, and the
dashed black line on the edges is the COI. (c) �TQn �24� for GL (black), and BR (grey). (d) WQQ

n �24� for GL (black) and BR (grey) and
daily total rainfall (dotted line with dots)

DISCUSSION

Conceptual model for the hydrological interpretation of wavelet analyses

In glacial and nival catchments, spatial and temporal changes in water sources, and in hydrological storage
and transfer processes, occur as a result of seasonal snow and ice melt. These seasonal changes in the
hydrological system manifest themselves as changes in characteristics of the discharge hydrograph, and also
as changes in the relationship between air temperature and discharge. The following discussion outlines the
typical seasonal changes in the hydrological processes in the two types of catchment, and the features in the
time series and wavelet analyses that can be used to identify shifts in hydrological behaviour.

Within a catchment there are seasonal changes in the relative contributions of different water sources to
runoff. In an ice-free catchment, the dominant component of runoff shifts from snowmelt to rainfall and base
flow. In a glacial catchment, snowmelt continues at higher elevations and is replaced by ice melt in the ablation
zone, and by rainfall in ice-free areas. Changes in storage and flow routing also occur as snowmelt progresses.
Early in the season, meltwater percolates into the snowpack and is stored or refrozen. Once the snowpack
ripens, meltwater runoff begins. As the snowpack thins, the time required for meltwater to percolate from the
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a)

b)

c)

d)

Figure 10. Cross-wavelet analysis 2000. (a) WTQGL
n �s� (b) WTQBR

n �s� with contours at variance 0Ð5, 1, 2Ð5, 5, 10, 20. The black contour line
is the 95% confidence level of the cross-spectrum, the dashed contour is the 95% confidence level of the local discharge spectrum, and the
dashed black line on the edges is the COI. (c) �TQn �24� for GL (black), and BR (grey). (d) WQQ

n �24� for GL (black) and BR (grey) and
daily total rainfall (dotted line with dots)

melting surface to the base of the snowpack decreases (Fountain, 1996). At the start of the season, overland
flow may be common over soils that are frozen at shallow depth. If soils thaw from the top down, then storage
capacity gradually increases but deep flow paths are sealed off by pore ice at depth. Shallow subsurface and
overland flow result as soils thaw and receive inputs from snowmelt and precipitation. This may continue
until the ice at depth melts, and deep flow paths open. In a glacial catchment, the exposure of low-albedo ice
and the resulting increase in the melt rate leads to the seasonal development of more efficient supraglacial,
englacial, and subglacial drainage pathways (Richards et al., 1996). As a result, the glacial system becomes
more responsive to meltwater inputs, especially later in the summer if major subglacial channels develop.
The rapid response of the glacial system in 1998 is indicated by the strong power at the 12 h time scale
(Figure 4). However, in the case of runoff from Bow Glacier, the proglacial lake is a potentially large storage
reservoir (volume 9 ð 106 m3) that may dampen the variability of runoff from the glacier (Figure 1).

The seasonal changes in the dominant water sources, and storage and flow routing processes discussed
above, can be identified using various features of the raw time series and wavelet analyses. The retreat of the
seasonal snowpack in an ice-free catchment should result in a decrease in the amplitude of the diurnal discharge
signal, a decrease in the responsiveness of discharge to longer scale (4–8 days) temperature variability, and
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a)

b)

c)

d)

e)

Figure 11. Wavelet analysis of hourly precipitation 1999: (a) hourly rain (mm); (b) WPP
n �s� contoured at variance 0Ð25, 0Ð5, 1, 2, and 4

(light to dark grey); (c) WPQGL
n �s�; (d) WPQBR

n �s�. The cross-wavelet spectrums are contoured at powers of 0Ð25, 0Ð5, 1Ð0, and 4Ð0. The
black contour line is the 95% confidence level of the cross-spectrum, the dashed contour is the 95% confidence level of the local discharge

spectrum, and the dashed black line on the edges is the COI. (e) WPP
n �24� (dashed), WQQ

n �24� for GL (black), and WQQ
n �24� BR (grey)
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a)

b)

c)

d)

e)

