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ABSTRACT

Modelling precipitation inputs in mountainous terrain is challenging for water resource managers given sparse monitoring sites
and complex physical hydroclimatic processes. Government of Alberta weather station uncorrected and bias-corrected precipitation
datasets were used to examine elevational precipitation gradients (EPGs) and seasonality of EPGs for six South-Saskatchewan River
headwater sites (alpine, sub-alpine, valley). January EPG from valley to alpine sites (730m elevation difference) using uncorrected
precipitation was 19 mm/100m. Corrected EPG was approximately three times greater (61 mm/100m). The valley received more
precipitation than the alpine (inverse EPG) in late spring and summer. A seasonal signal was present whereby all sites demonstrated
50%-70% lower summertime precipitation relative to winter months, with the greatest seasonal variance at the alpine site. Winter
watershed-level spatialized precipitation volume was compared to modelled snow water equivalent (SWE) associated with two late-
winter airborne lidar surveys. Uncorrected volumes (2020: 64.0x 10°m3, 2021: 63.2x10°m?) were slightly higher than modelled
mean SWE (2020: 51.6 X 10°m?3, 2021: 44.2x 10°m?3) whereas bias-corrected (2020: 120.5x 10°m?3, 2021: 119.7 X 10°m3) almost dou-
bled the estimate. Corrected precipitation is assumed closer to the true value. Cumulative sublimation, evaporation and snowmelt
losses result in ground-level snowpack yield that deviates from total atmospheric precipitation in an increasingly negative manner.
The 2020/2021 simulations suggest wintertime atmospheric precipitation exceeds late-winter snowpack accumulation by up to
57% and 63%, respectively. A loss of 16 X 10°m? (7%) watershed SWE from the alpine zone was partially attributed to redistribution
downslope to the treeline-ecotone. Physical snowpack losses from sublimation and melt, or modelling uncertainty due to precip-
itation correction and alpine snow-density uncertainties can also contribute to observed discrepancies between in situ SWE and
cumulative precipitation. Ignoring bias-correction in headwater precipitation estimates can greatly impact headwater precipitation
volume estimates and ignoring EPG seasonality is likely to result in under-estimated winter and over-estimated summer yields.

1 | Introduction (Schindler and Donahue 2006; Alberta Environment 2010).

Monitoring precipitation and water yield in the Alberta head-
The Alberta Eastern Slopes located in the Canadian Rocky  water regions is an important element of regional water re-
Mountains provide a critical water supply flowing in and source management and flood hazard assessment. The need
throughtheSaskatchewanRiverBasinfrom AlbertatoManitoba  for accurate information is increasing (Government of Alberta
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Ministry of Environment and Parks 2019) as demands from
populations, agriculture, and industry continue to increase
(Grinder 2010). The Alberta Agriculture Economy is depen-
dent on seasonal mountain snow melt to fill reservoirs sup-
plying water to an extensive irrigation network (Jean and
Davies 2015). Climate change is expected to decrease the
water supply from Canadian Rocky Mountain snowpacks
(Newton, Farjad, and Orwin 2021) with reduced December
through February snowfall (Hale et al. 2023). An earlier onset
of spring snowmelt (MacDonald et al. 2012) has been observed
with a decreased quantity of snow water in Canadian April
1 snow surveys (Hale et al. 2023). By the year 2080, global
climate models project a shortening of the winter season from
approximately 180-120days across the Alberta Eastern Slopes
(Newton, Farjad, and Orwin 2021). Precipitation in mountain
regions is difficult to measure due to the influence of complex
relief, landcover and associated weather systems (Roe and
Baker 2006). A study of an operational snow melt model used
in the Colorado, US Rocky Mountains (Meyer et al. 2023) es-
timated the timing of snowpack depletion to be up to 1 month
later than the measured observation. This presents a chal-
lenge for reliable management of mountain-sourced water
resources.

Mountain precipitation patterns vary seasonally, with air tem-
perature (Daly et al. 2008), and with solid or liquid precipitation
type (Mekis et al. 2018). Orographic enhancement is common in
mountainous areas (Houze 2012) where ground level precipita-
tion increases with elevation. In general, air flows up the wind-
ward side of a mountain, cooling and condensing (Roe 2005;
Smith 2019) as it ascends until the air parcel becomes satu-
rated and precipitates out. On this side of the mountain, more
precipitation falls as the air parcel is advected upslope (Barros
and Kuligowski 1998). Less precipitation falls on the lee side
as air descends and warms producing a rain shadow effect
(Galewsky 2009). Atmospheric circulation patterns (Smith 1981)
and mountain geometry (Rotunno and Houze 2007) also in-
fluence air flow. Upper level winds in mountain regions can
transport snow many kilometres from the originating cloud
to the point where it first encounters land, whereas the trans-
port distance of rain tends to be within a kilometre (Roe and
Baker 2006). Air parcels may split and flow around the mountain
(Smith 2019) instead of traversing upwards and over. “Feeder/
seeder” cloud systems can develop above mountain ridges.
Lower-level orographic frontal-system (feeder) clouds (Rutledge
and Hobbs 1983) receive precipitation from upper-level (seeder)
clouds to produce enhanced precipitation at higher elevations
(Haiden and Pistotnik 2009; Mott et al. 2014). In the western
Canadian Rocky Mountains, the winter months from November
to February consist primarily of solid precipitation (snow) (Shook
and Pomeroy 2012) while the fall (September and October) and
spring seasons (March-May) are a combination of rain and/or
snow as well as increased melt events (Musselman et al. 2021).
There has been a decline in winter precipitation in the North
American northern Rocky mountains (Musselman et al. 2021;
Hale et al. 2023) that has been attributed to changes in the nat-
ural variability of the global climate system (Siler, Proistosescu,
and Po-Chedley 2019). Precipitation types can also vary spatially
during events (Zhang et al. 2017) where rain occurs in valleys
and snow at higher elevations in sub-alpine (McCaffrey and
Hopkinson 2017) and alpine areas (Marks et al. 2013).

Time series analysis can be applied to recorded precipitation
datasets to gain a better understanding of repeating patterns in
the data, representing a range of hydrometeorological processes.
Time series data can be characterised as being sequential in na-
ture and measured with the same time-step (Box et al. 2015).
Four components can be observed in a time series dataset: cycle,
trend, seasonality and random variation (Peixeiro 2022). The
cycle represents long-term increasing and decreasing patterns
in the data. The trend is an increasing or decreasing pattern
present within the time series. The seasonality component is a
repeating pattern present at the same time interval, for example,
daily, monthly and annually. The random variation is noise in
the data.

Hydrologic models are used by water resource and flood
forecasting managers to distribute precipitation data inputs
through space and time for mountain regions. The Alberta
River Forecast Centre has operationalised their “Seasonal
Water Supply Outlook” and “Flood Forecast Model” work-
flows using the VIPER Water Supply Forecasting platform
(USDA and NRCS 2007) and SSARR (Streamflow Synthesis
and Reservoir Regulation) (Zahmatkesh et al. 2019). The
Flood Forecast models currently used by the River Forecast
Centre are in the process of transitioning to the Raven hydro-
logical modelling framework (Craig et al. 2020). However, the
possibility for seasonal variations in elevational precipitation
gradient (EPG) are ignored within most models including
VIPER, SSARR and Raven. Typically, models used in moun-
tain contexts adopt a constant and fixed EPG value for the
entire simulation period (Lo et al. 2011; Caldwell et al. 2015;
Craig et al. 2020). Therefore, a key goal of this study is to eval-
uate and quantify meso-scale EPG variations in space and
through time to enable more accurate distributions of pre-
cipitation within the mountainous headwater regions of the
Oldman River Basin headwaters in Southern Alberta. A sec-
ondary goal is to explore the water resources implications of
modelling mountain snowpack distributions as a simple func-
tion of cumulative precipitation. This second goal is addressed
by applying local EPGs to distribute cumulative precipita-
tion across a watershed, then compare these water volumes
to spatially-explicit gridded SWE generated from lidar snow
depth and nearby density observations.

