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1 Introduction

Based on the BC Ministry of Transportation and Infrastructure (MoT]I) led synthesis of Vulnerability
Assessments, completed using the Public Infrastructure Engineering Vulnerability Committee (PIEVC)
Protocol, climate change has increased risk to transportation infrastructure in BC (BCMoT] et al., 2014).
To address this increased risk, the BCMoTI released directives and guidance for incorporating climate
adaptation into engineering designs in its T-04/19 Technical Circular (BCMoT]I, 2019). This guidance
document stipulates transportation engineering design projects should “incorporate information, analyses
and projections of the impact of future climate change and weather extremes”. It also lists a few sources
of climate change information such as the Pacific Climate Impacts Consortium’s (PCIC’s) analysis tools,
including the Climate Explorer and Plan2 Adapt.

To support the requirement for guidance on climate change impacts related to peak flow, MoTI supported
the Pacific Climate Impacts Consortium (PCIC) in a pilot project to estimate historical and future design
flow values for the upper Fraser watershed, a 34200 km? section of the Fraser River basin upstream of
Prince George, BC (Schoeneberg et al., 2021). Historic and future streamflow used results derived from
VIC-GL hydrologic projections forced with the CanESM2 50-member initial-conditions ensemble
(CanESM2-LE). These design flood values were estimated on the 0.0625° x 0.0625° VIC-GL
computational grid and were provided as a prototype online design flow tool that has been integrated into
the PCIC Climate Explorer. Following a review by MoT| staff, PCIC was asked to revise and upgrade the
tool, including expanding the study domain to include the entire Fraser basin, provide design flow
estimates as a ratio of future value to historic value, provide changes factors at 10-year intervals using a
30-year sliding window, centered on 2015, 2025, 2035, 2045, 2055, 2065, 2075, and 2085 based on
CanESM2 Large Ensemble with RCP8.5 (Schnorbus and Sun, 2022) . PCIC has subsequently been tasked
by MoT] to further revise and upgrade the tool as follows:

1. Data Products and Analysis: Expand the study domain to provide gridded design flow estimates
for the Peace River basin upstream of Peace River, AB, and complete the hydrologic projections
needed for future extension of gridded design flow estimates into the upper Columbia; and

2. Tool Updates: Address items in the online tool interface identified as bugs, Ul improvements, and
missing data.

As discussed in Schnorbus and Sun (2022), VIC-GL streamflow simulation in the Chilcotin sub-basin
was very poor. Therefore, additional work was conducted as part of the Data Products and Analysis work
to generate updated projections and gridded design flow values for the Chilcotin basin as well.

The ‘Data Products and Analysis’ work again takes advantage of hydrologic projections produced by
PCIC using the VIC-GL hydrology model driven with the CanESM2 50-member large ensemble
(CanESM2-LE) (Government of Canada, 2019; Kushner et al., 2018). This large ensemble (7500
simulation years), which is based on the RCP8.5 scenario, provides sufficient peak flow samples to allow
statistically robust estimation of large return-period events. The use of large-ensembles as a means to
develop robust projections of changes to climate extremes and flood frequencies is well established (Ben
Alaya et al., 2020; Curry et al., 2019; Fyfe et al., 2017; Gao et al., 2020; Kirchmeier-Young et al., 2017b;
Kirchmeier-Young and Zhang, 2020; Li et al., 2019, 2020).

1 https://services.pacificclimate.org/pcex/app/#/data/flood/fraser
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The following items have been delivered as part of this project:

1. Hydrologic projections for the Peace and upper Columbia basins based on the CanESM2 50-
member large ensemble using the RCP8.5 emissions scenario. Large ensemble projections have
now been completed on a domain covering 665,000 km?.

2. Gridded design flow values and change factors for 2-, 5-, 10-, 20-, 50-, 100-, and 200-year events
for the Peace River basin for a combined domain spanning 414,000 km?,

3. Updated streamflow projections and gridded design flow values and change factors for the
Chilcotin basin

4. Tool updates and improvements.

The purpose of this report is to describe the tool updates and to provide the necessary background in
support of the expanded Data Products and Analysis component of the project. Section 2 of the report
describes the updates the PCEX Extreme Streamflow Tool. The remainder of the report, Sections 3
through 6, describes the Data Products and Analysis component of the project and is structured as
follows. Section 3 describes the study area, section 4 details the methodology of the hydrologic model
and its parameterization, the CanESM2 Large Ensemble (LE), the downscaling method, the flood
frequency analysis and summarize the overall study design. Results are presented in section 5, and
discussion of model results, uncertainties and limitations is covered in Section 6. Conclusions are
presented in Section 7.
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2 Tool Updates

Based on user feedback, a number of improvements have been implemented to the Extreme Streamflow
User Interface (Ul) of the PCIC Climate Explorer (see
https://services.pacificclimate.org/pcex/app/#/data/flood/fraser). These improvements are detailed in

Table 1. In addition, gridded design flow values and change factors for the Peace basin have also been
uploaded and are now accessible via the Extreme Streamflow Ul.

Table 1. Tool User Interface Improvements

Issue

Explanation

Resolution

Tried importing a shape file:
After importing the shaped
zipped file, it gave an error in
the attribute table (right bottom)
— Error: 400 received from data
server

I suspect the tool does not
‘know’ how to find the outlet
when an arbitrary watershed
boundary is imported and,
therefore, cannot estimate any
‘upstream’ information.

The “import Polygon” feature
has been removed from the map
interface to avoid confusion

I couldn’t get the “create
polygon” feature work for the
streamflow

There is not a “create polygon”
tool for streamflow, because we
can only provide streamflow at
a point (outlet). The tooltip is
named “Draw a circlemarker”,
so we will re-label this to
“Select an outlet™?

This is strongly tied to the
underlying tool library and not
easily fixable. The tooltip is still
named “Draw a circlemarker”,
but the ‘Data Map’ help has
been updated to describe the
tool’s purpose as selecting an
outlet location.

When you flip between
different scenarios 2-year
annual max to 100-year annual
max. It changes the graph and
AS colors but no feedback that
it is showing the results of the
watershed or your point of
interest. | am pretty sure it is
but there is no feedback or
intuitive. Maybe | can explain
better in a demo

When an outlet location is
selected on the map the graph
shows results at the outlet point
and table summarizes watershed
characteristics upstream of the
outlet point. Results are not
averaged over grid cells. The
polygon on the map is meant to
show the upstream region
corresponding to the selected
outlet point.

Changed the ‘Data Graphs and
‘Design Values’ context help to
explain the source of the data
values.

What is rXilpl? Would be nice
if it is defined somewhere.

When individual ensemble
members are displayed this
makes sense (i.e., r2ilpl).
However, as we group all
ensemble members together
from a single GCM, the label is
meant to convey that the data
derives from a pooling together
of multiple ensemble members
for each period (rl1 +r2 +r3

+ ... +110 =rX).

