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Abstract

The present-day hydroclimatology of the central Rocky Mountains is heavily influenced by
recurring large-scale climate patterns: the Pacific Decadal Oscillation (PDO), the El Nifio-
Southern Oscillation (ENSO), and the Arctic Oscillation/North Atlantic Oscillation (AO/NAO).
Hence, low frequency central Rocky Mountain river discharge variability can be successfully
modeled by regression techniques using these climate indices as predictors. Generalized Least
Squares (GLS) regression equations captured a large portion of streamflow variability at the
hydrological apex of North America. Using archived runs from global climate models from the
IPCC Fourth Assessment Report (AR4) (Phase 3 of the Coupled Model Intercomparison Project
- CMIP3), the PDO, ENSO and the NAO were projected for tiecmtury for the B1, A1B and

A2 Special Report on Emission Scenarios (SRES). These projected climate indices were used as
inputs into the GLS regression equations, giving projected central Rocky Mountains river
discharges. These projections showed generally declining trends in central Rocky Mountains
surface water availability for 2006-2050 and 2006-2096. This study’s novel result is that
projection distribution functions show a shift in the variance of the flows, from a relatively
symmetric equal probability of low versus high flows about the mode and mean in 2006, to a
broader, left-skewed flow pattern with a higher probability of low flows in general, and extreme
low flows in particular, by 2096.

Keywords: El Nifio-Southern Oscillation (ENSO), Generalized Least Squares (GLS) regression
models, North Atlantic Oscillation (NAO), Pacific Decadal Oscillation (PDO), projected river
discharge, central Rocky Mountains.

1 Introduction

Central Rocky Mountain hydroclimatology is heavily influenced by recurring large-scale
climate patterns: the Pacific Decadal Oscillation (PDO), the El Nifio-Southern Oscillation
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(ENSO), and the Arctic Oscillation (AO). Strong periodic cycles are associated with the low-
frequency PDO in much of the western North American hydroclimate (Mantua et al., 1997,
Stewart et al., 2005; St. Jacques et al., 2010). The PDO is an integrated measure of North Pacific
oceanic and atmospheric variability that shifts phases on an inter-decadal time scale, usually ~30
years (Minobe, 1997; Mantua and Hare, 2002). In the central Rocky Mountains, a strong
negative relationship exists between the PDO and winter precipitation, and subsequently between
the PDO and streamflow (Mantua et al., 1997; Comeau et al., 2009; Wise, 2010). The higher
frequency ENSO also affects the hydroclimatology of this region as precipitation and streamflow
are decreased during El Nifio events and increased during La Nifia events (Shabbar and
Khandekar, 1996; Shabbar et al., 1997; Bonsal and Lawford, 1999; Bonsal et al., 2001; Shabbar
and Skinner, 2004; Bonsal and Shabbar, 2008). The AO is a measure of the intensity of the polar
vortex and is closely related to (if not the same as) the North Atlantic Oscillation (NAO)
(Wallace and Gutzler, 1981). A negative relationship exists between Canadian Prairie Provinces’
winter precipitation and the NAO (and AO), as more frequent outbreaks of cold, dry Arctic air
occur with the positive NAO (and AO) (Bonsal and Shabbar, 2008).

Under anthropogenic global warming scenarios, decreased streamflow is projected in the
central Rocky Mountains (see Fig. 10.12, IPCC4, 2007, for multi-model mean run-off changes).
St. Jacques et al. (2010) analyzed southern Alberta, and adjacent British Columbia and Montana,
streamflow records for any significant existing trends attributable to global warming, while
explicitly including the possible effects of the PDO and interannual regional circulation
anomalies (i.e., ENSO, NAO) to account for naturally-occurring hydroclimatic variability. They
concluded that streamflows are declining at most gauges due to hydroclimatic changes (probably
from global warming) and, in some cases, intensive use of surface water resources, which were
of the same order of magnitude as the changes in the hydrologic regime, if not greater. In the
process, they developed Generalized Least Squares (GLS) regression models which explained a
large amount of the variance in regional river discharge as a function of the PDO, ENSO and the
NAO. This paper takes their best-fitting river discharge models, adds more models from
additional gauges and uses these empirical models to project central Rocky Mountain river
discharges for the 2Icentury. Lapp et al. (2012) developed'2&ntury projections of the PDO,
ENSO and NAO from archived runs of global climate models (GCMs) from the IPCC Fourth
Assessment Report (AR4) (Phase 3 of the Coupled Model Intercomparison Project - CMIP3).
These climate oscillation projections were used as inputs into the GLS regression equations to
produce projected central Rocky Mountain river discharges for 2006-2096. These projections
should be regarded as scenarios or as a thought-experiment, since these extrapolations assume no
change in the regional physical hydrology and water management practices, but are useful
explorations of the consequences of global warming, including the future status of
teleconnections, and of current trends and water management practices.

2 Methods
2.1 River discharge modeling and projection

Six actual (recorded) stream discharge records and three naturalized discharge records in
the central Rocky Mountains analyzed by St. Jacques et al. (2010), together with two additional
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actual stream discharge records from the same region, were chosen based on the large amount of
variance of observed P@entury discharge (i.e., hidkf) explained by the GLS models (Figure

1, Tables 1 and 2). Four of the gauges, those on the Waterton, Elk, Marias and North Fork of the
Flathead Rivers, are on unregulated or slightly regulated reaches. Three of the gauges measure
regulated flows on the Oldman, St. Mary and Belly Rivers, and in these cases, both the observed
actual flows and the reconstructed naturalized flows were separately analyzed, providing an
additional six records. For one regulated gauge, on the South Saskatchewan River, only the
recorded flow was analyzed, as the naturalized record did not have as good a fit to the GLS
model. Five of the gauges are located in southern Alberta, one in southern British Columbia, and
two in adjacent Montana. All records span at least 73 years. The gauges are located at the
hydrographic apex of North America, with headwater streams flowing to the Arctic, Atlantic,
and Pacific Oceans (Rood et al., 2005). The Waterton, St. Mary and Belly Rivers are tributaries
of the Oldman River, which in turn, is a tributary of the South Saskatchewan, the major regional
river.

Streamflow records were extracted from the databases of the Water Survey of Canada
(HYDAT; http://www.wsc.ec.gc.ca/applications/H20/index-eng,cfinly 12, 2011) and the
U.S. National Water Information System (http://waterdata.usgs.gov/nwidigyw12, 2011). In
addition to gauge records from unregulated streams, a streamflow database produced by Alberta
Environment provided naturalized daily flows and void-filled records to overcome the effects of
human impacts and gaps in the time series, respectively (Alberta Environmental Protection,
1998). Mean daily flows averaged over the year were used.