Precipitation observations are complicated by sensor- and
wind-induced biases such as diurnal temperature drift
(Campbell Scientific (Canada) Corp. 2011), evaporative losses,
snow capping the gauge orifice, precipitation under-catch due
to blowing snow (Goodison, Louie, and Yang 1998; Nitu 2010;
Rasmussen et al. 2012; Kochendorfer, Rasmussen, et al. 2017)
that tend to result in underestimated water volumes if not cor-
rected (Leeper, Palecki, and Davis 2015; Wolff et al. 2015; Pan
et al. 2016; Baghapour, Wei, and Sullivan 2017; Ross, Smith,
and Barr 2020; Smith et al. 2020). The uncorrected precipi-
tation measurement is assumed to give a smoothened data
series (Wright 2024). The corrected precipitation produces
an adjusted upper limit modelled estimate based on sensor
and wind input variables. Understanding and accounting
for sources of uncertainty or bias in precipitation observa-
tion data are necessary when estimating point to point gra-
dients, especially when one location might be more prone to
bias (such as wind-induced under-catch) than another. Snow
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water equivalent (SWE) estimates, computed by multiplying
snow depth with snow density (Griinewald et al. 2010), can
be compared with precipitation (Avanzi et al. 2021). Airborne
lidar technology can accurately map mountain digital ele-
vation models (DEM) (Hopkinson et al. 2001; Hopkinson,
Hayashi, and Peddle 2009), and a distributed snow depth
model (SDM) by subtracting a snow free DEM from a digital
snow surface model captured during snow covered conditions
(Hopkinson et al. 2004, 2012; Painter et al. 2016). Snow den-
sity can be manually sampled at single point locations (Kinar
and Pomeroy 2015), estimated, or modelled at larger spatial
extents using longer wavelengths electromagnetic spectrum
such as synthetic aperture radar (Naderpour, Schwank, and
Mitzler 2017; Thakur et al. 2017). Over large areas where lidar
sampled snow depth is highly accurate or the depth variance
is small, modelled snow density can be a larger source of un-
certainty for lidar-derived SWE (Raleigh and Small 2017).
The SDM is combined with snow density to compute SWE
(Hopkinson et al. 2012; Painter et al. 2016). Over the course
of the winter snow season, canopy interception, sublimation,
redistribution of snow and melt will alter spatial snowpack
characteristics (Pomeroy et al. 1998). Winter precipitation
observations represent snow and/or rain that falls at a point
location before other processes modify the precipitation input
(Kinar and Pomeroy 2015) such as gravity induced redistri-
bution (and/or avalanching processes) (Hancock et al. 2018),
wind mobilisation (Li and Pomeroy 1997; Essery, Li, and
Pomeroy 1999; Mott, Vionnet, and Griinewald 2018), sub-
limation (Essery et al. 2003) or melt (Veatch et al. 2009).
Mountain snowpack sublimation losses over the winter sea-
son can range from 20% to 30% (MacDonald, Byrne, and
Kienzle 2009; MacDonald, Pomeroy, and Pietroniro 2010;
Sexstone et al. 2018) depending on location, terrain, canopy,
and landscape features. Therefore, when aggregated over a
large enough area, such that redistribution effects can be ig-
nored or evened out, total cumulative precipitation measure-
ments will exceed in situ snowpack SWE.

The objective of this research is to examine precipitation data in
the southern Alberta Eastern Slopes to evaluate:

a. The consistency of EPGs in this region throughout the
year, between measurement sites and across different el-
evation ranges from valley bottom, sub-alpine (which is
generally between 1700 and 2200 m above sea level (m.asl)
[McCaffrey and Hopkinson 2017]), to the alpine that can be
adopted in hydrologic models.

b. How wintertime EPG-derived precipitation volume (V)
totals compare with modelled SWE yields from airborne
lidar snow depth measurements at a watershed- or meso-
scale (approximately 100 km?).

2 | Data and Methods
2.1 | Study Area
The study area is in the Canadian Rocky Mountains, south-

ern Alberta Rocky Mountain Eastern Slope headwaters. It
is on the eastern side of the continental divide, bordering the

United States and British Columbia (Figure 1) in the Oldman
River Basin. This region is characterised by a continental cli-
mate as shown in Belda ct al. (2014). Prevailing winds are out
of the southwest. Wintertime Chinooks (Burrows 1903) are
common in this region, characterised by quickly increasing air
temperatures, strong winds and lowering barometric pressures
resulting in blowing snow and melt conditions (MacDonald,
Pomeroy, and Essery 2018). The Castle River Watershed (Castle)
is northwest of Waterton Lakes National Park (Waterton). The
University of Lethbridge Artemis Laboratory (ULAL) installed
Geonor totalizing precipitation gauges (Campbell Scientific
(Canada) Corp. 2011) in Castle and Waterton (Figure 2 a: CMR
[Castle Mountain Ridge], b: WFS [Westcastle Field Station],
d: Cameron). Alberta Environment and Protected Areas
(AEPA) Pluvio totalizing precipitation gauges (OTT Hydromet
GmbH 2019) arc shown in Figure 2 (c: Akamina, e: Gardiner,
f: WC II [West Castle II]) are in close proximity to the ULAL
installations.

The CMR Geonor is in the northwestern portion of Castle
at an elevation of 2130 m.asl, above the upper limit of the al-
pine treeline ecotone ATE. The WFS Geonor was installed at
1400 m.asl (Barnes et al. 2020; Barnes and Hopkinson 2022b)
within a valley floodplain clearing, 730m lower and 3.75km
north on the prevailing downwind side of the CMR site (see
Table 1).

In September 2017, the Kenow wildfire (Waterton Lakes
National Park 2017) destroyed the AEPA Akamina weather
station and burnt most of the Cameron Valley. A third ULAL
Geonor was installed within Cameron (at the valley bot-
tom) floodplain at 1655m.asl. An AEPA Pluvio gauge was
re-installed at the Akamina site at 1809 m.asl. No live forest
canopy is present, as Waterton sites are in the burnt area.
Cameron is 1.3km away from and 154m lower on the pre-
vailing downwind side of Akamina. The Waterton Akamina
site is 321 m lower than the Castle CMR site. Gardiner is an
AEPA sub-alpine site, located 7.15km northwest of CMR and
190 m lower. West Castle IT (WC II) is an AEPA valley bottom
site located within Castle, 8.5km southeast of WFS and 133 m
higher.

Precipitation gauges located in Castle and Waterton areas are
suitable candidates for examining EPGs and seasonality be-
cause of their proximity and elevation differences. AEPA
headwater precipitation and snow monitoring stations are in
sub-alpine or valley bottom locations and do not represent alpine
environments (Newton, Farjad, and Orwin 2021). ULAL sites
complement the AEPA precipitation measurement network, as
CMR is at an alpine elevation while WFS is situated within a
valley bottom (Barnes and Hopkinson 2022b). The Cameron
valley station is near the AEPA Akamina site but the elevation
range between them is less than the Castle site. The Waterton
stations are closer in elevation with Cameron at the valley bot-
tom and Akamina in the sub-alpine. The Waterton stations are
within treeline, whereas CMR is above treeline. The Gardiner
(northeast of Castle) and WC II (within Castle) Pluvio gauge sites
may not be in the same prevailing westerly wind field as CMR
or WFS but are close by and thus provide additional compara-
tive valley bottom and sub-alpine precipitation observations. In
addition to precipitation measurements, Gardiner and WC II are
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FIGURE 1 | Southwestern Alberta, Rocky Mountain Eastern Slopes region. Castle watershed and Waterton boundaries (black outline), West
Castle Watershed (red outline). Blue dots are ULAL gauges, red dots are AEPA precipitation gauges. CMR (Castle Mountain Ridge [2130 m.asl]); WFS
(Westcastle Field Station [1400m.asl]); Akamina (Akamina Pass 2 [1809 m.asl]); Cameron (1655 m.asl); Gardiner (Gardiner Creek [1940 m.asl]); WC
II (West Castle II [1533 m.asl]). Inset: Star showing the study location within Alberta, Canada.

AEPA snow monitoring sites, thus providing snow observation
datasets to complement the precipitation data used in this study.
There are other precipitation gauge stations in Southern Alberta
but given the focus of this study is to examine local valley to
upper elevation precipitation gradients, the analysis was limited
to proximal stations with snow monitoring sites.