Figure 12. Wavelet analysis of hourly precipitation 2000: (a) hourly rain (mm); (b) WPP
n �s� contoured at variance 0Ð25, 0Ð5, 1, 2, and 4

(light to dark grey); (c) WPQGL
n �s�; (d) WPQBR

n �s�. The cross-wavelet spectrums are contoured at powers of 0Ð25, 0Ð5, 1Ð0, and 4Ð0. The
black contour line is the 95% confidence level of the cross-spectrum, the dashed contour is the 95% confidence level of the local discharge

spectrum, and the dashed black line on the edges is the COI. (e) WPP
n �24� (dashed), WQQ

n �24� for GL (black), and WQQ
n �24� BR (grey)
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a recession of the discharge hydrograph. Therefore, in a snowmelt-fed catchment, the retreat of the snowpack
should be indicated by a decrease in the wavelet power WQQ

n �s� at 24 h and low-frequency scales, and a drop
in discharge below the seasonal mean (when the normalized discharge drops below zero). The loss of the
snowpack as a storage reservoir might also be indicated by a decrease in the phase difference between the
temperature and discharge signals at diurnal scales, since the travel time of meltwater to the stream should
decrease. Since the exposure of glacier ice amplifies the response of discharge temperature variations, this
event should be marked by a significant increase in the daily mean discharge, increases in the wavelet power
at diurnal and longer time scales, and by an increase in the temperature–discharge cross-wavelet covariance
for the glacial stream. The development of major channels in the glacier system may lead to further increases
in the wavelet power for discharge at 24 h and shorter time scales, as well as decreases in the lag between
diurnal temperature and discharge cycles, due to the faster transfer of meltwater and rainfall runoff from ice
surfaces (Fountain, 1996).

Discharge response to rainfall is indicated by sudden changes in the temperature–discharge phase difference.
It is also shown by the presence of significant power in the discharge wavelet spectra that is not associated with
significant covariance in the temperature–discharge cross-spectra (this implies that the discharge variability
is not due to temperature-induced meltwater runoff, but to a non-meltwater source such as rainfall). The type
of precipitation is also important, as summer snowfalls may drastically reduce the melt response of old snow
and glacier ice for periods of several days (Fountain, 1996).

Changes in the type of flow routing in a catchment, such as a switch from shallow subsurface flow to
overland flow of meltwater due to the saturation of soils, are more difficult to identify using the wavelet anal-
yses. However, a delay between the peak temperature–discharge covariance, or the precipitation–discharge
covariance, and the peak in the wavelet power for discharge suggests that the meltwater or precipitation
is being retained in the snow and/or soils before being routed to the stream (Figure 10b, days 160–164;
Figure 12d, days 160–164, 186–188). On the other hand, the overland flow routing of rain or meltwater may
be indicated by strong short-scale (6–12 h) wavelet power for discharge that coincides with a precipitation
event (Figure 8b, day 167).

Interpretation and evaluation of the results

The inter-annual variations in air temperature and snowfall conditions at Bow Lake (Table II) can largely be
explained by the 1998 El Niño event and the strong La Niña conditions that followed in 1999 and 2000. The
southern oscillation index (SOI) anomaly for 1951–2000 (Figure 13) illustrates that 1997–98 was one of the
strongest El Niño events on record, and 1999 and 2000 experienced relatively strong La Niña conditions. The
west coast of Canada and the USA typically experience considerably warmer temperatures, lower snowfall, and
lower stream flows in the year following the onset of El Niño (Kiladis and Diaz, 1989; Redmond and Koch,
1991; Kahya and Dracup, 1993; Brown, 1998). At Bow Lake, the low snowfall in 1997–98, combined with

SOI anomaly 1951-2000

-6

-3

0

3

6

1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001

S
O

I (
A

no
m

al
y)

La Niña

El Niño

Figure 13. The SOI anomaly 1951–2000 (NOAA, 2000)
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the high spring and summer temperatures in 1998, led to the early disappearance of snow from the catchments.
This resulted in low seasonal discharge in the Bow River, but higher discharge in the glacial stream.