Following St. Jacques et al. (2010), the models included as predictors a linear trend and
three climate indices: the PDO, ENSO, and the NAO, as a proxy for the AO record. The winter
averaged (November-March) PDO was computed from the HadSST2 dataset of sea surface
temperatures (SST) (Rayner et al., 2003) following the method outlined in Lapp(2214).

The annually averaged Southern Oscillation Index (SOI) (used as an ENSO metric) and the
winter averaged (December-March) NAO were obtained from the Earth Systems Research
Laboratory (National Oceanic and Atmospheric Administration,
www.cdc.noaa.gov/Climatelndicesiuly 12, 2011). Since streamflow is naturally lagged and
smoothed from precipitation by surface and subsurface hydrology, and large-scale climatic
phenomena act most prominently at inter-annual time scales, the stream observations were
lagged relative to the climate indices by 0, 1, and +2 years, and a binomial smoother of five
years was applied to both the stream and climate data. The climate indices and their lags showed
only minor collinearity.

Generalized Least Squares (GLS) computes time series regression with serially correlated
residuals and is therefore suitable for hydrological data (Brockwell and Davis, 2002).
Autoregressive-moving-average (ARM#A@) models were fit to the residuals using a
Maximum Likelihood EstimatorOpen-source software from the R statistical programming
language (version 2.9.1) was used, specificallyahma function in the §tatg package (R
Development Core Team, 2008).

The statistical model used in this study is

Qt:u+/1Tt+ﬁle,t+---+ﬁkxk,t+8ta t=1,..., L,
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where {Q is mean daily streamflow for yearindext runs overl. years;u is the mean
streamflow over alL of these yearst; is a linear trend with coefficiertrepresenting the trend
to be detected;X;, t = 1,...,1} is the i explanatory variablek is the number of explanatory
variables; is the coefficient for thé&" explanatory variable; and:§ is the residual time series,
which is an autoregressive-moving average process of quagr(ARMA(p,d). An optimum
minimal subset of significant predictors and an optimum minimal ARNI\(residual model
was chosen using the corrected Akaike Information Criterion JA#f0odness-of-fit statistic
(Brockwell and Davis, 2002) applied to all predictor subsets ofs@&end for allp <8andq <
5. When the optimum minimal ARMAY Q) residual model hag + q > 5, the model was
examined for overfitting using the methods describesem 8.20f Cryer and Chai2008) and
adjusted accordingly to the ARMA() residual model with the next smallest AIGf
appropriate. Because in GLS regression an ARM#\(model is fit to the residual error, an
estimate of the error can be projected into the future and added to the extrapolated future value
derived from the regression equation alone, improving the projection (Cryer and Chan, 2008).
Residual errors were projected for all regression models, until the projected errors’ absolute
value were less than 0.05. The non-zero significance of the trend coefligiasttested by the
Neyman-Pearson statistic (RP) (Zheng et al., 1997) using the null model of the optimum set of
explanatory variables (minus the trend variable if included in the optimum set) versus the
alternative model of the optimum set of explanatory variables together with the linear trend (if
not already added). The RP is asymptotically distributed as a chi-square distribution with one
degree of freedom. If the estimated RP is greater than the 0.10 percenfiig dfe trend is
significant at the 90% level. Shapiro-Wilk tests on the innovations confirmed that most were
normally distributed, and that departures from normality were mild.

2.2 How the climate indices were cal culated and projected

2.2.1 Choice of GCMs

International modeling centers have submitted their projections for theeptury under
different emissions scenarios, simulations df 2éntury climate and pre-industrial control runs
to scrutiny by the wider scientific community (Meehl et al., 2007). These data from 23 GCMs
are archived by the Program for Climate Model Diagnosis and Intercomparison (PCMDI) of
Lawrence Livermore National Laboratory (http://www-pcmdi.linl.gov/ipcc/about_ipce. .y
12, 2011). Details of the GCMs are found in IPCC4 (2007), Table 8.1. Because of the
importance of recurring large-scale climate patterns (i.e., the PDO, ENSO, NAO) on surface
climate, these CMIP3 runs have been critically examined for their ability to model these
atmosphere-ocean climate oscillations. Lapp et al. (2012) and Furtado et al. (2011) were the first
to explicitly project the PDO, as calculated by EOF analysis of North Pacific SST residuals, as
defined by Mantua et al. (1997) and Zhang et al. (1997). From the 23 GCMs with archived data,
Lapp et al. (2012) chose the 10 models best able to simulate the PDO, ENSO, and NAO, using
comparisons among the 2@entury observed records and thé"2@entury simulation runs
(Table 3). They selected model runs under the low B1, moderate A1B and high A2 emissions
scenarios (Nakicenovic et al., 2000).

2.2.2 Calculation of the PDO for 1900-2099 from observed and GCM data
4




For the calculation of the PDO from the observed instrumental data, Lapp(2012)
followed the method described in Mantua et al. (1997), Zhang et al. (1997), and Mantua and
Hare (2002). Their PDO index was the leading Principal Component (PC) time series from an
un-rotated EOF analysis of monthly, “residual” North Pacific SST anomalies, polewartidf 20
for the 1900-1993 time period. “Residuals” are the difference between the observed SST
anomalies and the monthly mean global average SST anomaly (Zhang et al., 1997). The PDO
index for 1994-2008 was calculated by projecting the 1994-2008 residual SST anomalies onto
the leading eigenvector or loading pattern (EOF 1) from the 1900-1993 SST data. Likewise, the
projected PDO indices for 2000-2099 were calculated by projecting the 2000-2099 residual SST
anomalies from each of the GCMs onto the leading eigenvector (EOF 1) from the 1900-1993
GCM SST data.

The 2" century winter PDO projections showed a shift towards more occurrences of the
negative phase PDO, non-significant for 2000-2050, but significant for 2000-2099, for all three
emissions scenarios (Table 4) (Lapp et2012).This can be seen by comparing the all-model
1900-1999 simulation mean to the 2000-2050 and 2000-2099 all-model means (Table 4). Under
the more severe A2 emissions scenario, the shift towards more negative phase PDO occurrences
was most pronounced. Comparison of the all-model 1900-1999 simulation means to the actual
1900-1999 observed mean PDO index showed that that the GCMs have a slight bias towards the
negative PDO phase (Table 4).