West Castle River Watershed (WCW) is a sub-watershed of Castle
(Figure 3a) with the outlet located at WFS. It has an elevation
range from 1390 to 2630 m.asl (Figure 3b) and an area of ~103 km?.

2.2 | Data
2.2.1 | Precipitation Gauge Data

Precipitation datasets (observations in mm) used in this anal-
ysis were obtained from two different sources: (i) ULAL
Geonor gauges https://doi.org/10.20383/102.0551 (Barnes and
Hopkinson 2022b); and (ii) publicly available AEPA Pluvio
gauge data. ULAL weather stations located in the southern
Alberta eastern slopes have sensor- and wind-induced bias
corrections applied to the data (Barnes and Hopkinson 2022b;
Hopkinson and Barnes 2022). Alberta Climate Information
Service (ACIS) publicly available precipitation datasets do not
have wind-induced under-catch corrections applied (Goodison,
Louie, and Yang 1998; Nitu 2010) since not all AEPA sites re-
cord wind speed measurements. The ULAL dataset contains all
Geonor precipitation observations for CMR, WFS and Cameron
have undergone comprehensive cleaning, smoothing and cor-
rection (described in Barnes and Hopkinson (2022b)). Five in-
dividual precipitation variables were created that represent the

raw measurement (Raw_Precip), ACIS (ACIS_Precip) processed
(Wright 2021), additional sensor induced (Leeper, Palecki, and
Davis 2015) noise removal (Noise_Precip), removal of over catch
resulting primarily from snow (Goodison, Louie, and Yang 1998;
Kochendorfer, Nitu, et al. 2017) blowing into the gauge orifice
when no precipitation event is in progress (OC_Precip), and
a correction for under catch caused by high wind speeds that
prevent rain (Pan et al. 2016) or snow (Wolff et al. 2015; Zhang
et al. 2015) from entering the gauge orifice during a precipitation
event (UC_Precip), as well as the weather observations required
to compute the adjusted precipitation variables. Corrected
precipitation (Barnes and Hopkinson 2022b) for the WFS and
Cameron valley sites differed from the uncorrected measure-
ments by ~—4% to 1%. The CMR alpine ridge adjusted values
were ~50% higher than the uncorrected observation with under-
catch contributing the most to the correction. This was due to
the gauge being in a turbulent/high wind location with mean
windspeeds of 8.3ms™! (~30 kmh~!) and maximum recorded
15-min duration sustained windspeeds exceeding 29.5ms™!
(100 kmh™) during the wintertime months (October-April).
The under-catch adjustment used a catch-efficiency parameter
that added missed precipitation to the gauge measurement. The
catch-efficiency component for snow was obtained using an ex-
ponential empirical formula (Pan et al. 2016) that calculated the
wind field above the gauge orifice. Since no wind speed data was
available on the precipitation gauge pedestal, wind data from the
anemometer located at the top of the adjacent (~10m horizontal
separation) CMR weather station tower was used in this for-
mula. The snow catch-efficiency parameter was most sensitive
to the upper threshold value for windspeed. Since the methodol-
ogy used for the corrections was based on Pan et al. (2016), the
upper threshold for windspeed was set to 9.0ms™ (32.4 kmh™?).
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FIGURE2 | Sitecharacteristics. Paired sites Castle: (a) CMR is located on an alpine ridge with no significant canopy to shelter the gauge, (b) WFS
is located in the valley bottom in a large clearing with partial forest canopy. Paired sites Waterton (both sites have dead standing trees): (c) Akamina

is in the sub-alpine, within treeline, (d) Cameron is at the valley bottom. AEPA sites in close proximity to CMR and WFS: (e) Gardiner is in a small

sub-alpine forest clearing within the treeline, (f) WC Il is at the valley bottom within a small forest clearing. Photos (c): Courtesy of Scott Campbell

(AEPA), (e and f): Courtesy of https://acis.alberta.ca/weather-data-viewer.jsp.

This value appeared to over amplify the under catch adjust-
ment. A value of 6.5ms™! (23.4 kmh™!, the wind speed typically
used for northern latitudes above 45° and arctic regions (Yang
et al. 2005)) was used as the upper limit. The true precipitation
under catch adjustment was expected to fall between the lower
value (with no wind speed under catch correction) and the upper
wind speed threshold correction.

Government of Alberta historical precipitation data are pub-
licly accessible from https://acis.alberta.ca/weather-data-
viewer.jsp (ACIS) (Wright 2024) and https://rivers.alberta.ca/
(AEPA) RIVERS “Alberta’s River Forecast Centre: Awareness
and Communication” system (Alberta Environment and
Parks 2019). AEPA public precipitation datasets are cleaned and
filtered using a computer algorithm developed by Wright (2021)
for sensor noise but do not have wind-induced biases correc-
tions applied (referred to as Py;y.). Although two different to-
talizing precipitation gauges (Geonor and Pluvio) were used,

Kochendorfer, Nitu, et al. (2017) found measurements from
these sensors to be comparable. The Pluvio gauge uses a propri-
etary algorithm that is intended to compensate for temperature
and wind effects (OTT Hydromet GmbH 2019). However, AEPA
Pluvio precipitation data do not have wind-induced bias cor-
rections applied to recorded observations (Nitu 2010). For this
study, wind-induced bias corrections were applied to weather
station precipitation datasets (referred to as P.;) where data
were available to apply such corrections.

ULAL ACIS_Precip (precipitation data from Barnes and
Hopkinson (2022b) prior to wind-induced bias corrections)
underwent equivalent data cleaning and processing to the
AEPA public precipitation data so was considered comparable.
However, wind-induced bias can be significant depending on
surrounding terrain effects and/or proximity to canopy cover
that can shelter the gauge from high wind speeds such as those
experienced in the high relief alpine transition environment of
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TABLE1 | Valuesabove the diagonal are distances (km) between each site. Values below the diagonal are elevation differences (m) between sites.

Site CMR WFS Akamina Cameron Gardiner WCII
Distance between sites (km)
CMR 3.8 43.0 43.2 7.2 7.2
WFS 730 44.3 44.3 7.8 8.5
Akamina 321 409 1.3 50.2 36.0
Cameron 475 255 154 50.3 36.1
Gardiner 190 540 131 285 14.3
WCII 597 133 276 122 407
Elevation difference between sites (m)
2600
2500
2400
L 2300
2200
2100
Elevation (masl) @
[ 2500 - 2600 — 2000
2400 - 2500 Gardiner
| 2300-2400 £ 1900
Il 2200 - 2300 S 1800 Akamina
Il 2200 2200 ‘§
Il 2000 - 2200 2 1700
I 2500 - 2000 = Cameron
1800 - 1900 1600
- 1700 - 1800 1500 WC I
I 2600 - 1700
1500 - 1600 1400 WFS
1400 - 1500 1300
1491 < 1400 Kilometers
: Blometer 0 5 10 15
a 0 25 b

Area (km?)

FIGURE3 | West Castle Watershed (WCW). (a) DEM with shaded relief categorised into 100m elevation bins. WFS, WC II and CMR are the sites
within WCW. (b) Hypsometric curve showing the area per elevation bin. WFS (1400 m.asl), WC II (1533 m.asl) and CMR (2130m.asl) are identified
with red markers. The sites that are not within WCW have been added to the hypsometric curve so all elevations could be listed as a point of ref-
erence. Cameron (1655m.asl), Akamina (1809 m.asl) and Gardiner (1940 m.asl), (not within WCW), are identified on the curve with blue markers.

CMR (Lundquist et al. 2015). ULAL P, (equivalent to “UC_
Precip” in Barnes and Hopkinson (2022b)) data were compared
with P, data to quantify the potential magnitudes of under-
estimation due to wind-induced bias. P, was not computed
for Cameron prior to October 2019 due to local wind speed data
being unavailable. Wind data collected at the AEPA Akamina
site were used to apply precipitation corrections equivalent to
ULAL P, data. Quality control corrections could not be ap-
plied to AEPA Gardner and WC II precipitation since wind data
were not available at these sites. ULAL CMR, WFS, Cameron
and AEPA Akamina datasets were aggregated to a monthly
timestep. General statistics (mean and standard deviation
[StDev]) and a linear regression R? matrix were computed to

examine how sites relate to each other. All ULAL and AEPA
datasets were aggregated to cumulative quarterly timestep (Fall:
Oct/Nov/Dec; Winter: Jan/Feb/Mar; Spring: Apr/May/Jun;
Summer: Jul/Aug/Sep) precipitation for comparative purposes.