The results of the wavelet analyses highlight the unique hydrological regime brought on by the 1998 El Niño
conditions. The early removal of snow from the catchments in 1998 is indicated by the fall of the normalized
discharge in the Bow River below zero as early as day 195 (Table III). The low global wavelet power around
the 120 h scale for the Bow River also illustrates that this stream was less responsive to weather-related melt
forcing in 1998, as a result of the thin snowpack (Table III). The global power at the 12 and 24 h scales for
the glacial stream was double the power at these scales in other years, probably as a result of the extensive
exposure of glacial ice in 1998 (Table III). Table III also shows that the diurnal scale power for the Bow River
and the glacial stream increased together for 1997, 1999, and 2000. In 1998, however, the 24 h power for the
Bow River discharge was relatively low and the 24 h power for the glacial stream was at a maximum. The
ratio of global 24 h power in the two streams (GL/BR) versus the diurnal-scale global power for the glacial
stream (W

QQ
n �24� GL) also illustrates the dramatically different relationship between runoff in the two streams

in 1998 (Table III). These results indicate that snowmelt was the dominant runoff source in the two streams
in 1999 and 2000, and to a lesser extent in 1997. In 1998, the removal of snow from the catchments resulted
in an exponential increase in the diurnal discharge response in the glacial stream due to significant ice melt,
and a sharp reduction in response in the Bow River due to the complete and early removal of the snowpack.

The strong and persistent 12 h scale power in the glacial stream discharge wavelet spectrum during July
and August 1998 (Figure 4b(ii), days 215–247) indicates that the exposure of glacial ice probably leads to
the development of major channels within the glacial drainage system late in the summer. The persistence
of the short-scale power in the glacial discharge signal strongly suggests that the signal is due primarily
to an expansion of the drainage system as opposed to transient extreme floods from melt or precipitation
(Rothlisberger and Lang, 1987). The shift in the phase lag from approximately 110° (7 h) to 70° (4Ð5 h)
around day 190 in 1998 is also an indication of the exposure of glacial ice and/or the development of
subglacial channels. The increase in the phase difference in the glacial stream around the same time that
the 12 h discharge signal gained strength (Figure 8c, days 220–247) may seem to challenge this suggestion.
However, there was a strong inverse relationship between the phase difference and the time of daily maximum
air temperature for both streams during this period (Figure 14a), which indicates that the increase in lag was
due to air temperatures peaking earlier in the day. Such a shift in the time of the daily air temperature peak
was not observed at any other time in the 4 years of study. The air temperature for Bow Lake was estimated
from the Bow Summit weather station for virtually all of this period (days 221–232, 234–247). Therefore,
the increase in the phase difference at the end of the season in 1998 was most likely a result of a difference
in the timing of the daily air temperature peaks at the two sites, rather than a change in runoff response.
Figure 14b confirms that, between days 215 and 247, the time of peak discharge was generally constant.

In July and August 1997, there was an increase in the discharge and the 24 h power for the discharge
wavelet spectra for the glacial stream. However, the power at the 24 h scale was much weaker than in 1998,
and there was no evidence of any variability in discharge at lower scales (Figure 3a(i) and (ii)). This suggests
that some ice was exposed on the glacier in that year, but that the degree of exposure was not nearly as
extensive as in 1998, and that there was little development of the subglacial drainage system. Compared with
1999 and 2000, the low phase difference between air temperature and stream discharge in 1998 and 1997
(Table IV) indicates that the snowpack was more effective at retarding the runoff of the diurnal meltwater
pulse in 1999 and 2000. In 1997 and 1998, the diurnal-scale variability in the Bow River discharge was
maintained throughout most of the summer, with a temporal distribution of power very similar to that in the
glacial wavelet spectra (Figures 3 and 4). This persistent diurnal cycle in the Bow River catchment indicates
a continuing input of melt runoff from the small area of ice cover in the catchment in these years. This ice
melt source only appears to have contributed significantly to Bow River runoff in years when the previous
winter’s snowpack was thin and/or summer temperatures were high (Table II). In 1999 and 2000, variability
in the Bow River discharge at the 24 h scale was very low or absent through most of July and August, when
the diurnal runoff signal gained strength in the glacial stream (Figures 5 and 6).
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Figure 14. (a) The relationship between time of daily maximum air temperature t�Tmax) and the phase difference �TQn �24� at 12 : 00 for the
glacial stream and the Bow River between days 215 and 247, 1998. The regression statistics were calculated after removal of outliers. (b)