2.2.3 Calculation and projections of the SOl and NAO

The annual SOI was calculated as the difference between monthly mean sea level
pressure (SLP) at Tahiti, Polynesia (£7% 149.8 W), and Darwin, Australia (124N, 130.9
E), with the difference normalized relative to 1951-1980 (Ropelewski and Jones, 1987). The
early 2f' century (2000-2050) SOI projections showed a shift towards a climate with more
occurrences of El Nifio (negative SOI) and decreases in the occurrences of La Nifia (positive
SOI) for all emissions scenarios, significantly for the B1 scenario (Table 4) (Lapp et al., 2012).
However, the entire 2century (2000-2099) SOI projections showed a significant shift towards
a climate with more occurrences of El Nifio for the B1 emissions scenario, but shifts towards
more occurrences of La Nifla for the A1B and A2 scenarios, non-significantly for the former, and
significantly for the latter (Table 4). Likewise, the winter NAO index was calculated as the
difference between monthly mean SLP at Gibraltar, Spain {36.5.2 W), and Reykjavik,
Iceland (64.1 N, 21.6 W), each normalized relative to 1951-1980 before differencing (Jones et
al., 1997). The Zi century NAO projections showed a shift towards a climate with more
occurrences of the positive phase of the NAO (positive AO) and decreases in the occurrences of
the negative NAO (negative AO) for all three emissions scenarios, a shift significantpat the
0.05 level for the A1B and A2 scenarios for both 2000-2050 and 2000-2099 (Table 4) (Lapp et
al., 2012).

2.2.4 Streamflow projection assessment methods

In order to determine if significant changes in streamflow were projected for each
emissions scenario, GLS trend lines were fit using the R Programming Language to the all-
model mean streamflows for the 11 mean daily discharge records for two time periods: 2006-
2050 and 2006-2096, and the significance of the trend term coefffgiams assessed using the
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coefficient variance-covariance matrix (i.e., whether or not the intefyat (.96 standard
deviation) contains zero). Extrapolations to mid-century are not unreasonable, given the
shortness of the intervening interval; extrapolations to century’s end are more speculative, but
still worth exploring. A commencement year of 2006 was used because the GLS regressions
have the common form of a linear regression equation together with projected ARMA error term
in this time period (prior to 2006 there can be no ARMA error term as the GCMs do not
explicitly include modeled rivers). Discharge projections end at 2096 (not 2099) due to the use of
five-year binomially smoothed predictors with leads and lags. In order to compare changes
across records, the magnitude of the changes in estimated mean daily flows over the projection
periods of 2006-2050 and 2006-2096 were calculated as percentage gengasum A/yr =
100*8:/mean(Q) where mean(Q)is computed over the appropriate®2dentury time period

(Rood et al., 2005).

Ensembles of climate projections are frequently used to describe prediction uncertainties
arising from different GCM constructions, differing initial conditions, and unknown future
greenhouse emissions. In this study, each of the 11 river discharge records is forecast by an
ensemble consisting of a total of 51 GCM streamflow projections drawn from ten GCMs, several
of which have multiple runs from different initial conditions, and three emissions scenarios. A
typical climate-change ensemble produces a collection of irregular, often tangled, time series or
“spaghetti” (Dettinger, 2005). In order to focus on the most likely changes, rather than just the
possible or extreme changes, a balanced, quantitative assessment of the spaghetti of an ensemble
requires an estimation of the underlying projection distribution function (PDF), as the best
available approximation of the actual climate-change probability distribution function (Dettinger,
2005; 2006). Smoothed PDFs were estimated by the resampling approach of Dettinger (2005;
2006) based upon principal components analysis (PCA), which generates a large number of
additional time series or realizations which share important first- and second-order statistical
characteristics with the original ensemble. For each river discharge record, the PCA components
were resampled 20,000 times, generating an additional climate-change “projection” realization
each time. Following Dettinger (2005, 2006), mixing of the ensemble loading patterns was
restricted to only allow intermixing of projections by a single GCM at a time. The realizations
were ranked and summarized in histograms to obtain PDFs for 2006, 2050 and 2096. In order to
provide flow probabilities for risk analysis and water management, empirical cumulative
distribution functions (CDFs) were constructed from the PDFs (Wilks, 2006). All of these
calculations were done with MATLABRelease 2011a.

3 Results
3.1 GLSriver discharge modeling from observed 20" century data

The GLS regression analysis of the observed streamflow data showed a regional pattern
of declining flows in the 20 century (Tables 1 and 2, and Figure 2). Eight of the 11 regression
models revealed significant declining trends, with the exceptions being the North Fork of the
Flathead, the naturalized St. Mary and the naturalized Belly discharge records, which showed no
significant trends at the 10% level in thé"afentury. Three of the gauge records in relatively
undisturbed watersheds, the Elk, Marias and Waterton Rivers, showed significant declines, as did
the naturalized Oldman River, which indicates that the declines are not purely due to direct
human impact, but also to hydroclimatic causes, presumably global warming. The current year
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PDO or a lead or lag was the explanatory variable that always appeared in the optimum predictor
set (Table 2). Because the predictor variables were standardized to zero mean and unit standard
deviation, the relative importance of the predictors can be assessed by comparing the regression
coefficients. This showed that the declining trend and the PDO were the most influential
predictors. The majority of the $Gentury low frequency variance (i.e., that passed by a five-
year binomial smoother) was captured by the GLS regression models. Thd??ragw,lwas

0.56, witthregmar computed as 1 — (sum-of-squares of simple regression residuals/total-sum-of-
squares), i.e., without modeled error adjustment (Table 2). Also shown in Table 2 are the large
improvements in the coefficient of determinati®8innovations that result from ARMA modeling

of the error during the period of record. WH&novaionswas computed with the modeled error
adjustment, as 1 — (sum-of-squares of innovations/total-sum-of-squares), its mean was 0.71. In
this study, a large number of the longest, naturally-flowing Pacific Northwest and Rocky
Mountain rivers were examined for their suitability for similar GLS regression models (Slack
and Landwehr, 1992; Harvey et al., 1999; Rood et al., 2005). Most had vefhighions but

much IowerRZ,egmar; therefore, they were not used for5t2dentury projections as the ARMA

error term can be only projected ~30 years before it decays. Plots of the 11 discharge records,
together with the fitted regression models, show that the low frequency variance was captured
well, with the extreme flows being captured less well (Figure 2). ARM&(models where >

2 andq > 1 most frequently fitted the error terms, showihg tmportance of multi-year
persistence. All records had no near-unit autoregressive roots, which suggested that ARMA
residuals are appropriate.

This study found a greater prevalence of declining significant trends than the earlier study
of St. Jacques et al. (2010) using many of the same discharge records (Table 1). This is attributed
to the use of the later compiled and more complete HadSST2 dataset in the construction of the
PDO index, which more accurately represents the historic North Pacific pattern of variability. St.
Jacques et al. (2010) used Mantua’s PDO index in their analysis which is based upon the earlier
and less complete HadSST1 dataset (Mantua et al., 1997).