P e data were expected to produce lower estimates of EPG due
to the systematic under-estimate of absolute precipitation. In
Barnes and Hopkinson (2022b), the WFS and Cameron (valley
bottom sites) experienced small precipitation (P vs. Pop) ad-
justment ranging from ~ —4% to 1%, whereas CMR (alpine ridge)
displayed a ~49% (Pyyc VS- Pog) increase in precipitation fol-
lowing corrections for under-catch. However, these Py data
are used in the analysis presented because others may compute
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EPG using publicly available records that have not been cor-
rected or quality controlled. P is expected to provide esti-
mates of precipitation and EPG that are closer to true absolute
values but given under-catch bias correction is modelled, these
data likely contain a greater proportion of overall propagated
uncertainty. ULAL Py, datasets were used to facilitate EPG
comparisons with AEPA P ;. data. Both P, and P data-
sets were used to examine the range of potential EPG estimates.
The study period for CMR, WFS, Gardiner, and WC II was from
October 2017 to September 2021. The study period for Cameron
and Akamina was from October 2018 to September 2021.

2.2.2 | Snowpack Data

Two airborne lidar surveys flown by ULAL over WCW occurred
on 5 March 2020 and 4 March 2021. SDMs were created as de-
scribed in Barnes and Hopkinson (2022a). Lidar derived DEM
uncertainty typically ranges from 0.025 to 0.060m (Goulden
et al. 2016) in regions with low relief and 0.08 m in mountain
areas (Painter et al. 2016). A WCW DEM from airborne lidar
data collected in July 2020 was used to calculate area per 100m
binned elevation range. The snow depth range for each bin was
quantified using the SDM mean depth + one standard deviation
(StDev).

Snow density was computed from AEPA monthly snow depth
and SWE field measurements (Pickering 2018) in the Alberta
Eastern Slopes headwater region that were sampled within
5days either side of the first of each month. Akamina, Gardiner,
South Racehorse Creek (SRHC) and West Castle II (WC II)
field sampling (see Appendix A for additional AEPA field sam-
pling information) data from 1980 to 2021 are available from
AEPA https://rivers.alberta.ca/ (Alberta Environment and
Parks 2019). AEPA field snow sampling measurements collected
at all four sites for the beginning of March from 1980 to 2021
coincide with the dates of both 5 March 2020 and 4 March 2021
SDMs. Snow density was computed using SWE divided by snow
depth for each observation in the sample set and expressed as
the percentage of standard liquid water equivalent instead of
kg/m3. This approach was used to derive SWE estimates by
multiplying snow depth by snow density for each elevation bin.
In this study, a snow density range has been assumed using a
simple aggregation of observed field samples from the long-term
March 1 Government of Alberta historic record. This bracketed
snow density approach is expected to result in an amplified
range of uncertainty. AEPA field snow sampling is completed
at valley to sub-alpine elevations. Snow density increases with
elevation (Mizukami and Perica 2008), however, no sampling
occurs in the alpine so density is unknown in these higher el-
evations. Given the variability of snowpack depths in the al-
pine (ranging from scoured to several metres, see Appendix B
for more information on snowpack variability), wind loading
(Mott, Vionnet, and Griinewald 2018), and gravity redistribution
(Deems et al. 2015), snow density will be highly variable in the
alpine. This simplified empirical approach was chosen because
a more physically-based density model requires more data and
in depth analysis, which is beyond the scope of the presented
analysis. In this case, the same snow density range was adopted
for all elevation bins using the mean +one StDev. The March
2020 and 2021 SDM collections were coincident with AEPA field

depth and density observations that were within the mean + one
StDev range of the complete 1980-2021 sample set, indicating
that these sample sets represent typical late winter snowpack
conditions. Airborne lidar snow depth was combined with snow
density observations of “mean — one StDev”, mean, “mean +
one StDev” to compute the range of lidar derived SWE. SWE
was estimated for each elevation bin for the same range of snow
density using Equation (1):

SWE¢ey bin = Snow_depthge, 1, X snow_density @

2.3 | EPG

EPGs were calculated for both the P;,. and P, datasets for
two sets of paired sites: (1) Castle, CMR (Figure 2a, upper) and
WES (Figure 2b, lower); and (2) Waterton, Akamina (Figure 2c
upper) and Cameron (Figure 2d lower) using Equation (2):

(Pupper = Prower)

EPG = ( Elevypper — EleViger ) (2)

100
where P oper is precipitation from the gauge at the higher ele-
vation (Elevupper), P, e 1S the precipitation from the gauge at
the lower elevation (Elev, . ). A 7-day moving average (MA)
was used to smooth the EPG time series. The monthly EPGy;, .
was calculated using Py;. monthly means from WFS to each of

CMR, Gardiner, Akamina, Cameron and WC II.

2.4 | Precipitation Time Series Components

The P monthly datasets were used to explore seasonal vari-
ations across the six sites since P, data were not available
for Gardiner and WC II. P ;. observations were sufficient, as
accurate absolute magnitudes of precipitation or EPG are not
required to explore temporal patterns, provided relative quan-
tities do not vary systematically by site through time. Monthly
means and a linear regression matrix were computed for the
six sites.

A time series analysis (Box et al. 2015; Peixeiro 2022) was used
in this study where each gauge site was sub-divided into three
of the four components of seasonality, trend and random vari-
ance using a multiplicative model (Equation 3). The cyclical
and trend components were not used due to the time series
being too short.

Yi=C XS5 XT XR; 3

where y, is the observed value at timestep ¢ (a monthly timestep
was used in this study), S, is the seasonal component, T, is the
Trend, R, is the random variation and C, is the cyclical component.

To extract the seasonality component, the first step is to use a MA
based on the number of timesteps (f) within the repeating time in-
terval of the time series. A 12-month MA was computed for each
site's time series using Equation (4). The role of the MA is to smooth
the time series to obtain the general upward and downward shifts
in the data. Since there are an even number of time periods within
the repeating time interval, each MA value does not correspond
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to a month (£). A centred moving average (CMA) is created using
Equation (5) to associate a 12-month MA to the correct month (¢).
The CMA forms the baseline for the time series.

+6
MA, = Zicol @
12
MA, + MA
CMA, = % (5)

Using the CMA, the time series can be divided into each compo-
nent. The seasonal index (SI) (Peixeiro 2022) is a percentage of how
far above or below the computed value is to the CMA (the baseline
of the time series). Positive values indicate SI is higher than CMA
and negative values mean SI is lower than CMA. SI was calculated
for each month in the time series using Equation (6).

n Yim(iy
Zi:l CMA,;
L =| ———=[-1 ®)

where m is the month within the year, n is the number of re-
peating time intervals (i.e., the number of times that month is
present in the time series), i is the summation iterator.

2.5 | Comparing Watershed Spatialized
Precipitation Volume With Observed Airborne
Lidar Snowpack SWE Yield

Cumulative spatialized winter precipitation was compared with
lidar estimates of SWE at watershed scale to evaluate winter pre-
cipitation redistribution and potential loss following gauge ob-
servation. For the purposes of this comparison, a simple linear
increase of precipitation with elevation was assumed since the
available precipitation data could not support a more sophisticated
approach. The winter accumulation period for Py and P,
(total precipitation) started Oct 1 of the previous year and ended
on the date of each airborne lidar mission (5 Mar 2020 and 4 Mar
2021). Py and P, were used to calculate watershed spatial-
ized precipitation V for comparison to WCW modelled SWE. V
was calculated using the monthly EPG from WFS to CMR. For
the lowest elevation bin (P, pingn, j=1))’ where j is the jth elevation
bin, was calculated using WFS precipitation (WFS P(m>) where m
is the month of the year, multiplied by the area of the elevation bin
(areaelev_bin(izl)). For each subsequent elevation bin (elev_bin (})),
Equation (7) was used to calculate precipitation (P )) using
EPG for month m to the highest elevation bin.

elev_bin(m,j

(Pupper=Power)

Plower

Petev_bin(my) = Petev_bingm-1,) + | WESp X —< Flev, - —Flev, )
wpper ~ElVioyer

100
m

@
V per elevation bin (j) was calculated using Equation (8).