An explanation has been added
to the ‘Filtered Datasets
Summary’ tool help.
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Issue

Explanation

Resolution

Why do we have only mean for
200 years whereas for all other
return periods, we have 97.5%,
mean and 2.5%?

Need to add confidence bounds
to cfrp200 (aClim_9750P and
aClim_0275P)

Generated and added missing
data

The map tools need to more
self-explanatory, and the map
should emphasize the screen
space. For example, the tool
"Draw a circlemarker" does not
indicate that it is delineating a
watershed. "Target location” or
"Watershed delineation" would
be more suitable descriptors.

Better tool documentation is
required.

Tool documentation has been
updated.

The slide bar for the climate
raster layer can be a bit glitchy
in that it can also grab the map
when you try to change the
opacity.

Noted.

Issue could not be resolved as
this is a bug in the underlying
leaflet tool library.
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3 Study Area

For this project, the spatial domain was expanded to include the Fraser basin, the Peace River basin above
Peace River, AB, and the upper Columbia River above the Priest Rapids Dam?, for a combined drainage
area of 665,000 km?. (Figure 1). Based on PNWNAmet (Werner et al., 2019) the 1981-2000 mean annual
temperature for the three basins combined is 1.0 °C. Mean annual temperature ranges from a low of < -

4 °C at high elevations in the Coast and Columbia Mountains ( Fraser and upper Columbia) and the
Cassiar Mountains (northern Peace basin), to a high of 10-11 °C in the low-lying Fraser River delta and
southern Columbia (Figure 2). Due to the complex topography, precipitation in the basin exhibits high
spatial variability (Figure 3). Annual precipitation is highest along the windward length of the Coast
Mountains in the lower Fraser, with a secondary wet band along the Rocky and Columbia Mountain in
the headwaters of the Fraser, Columbia, and Peace basins. Due to a heavy rain shadow effect,
precipitation decreases dramatically in the interior of the Fraser and Columbia and east of the Rockies in
the Peace. Precipitation is highest (> 4000 mm) along the windward-facing North Shore Mountains at the
basin outlet, and lowest (< 300 mm) in the central interior.

For presentation purposes (see Sections 5.2), the Peace basin has been divided into seven sub-basins that
are delineated based on the locations of Water Survey of Canada gauges and BC Hydro project sites. The
characteristics of these sub-basins are summarized in Table 2 and shown in Figure 1. The Finlay River
sub basin (FRAAR) delineates the northern headwaters of the Peace basin, draining the Cassiar and
Northern Rocky Mountains into the norther end of the Williston Reservoir. The Nation River (NRNTM)
is a relatively small sub basin that drains the Cassiar Mountains eastward into the Williston Reservoir.
The Peace River at Bennet Dam (PRABD) delineates the entire drainage area upstream of the dam
(including FRAAR and NRNTM) and encompasses the western half of the Peace basin domain, receiving
runoff from both the Cassiar and northern Rocky Mountains. The W.A.C. Bennett Dam, which forms the
Williston Lake Reservoir, the largest lake in British Columbia, regulates discharge at the outlet of
PRABD and, consequently, flow throughout the entire main stem of the Peace River below PRABD is
also regulated. The Pine River (PRAEP), an unregulated tributary of the Peace, drains the leeward side of
the Northern Rock Mountains and flows east into the Peace River main stem below the Bennett Dam. The
Beatton River (BRNFS), a tributary that drains south into the Peace River, is located entirely on the
Interior Plains east of the Rocky Mountains and, as such, has considerably lower relief than the other sub
basins. The Smoky River (SMRAW) rises along the leeward side of the Rocky Mountains and flows east
through the plains into the Peace River just upstream of Peace River, AB. Although most of the SMRAW
is located on the plains, the headwaters contain some of the highest elevations in the Peace basin domain.
Although some sub-basins contain glacier coverage (FRAAR, PRABD, PRAEP, and SWRAW; Table 2),
relative coverage in all cases is negligible (< 0.1%). The Peace River at Peace River (PRAPR) denotes the
outlet of the entire Peace River domain. The flow at this location is regulated due to the presence of the
W.A.C. Bennett dam. Note that simulated streamflow represents natural flows that do not account for
flow regulation (see Section 4.5).

The mean annual temperatures of the Peace basin are quite low (Table 2), consistent with its high-latitude
continental location. There is some variation in temperature between the sub basins that is generally
correlated with median basin elevation, ranging from -1.3 °C in FRAAR (1484 m) to 2.1°C in SWRAW
(871 m). The is a west-to-east precipitation gradient in the Peace basin (Figure 3) is also reflected in the
mean sub basin values, which tends to be higher for western sub-basins that drain the Cassiar and Rocky

2 https://en.wikipedia.org/wiki/Priest Rapids Dam
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Mountains (FRAAR, NRNTM, PRABD, and PRAEP and lowest for eastern sub-basins located
predominantly on the Interior Plains (BRNFS, SWRAW, and PRAPR)

58°N 58°N

s6°N ARG s S Interior s6°N
Plains

54°N 54°N

Interior
Plateau

52°N 52°N

50°N 50°N

. 4,000 Hydrography ' < : ; -
[ Lakes &Reservoirs : R0
Hydrography
—— Rivers
Il Glacier
[J Main Basins
[] Peace subbasins

46°N 46°N

Figure 1. Project domain showing the upper Columbia basin above Priest Rapids Dam, the Fraser basin above tidewater at
Vancouver, and the Peace basin above Peace River, AB. Also shown are subbasin outlines and outlet points for the Peace River
basin. Large ensemble hydrologic projections have been generated for all three basins, but gridded design flow values are only
available for the Peace and Fraser basins.
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Figure 2. Annual average temperature for 1980-2010 from PNWNAmet.

Table 2. Sub-basins of the Peace

Basin Basin Name Area Glacier Elev. Elev. Elev. Temp. Pr.
Code (km?) Area Min Median Max Mean Mean
_ _ (km?) (m) (m) (m) (°C)  (mm/a)
FRAAR  Hinlay River above 15600 171 691 1484 2685 -3 770
Akie River
NRNTM I\Nﬂag:ft’ﬂ River near the 2500 0 737 1024 1515 11 800
PRABD Eﬁe RiveratBemnett  ,c/57 903 504 1279 2685 o1 800
PRAEP Pine River at East Pine 12100 13 539 1115 2330 1.2 950
BRNFS gfzté‘r’; River near Fort )56 0 481 780 1666 11 480
SMRAW  Smoky River at Watino 50300 181 369 871 2980 2.1 660
PRAPR  LcaceRiveratPeace  ,).q,5 469 289 956 2980 10 690

River, AB
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Figure 3. Annual average precipitation for 1980-2010 from PNWNAmet.
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4 Models and Methodology

The method for producing the data products remains the same as that used in the pilot study. Namely,
empirical frequency analysis was performed on daily streamflow simulated using the VIC-GL model
driven by the CanESM2 Large Ensemble, which was forced with the RCP8.5 scenario. The analysis was
performed on a cell-by-cell basis on the VIC-GL computational grid for the entire proposed domain. The
projections of future annual maximum streamflow and their flood frequencies requires a chain of models.
The following provides details on each modelling component and summarizes the overall study design. A
graphical summary of the study design is given in Figure 4. The implications of the chosen design with
respect to modelling uncertainty and limitations will be discussed in Section 6.