3.2 Central Rocky Mountain projected streamflows to mid- and late-21% century

Our GLS regression modeling approach based upon GCM projected climate indices
indicated generally declining trends in projected central Rocky Mountain surface water
availability for both the first half of the #Icentury and over its entirety (Table 5 and Figure 3
which presents the results for the A1B scenarios, the others are not shown as they are similar).
Six of the 11 models, those of the Elk, Marias, St. Mary, Oldman, naturalized Oldman and South
Saskatchewan gauge records, showed declining trends in the all-model mean projections
regardless of the time period considered for all three emissions scenarios at the 95% significance
level. This is summarized in Figure 4 which shows representative rivers from each of the three
drainages, and their simulations and projections for each of the three emission scenarios. The
other five models showed primarily no significant trends or decreases, with four increases, all
over the longer 2006-2096 time period (Table 5). As first observed in the instrumental records,
three of the four gauge records in relatively undisturbed watersheds, the EIk, Marias and
Waterton Rivers, showed continued projected declines (as did the naturalized Oldman River)
which suggests that the declines are not purely due to continued direct human impact, but also to
global warming. As well, these three projections of actual discharge records with little direct
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human impact showed relatively low decline rates compared to those of some of the regulated
flows (Table 5). At the regulated gauges, the all-model mean projections based upon the actual
flows showed much steeper declines than the all-model mean projections based upon the
naturalized flows (when included in the analysis). The all-model mean projection based upon the
actual flow record for the Oldman River at Lethbridge showed the steepest rate of decline,
approaching zero flow at the end of thé' 2&ntury (figure not shown). Streamflow trends were
broadly similar across all three emissions scenarios, but the A2 emissions scenario showed the
most significant increasing trends among the three when considered for the entire century (Table
5).

Time slices of the PDFs of a 20,000-member resampling of the 51-member projection
ensemble are shown for 2006, 2050 and 2096 for each of the 11 central Rocky Mountain river
records (Figure 5). The PDFs for all of the discharge records, except for the naturalized Belly
River, shift from relatively symmetric distributions in 2006 towards broader, left-skewed
distributions with modal peaks centered at lower discharges by 2096. This left-skewness
suggests that extreme low flows will become more frequent. Since five-year binomially
smoothed data are analyzed, these are conservative estimates. The increasing spread over the
entire 2%' century seen in all 11 PDFs is a result of increasing variance in the projected PDO,
SOl and NAO indices (i.e., the input variables in the GLS models), and increasing divergence
among the GCMs and the emissions scenarios. The PDF for the naturalized Belly record shows a
shift towards a modal peak centered at a higher discharge by 2050, a tendency that continues
through 2096.

In a corresponding fashion, the empirical CDFs for eight of the discharge records, the
Elk, Marias, St. Mary, Belly, Waterton, Oldman, naturalized Oldman and South Saskatchewan
Rivers, shift to the left from 2006 to 2050, and continue to move leftwards through to 2096, with
the Oldman River showing a noticeable non-zero probability of negative discharges by 2050, and
the Marias, St. Mary, Oldman and South Saskatchewan Rivers showing negative (i.e., zero) flow
by 2096 (partially shown in Figure 6). These negative flows are interpreted as demonstrating a
significant probability of a dry watercourse, assumingd’ 2@ntury hydrology and water
management practices. For the Oldman River, this probability is 5% by 2050, which grows to
38% by 2096; for the South Saskatchewan, this probability is 1% by 2050, which grows to 10%
by 2096; for the St. Mary River, it is 6% by 2096; and for the Marias River, it is 2% by 2096.
The Flathead and naturalized St. Mary CDFs show leftward shifts from 2006 to 2050, and then
shift rightward back to their 2006 position by 2096, except for slightly more variance in 2096;
whereas the naturalized Belly CDF shows definite right shifts from 2006 to 2050 and then again
from 2050 to 2096 (results not shown).

4 Discussion

This study suggests a declining availability of surface water supplies for the central
Rocky Mountains for the 2Ycentury based on river discharges projected using GLS regression
models with GCM-derived climate oscillations as predictor variables (Table 2). This study also
suggests that any deleterious effects of global warming on surface water supplies are only
compounded by the drawdown effects of direct human impacts, which are of at least a similar
order of magnitude, as shown by comparison of trends in paired actual and naturalized flow
records (Figure 3, Table 5). This declining availability is particularly illustrated by the projection
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of the actual flow of the South Saskatchewan River, the major regional river and an
acknowledged over-allocated system (Rood and Vandersteen, 2010), which has a 1% probability
of zero flows by 2050, which becomes 10% by the end of tAe@itury (Figures 3, 5 and 6).

Time slices of the projection distribution functions (PDFs), the best available approximation of
the actual climate-change probability distribution functions, also show a change in the variance
of the smoothed flows, from a relatively symmetric equal probability of low versus high flows
about the mode and mean in 2006, to a broader, more variable flow pattern with a higher
probability of flows less than the mode by 2050, a tendency which generally continues and
increases by 2096 (Figure 5).

For the climatological context of these hydrological projections, Barrow (2010) examined
Second Coupled Model Intercomparison Project (CMIP2) GCM projections for temperature and
precipitation for southern Alberta and Saskatchewan. These projections showed median
increases in annual mean temperature’db4’ C by 2070-2099, with maximum annual mean
temperature increases of betwe€rafd 8 C. Minimum annual precipitation changes indicate
slight decreases of 0-10% across the southern Prairies throughout™tieen®dry; however,
median and maximum changes suggest annual increases in regional precipitation. There is a
projected seasonal shift in precipitation from summer to winter (Barrow, 2010).

Climate model projections due to anthropogenic climate change in this century are
uncertain because of model differences in parameterization and initialization, unknown future
greenhouse gas emissions and the chaotic nature of the global climate system. Dettinger (2005;
2006) has proposed that the focus of regional climate prediction should change from a
concentration on what is possible to that which is more likely. He promotes using a multiple-
model, multiple-emissions ensemble of the most recent available climate change scenarios to
characterize the overall distributions of the climate-change projections or PDFs, rather than
focusing on the results from a few or extreme projections. It is his approach that this study
follows to obtain our novel result of a change in the projected flow variance, from a relatively
symmetric equal probability of low versus high flows about the mode and mean in 2006, to a
broader, more variable flow pattern with a higher probability of flows less than the mode by
2096 (Figure 5).