Velev,bin(m,j) = Pelev,bin(m‘j) X areaelev,bin(j) (8)

WCW spatialized precipitation volume total (V) for days from
Oct 1 to the date of the airborne lidar mission was computed by

summing both the calculated area totals for all elevation bins
and all months where nm is the number of months used to cal-
culate the total V and jj is the total number of elevation bins,
using Equation (9).

V= Z t=}£1t([)O nm Velev_bin(mJ) C)

SWE was calculated for each elevation bin (SWE_
AreaYield ) using Equation (10).

elev_bin(m,j

SWE—Aranieldelev_bin(j) = SWEelev_bin(j) X ar€dgley pingy (10)

WCW SWE yield was computed by summing the calculated area
yield for all elevation bins using Equation (11).

SWE =

Jj
SWE _ AreaYield(j) 1y

Jj=1

3 | Results
3.1 | Site Statistics

A linear regression (assessed using R? or coefficient of deter-
mination) matrix using monthly P .. for CMR, Gardiner,
Akamina, Cameron, WC II and WFS is shown in Table 2. The
strongest relationship was between the Waterton Akamina and
Cameron sites with a R? of 0.93. WFS and Cameron had the sec-
ond highest R? at 0.77. The weakest relationship was between
CMR and WFS (R? of 0.30). Although the distance between
these two sites was only 3.5km, they had the largest elevation
difference of 730 m. The R? for P, between CMR and WFS was
0.09 as seen in Table 2.

COR

3.1.1 | Site Precipitation Comparisons

The Py; monthly mean, mean annual totals and standard devi-
ations for each site are shown in Table 3. Akamina and Cameron
had a three-year time series with most of the first month of the
first year missing from the series whereas the other sites had
four complete years. CMR had the highest monthly mean pre-
cipitation during the winter months of Nov-Mar and the lowest
for May, Aug and Sep. Gardiner's mean monthly precipitation
was highest among all sites in Oct, Apr, May and Jul. In Jun, WC
IT had the highest mean monthly precipitation of all the sites.
All sites had lowest precipitation in Jul. Overall, mean annual
total uncorrected P, observations vary between ~900mm and
~1300 mm/year.

P.og monthly mean and standard deviation for the proximal
and bias-corrected CMR and WFS sites are shown in Table 4.
CMR winter precipitation observations almost doubled from
1262 to 2361 mm/year (+87%) due to wind-induced under-catch
corrections (Barnes and Hopkinson 2022b). Monthly mean pre-
cipitation for CMR was higher during the snow-dominated pe-
riod of Nov-Mar with a ~260-mm precipitation correction in the
months of Dec and Jan. The precipitation was lower in Jul, Aug
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TABLE 2 | Linear regression R? for P for the complete time series between CMR (alpine, 2130 m.asl), Gardiner (sub-alpine, 1940 m.asl),
Akamina (sub-alpine, 1809 m.asl), Cameron (valley, 1655 m.asl), WC II (valley 1533 m.asl), WFS (valley, 1400 m.asl). P, for the complete time series

between CMR, Akamina, Cameron, and WFS.

PUNC
Site CMR Gardiner Akamina Cameron WCII
Gardiner 0.35
Akamina 0.43 0.60
Cameron 0.37 0.59 0.93
WCII 0.37 0.56 0.72 0.69
WEFS 0.30 0.59 0.68 0.77 0.70
Peor
Site CMR Akamina Cameron
Akamina 0.29
Cameron 0.22 0.97
WFS 0.09 0.57 0.59
TABLE 3 | Py, monthly mean and standard deviation (sites listed by highest [m.asl] to lowest [m.asl] elevation) for CMR (alpine, 2130m.
asl), Gardiner (sub-alpine, 1940m.asl), Akamina (sub-alpine, 1809 m.asl), Cameron (valley, 1655m.asl), WC II (valley 1533 m.asl), WFS (valley,
1400 m.asl).
Punc
elev CMR alpine Gardiner sub- Akamina sub- Cameron WC II valley WFS valley
(m.asl) 2130 alpine 1940 alpine 1809 valley 1655 1533 1400
Month Mean StDev ~ Mean StDev  Mean StDev ~ Mean StDev ~ Mean StDev ~ Mean StDev
(mm) (mm) (mm) (mm) (mm) (@Mmm) (@M@mm) (mm) (mm) (mm) (mm) (mm)
Oct 90.5 16.9 111.7 13.6 102.7 14.5 91.4 7.8 106.8 13.7 84.7 11.2
Nov 135.5 52.1 100.1 14.0 104.3 54.5 84.6 40.3 128.4 53.2 90.4 34.6
Dec 166.6 39.4 155.3 20.6 114.5 38.7 93.1 31.6 134.0 31.4 90.4 12.3
Jan 186.9 43.9 97.4 38.1 90.2 18.0 72.5 15.1 52.9 24.6 58.9 11.7
Feb 156.7 53.5 101.2 55.7 81.9 9.1 73.3 7.4 92.1 37.7 92.8 13.1
Mar 106.3 549 90.1 28.1 63.7 42.7 58.8 36.7 71.5 42.6 62.3 27.0
Apr 105.9 26.4 121.0 12.3 102.0 34.2 94.4 29.4 93.5 16.1 86.4 8.9
May 79.9 30.5 112.3 32.6 105.0 17.8 104.0 24.9 86.1 24.9 93.6 37.4
Jun 99.5 34.4 107.8 26.8 123.1 42.5 104.7 39.9 126.1 43.4 87.0 28.4
Jul 36.0 26.1 39.1 28.8 26.9 16.6 19.0 12.2 27.7 21.4 354 19.1
Aug 44.3 26.6 61.5 27.8 67.8 42.3 59.5 38.3 56.2 38.4 53.9 36.7
Sep 53.9 21.9 81.6 54.0 97.4 50.1 68.0 31.3 70.8 39.9 62.8 33.7
Annual
Total 1262.0 1179.0 1079.6 923.3 1046.0 898.5
Min 36.0 39.1 26.9 19.0 27.7 354
Max 186.9 155.3 123.1 104.7 134.0 93.6
and Sep rain-dominated period, which also showed a smaller 3.1.2 | EPG

level of precipitation correction. WFS had the lowest mean
monthly precipitation in Jul. In Aug and Sep, WFS observed
greater precipitation than CMR.

The monthly EPG . is shown in Figure 4a. There is a posi-
tive EPG . between WFS and CMR during the snow-covered
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TABLE 4 | P_,; monthly mean and standard deviation for CMR and WFS. “Po,—P ;" shows the mean monthly difference of the computed

corrected precipitation values for CMR and WFS.