4.1 CanESM2 - Large Ensemble

Future climate projections at the regional scale start with model simulations of the global climate system.
Because these are models, there is inherent uncertainty related to (1) the assumptions about how the
greenhouse gases (GHG) will evolve, (2) the climate model and how it represents the physical processes
and (3) the internal variability, e.g. the natural variability that we experience as weather or EI Nino
events, which is irreducible (Arora and Cannon, 2018; Cannon et al., 2020). The hydrologic projections
were produced using climate simulations from CanESM2, which is a coupled Earth system model
developed and run by the Canadian Centre for Climate Modelling and Analysis (Arora et al., 2011).
CanESM2 is part of the World Climate Research Programs (WCRP) fifth Coupled Model Inter-
comparison Project (CMIP5) (Taylor et al., 2011). The CMIP5 submission of CanESM2 included five
ensemble members run with historical forcings from 1850 to 2005. A much larger ensemble of climate
projections was produced by expanding the ensemble to 50 members, each spanning the period 1950 to
2100 (Government of Canada, 2019; Kirchmeier-Young et al., 2017a; Kushner et al., 2018). A random
number generator with a pre-set seed was used to perturb slightly the initial state of each of the 50
ensemble members. Thereby, quasi-independent climate change realizations were generated without any
change to the model dynamics, physics or structure (Fyfe et al., 2017). The resulting ensemble represents
50 equally plausible realizations of the evolution of the global weather and climate that are consistent
with the observed emissions over the period 1950 to 2005 and the RCP 8.5 emissions scenario from 2006
to 2100. In the RCP8.5 scenario, emissions continue to rise throughout the 21% century and this scenario
is often used as the basis for worst case climate change.

4.2 Downscaling

The climate response to a prescribed RCP scenario that is obtained from a climate model is of too coarse
a spatial resolution, with individual grid cells typically encompassing 10,000 km?, to be used directly in
driving a hydrology model. For example, GCM output at this resolution does not reflect the detailed
spatial variation in climate due to local orography and variations in land surface properties that are
necessary for simulating surface hydrology well. Therefore, to model changing hydrologic conditions at
local and regional scales, daily values of minimum temperature, maximum temperature and precipitation
have been statistically downscaled to the resolution of VIC-GL. This downscaling used the Bias
Correction/Constructed Analogues with de-trended Quantile mapping reordering downscaling technique
(BCCAQV2) (Hiebert et al., 2018) with PNWNAmet (Werner et al., 2019) as the reference meteorology.
BCCAQV2 is a hybrid method that combines results from bias-corrected constructed analogs (BCCA)
(Maurer et al., 2010) and de-trended quantile mapping (QMAP) (Gudmundsson et al., 2012). BCCA
obtains spatial information from a linear combination of historical analogues for daily large-scale fields.
QMAP applies quantile mapping to daily climate model outputs interpolated to the high-resolution grid
using the climate imprint method of Hunter and Meentemeyer (2005). The BCCAQv2 method includes a
revision to the quantile mapping procedure that better preserve changes in quantiles and extremes

11
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(Cannon et al., 2015) as compared to its original implementation. BCCAQv2 works well for hydrologic
extremes because of its ability to resolve event-scale spatial gradients (Werner and Cannon, 2016). For
more information on BCCAQV2 see (Cannon et al., 2015; Hiebert et al., 2018; Sobie and Murdock, 2017,

Werner and Cannon, 2016).

RCP 8.5

50 Members
CanESM2-LE
BCCAQv2
Downscaling
PNWNAmMet _
Gridded vicGL
Observations
Empirical Flood
F{VI.C Frequency
Routing Analysis
| |
I |
| 2,5, 10, 20, 50,
100 and 200-year
50 Projections Return Period
Annual Max Ann Max Flows
Streamflow

Figure 4. Modelling workflow used to derive estimates of annual maximum streamflow quantiles from the CanESM2 large
ensemble.

12
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4.3 VIC-GL Model Summary

Streamflow was simulated with VIC-GL, an upgraded version of the Variable Infiltration Capacity (VIC)
model that explicitly models glacier mass balance (accumulation, melt and runoff) and glacier dynamics
(change in glacier area) (see Schnorbus 2018 for details). VIC is a spatially distributed macro-scale
hydrologic model that calculates water and energy balances in each grid cell. Spatial variability in soil
properties within a drainage basin is modelled by sub-dividing the model domain into a computational
grid with a spatial resolution of 0.0625° latitude by 0.0625° longitude (approximately 6 km x 5 km within
the study region). The variability of land cover and topography within individual grid cells is further
described using hydrologic response units (HRUs) which characterize land surface properties as a
function of elevation. VIC runs at a 3-hour temporal resolution and output is aggregated to daily values.
Soil moisture processes are represented by three-soil layers, spatial heterogeneity of runoff generation
with variable infiltration curves, and subsurface flow generation using the Arno conceptual model
(Todini, 1996). Surface runoff is generated when the moisture exceeds the storage capacity of the soil.
Water fluxes are computed for a range of hydrologic processes such as evapotranspiration, snow
accumulation, snowmelt, infiltration, soil moisture and surface and subsurface runoff. A detailed
description of the baseline VIC model is available in Liang et al. (1996, 1994) and Cherkauer et al.
(2003).

VIC-GL uses several parametrization strategies to describe the influence of topography and vegetation
cover. Sub-grid elevation is described using 200-m elevation bands derived from the GMTED2010 digital
elevation model (Danielson and Gesch, 2011). Vegetation classification utilizes the North America Land
Cover dataset, edition 2 (Natural Resources Canada / The Canada Centre for Mapping and Earth
Observation 2013) produced as part of the North America Land Change Monitoring System (NALCMS).
The NALCMS land cover data set divides North America into 19 classes representing circa 2005
conditions, with most forest areas in the region for which VIC-GL has been parameterized being included
in a single class, the temperate or sub-polar needle-leaf forest class. This homogeneous region has
therefore been further subdivided based on vegetation height and leaf area index. Leaf are index data is
from the GEOV1 global time series dataset (Baret et al., 2013; Camacho et al., 2013). Vegetation height
is based on global mapping using space borne light detection and ranging (LIDAR) (Simard et al., 2011).
The final land cover classification, with needle-leaf forest further sub-divided, contains 22 land cover
classes. Although an Ice class exists in the NALCMS-based land cover inventory, the extent and location
of glaciers and ice fields was updated using the Randolph Glacier Inventory (RGI) version 3.2 (Pfeffer et
al., 2014). Soil classification and parameterization relies on physical soil data from the Soils Program in
the Global Soil Data Products CD-ROM (Global Soil Data Task, 2014).