This study’s result of projected declining flows are compatible with the extrapolation of
declining trends in the observed centennial-length instrumental records (e.g., Zhang et al., 2001,
Rood et al., 2005; 2008; Schindler and Donahue, 2006; St. Jacques et al., 2010; Shepherd et al.,
2010). For comparison, the instrumental climate records from 1900-1998 show that the
headwater region has experienced increased daily maximum and minimum temperatures and
increased annual precipitation (Zhang et al., 2000). This present study is also in accord with
Schindler and Donahue (2006) and St. Jacques et al. (2010) that any deleterious effects of global
warming on regional surface water supplies are only compounded by the drawdown effects of
direct human impacts.

Low-frequency variability (i.e., slightly smoothed data) was analyzed because of the
associated severe socio-economic and ecological impacts of prolonged drought. Conventional
risk mitigation strategies (insurance, reservoir storage, etc.) can accommodate high-frequency
variability in precipitation and streamflow, but not low-frequency variability (i.e., sustained
drought), which is a much more challenging climate hazard. The region has reservoir capacity
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for a drought of a year or two, but not longgrers. comm. Michael Senaka, Alberta
Environment).

This study used GCM-derived atmosphere-ocean climate indices as predictors in
statistical hydrological models (Vicuna and Dracup, 2007). Our statistical model captures the
hydroclimatic variability over the entire centennial-length instrumental record which allows
inclusion of the effects of low frequency climate variability such as that of the PDO. This
regression-based projection approach is not without precedent: Stewart et al. (2004) developed a
similar ordinary least squares regression-based projection of changes in western North American
snowmelt runoff timing, using downscaled GCM-projected temperature and precipitation data as
predictors. Regression-based approaches using atmosphere-ocean climate oscillations, such as
ENSO, or other oceanic variables, have been used in many regions of the globe to successfully
forecast short-term streamflow (e.g., Ruiz et al., 2007; Xu et al., 2007; Lima and Lall, 2010).
Because regression models are relatively fast and easy to build, it is feasible to construct many
such models, enabling coverage of a wide geographical area. A limitation of these statistical
approaches is that they do not explicitly account for the physical mechanisms and processes that
define basin-scale hydrological response to climate forcing. The use of GCM temperature and
precipitation projections (with or without downscaling) as predictors in physically-based
hydrologic models (e.g., Dettinger et al., 2004; Lapp et al., 2009; Shepherd et al., 2010; Larson
et al., 2011; Kienzle et al., 2012) is typically labor- and time-intensive, requiring detailed basin
physical characteristics and climate data for model parameterization, calibration and validation.
The central Rocky Mountain rivers are largely fed by snowmelt at high elevations. Snowpack
accumulation and climate monitoring data are sparse, if they even exist, and are certainly not
available at a density to adequately represent spatially this very climatologically heterogeneous
region. These data constraints generally limit the calibration data to the period of satellite remote
sensing datasets for estimating snowcover, land-use, vegetation extent and type, etc. (Day, 2009).
Therefore the full extent of instrumental climatological and hydrological variability, as brief and
unrepresentative it is (as shown by proxy-based paleoclimatic records, e.g., Axelson et al., 2010;
Sauchyn et al.,, 2011), is not applied to the physically-based hydrologic models. Thus, the
statistical hydrological models and the physically-based watershed models form two
complimentary approaches, each with its own advantages and limitations. If the two approaches
converge on a common projected result, this lends confidence to both.

This study’s results are broadly consistent with other related work on regional trends in
projected streamflow using physically-based hydrologic models (i.e., Lapp et al., 2009; Shepherd
et al., 2010; Larson et al., 2011; Tanzeeba and Gan, 2012). Lapp et al. (2009) generated
scenarios of future flows of the South Saskatchewan River at Lake Diefenbaker and its
tributaries, the Bow, Red Deer and Oldman Rivers, under the SRES A2 emissions scenario by
coupling the HadCM3 GCM with the hydrological WATFLOOD model. When comparing 2040-
2069 mean projected data to 1961-1990 baseline data, Lapp et al. (2009) found projected annual
flow decreases in all rivers (an average decline of -7%), and a shift in the dominant flow to
earlier in the year in all rivers. Similarly, Shepherd et al. (2010) drove the physical models
MTCLIM, SNOPAC and RIVRQ with statistically-downscaled global circulation data from six
recent CMIP2 and CMIP3 GCMs to project Rocky Mountain rivers, including the Belly,
Waterton, naturalized Oldman, and naturalized St. Mary Rivers, for the first half of the 21
century under the SRES A2 emissions scenario. They found that summer flows are projected to
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decline considerably, while winter and early spring flows are projected to increase, with an
overall decline in annual discharge of -3% over 2005-2055. On the other hand, Larson et al.
(2012) and MacDonald et al. (2011) projected decreases in spring flows from snowmelt for the
21" century, using delta-method downscaled GCM data over a range of SRES emissions
scenarios as inputs into the hydrological models SIMGRID to model spring runoff from
snowpack, and GENESYS to model snowpack, respectively, in the fully allocated St. Mary
River watershed of Montana and Alberta. The delta-method applies monthly changes from GCM
data to observed climate data (typically from 1961-1990) and does not therefore include
projected changes in climate variability (MacDonald et al., 2011). Since mountain snowpack
provides so much of the total annual discharge in these mountain rivers, the declining spring
meltwater volumes projected in these studies would be consistent with our study’s projected
declines in annual discharge. Tanzeeba and Gan (2012) projected decreases in future annual and
summer streamflow and snow water equivalent, and an earlier onset of spring runoff, despite
projected precipitation increases in the South Saskatchewan River Basin. They found that the
projected increase in evaporation loss due to a warmer climate will offset the precipitation
increases. They used a land surface scheme driven by delta-method downscaled GCM data over
a range of SRES emissions scenarios as inputs into the hydrological model. Overall, a diverse
suite of hydrological modeling methods are all projecting declining surface water availability in
the 2f' century for the region. However, only our study explicitly models the interannual to
decadal-scale hydroclimate variability and the influence of large-scale climate oscillations
(teleconnections) on Rocky Mountain surface hydrology. Thus the study is able to project both
trends in mean runoff and shifts in the frequency of extreme annual flows.