Elev (m.asl) CMR (alpine) 2130

WEFS (valley) 1400

Month Mean StDev Mean (mm) Mean StDev Mean (mm)
(mm) (mm) Peor—Punc (mm) (mm) Peor—Punc

Oct 167.0 57.6 74.77 84.7 15.1 —-0.31

Nov 267.4 93.8 108.70 95.5 39.8 4.08

Dec 380.7 125.8 261.40 95.9 13.0 5.41

Jan 4529 103.2 259.88 55.7 9.3 —2.96

Feb 354.4 142.2 157.56 94.6 16.9 —-0.11

Mar 214.8 123.4 79.83 63.8 30.0 2.78

Apr 174.2 48.2 58.20 85.3 9.3 —1.62

May 94.5 38.2 18.28 91.2 38.5 -2.99

Jun 109.9 35.3 11.65 86.7 28.4 —-0.48

Jul 37.3 27.3 1.70 34.6 19.0 —-0.90

Aug 46.1 27.7 1.87 53.9 37.3 0.17

Sep 61.4 21.6 5.79 80.1 41.0 23.50
Annual

Total 2360.7 922.0

Min 37.3 34.6

Max 452.9 95.9
m . — demonstrated EPGy;, values within the range of -9mm/100m
: (:;3:,;215}:1’?5%?*?’ per month to 18 mm/100m per month except for WC II which

O ERGyy (mm) per 100 m elevation gain
8

EPGcor (mm) per 100 m elevation gain
8

o

oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

FIGURE 4 | (a) Monthly mean EPG ;. between WFS (1400m.asl)
and all sites (CMR, Gardiner, Akamina, Cameron, and WC II), (b)
Monthly mean EPG between WFS and sites (Akamina, Cameron,
and CMR).

months of Nov to Mar. During the spring melt months of Apr to
Jun and the late summer to fall months of Aug to Oct, EPG
approaches zero or becomes negative indicating CMR has less
precipitation than the lower elevation WFS site. EPGy;. for the
Waterton sites (Akamina and Cameron) track closely with WFS
with a maximum difference of 6mm/100m per month. All sites

peaked at 33mm/100m for Dec. An inverse EPG . (-1 to
—7mm/100m per month) was evident between WFS and CMR
in May, Aug and Sep. Figure 4b shows EPG . between WFS to
CMR, Akamina and Cameron. EPG_,, was amplified during
the snow-covered months being highest in Jan at 62mm/100m
per month between WFS and CMR. An inverse EPGq (-2
to —11mm/100m per month) was evident in Aug and Sep be-
tween WFS and CMR. There was no consistent precipitation
gradient suggesting other synoptic factors influence EPG at a
regional scale.

Cumulative daily Py (left axis) and 7-day MA EPG . (right
axis) for the CMR/WFS Castle pair (730m elevation difference)
is shown in Figure 5a. The Castle EPGy;, increased to a daily
maximum of 1.5mm/100m during winter snow accumulation
months. EPGy; - was not as large during the spring melt to sum-
mer period with a low of —1.2mm/100m. An inverse EPG
(Avanzi et al. 2015) occurred in each hydrologic year where
the WFS valley site received more precipitation in the summer
months than the CMR alpine site. In the 2018-2019 hydrologic
year, CMR recorded less precipitation in late winter and spring
relative to the previous and subsequent years resulting in a
lower overall EPG;.. The Akamina/Cameron Waterton pair
(154 m elevation difference) is shown in Figure 5b. EPG; had
a maximum of 5.4mm/100m that occurred as a result of one
rain event at the end of Sep 2019. The EPGy; was higher in the
fall months and lower in the early spring and summer.
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FIGURE 5 | Cumulative daily P (primary axis—Ileft) and EPG ;. (the black line on the secondary axis shown on the right side of the plot
is a 7-day moving average) for: (a) Castle sites CMR (blue) and WFS (red) with a 730 m elevation difference. (b) Waterton sites Akamina (blue) and
Cameron (red) datasets with a 154 m elevation difference (the series represents the available data).

EPG_ Was higher relative to EPGy; in Castle (Figure 6a) with
peak values of 4.2mm/100m in the winter months, decreas-
ing in the late spring and summer months. Waterton EPG.q,
(Figure 6b) had a peak of 2.1mm/100m. Generally, Akamina
recorded more precipitation than Cameron throughout the en-
tire year.

3.1.3 | Precipitation Time Series

Seasonal (quarterly aggregated P ;) for all six sites is shown in
Figure 7a. For all sites except CMR, quarterly Py, was higher
in the fall and spring. CMR had the highest P in the winter
and lowest in the summer months. Figure 7b shows P, for
CMR and WFS for the same periods. CMR P, was amplified
overall and demonstrated the greatest magnitudes in fall and
winter. In the summer, the CMR alpine P, values were below
those at valley WFS site.

The seasonality index (Figure 8) was computed for each of the sites.
The CMR alpine site received most of its precipitation at the begin-
ning of the winter snow season and less during the remainder of
the year, especially May through Sep. Akamina and Cameron sea-
sonal indices were within 6% of each other for all months except
Apr, May and Sep. All sites received the least amount of precipita-
tion during the summer months of Jul and Aug.

3.2 | West Castle Watershed Estimated Spatialized
Precipitation V and Airborne Lidar SWE
Water Yield

Airborne lidar derived SDMs are shown in Figure 9. Valley
and alpine locations have shallower snow depths. The deep-
est snowpacks are within treeline (generally between 1700
and 2200m.asl) sub-alpine regions. Additional information on
snowpack conditions at CMR, a sub-alpine site, and WFS can be
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FIGUREG6 | Cumulativedaily P, (primary axis—Ileft) and EPG,,
(the black line on the secondary axis shown on the right side of the plot
isa 7-day moving average) for: (a) Castle sites CMR (blue) and WFS (red)
with a 730m elevation difference. (b) Waterton sites Akamina (blue)
and Cameron (red) datasets with a 154 m elevation difference (the series
represents the available data).

seen in Appendix B: WCW Images of snowpack conditions. The
AEPA March 1 historic snow density model range was 0.26-0.35
(expressed as a percentage of water equivalent [standard water
density is 1000kg/m?]).

Estimated WCW precipitation V and lidar-SWE water yields by
elevation bin are shown in Table 5. After accounting for EPG
and elevation hypsometry, WCW annual spatialized precip-
itation produces estimated yields of 133.14x10°m? for V.
and 175.78 x10°m? for V., (32% greater). The highest yields
were in the elevation range from 1900 to 2000m.asl (with an
area of 13.08km?) and produced 14.98x10°m?* for V. and
24.89x10°m? (66% greater) for V., (Figure 10a). Comparing
the winter period V. and Vg, estimates to the watershed-
wide airborne lidar SWE estimate (Figure 10b,c) indicates
that the 1900-2000 m.asl elevation range was consistently the
most productive for both areal-weighted aggregated precipi-
tation methods as well as the lidar-based SWE estimates. The
winter V;, . represented ~58% of annual V- and ~70% of an-

nual V.

4 | Discussion

There was seasonal variation in daily computed EPGy;, and
EPG(, at the Castle and Waterton sites. At the local scale
(valley to alpine), annual EPG patterns were generally con-
sistent, with there being enhanced gradients in winter and
diminished gradients into spring and summer. EPG_,, was
amplified in the Castle valley to alpine dataset due to the an-
nual CMR P, being ~87% greater than the P ;- records, with

this enhancement being even greater during winter months
due to large under-catch corrections in the windy alpine en-
vironment. Similar EPG patterns occurred with the Waterton
EPGy dataset although the magnitudes were smaller, as the
Akamina site was below treeline and not as influenced by fre-
quent high wind speeds.

The monthly aggregated P, . demonstrated pronounced
seasonality at all six AEPA (Gardiner, Akamina, WC II) and
ULAL (CMR, WFS, Cameron) sites. Precipitation was higher
in winter months and lower in summer months for all sites.
The seasonality index showed two peaks in the early winter
as well as the spring for all sites. Akamina and Cameron had
the closest seasonality patterns suggesting they encountered
the same local weather patterns. Monthly EPG from WFS to
all other sites showed no consistent elevational rate between
seasons or annually. WC II showed the highest difference in
EPG for the months of Oct/Nov/Dec and Jun. It is well un-
derstood that site differences such as differences in the age,
proximity and/or density of forest canopy surrounding the
gauge can be problematic (Kochendorfer, Nitu, et al. 2017)
and introduce uncertainty in precipitation measurements. The
Waterton sites have dead standing trees which do not provide
additional wind sheltering. Gardiner and WC II are in small
clearings with tall conifers to shelter the gauges; however, it
is possible for snow intercepted by the forest canopy to blow
into the gauges when no precipitation event is in progress. CMR
does not have forest canopy to provide additional sheltering of
the precipitation gauges. Logistically, alpine monitoring sites
(e.g., CMR) are difficult to access and maintain. Wind fields
can be turbulent causing equipment failure and precipitation
measurement errors. Local atmospheric circulation patterns
(Barros and Kuligowski 1998; Roe 2005; Luce, Abatzoglou, and
Holden 2013; Collados-Lara et al. 2018; Smith 2019) and moun-
tain geometry (Galewsky 2009; Houze 2012) such as slope and
aspect (Daly et al. 2002; Jeong et al. 2020) can affect V and EPG
rates (Daly 2002). Lower level precipitation-inducing clouds
(Roe and Baker 2006) do not always cover the top of mountain
peaks and can precipitate only at lower elevations. In hydro-
logic modelling, a common practice is to assign an arbitrary
EPG rate (MacDonald, Byrne, and Kienzle 2009; Lo et al. 2011;
Caldwell et al. 2015; Zahmatkesh et al. 2019; Craig et al. 2020)
to spatialize precipitation for the entire simulation. These
sources of uncertainty suggest spatial precipitation estimates in
mountain environments are unreliable when models are based
on a single constant elevation gradient. As seen in the results,
there is high variability in EPG spatially and seasonally. When
using a consistent EPG to parametrize a model over a large
area, precipitation bias will be introduced either spatially or
temporally. It is possible to develop a linear estimate based on
two points. If there was an intermediate point, there could be a
different rate and, in that case, it is likely not a linear gradient
Thiessen (1911). It is not practical or cost effective to install a
high-density network of these precipitation gauges from valley
to alpine.