Calibration is the process whereby certain model parameters are adjusted such that simulated output is in
close agreement with observations. During the calibration process, VIC-GL was forced with the
PNWNAmet gridded meteorological data set (Werner et al., 2019). Model calibration used a multi-
objective approach that constrained the model using observations of streamflow, evaporation, snow cover
and glacier mass balance (estimated from thinning rates). For more details on calibration process, see
Schnorbus (2017). An evaluation of VICGL overall performance for the Peace and Fraser is reported in
Schnorbus (2021) and direct verification of simulated annual maximum streamflow for the Peace basin is
provided as Appendix A.

4.4 Surface Routing

Surface water routing is applied as a post-processing step in the modelling chain using the RVIC model
(https://rvic.readthedocs.io/en/latest/), which is based on the numerical schemes described in Lohmann et
al. (1998). Note that streamflow simulated by the VICGL-RVIC models only represents natural flows.

13
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Hence the results will not reflect the effects of flow regulation in those portions of the Peace, Fraser and
upper Columbia that are affected by reservoir storage and releases. A two-step process is used to rout
runoff and baseflow generated in each VIC-GL model cell: in-grid routing and channel routing. In-grid
routing conceptually moves surface runoff through the sub-grid drainage network to the main channel
using a transfer function that essentially describes the time distribution for runoff reaching the outlet of a
grid box. The transport of water within the channel is modelled using a one-dimensional diffusive wave
approximation to the full Saint Venant equations. The channel system is defined by assigning one of eight
flow directions (N, NE, E, SE, S, SW, W or NW) to each cell. The resultant channel network and flow
accumulation (the number of upstream cells) for all three main basins in the study area is shown in Figure
5.

Peace River
PRAPR

T SMRAW.
o g

Fraser

Upper Golumbia

. Vancouver
Upstream Accumulation

No.of Cells
5-50
—— 50-100
100 - 500
500 - 1000
1000 - 2000
» > 2000

Priest Rapids Dam

Figure 5. VICGL flow network for the upper Columbia, Fraser, and Peace with flow accumulation (as the number of upstream
cells). Also shown are sub-basins and outlet points for the Peace. The flow threshold has been set to five grid cells (i.e. channels
with upstream flow accumulation less than five cells are excluded from the image).

In-grid routing is parametrized by specifying the unit hydrograph for each grid cell. Channel routing
requires specification of the channel length, wave celerity and diffusivity for each grid cell. Based on

14
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manual calibration, wave celerity is assumed constant at 2.0 m/s and channel diffusivity is set to 1300 m.
Channel length is estimated as the cell height and cell width for north-south, east-west flow directions,
respectively, and as the cell diagonal for all remaining flow direction.

4.5 Flood Frequency Analysis

The design of roads, bridges, culverts, and other structures often requires estimates of peak flow quantiles
that correspond to return periods varying from 2-years up to perhaps 200-years, depending on the
application. When reliant on small sample sizes to estimate peak flow quantiles, as is typically the case
when using observed data, these quantiles often correspond to return periods that are substantially longer
than the sample. In these cases, one must generally resort to parametric flood frequency approaches so
that one can extrapolate beyond the data to produce the necessary quantile estimates, such as using the
Generalized Extreme Value, or GEV, distribution to describe the available peak flow data. Unfortunately,
parametric approaches may suffer from some lack-of-fit that can result in biased quantile estimates,
particularly for infrequent events. The benefit of using the CanESM2 large ensemble is that it provides
enough samples of identically distributed annual maximum events that the quantiles, even for very large
design values such as the 200-year event, can be estimated directly from the empirical cumulative
distribution. For this project it was determined that hydrologic projections for five ensemble members
could not be used due to incomplete spatial coverage. Hence, only 45 ensemble members were used in
subsequent analysis.

Streamflow extremes were analyzed at ten-year intervals using a 30-year sliding window centered on
2015 (2001- 2030), 2025 (2011-2040), 2035 (2021-2050), 2045 (2031-2060), 2055 (2041- 2070), 2065
(2051-2080), 2075 (2061-2090), and 2085 (2071-2100). Annual maxima were extracted for each year and
pooled across model runs of the large ensemble, resulting in 1350 values for each thirty-year period (30
years by 45 ensemble members) from streamflow simulated at each grid point. Quantiles were estimated
empirically using the function “quantile” from the R stats package (R Core Team, 2019). We used the
default quantile algorithm where the pt" percentile from the sample is estimated as:

x|y + (h = |h]) X (Xpp — xpn)) (1)

where h = (N — 1)p + 1 and N is the number of samples. Note that for very high quantiles, empirical
estimates can be somewhat biased depending on the choice of plotting position formula. However,
because 200-year return levels (99.5 percentiles) are estimated from 1350 years of data we don’t consider
this as a point of concern. We estimate the 50™, 80, 90™, 95, 98™", 99 and 99.5" percentile of the 1350
samples, which corresponds to the 2-, 5-, 10-, 20-, 50-, 100- and 200-year return levels, respectively. We
define the median quantile estimates as those derived from the full sample. The confidence intervals for
each quantile are quantified using the following bootstrapping approach: (1) for each 30-year block
randomly sample with replacement a sample of size n=1350 from the pooled results across all 45
ensemble members; (2) estimate the quantiles from the new sample using equation 1; (3) repeat steps (1)
and (2) 1000 times, and (4) estimate the 2.5% and 97.5% percentiles from the 1000 quantile estimates at
each return level to obtain the 95% confidence intervals.

Projections of change were assessed by converting the absolute streamflow design values into change
factors. Change factors are the ratio of future value to baseline value. Change factors utilize a baseline
period of 1951-2000. This means that the quantiles for the baseline period are estimated from samples of
size 50x45 = 2250 years. The confidence intervals for each quantile are estimated in a similar
bootstrapping fashion as the underlying quantiles using the following approach: (1) for each 30-year
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block randomly sample with replacement a sample of size n=1350 from the values pooled across all
ensemble members; (2) randomly sample with replacement 45 years across all ensemble members from
the baseline period for sample of size n=2250; (3) estimate quantiles from each thirty-year block and the
baseline block and calculate change factor for each quantile; (4) repeat steps (1), (2), and (3) 1000 times;
and (5) estimate the 2.5% and 97.5% change factor percentiles from the 1000 change factor estimates at
each return level to obtain the 95% confidence intervals. As the change factor is a ratio of two random
variables, this approach explicitly considers the underlying sampling variability of both quantiles (future
and baseline) when estimating the uncertainly of the change factors.
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5 Results

5.1 Spatial Pattern of Projected Changes in Peak Flow

We describe the projected changes in design flood values at each individual grid cell in the Fraser and
Peace domains. Note that these figures incorporate the updated projections for the Chilcotin basin (see
Section 5.3). Change factors for the 2-year and 100-year events are displayed in Figure 6 and Figure 7,
respectively. Specific runoff (runoff/unit area) is higher in wetter climates than it is in drier climates, so
for an equal size drainage area, wetter climates produce larger magnitude flood events. Therefore, at the
local scale (about 100 km?), the spatial distribution of peak flow magnitude is broadly consistent with
precipitation climatology (Figure 3). However, as runoff is integrated over increasingly larger scales, peak
flow magnitude in larger basins tends also to increase with increasing drainage area. Consistent with the
topology depicted in Figure 5, the largest peak flow values occur where flow concentrates along major
tributaries and the main stem of the Fraser and Peace Rivers. The result is that flow design values span
several orders of magnitude across the basin. For example, the 2-year design event ranges from <1.0 m®/s
for headwater cells in the drier interior regions to over 9000 m®/s and 14000 m®/s at the outlets of the
Peace and Fraser, respectively (Figure 6). For the 100-year event the range is <1.0 m®/s to over 13000
m®/s and 17000 m?/s at the outlets of the Peace and Fraser, respectively.