In our results, the declining trend and PDO terms were the most influential predictors
among those examined (Table 2). All of the PDO terms had negative coefficients in the GLS
regression models (Table 2) and therefore modeled increasing discharge when the PDO index is
negative and decreasing discharge when the PDO index is positive. Lapp et al. (2012) showed a
statistically significant multi-model mean shift towards more occurrences of the negative phase
PDO for the time period 2000-2099 for the B1, A1B and A2 emissions scenarios (Table 4). In
particular, the A2 scenario all-model mean PDO index was projected to become significantly
more negative, which is reflected in the significantly increased discharges for the Flathead,
naturalized St. Mary and naturalized Belly records, whose GLS models do not include a
declining trend term (Figure 3 and Table 5). More occurrences of the negative phase of the PDO
are also consistent with increasing winter precipitation (Barrow, 2010). Hence, it might be
expected that the PDO would only contribute to increased flow (but see paragraph below). Yet
note that in the projected competing effects between the PDO terms’ largely contributing to
central Rocky mountain discharge, and the declining trend terms contributing to decreased flows,
this study suggests that the declining trend terms dominate in the majority of the modeled river
records.

In Lapp et al. (2012) not all the models showed a consistent shift to negative PDO
conditions. The GCMs separate between those showing a shift, often significant, towards more
negative PDO-like conditions for all three scenarios (i.e., MIROC (medres), MRI and HadCM3),
and those showing a contrary shift, also often significant, towards more positive PDO-like
conditions for all runs and all three scenarios (i.e., CGCM3.1 (T47) , CGCM3.1 (T63),
GDFL2.1, MIROC (hires) and NCAR-PCM). If these latter GCMs are correct and the PDO
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shifts into a more positive state in the'2entury, then the PDO terms in the GLS models will
contribute to discharge deficits, rather than increases. PDO projections from the ongoing AR5
(CMIP5) climate prediction experiments would be valuable for projecting the regional
hydroclimatology, especially if they show more consistency in the direction of PDO shift.
Overland and Wang (2007) and Wang et al. (2010) examined the closely related question of
when the anthropogenic global warming trend will surpass the natural variability of the North
Pacific region under the A1B emissions scenario. They suggested that this will occur circa 2040-
2050, leading to a weaker meridional temperature gradient in the North Pacific Region, and
thereby perhaps to a weakening of its effect on the sub-polar jetstream. (The mechanism by
which the PDO affects the hydroclimatology of the downstream western North America is
through a shift in the position of the sub-polar jet, which brings winter storms and precipitation
as it crosses over the edge of the continent (Gershunov and Barnett, 1998; Bonsal et al., 2001,
Stahl et al., 2006)). Because of this result, our streamflow projections past 2050 are likely less
reliable.

The reliability of our results also depends on the representativeness of the low B1,
moderate A1B and severe A2 SRES emission scenarios. Recent research (van Vuuren and Riahi,
2008) compared actual measured emissions to the IPCC Special Report on Emissions Scenarios
(SRES) forecast rates and showed that thus far, for 1990-2006, a high emissions scenario has
been most appropriate. The growth rate of global emissions after 2000 has been about 3%,
whereas the forecast growth rates under SRES had ranged from between 1.4% and 3.4%. Hence,
the actual emissions have been well represented by the scenario variability so far.

These GLS model extrapolations are thought-experiments of what could happen if
present-day trends in temperature, precipitation, evapotranspiration, water demand and use
continue on the same path; together with the current relationships between central Rocky
Mountain hydroclimatology and the atmosphere-ocean climate oscillations (as assessed over the
entire centennial-length instrumental record). These projections out to 2050 do not seem
unreasonable, given the shortness of the intervening time interval. They present a sobering
picture of probable declines in surface water supplies in a region where water is already highly in
demand and tightly allocated. Post-2050, these projections are certainly more speculative, given
our assumption of no changes in the physical hydrology, such as those induced by a shift of
precipitation from snow to rain and in the post-2050 North Pacific Ocean variability shifts
(Overland and Wang, 2007; Wang et al., 2010), and the tendency of GCM-based post-2050 PDO
projections to divide into those demonstrating strong negative PDO phase shifts and those
demonstrating strong positive PDO phase shifts (Lapp e2@l2). Nevertheless, these entire
21% century projections are a worthwhile exploration of the range of possible scenarios,
highlighting probable future surface water deficits and the importance of the future behavior of
the PDO upon central Rocky Mountain river discharges.
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Table 1. Details of the 11 central Rocky Mountain discharge records, ordered by drainage and
then increasing latitude. Significant linear trend as assessed following the methodology of St.

Jacques et al. (2010). Low-pass variance is the variance in low-frequency filtered streamflow

data as a percentage of the total variability. M@ais mean daily discharge averaged over the

year. The naturalized records are from the same location as the corresponding actual flow gauge.

Flow record Record Flow Significant L ow- Gross | Mean

(HYDAT or USGScode) | period regime linear pass drainage | Q
trend? | variance | (km?) | (m°s)
Pacific Ocean drainage
North Fork Flathead R., 1936-
MT (12355500) 2008 natural none 43.1% 4009 83.9
Elk R. at Phillips Bridge, 1933- minimally
BC (08NK 005)* 2008 regulated | decreasing | 40.7% 4450 75.9
Gulf of Mexico drainage
Marias R. near Shelby, 1912- slightly
MT (06099500) 2007 regulated | decreasing | 45.3% 3242 25.0
Hudson Bay drainage

St. Mary R. at
I nternational Boundary, 1903-
AB (05AEQ27) 2007 regulated | decreasing | 51.6% 1206 20.2
St. Mary R. at 1912-
I nternational Boundary 2001 naturalized none 38.9% 1206 25.1
Belly R. near Mountain 1912- slightly
View, AB (05AD005) 2007 regulated | decreasing | 38.5% 319 8.6
Belly R. near Mountain 1912-
View 2001 naturalized none 38.6% 319 9.1
Waterton R. near
Waterton Park, AB 1912-
(0O5AD003) 2007 natural decreasing | 40.6% 613 17.6
Oldman R. near
Lethbridge, AB 1912- | extensively
(05AD007) 2007 regulated | decreasing | 52.2% 17,046 | 84.6
Oldman R. near 1912-
Lethbridge 2001 naturalized | decreasing | 44.1% 17,046 | 109.6
S. Saskatchewan at 1912- | extensively
Medicine Hat (05AJ001) 2007 regulated | decreasing | 55.0% 41,000 | 187.4

*1996-2008 extrapolated from Fernié £ 0.97)
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Table 2. Identification of the optimum Generalized Least Squares (GLS) equations and residual models for the 11 central Rocky
Mountain streamflow records. AlCcorrected Akaike Information Criterion. Predictor variables are standardized to zero mean and
unit standard deviation; dischargeifcentered to zero mean. 0, £1, +2 year lags of climate indices included in analysis. P1: climate
leads streamflow 1 year. P2: climate leads streamflow 2 years. N1: climate lags streamflow 1 year. RP: Neyman-Pearson statistic

(results significant at the 10% level in bold).