The spatial yield estimate of annual WCW precipitation for V.,
(2020: 120.50x 10°m3, 2021: 119.71 X 10°m3) was almost double
Ve (2020: 63.16 X 10°m?, 2021: 64.00% 106m?). V.., would be
considered an upper bound and V ;. a lower bound of the true
V. These overall watershed-level yield differences are smaller
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than might be expected from large differences in EPG between
methods. However, this is because at valley elevation ranges,
Pync and P.o; sensor noise and wind-induced under-catch
corrections were negligible (Barnes and Hopkinson 2022b). As
elevation increases, P and P, diverge with differences ap-
proximately doubling in the alpine zone but for the watershed,
alpine elevations contribute a relatively small proportion of ter-
rain hypsometry.

Comparing V ;¢ and Vg to airborne lidar-derived late-winter
snowpack SWE estimations across the elevation range, it was

possible to visualise the potential elevational interaction of pre-
cipitation entering a mountainous watershed and the resultant
snowpack following redistribution and other modifications.
Lidar SDMs show lower snow depths in the alpine and valleys.
The deepest snowpacks are within the treeline ecotone (generally
between 1700 and 2200 m.asl (McCaffrey and Hopkinson 2017))
sub-alpine regions. V., exceeded the range of estimated SWE
for all elevations. P, measurements appear low since the
calculated V ;. fell within the range of estimated SWE ex-
cept for valley and upper alpine elevations. This is unrealistic
given observed SWE follows continual snowpack mass losses
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FIGURE9 | WCW Lidar derived snow depth maps for 5 March 2020 and 4 March 2021.

(Pomeroy et al. 1998) during the winter due to the combined ef-
fects of sublimation and melt (Reba et al. 2012; Mott, Vionnet,
and Griinewald 2018). Mid to late winter surface SWE should
be considerably lower than cumulative V ;.. Consequently, the
observed similarity between winter V ;. (mean of 5.3X 10°m3,
StDev of 2.6 X 10°m?) value for all elevation bins and lidar-based
watershed scale SWE yield estimates relative to the larger,
and subjectively more reasonable V., (mean of 10.0, StDev
of 5.5%10°m3) value for all elevation bins estimate, suggests
that correcting raw precipitation observations and accounting
for seasonal and elevation-based distributions provides an im-
proved range for modelled precipitation-based watershed yield
estimates. However, publicly available precipitation records in
Canada tend to conform to the P standard and not corrected
Pqg- SO this needs to be considered when such data are used as
direct inputs to hydrological models.

The largest areal elevation range in WCW coincides with the
lower sub-alpine treeline ecotone from 1700 to 2000 m.asl. This
zone also has the greatest snow depths and is the most hydrolog-
ically productive zone in the watershed for both V and airborne
lidar-modelled SWE (Table 6). Although V was lowest in the
alpine zone (above 2200m.asl), it accounted for 18% (V) or
14% (V ;xc) of watershed-wide precipitation. The airborne lidar-
modelled winter snowpack in the same alpine zone was only 11%
of watershed-wide SWE, which is well below the proportions
that were estimated to have fallen as snow (whether corrected
or not). Aside from differences in lidar SWE and V estimates
due to melt and sublimation mass losses, it is a priori expected
that alpine zone SWE proportions of overall watershed yield
will be lowered relative to atmospheric precipitation-based esti-
mates within the same zone. This is because after precipitation
has fallen, gravity (Deems et al. 2015) and wind redistribution
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TABLE 5 | West Castle Watershed water yield (x10° m?) by elevation range. Mean annual yield for V ;. Vog; Water yield for Vi . and Vo,
from Oct 1 to the date of airborne lidar flight, water yield for Mar 2020 and 2021 airborne lidar SWE.

V and lidar SWE water yield (x10° m3)

Mean annual

1 Oct 2019-5 Mar 2020

1 Oct 2020-4 Mar 2021

Lidar SWE Lidar SWE

Areakm?  Elevrange m.asl Vunc Veor Vine Veor (range) Viunc Veor (range)

11.23 1391-1500 10.07 10.33 4.84 4.80 0.52-3.35 4.70 4.90 0.58-3.23
11.86 1500-1600 11.23 13.24 5.70 7.33 1.17-5.07 5.58 7.34 1.27-4.61
11.69 1600-1700 11.64 15.35 6.21 9.45 1.57-6.86 6.10 9.38 1.52-5.96
12.15 1700-1800 12.70 18.33 7.06 12.13 2.10-9.98 6.96 11.96 1.74-8.55
12.07 1800-1900 13.22 20.58 7.62 14.35 2.35-13.23 7.54 14.09 1.71-11.20
13.08 1900-2000 14.98 24.89 8.91 18.06 2.21-15.68 8.85 17.66 1.53-13.46
11.70 2000-2100 13.97 24.54 8.55 18.37 2.09-14.29 8.51 17.93 1.32-12.37
8.94 2100-2200 11.13 20.52 6.99 15.75 0.85-10.58 6.97 15.34 0.26-9.14
6.15 2200-2300 7.95 15.32 5.11 12.00 0.12-6.63 5.11 11.67 0.00-6.13
3.35 2300-2400 4.50 9.00 2.95 7.18 0.00-3.50 2.95 6.97 0.00-3.07
0.95 2400-2500 1.32 2.74 0.89 2.22 0.00-0.81 0.89 2.15 0.00-0.66
0.26 2500-2630 0.38 0.81 0.26 0.66 0.00-0.23 0.26 0.64 0.00-0.16
103.44 113.09 175.65 65.08 122.28 12.99-90.21 64.41 120.03 9.93-78.55

processes (Griinewald, Biihler, and Lehning 2014) will system-
atically transport fallen snow to lower elevations.

There is evidence for downward snow redistribution in Table 5,
where snow is moving down from the alpine to the high then
low treeline zones, respectively. Lidar-based SWE approaches
then exceeds the V. estimates, which is not possible without
redistribution from above given the expected in situ snowpack
losses due to melt and sublimation. Given no field snow sampling
occurs in the alpine zone, snowpack variability from scoured to
wind packed drifts can result in underestimated snow density
inputs to the lidar-SWE model. Simulated watershed-wide V
therefore likely systematically over-estimates the winter SWE
yield for upper elevations in the watershed. Uncertainties in
P g can also contribute to the disagreement between V., and
modelled lidar-SWE.

In this part of the Rockies, there are no public precipitation
gauges located fully within the alpine zone (Newton, Farjad,
and Orwin 2021). This is also a challenge in many other re-
gions of the world (Dozier, Bair, and Davis 2016). This is a
concern for spatially distributed water resources assessment,
since highly productive elevations are not monitored, meaning
seasonal or local to regional EPG variations cannot be ascer-
tained and implemented in models. Therefore, complementary
methods, like spatially distributed point-in-time observations
of snowpack depth from airborne lidar (Hopkinson et al. 2012;
Hedrick et al. 2018) can assist in water resource quantifica-
tion (Painter et al. 2016) within these headwater mountainous
environments.