Changes in peak flow magnitude at each grid cell will be influenced by numerous factors, the relative
importance of which vary as a function of spatial scale. For cells draining very small drainage areas,
individual grid cell changes will be affected more by local elevation, relief, and changes to the local
climate, whereas peak flow changes in cells draining larger areas are likely influenced by changes
occurring in distant (potentially wetter) upstream locations. Consequently, at the individual cell scale the
spatial patterns of peak flow change for the 2- and 100-year events displays a rather heterogeneous
pattern, without a clear widespread relationship to either topography, climate, or network topology
(Figure 6 and Figure 7, respectively). Spatial heterogeneity is also affected by noise resulting from model
error and calibration artifacts. Model uncertainty is discussed in detail in Section 6.

Basin-wide, however, there broad trends that emerge. For the 2-year event, the projected mean change
factors over the basin show a mixed response at mid-century (2041-2070), where both increases and
decreases in peak flow are projected in the Fraser but predominantly increasing flows are projected in the
Peace (Figure 6). At end-century (2071-2100, the response throughout most the Fraser shows 2-year
design flows decreasing below baseline levels, although there are some regions (such as the lower Fraser
Valley near the outlet) where flows are projected to increase. At end-century in the Peace the 2-year
design flow is projected to increase throughout most of the basin. For both basins the magnitude of the
change, whether increase or decrease, tends to be larger at end-century than at mid-century.

For the 100-year event in the Fraser most grid cells exhibit increases during mid-century, but by end-
century a larger number of grid locations will see design flow values decrease below baseline values
(Figure 7). In contrast, most of the Peace basin is expected to experience increasing design flow
magnitudes at both mid- and end-century.
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Figure 6. The absolute value (m3s) of annual peak flow during the 1951-2000 period (plotted on logarithmic scale) (top) and
change factors in annual peak flow magnitude for 2-yr return period events for 2041-2070 and 2071-2100 versus the baseline
period (1951-2000). Results are shown for 2.5™ percentile (left), median (middle) and 97.5™ percentile (right).
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change factors in annual peak flow magnitude for 100-yr return period events for 2041-2070 and 2071-2100 versus the baseline
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5.2 Projected Changes in Peak Flow by Sub-basin

In this section we focus on results for the newly added Peace River basin. Results for the Fraser basin are
reported in Schnorbus and Sun (2022). We present the flood frequency results for six locations
corresponding to the outlets of the FRAAR, NRNTM, PRABD, PRAEP, BRNFS, and SMRAW as well
as the outlet of the Peace River basin (PRAPR). Results are summarized graphically as flood frequency
curves (Figure 8) and corresponding change factors (Figure 9) for select return periods. When design
flood is plotted versus return period, results indicate that the projected flood frequency response to
climate change in the Peace varies by sub-basin and period (Figure 8). All sub-basins project an increase
in flood magnitude during the early century period (2011-2041) for all return periods (excepting PRPAR
for the 200-year event). At mid-century (2041-2017) flood magnitudes are either larger (FRAAR,
NRNTM), or generally similar (BRNFS, PRABD, PRAEP, SMRAW) than at early-century. The greatest
variability between basins tends to occur during end-century (2071-2100). In basins such as BRNFS and
FRAAR, flood magnitude is projected to continue increasing beyond mid-century levels for all return
periods. In other basins (e.g., NRNTM, PRABD, PRAEP, and PRAPR) flood magnitude will continue
increasing for large return period events (T > 20 - 50 years) but will decrease below early-century levels
for small return period events. In one case (SMRAW), flood magnitude for small events (T < 50 years)
are projected to decrease below baseline magnitudes.
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12004 2000
2000 1 ] '
800 |
16004 1500
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Figure 8. Plot of design streamflow versus return period for four periods at the outlets of six sub-basins and the Peace River
basin. The median is given by the solid line and the ribbon shows the 95% confidence interval.
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In Figure 9, change factors for select return periods are plotted as a function of future period, where we
note that time is also a proxy for increasing climate warming. At all sites the change factors tend to start
above one, reflecting the change between the reference period (c. 1970s) and the first 30-year period
(2001-2030). We also note the variability of the climate change response between sub basins different
design levels. For the 2-year event the peak flow response is generally non-monotonic (not constantly
increasing or decreasing) with increasing time, where flow magnitude increases until around mid-century,
at which point it is expected to decline. In certain sub basins the magnitude of the 2-year event is expected
to be less than the baseline value by end-century. The timing of the inflection point between increasing
and decreasing flow, and the time at which flow decreases below baseline, varies between sub basins. The
larger magnitude 10-year design event has a broadly similar response, though in specific cases (FRAAR
and BRNFS) the magnitude of the design event is expected to increase monotonically throughout the
coming century. In most cases, the magnitude of the 100-year event is expected to exceed the baseline
value throughout the century, although the response over time is not always monotonic. In certain cases,
the range in the 100-year change factor does dip below 1.0 early in the century (PRABD and PRAPR).
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Figure 9. Change factors versus period, where the x-axis shows the mid-point of each period, for three quantiles at the outlets of
six sub-basins and the Peace River basin. Change factors are estimated as the ratio of future value to historic value in the baseline
period, where the baseline period is 1951-2000. Change factors of the median are given by the solid lines and the ribbons show
the 95% confidence intervals.

21



Schnorbus and Ben Alaya 2023

5.3 Chilcotin Update

As discussed in Schnorbus and Sun (2022), initial VIC-GL streamflow simulation in the Chilcotin sub-
basin was very poor. This was due to an overestimation of runoff arising from poor specification of the
glacier state used to initialize the simulations. Specifically, simulations began with too much glacier
volume such that the loss of glacier mass and glacier contribution to streamflow over time was
exaggerated. This ultimately led to spurious and/or overly sensitive changes and trends in the annual
maximum peak flow in the affected grid cells. This problem has been fixed by re-running the hydrologic
projections using more a more realistic initialization of glacier area and thickness based on the regional
glacier modelling of Clarke et al. (2015). The area affected by the update includes all grid cells upstream
of the Chilko River at Redstone and the Taseko River at the outlet of Taseko Lake, as well as all
downstream cells in the main stem of the Chilcotin River to its confluence with the Fraser. Updated
results for projected peak flows and change factors are provided in Appendix B.