Time of daily maximum discharge t�Qmax)) for glacial and Bow River streams, 1998

The frequent significant variability in discharge at the lower scales (<24 h) and the rapid changes in
discharge–temperature phase difference for the Bow River suggest that precipitation is a more important
component of runoff and follows more direct flow routes in the Bow River catchment than in the glacial
catchment. For example, between days 160 and 205, 2000, the phase difference for the Bow River showed
several short-lived dramatic shifts. The glacial stream lags changed at approximately the same time as
those for the Bow River, but the shifts were less pronounced in the glacial stream (Figure 10c). For the
Bow River, there were also several instances of strong discharge wavelet power that were unrelated to
strong temperature–discharge covariance. However, no such instances were observed for the glacial stream
(Figure 10a and b, days 160–205). The covariance between precipitation and discharge was also much stronger
for the Bow River than for the glacial stream at the beginning of the season (Figure 12). After day 205,
however, the response of discharge to precipitation was higher for the glacial stream (Figure 12c and d). This
implies that ice may have been exposed on the glacier or that soils in the Bow River catchment had a reduced
moisture content and greater storage capacity, or both.

The retardation of snowmelt routing, as indicated by the mean annual phase difference between temperature
and stream discharge, generally varied with the thickness of the seasonal snow pack and the size of the
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catchment. Except in 1999, the phase lags were higher for the glacial stream than for the Bow River, and
they were lowest in both streams in 1998 (Table IV).

By locating and quantifying the strength and significance of the variability in stream runoff at different
scales, and the relationship between temperature and runoff cycles, the wavelet analyses appear to be a useful
tool for comparing the relative contributions of water sources to runoff both seasonally and inter-annually.
However, the wavelet analyses do not unambiguously identify changes in hydrological flow routing within the
catchments. The phase difference between temperature and discharge is an indication of the relative influence
of the snowpack on storage of meltwater, and strong wavelet power at very short time scales (6–12 h) can
indicate the influence of faster flow routes, either within the glacial drainage system or from overland flow.
However, it was anticipated that the wavelet analyses might help differentiate between periods of overland
flow and shallow subsurface flow during the snowmelt period. Such changes are, however, no more obvious
in the wavelet results than they are in the discharge hydrographs.

CONCLUSIONS

Wavelet analysis is a fast and effective tool to quantify and compare the inter-annual variability in runoff
and the relationships between runoff and temperature/rainfall in glacial and nival catchments, especially when
dealing with large data sets. The strong power at 12 h and diurnal scales in the local wavelet spectra for
glacial runoff in 1998 indicates that significant ice exposure and the development of channelized glacial
drainage occurred in 1998. This was due to the low snowfall and high temperatures experienced at Bow
Lake during the 1997–98 El Niño event. The analyses showed that the early retreat of the snowpack, as
observed in 1997 and 1998, led to a continuing input of melt runoff from a small area of ice cover in the
Bow River catchment. Rainfall had a stronger influence on runoff, and followed quicker flow paths in the
Bow River catchment than in the glacial catchment. The results also illustrate that the snowpack thickness
and catchment size were the primary controls on the phase difference between diurnal temperature and
discharge cycles.

By quantifying the strength and statistical significance of variance in discharge, and of the covariance
between discharge and temperature/precipitation forcing, at different scales of response, wavelet analysis
appears to be a useful tool for identifying inter-annual and seasonal changes in the relative contributions
of different water sources to runoff. Wavelet analyses can also identify general changes in the flow routing
time of snow- and ice-melt through the catchment, but they are largely incapable of identifying changes
or differences in the nature of the flow routing (e.g. overland flow versus through flow) between or within
a catchment.
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