Flow record R* R AlC, GL Sequation Residual RP
(regular) | (innovations) model (p-level)
North Fork Q:=0.10 - 7.92*PDO - 2.21*NAR 1.1
Flathead R. 0.53 0.75 464 —4.18*PDQ, — 3.39*SO}, ARMA(2,1) | (0.29)
Elk R. at Phillips Q:=0.05 — 1.75*trend — 6.66*PDO —1.68*NAQ 18.2
Bridge 0.54 0.71 479 — 1.37*NAQ; — 3.09*PDQ, — 3.12*SOp, ARMA(2,1) | (2.0xe®)
Q:=0.21 - 3.0*trend — 2.07*PDO — 1.06*NA© 30.0
Marias R. 0.56 0.74 526 — 1.21*PDQ; — 2.06*PDQ, — 2.44*SOp, ARMA(2,3) | (4.3xe®)
Actual Q; =-0.03 — 3.10*trend —-1.52*PDO 22.6
St. Mary R. 0.61 0.75 493 + 0.80*NAQ-; — 1.31*PDQ@, — 1.50*SOp, ARMA(0,3) | (2.0xe®)
Naturalized St. Q: =-0.03 — 1.55*PDO +0.76*SOI — 0.90*NA® 0.58
Mary R. 0.51 0.71 394 +1.09*NAGs,— 0.98*PDGy; — 1.04*SOp, ARMA(3,2) | (0.45)
Q: =0.01 - 0.32*trend — 0.40*PDO + 0.34*SQl 15.3
Actual Belly R. 0.55 0.64 239 + 0.31*NAGs,; — 0.47*PDQ, — 0.35*SO%, ARMA(1,2) | (9.0xe®)
Naturalized Belly Q: =0.002 — 0.37*PDO + 0.24*SOI + 0.31*SQA 0.02
R. 0.57 0.67 214 + 0.24*NAQGs; — 0.50*PDQ, — 0.34*SO%, ARMA(2,1) | (0.89)
Q: = 0.06 — 0.58*trend — 1.06*PDO + 0.57*SQl 12.8
Waterton R. 0.57 0.66 359 —1.06*PDQ>, — 0.69*SO}, ARMA(1,2) | (0.0003)
Actual Q:=0.11 - 17.17*trend — 9.25*PDO 19.7
Oldman R. 0.62 0.73 787 — 9.52*PDQ>, — 9.75*SO}, ARMA(2,3) | (9.0xe®)
Naturalized Q: =-0.24 — 5.16*trend -8.38*PDO 3.6
Oldman R. 0.49 0.65 729 —10.02*PDQ@, — 10.19*SO4, ARMA(2,3) | (0.06)
S. Saskatchewan Q: =-0.09 —23.20*trend —24.41*PDO
R. at Medicine +12.10*SO}\71 +19.19*NAG,—-14.14*PDQ» 25.4
Hat 0.59 0.78 899 —13.23*SOp, ARMA(3,3) | (4.6xe”)

* Rzregmarcomputed as 1 — (sum-of-squares of regression residuals/total-sum-of-squares), i.e., without modeled error adjustment.
** Rinnovationscomputed with the modeled error adjustment.
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Table 3. List of the ten chosen coupled atmosphere-ocean models which archived the required
fields, their details, and number of availabl& 2&ntury runs per scenario.

IPCC4 Country | Atmospheric | Oceanic resolution Number 21%
# Model 1D resolution century runs
B1 | A1B | A2
1 CGCM3.1(T47) Canada| 3.°%3.7°L31 1.84x1.85 L.29 3 3 3
2 CGCM3.1(T63) Canada| 2%2.8°L31 1.4x0.9° .29 1 1 0
ECHAMS/MPI - 1.875%1.865
3 oM Germany L31 1.5x1.5° L40 2 2 1
4 GDFL-CM2.1 USA 2.5%x2.0° L24 1.0x1.0° L50 1 1 1
1.125%1.12
5 | MIROC3.2(hires) Japan L56 0.28x0.188 L47 1 1 0
6 | MIROC3.2(medres) | Japan 2.5%2.8120 | (05-1.8)x1.4£143 | 1 1 1
7 | MRI-CGCM2.3.2 Japan 2.5%2.8 131 | (0.5-28)x2.001L23 | 5 5 5
8 NCAR-CCSM3 USA 1.4x1.£126 | (0.3-1.0) x1.°L40 | 1 1 1
9 NCAR-PCM USA 2.8x2.8 118 | (0.5-0.7)x0.771L32 | 2 2 2
3.75x2.5°
10| UKMO-HadCM3 UK L15 1.25x1.25’ L20 1 1 1
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Table 4. 20" century observed mean climate indices and multi-model mean climate indices for
the 20" century simulations and for the2&entury projections under the B1, A1B and A2
emission scenarios. Red values identify a future shift to a positive PDO or negative SOI (El
Nifio-like) or negative NAO mean state; and blue to the opposite conditions (i.e., negative PDO
or positive SOI (La Nifia-like) or positive NAO), relative to thd'2@ntury simulation mean.

Bold ' denotes significant change at the 0.05<0.10 level. Bold * denotes a significant

change in a multi-model mean index at the @.05 level, relative to the 2@entury simulation
mean, as assessed by a Monte Catdst.

Winter PDO Annual SOI Winter NAO
SRES scenario Bl | AIB| A2 | B1 | AIB | A2 | B1 | AIB | A2
Observed mean
1900-1999 0.168 -0.098 0.485
All-model 1900-1999
simulation mean® -0.109| -0.075 | -0.101| 0.040] 0.049 0.046 -0.059 -0.050.060
All-model 2000-2050
mean -0.130| -0.095 | -0.129|-0.029* | 0.017 | 0.025| -0.019| 0.115* | 0.101*
All-model 2000-2099
mean -0.161' | -0.162* | -0.321* | -0.025* | 0.068 | 0.099* | -0.040| 0.177* | 0.161*

*Not all GCMs had 2% century projected data for all three emission scenarios, therefore their
simulation runs were dropped from the multi-model simulation mean where applicable.
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Table5. Significance of trend in the all-model mean projected streamflows for 2006-2050 and
2006-2096 for the B1, A1B and A2 SRES emissions scenarios. Significant declines at the 0.05
level are denoted by a bold r& significant increases at the 0.05 level are dehbtebold

blue A; and no significant trend by «Projected percentage changes annum(A/yr) is

defined as 1008;/mean(Q).