6 Discussion, Uncertainties and Limitations

6.1 Uncertainty in the Modelling Chain

Hydrologic projections are subject to uncertainties arising from the need to make choices regarding the
various components of the modelling chain (Figure 4). And results are affected by the choice of emissions
trajectory, GCM, downscaling approach, hydrology model structure, model calibration approach,
methodology for estimating flood quantiles, and the various data sets used for model parametrization and
calibration (Chegwidden et al., 2019; Curry et al., 2019; Queen et al., 2021; Schnorbus and Curry, 2019;
Schoeneberg and Schnorbus, 2020). When using results from this study one should take careful
consideration of the uncertainties and limitations inherent in the various modelling choices, which we
discuss in the remainder of this section.

The actual trajectory of greenhouse gas emission that will occur during the 21st century is unknown. This
uncertainty is addressed by using scenarios to capture a range of plausible emissions trajectories, which
have been represented by the Representative Concentration Pathways (RCPs), of which there are four,
RCP 2.6, 4.5, 6.0 and 8.5 (where the numbers refer to their peak radiative forcing at the end of the 21
century in W/m?). The CanESM2 Large Ensemble is based solely on RCP 8.5, which has the highest
radiative forcing of the four RCPs available.

Modelling the global climate response to radiative forcing includes two sources of uncertainty which can
affect the possible range in future extremes. Differences between GCM structure (model numerics,
resolution, process representation, parametrization, etc.) results in a range of climate responses to a given
radiative forcing, resulting in so-called structural uncertainty. A second source of uncertainty is internal or
natural climate variability, which refers to climate variations over time resulting from natural causes. We
generally concern ourselves with unforced variations, which are internally generated redistributions of
energy within the system that occur without changes in external factors, such as manifested by the El
Nifio/ Southern Oscillation. By only using ensemble results for the CanESM2 model, the spread of
different runs can be attributed to internal variability only (Dai and Bloecker, 2019; Mahmoudi et al.,
2021) and thus the generated hydrologic ensemble does not address GCM structural uncertainty.

The native-scale outputs of climate models and climate model output is of too coarse a resolution for most
hydrologic applications and must be downscaled, often using statistical methods. Users must choose from
a wide number of algorithms and target data sets, where the representation of precipitation and hydrologic
extremes can be sensitive to the choice of downscaling method (Gutmann et al., 2014; Werner and
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Cannon, 2016). Users should also be aware of the limitations that result from assumptions that need to be
made in the statistical downscaling process. Like all statistical downscaling approaches, BCCAQv2
assumes that the quantile-mapping relationships that are established based on an observed target dataset
and climate model simulated data for the historical training period continue to be valid in a climate
change context. In addition, errors in the chosen target data set may introduce artefacts into the
downscaling process.

The modelling chain used in this study is only designed to specifically address uncertainty due to climate
variability, as it utilizes only a single emissions trajectory, GCM, downscaling scheme (trained to a single
target data set), hydrology model (with one attempt at calibration) and routing model. However, recent
research concludes that the choice of emissions scenario and GCM structural uncertainty tends to provide
the largest source of uncertainty in hydrologic projections, and that the remaining sources of uncertainty
are relatively small in comparison (Chegwidden et al., 2019; Hattermann et al., 2018; Her et al., 2019;
Queen et al., 2021; Schoeneberg and Schnorbus, 2020; Sharma et al., 2018). In this context it is
instructive to understand how well the range in CanESM2-based hydrologic projections compares to the
range produced if a larger set of GCMs were used. In the pilot study Schoeneberg et al. (2021) explored
this issue by comparing annual maximum peak flows generated from the CanESM2 large ensemble (45
realizations) with those simulated using the PCIC6 ensemble, which is composed of six GCMs, some
with multiple runs, for total of 15 ensemble members. Even though the CanESM2 large ensemble is
designed only to address internal climate variability, results show that the spread of the CanESM2 large
ensemble is comparable to (and even larger than) the spread captured by the PCIC6 ensemble. Also, the
direction of trend of the ensemble medians of annual maximum flow over the coming century is identical
between ensembles in all sub basins, although and CanESM2 has larger positive and smaller (less
negative) increasing and decreasing trends, respectively, than PCICB6. It should also be noted that the
model spread in the raw CanESM2-LE is likely diminished as a result of postprocessing model output
with BCCAQV2 (via the calibration of model output to a single collection of gridded observations).

With access to sufficiently large sample sizes, one can estimate quantile values directly from the
empirical density function that are unbiased. This is the distinct advantage of using the CanESM2 large
ensemble as the basis for this work, wherein quantiles for each analysis period are estimated using a
sample of 1350 identically distributed peak flow events. A comparison of quantile estimation using both
the GEV approach and the direct empirical approach was conducted during the pilot study (Schoeneberg
et al., 2021) and confirmed that the parametric GEV approach produces biased estimates, particularly for
large events. Nevertheless, the tradeoff for unbiased estimates is that the empirical quantiles have more
variance and require a larger confidence interval than the corresponding GEV-based.

6.2 Interpreting Results and VIC-GL Limitations

VIC-GL’s streamflow performance in the Peace overall is quite strong, and the representation of general
streamflow signals (e.g., total volume, seasonality of low and high flow, low frequency variability) is
accurate (Schnorbus, 2020). This lends confidence that the physical mechanisms that generate streamflow
in the Peace are realistically simulated. However, simulation of annual maximum peak flow events
represents a considerably harder challenge as accurate simulation over short times scales is very sensitive
to model error and uncertainty in streamflow routing, forcing data (rainfall intensity or melt energy),
snow dynamics, and storage dynamics (snow and soil). This is apparent when comparing model
performance for general streamflow signals (NSE, KGE, Bias, Section A.1, Appendix A) to more specific
peak flow metrics (Section A.2, Appendix A). Differences between observed and simulated peak flow
magnitude can be very large, and VIC-GL is only able to match observed peak flow distributions at 5 of
26 evaluated sites (see Table Al in the Appendix). The large uncertainties associated with observations of
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peak flow events, for which errors can exceed +30% (Di Baldassarre and Montanari, 2009; Horner et al.,
2018), also affects model calibration and makes the interpretation of evaluation metrics and the objective
assessment of model performance very difficult.

The physically based nature of the VIC-GL model lends some confidence that, over most of the combined
Fraser and Peace study area the simulated peak flow changes reflect a physically realistic representation
of the hydrologic response to climate change. However, due to the possible lack of representation of
important hydrologic processes uniquely affecting runoff on the Interior Plains (see Appendix A for
discussion), confidence is lower regarding the ability of VIC-GL to correctly represent the impact of
climate change on peak flows in this region. One should also be aware that different choices regarding the
model structure (level of abstraction, grid resolution, model physics, etc.), model parametrization, and
calibration method (including data used to both force and constrain the model) can lead to a wide range in
future projections (Chegwidden et al., 2019).

For calibration purposes the Peace and Fraser basins was divided into sub-basins based on the location of
hydrometric sites. This sub-division represents a trade-off between number of calibration sites and
available record lengths; longer record lengths (but with fewer sites) include more hydro-climate
variability to train the model robustly whereas more sites (with shorter records) allow for a more realistic
spatial variation in the model parameters. Calibration and parameter selection was conducted
independently on each individual sub-basin. This approach, although computationally efficient,
introduces artifacts into the spatial pattern in peak flow change. These calibration artifacts appear as
abrupt changes in the sign of the response between grid cells that align with sub-basin boundaries used for
model calibration (e.g., Figure 7). These artifacts tend to be more pronounced in the drier parts of the
Peace and Fraser basins (where absolute changes may be small, but relative changes are large). This
reinforces that relative peak flow changes are sensitive to model parameter choices and that parameter
selection and calibration set-up introduce noise, notably at the model grid scale.

The resolution of the VIC-GL model also offers challenges in the interpretation of streamflow values and
peak flow changes. Each grid cell can only have a single flow direction and a single channel, which
imposes substantial simplification of the drainage system. This means that as drainage area decreases the
modelled channel network (and resultant streamflow) becomes increasingly more abstract in terms of
representing the detailed spatial structure of the drainage network. Also, with increasingly smaller
drainage areas, the relative coarseness of the model resolution increases and the ability to accurately
represent basin morphology and area (and, hence, runoff volume) degrades.

As mentioned in the previous section, a further limitation is that while the results are based on a large
ensemble of climate change simulations, it is an ensemble from a single climate model using a single
future forcing prescription. In addition, the climate model simulations have been downscaled using a
single downscaling method trained against a particular gridded training dataset. Consequently, the full
range of uncertainty in the derived design flows and change factors is certainly wider than that considered
in this work. Nevertheless, despite the limitations, the information on projected design flow changes that
is obtained should help to illuminate the potential impacts of climate change on design flow changes We
reiterate that the physically based nature of the model does provide some level of confidence that it is
responding in a plausible way to changes in the water balance and accompanying hydrological regime to
projected climate changes. It would not perhaps be prudent for an engineer to alter design values from
current values based directly on these results, but due diligence presumably imposes the requirement to
think seriously about the implications of projected design value changes, even if uncertain.
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7 Conclusions

PCIC has completed a project to quantify design flood values (2-, 20-, 50-, 100- and 200-year events) for
historical and future periods and make them accessible as a gridded product via PCIC’s Climate Explorer
tool. This work represents a continuation of the work reported by Schoeneberg et al. (2021) and
Schnorbus and Sun (2022) and uses a spatial domain that includes the original 234,000 km? Fraser River
basin, but with the addition of gridded design values for the Peace River basin above Peace River, AB
(194,000 km?). Results are provided for every model grid cell in the domain at a spatial resolution of
0.0625°, and design flood values for each grid are based on streamflow routed from the area upstream of
the selected cell. Hence, watershed areas range from ~30 km? (i.e., the area of a single headwater grid
cell) to ~234,000 km?. Flood design values have been provided at a temporal discretization based on 30-
year sliding windows centered every 10-years on 2015 (2001-2030), 2025 (2011-2040), 2035 (2021-
2050), 2045 (2031-2060), 2055 (2041-2070), 2065 (2051-2080), 2075 (2061-2090), 2085 (2071-2100).
This work takes advantage of hydrologic projections produced by PCIC using the VIC-GL hydrology
model driven with the CanESM2 50-member large ensemble (CanESM2-LE), which allows for
statistically robust estimation of large return-period events. Change factors, ratios of future value to
historic value, to represent projected changes in peak flow design values. Change factors can then be
applied to scale design values derived directly from streamflow observations.

By using the CanESM2 large ensemble global climate simulations, but with only a single emissions
trajectory, GCM, downscaling scheme (trained to a single target data set), hydrology model (with one
attempt at calibration), and routing model, the modelling chain used in this study is only designed to
specifically address uncertainty due to climate variability. Despite being limited to only a single
hydrology model, the performance of VIC-GL is such that the simulated peak flow changes generally
reflect a physically realistic representation of the hydrologic response to climate change over much of the
combined Fraser and Peace study domain. However, the noted poor model performance in the Interior
Plains physiographic region (i.e., Peace River east of the Rocky Mountains) requires caution when
interpreting results from this portion of the domain. Results in general can be subject to high uncertainty,
and results at the individual grid scale can be subject to considerable noise.
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Appendix A - Model Evaluation

A.1 Streamflow Evaluation
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Figure Al. Metrics of streamflow Bias (top), KGE (middle) and LNSE (bottom) for the Peace Basin.
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The general performance of the VIC-GL model in simulating streamflow is presented in Figure Al, which
summarizes results for the Kling-Gupta Efficiency (KGE), Nash-Sutcliffe of log-transformed discharge
(LNSE), and relative bias metrics for 28 locations corresponding to 27 Water Survey of Canada (WSC)
locations and one (PRABD) BC Hydro project site. The reader is referred to Schnorbus (2020) for a
description of the calibration and evaluation process and greater details on general model performance.

Streamflow bias is quite low, below 20% for most sites, and below 10% for more than half the sites in
Figure Al. Model performance based on the KGE is also good with values at over half the sites exceeding
0.75 and most sites exceeding 0.50. Performance based on LNSE is not quite as strong, with less than half
the sites having values exceeding 0.75, although values for most sites still exceed 0.50. Of note is that the
poorer performing sites, particularly for KGE, tend to be located east of the Rocky Mountains.

A.2 Peak Flow Evaluation

In this section the performance of the VIC-GL model in simulating annual maximum peak flow events is
evaluated. The evaluation is carried out by comparing annual maximum daily peak discharge events from
both observation and model simulation, where model simulations were produced by forcing VIC-GL
using the PNWNAmet observed meteorological data. Evaluations are limited to those Water Survey of
Canada (WSC) stations where at least 30 observations of annual maximum peak flow were available
between 1945 and 2012 (Error! Reference source not found.). The following metrics were used to
evaluate peak flow model performance.

Relative Root Mean Square Error: this is the root mean square error (RMSE) normalized by the mean of
the observations as

1
\/NZﬁl(Si — 0;)?
RRMSE = 5

where S and O are simulated and observed values, respectively and N is the sample size. This value is
given as a fraction with a range of (0, ), where 0 denotes perfect performance (i.e., no error).

Normalized Root Mean Square Error: this is the root mean square error normalized by the standard
deviation if the observations as

(A3 - 00
sd(0)

NRMSE =

As per the RRMSE, the NRMSE s given as a fraction with a range (0, «), where 0 denotes perfect
performance.