A q 2006-2050 2006-2096
oW recor B1 A1B A2 B1 A1B A2

Trend|Alyr [Trend|Alyr [Trend|Alyr [Trend| Alyr [Trend|Alyr |Trend|Alyr

North Fork

Flathead River «~ |-0.06 ¥ |-008 <~ |-0.01 < |-0.01 <~ |-0.04 A |0.07

Elk River v 01§ v [-0.17 Vv |-0.20 Vv |-0.11] V¥ |-0.13 V¥ |-0.06

Marias River v |-067 Vv [|-0.74 v |-0.74 Vv |-0.63 Vv |-0.71 Vv |-0.48

Actual St. Mary

River v [-085 v (-0.79 v [-0.82 Vv |-1.00 V¥V |-0.98 V¥ |-0.79

Naturalized

St. Mary River < (0.0l < |-003 « |-0.01] < |0.01, < |0.02, A |0.08

Actual BellyR. | ¥ |-0.1§ Vv |-0.12 « |-0.02 Vv |-0.160 Vv |-0.12 Vv |-0.03

Nat. Belly R. « [-0.0] < |0.02] < |0.04 <~ |0.003 A |0.05 A |0.11

Waterton River v |-0.19 v |01 v |-0.17 Vv |-0.14 Vv |-0.11 < |-0.03

Actual Oldman

River vV |-1.7§ VvV [-164 Vv [-1.78 Vv |-207 Vv |-2.15 V |-1.74

Naturalized

Oldman River vV |02 Vv [-024 Vv |-0.29 Vv |-0.22 Vv |-0.22 Vv |-0.17

S. Saskatchewan

River v |-0.74 v |-067 Vv [|-049 VvV |-0.84 Vv |-0.66 V¥ |-0.39
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Figure captions

Figure 1. Map of the central Rocky Mountains showing the eight gauge locations located at the
hydrographic apex of North America, after Rood et al. (2005).

Figure 2. Plots of the 11 central Rocky Mountain flow records, smoothed by five-point binomial
filters (black lines), together with fitted multiple linear GLS regressions with ARMA modeled
error terms (blue), fitted multiple linear GLS regressions without the error terms (green), and
significant trend lines (red). Trend lines only shown where significant at the 10% level. Mean
daily flows (n¥/s) averaged over the year are presented.

Figure 3. Central Rocky Mountain fOcentury river simulations (1900-2005) and river

projections (2006-2096) (daily mean flows®(s), averaged over the year, smoothed by five-

point binomial filters) under the A1B emissions scenario, together with observed records (1905-
2007). The grey lines are the individual model runs, the heavy blue lines are all-model means of
the GCM runs, and the heavy red lines are the observed river records.

Figure 4. Elk River (Pacific Ocean drainage), Marias River (Gulf of Mexico drainage) and South
Saskatchewan River (Hudson Bay drainagd) @ntury simulations (1900-2005) and21

century projections (2006-2096) (daily mean flows/é) averaged over the year, smoothed by
five-point binomial filters) under the B1, A1B and A2 emissions scenarios, together with
observed records (1905-2007). The grey lines are the individual model runs, the heavy blue lines
are all-model means of the GCM runs, and the heavy red lines are the observed river records.

Figure 5. Projection distributions of projected lightly smoothed annual discharges (five-year
binomial smoother) for the 11 Central Rocky Mountain river records in response to 20,000
climate-change realizations based upon 51 GCM streamflow projections, following the
methodology of Dettinger (2005, 2006).

Figure 6. Empirical cumulative frequency distributions of projected lightly smoothed annual
discharges (five-year binomial smoother) for the Elk River (Pacific Ocean drainage), Marias
River (Gulf of Mexico drainage) and South Saskatchewan River (Hudson Bay drainage) records
in response to 20,000 climate-change realizations based upon 51 GCM streamflow projections,
following the methodology of Dettinger (2005, 2006).

23



OR

w oy
wA {Nprth ForT Flythead Maria
Aj MT
P

AB SK

N

Arctic

Atlantic
drainage




ACCEPTED MANUSCRIPT

Naturalized Belly

e Flathead

Mean daily flow (m’ls)

A
W0 120 1030 1910 1060 1980 1970 1080 1990 2000
Year

1910 1820 1930 1940 1950 1960 1970 1980 1990 2000



ACCEPTED MANUSCRIPT

Naturali St. Mary Oldman

50

1
|
0

j o1

Mean daily flow (m'/s)

‘Waterton T T T T T T 7T T T T T T T 7T T 7T T 7 131
1900 1920 1940 1960 1980 2000 2020 2040 2080 2080 2100

1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 1900 1820 1940 1960 1980 2000 2020 2040 2060 2080 2100



ACCEPTED MANUSCRIPT

Emissions Scenario B1

S. Sasktachewan

Marias 350

1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 21001800 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100

Emissions Scenario A1B

Marias 350 S. Saskatchewan

Viean daily flow (m’ls)

1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 21001900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 1900 1820 1940 1960 1980 2000 2020 2040 2060 2080 2100

130 Emissions Scenario A2

Marias 360 ﬂ s. Saskatchowan

1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100



Flathead

0.020,
—2006]
8 —2050
8 0.015—2096
5
=3
o
o
5 0.010
3
c
[
g.o.nus
w
% 60 80 100 120 140
@ (m’s)
Elk
0.020,
—2006]
8 —2050
8 0.015—2096
5
=3
o
o
5 0.010
3
c
[
g.o.nus
w
o
40 60 80 100 120
@ (m’s)

Naturalized St. Mary

0.035

8 0.030
c

—2006
——2050
—2096

14
£ 0.025|
8
S 0.020
S
70.015
c
20.010

£ 0.008]

§

15 20 26 30 35 40 45

@ (m’s)
Belly

0.035

€ 0.030
c

—2006
——2050
—2096

g
£0.025
8
&8 0.020
S
0.015
o
c
2 0.010
o

o
£ 0.005]

4 6 8 10 12 14
@ (m’s)
Naturalized Belly

0.025]

Frequency of Ocourrence
4 =4 e @9
(= o o [=3
S = = 5]
131} o o (=]

0|°

0.035

Waterton

8 0.030
c

—2006
—2050
—2096

4
£ 0.025]
8
S 0.020
S
70.015
c
2 0.010

wu 0.005

0

5

10 15 20 25

@ (m%s)

30

Naturalized Oldman

0.035

8 0.030
c

—2008
——2050

14
£ 0.025|
8
S 0.020
S
70.015
c
20.010

.? 0,005}

o
o

50 100 150 200
@ (m’s)
S. Saskatchewan

—r T J - T
—2050
—2096

o o
o o
M @
15 [=]

0.020|

Frequency of Occurrence

o o o
o o o
e =2
o [=] o

-800 -100 0 100 200 300 400

a(m®s)



ACCEPTED MANUSCRIPT