Model performance for annual maximum peak flow is summarized in Table Al. Results for root mean
square error normalized to the observed mean (RRMSE) range from a best of 0.24 (MRAGC) to a worst
of 16.28 (SRNTM). When normalized by the observed standard deviation (NRMSE), result range from a
best of 1.13 (MRAGC) to a worst of 45.25 (SMRAW). Results for KS_D range from a best of 0.11
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(MRAGC) to a worst of 1.00 (FRAAR, PERNT, PRAEP, SMRAW and SRNTM). When viewed spatially
it is clear that model performance (Error! Reference source not found.), tends to exhibit a spatial
gradient where the best model performance (lower RRMSE and NRMSE) occurs in the western,
mountainous portion of the basin, whereas model performance tends to degrade when moving east onto
the Interior Plains (Figure A2).

Scatterplots comparing observed versus simulated annual maximum peak flow data for selected sites is
given in Figure A3. Four sites are chosen to help visualize the degree of agreement (or disagreement) for
the range of RRMSE values found in Table Al. From the figure it is apparent that large RRMSE values
are generally due to large biases between observed and simulated values.

In Figure A4 we compare the empirical cumulative distribution function of observed and simulated
annual maximum peak flows for all the evaluation sites listed in Table 3. It is noted that model
performance in replicating the observed cumulative distribution function is qualitatively quite good at
several sites (i.e., KWRNW, MRAGC, NRNFS, ORNEL and PRAOO). However, it is also clear that the
simulated annual maximum peak flows at many locations are either grossly overestimated (e.g., BRBAC,
SRNTM and WRNTM) or grossly underestimated (e.g., BRNFS, FRAAR and PERNT). Again, with a
few exceptions, the worst performing sites tend to be located on the Interior Plains east of the Continental
Divide.

At present we have no explanation for this apparent degradation in model performance in the Interior
Plains region, although we can speculate on two physical phenomena that are not explicitly represented in
the hydrologic modelling process. Firstly, the rolling and undulating terrain of the Interior Plains results
in a prevalence of small lakes and wetlands that are only intermittently integrated in the channel drainage
network. This results in a dynamic surface drainage response that can have a highly non-linear effect on
peak flow magnitude. Another possibility is omission of the effects of river ice and ice breakup on the
magnitude of peak water level and discharge.

We also note that the apparent poor performance may be related to errors in the underlying PNWNAmMmet
forcing data set used to both calibrate VIC-GL and train the BCCAQV2 statistical downscaling. The
spatial density of long-term meteorological stations available in the interpolation of temperature and
precipitation is quite low in the norther half of the province. So, although it would appear that
PNWNAmet has accurate climatology, as suggested by the low streamflow bias (Figure A1), the spatial
and temporal variability of meteorological events responsible for extreme streamflow may not be well
represented.
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Table Al. Peak flow evaluation statistics at Water Survey of Canada sites for the Peace River basin,
where N is sample size, RRMSE is relative root mean square error (normalized by the observed mean),
and NRMSE is the RMSE normalized by the observed standard deviation.

Basin N RRMSE NRMSE
ARNTY 30 0.44 1.50
BRBAC 47 1.37 2.96
BRNFS 51 0.79 9.37
FRAAR 34 0.85 19.22
IRASR 35 0.43 2.85
KIRNF 52 1.23 2.75
KWRNW 34 0.26 1.15
LSRNG 50 0.85 7.70
MRAGC 37 0.24 1.13
MRAWR 35 0.42 2.59
MRNFS 33 2.92 3.41
MRNTM 35 0.62 5.91
NRNFS 37 0.46 1.19
NRNTM 32 0.52 4.26
ORAAC 32 0.42 2.17
ORAOR 37 0.58 5.73
ORNEL 32 0.25 1.01
PCRBH 39 1.75 4.00
PERNT 66 1.07 42.55
PRAEP 52 0.94 23.74
PRAMR 44 0.69 8.76
PRAOO 32 0.34 1.39
SMRAW 58 1.10 45.25
SRNTM 35 16.28 4.32
WRNGP 52 1.11 17.74
WRNTM 45 2.79 3.38
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Figure A2. Peak Relative Root Mean Square Error results for the Peace Basin.
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Figure A3. Scatterplot of observed versus simulated annual maximum peak discharge for four select calibration
sites. Each panel shows the 1:1 and is labelled with the relative root mean square error (RRMSE).
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Figure A4. Empirical cumulative density function of observed and simulated annual maximum peak discharge for
all sites in Table Al
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Appendix B — Chilcotin Update

In this section we reproduce two figures from Schnorbus and Sun (2022), but based on updated
streamflow projections for the Chilcotin basin. Figure 10 shows flood frequency curves at several
locations in the Fraser, the Stuart River near Fort St. James (STUAR), Nechako River at Isle Pierre
(NECHI), Fraser River at Shelley (FRSSH), Chilcotin River above Big Creek (CHILB), Quesnel River at
Quesnel (QUESQ), Fraser River above Texas Creek (FRSTX), Thompson River near Spences Bridge
(THOMS) and Fraser River at the Mouth (FRSMT). Although the updated results for CHILB still show a
negative projected trend in design flow magnitude, the magnitude of change is considerably smaller
compared to the original results.
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Figure 10. Reproduction if Figure 9 from Schnorbus and Sun (2022) showing flood frequency curves for several locations in the
Fraser basin. Results are based on updated streamflow projections for the Chilcotin River below Big Creek (CHILB). The
remaining sites are the Stuart River near Fort St. James (STUAR), Nechako River at Isle Pierre (NECHI), Fraser River at Shelley
(FRSSH), Quesnel River at Quesnel (QUESQ), Fraser River above Texas Creek (FRSTX), Thompson River near Spences Bridge
(THOMS) and Fraser River at the Mouth (FRSMT).

Figure 11 shows projected changes factors by period for the 2-, 10- and 100-year design events for the
same locations. In contrast to the original results, changes factors for the 2-year event in the CHILB are
positive throughout the coming century, although the magnitude of increase will have a declining trend.
With the updated projections, the change factors for the 10-year and 100-year design events in CHILB
will be largely unaffected. This still contrasts with the other seven locations, where change factors for the
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10- and 100-year design events are expected to exceed 1 throughout the first 75 years of the century.
Despite the adjustment made to the glacier initialization, projections still suggest that changes to design
flow values in the CHILB will still be predominantly influenced by declining glacier melt.
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Figure 11. Reproduction of Figure 11 from Schnorbus and Sun (2022) change factors for different periods for several locations in
the Fraser basin. Results are based on updated streamflow projections for the Chilcotin River below Big Creek (CHILB). The
remaining sites are the Stuart River near Fort St. James (STUAR), Nechako River at Isle Pierre (NECHI), Fraser River at Shelley
(FRSSH), Quesnel River at Quesnel (QUESQ), Fraser River above Texas Creek (FRSTX), Thompson River near Spences Bridge
(THOMS) and Fraser River at the Mouth (FRSMT).
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