5 | Conclusions

While public records require correction to provide improved
absolute estimates of atmospheric precipitation, inherent spatial
variability in precipitation combined with redistribution and
snowpack mass loss processes mean that even corrected records
can be unreliable for quantifying water yield from mountainous
watersheds. This study has shown that precipitation depth cova-
riance in this region weakens rapidly beyond spatial or elevation
separations exceeding on the order of ~2km and ~200m, respec-
tively. These data suggest spatially representing precipitation
gradients to provide reliable water yield estimates is a substan-
tial challenge.

Pronounced seasonality was observed in precipitation data,
with the signal at the lower elevation sites being more subdued.
Monthly EPG . between the proximal WFS and CMR sites
confirm the expectation of increased precipitation with eleva-
tion during the winter months. An inverse EPGy. occurred
in May, Aug, and Sep. EPG_ from WFS to CMR showed an
amplified winter EPG pattern and inverse EPG in Aug and Sep
for all sites. Monthly precipitation depths did not increase lin-
early with elevation between all sites. Since seasonality was
observed in the records, there is no stable year-round linear pre-
cipitation gradient, and any estimate of montane precipitation
across the southwest Alberta headwaters requires a seasonally
variable EPG.

An innovative comparison of hypsometric interpolations of win-
ter V¢ and Vi records to two late-winter snowpack datasets
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TABLE 6 | Estimated annual and mid winter WCW V ;. , V. and airborne lidar SWE water yield (X 10° m3) by valley (WFS, WCII, Cameron);
sub-alpine (treeline generally between 1700 and 2200 m.asl, low treeline: Gardiner, Akamina, high treeline: CMR); and alpine.

Valley Low treeline High treeline Alpine
Elevation range (m.asl) Below 1700 1700-2000 2000-2200 Above 2200 Total
WCW area (km?) 34.79 (34%) 37.30 (36%) 20.64 (20%) 10.71 (10%) 103.44
Annual V. 32.94 (29%) 40.90 (36%) 25.10 (22%) 14.16 (13%)  113.09
Annual V., 38.92 (22%) 63.80 (36%)  45.07 (26%) 27.87 (16%)  175.65
1 Oct 2019-5 Mar 2020 V ;5 16.75 (26%) 23.59 (36%) 15.54 (24%) 9.21 (14%)  65.08
1 Oct 2019-5 Mar 2020 Vo 21.57 (18%) 44.54 (36%) 34.12 (28%) 22.05 (18%) 122.28
5 Mar 2020 Lidar SWE (mean) 9.28 (18%) 22.77 (44%) 13.91 (27%) 5.64 (11%)  51.60
1 Oct 2020-4 Mar 2021 V 16.38 (25%) 23.35 (36%) 15.48 (24%) 9.21 (14%)  64.41
1 0ct 2020-4 Mar 2021 Vo, 21.62 (18%) 43.71 (36%) 33.27 (28%) 21.43 (18%)  120.03
4 Mar 2021 Lidar SWE (mean) 8.59 (19%) 19.10 (43%) 11.54 (26%) 5.01 (11%) 44.24

over the West Castle Watershed did allow a direct comparison
of atmospheric precipitation to snowpack accumulation at the
gridded (grid cell level) lidar-derived SDM. The March 2020
and March 2021 SDMs show WCW snowpacks were deepest
in the sub-alpine and shallow in both the valley and alpine ele-
vations. The most hydrologically productive elevation in WCW
for both late-winter spatialized precipitation and airborne lidar-
estimated water yield was at treeline elevations between 1700
and 2200 m.asl. Comparing late-winter hypsometric differences
between lidar-based SWE and spatially distributed cumulative
precipitation, suggests that up to 7% of the total winter-time wa-
tershed snow that falls in the alpine zone above 2200m.asl is
subsequently redistributed downwards into treeline elevation
zones. Given rainfall infiltration, snowmelt, and sublimation
losses can occur during the winter period, mid to late winter
snowpack SWE will be lower than cumulative winter season
precipitation. Uncertainties in precipitation corrections, and
modelled snow density in alpine elevations can also contribute
to any observed difference. Spatially-explicit single point in time
remote sensing-based estimates of SWE, provide a valuable ref-
erence for cumulative wintertime point-based precipitation in
mountain water resource simulations.
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Appendix A
AEPA Field Snow Sampling

The four AEPA field snow sampling locations are shown in Figure Al.
Figure A2 shows SWE measurements recorded by the AEPA Gardiner
snow water (snow pillow) sensor in the subalpine just north of WCW.
The Gardiner sensor recorded 665 mm for the 5 Mar 2020 whereas the 4
Mar 2021 measured less than half the snow water at 325 mm. Figure A3
shows the 30-year AEPA field snow sampling density boxplots for WC
11, Akamina, SRHC and Gardiner.
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AEPA Field Snow Sampling Locations
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FIGURE A3 | AEPA field snow sampling density for WC II, Akamina,
L SRHC, and Gardiner. Snow density was expressed as a percentage of wa-

ter equivalent (standard water density is 1000kg/m?3). This approach was
used to derive watershed wide spatialized modelled SWE estimates (cal-
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FIGURE A2 | AEPA Gardiner (1940m.asl) Snow Water (measured culated by multiplying snow depth and snow density). Box and Whisker,

using the snow pillow sensor) for each lidar mission date (highlighted
by the black circle) shows continuous SWE conditions in the subalpine
just north of WCW.

X is mean, bar is median, top and bottom T are the range, coloured box is
the interquartile range (quartile 1-quartile 3). Outliers are the dots outside
the T (any value that is above or below 1.5 times the interquartile range).
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ULAL Field Snow Sampling for AEPA Model Verification

Figure A4 shows locations within WCW where ULAL team members
conducted field snow sampling during March 2019 as well as coincident
with the 5 March 2020 and 5 March 2021 lidar snow sampling flights.

Table Al shows ULAL field snow densities sampled within WCW in
March 2019, March 2020 and March 2021. ULAL sampling ULAL
sampling for 2019 was done on at CMR as well as in the valley at the
bottom of the mountain. The mean snow density (expressed as %) for
CMR (range of 21-36) was 8% higher than at the valley (range of 11-27)
location. ULAL sampling that was coincident with the lidar flights were
used to verify AEPA modelled ranges. Sampling at CMR proved chal-
lenging due to snow depths ranging from Om to beyond the depth of
a 3m avalanche probe within a 25m radius of the precipitation gauge.
At the time of the 5 Mar 2020 lidar flight, thick ice lenses were pres-
ent within the snowpack making it difficult to sample the full depth for

Gardiner @

0 075 15 3
= y]

e Al
Kilometers

SWE and density. It was only possible to collect 3 snow measurements
(snow density of 32, 35 and 49) in shallower and packed snow. CMR
measured snow densities were within the AEPA March 1 historic range
of 0.26-0.35 (mean + one standard deviation) used for the snow density
model. No field snow sampling was done at CMR for the 4 Mar 2021
lidar flight. ULAL data were not assumed to be a valid source of refer-
ence data to drive the snow density model in the alpine zone since there
were not enough spatial and temporal data points to quantify the central
tendency at any site. These data were intended to complement the long
term AEPA data record.

y Subalpine Valley

Huckleberry

FIGURE A4 | West Castle Watershed Field Snow Sampling Sites. Red dots are AEPA field snow sampling sites. The black outline is the upper
portion of the West Castle Watershed. Gardiner Creek (Gardiner (1940 m.asl)); WC II (West Castle II (1533 m.asl)); WFS (Westcastle Field Station
(1403 m.asl)); Valley (1403 m.asl); Subalpine (1850 m.asl); Huckleberry (1754 m.asl) and CMR (Castle Mountain Ridge (2136 m.asl)).

TABLE Al | ULAL field snow sampling density. Snow density was computed using SWE divided by snow depth for each observation in the
sample set and expressed as the percentage of standard liquid water equivalent instead of kg/m3. Max, Min, Mean, Median, StDev and n (the count

of the number of samples) are presented for 16 March 2019, and sampling coincident with the 5 March 2020 and 4 March 2021 lidar snow sampling

flights.
Date Elev Location Max Min Mean Median StDev n
2019-03-16 1403 Valley 27 11 20 21 5 6
2019-03-16 2136 CMR 36 21 28 30 6 5
2020-03-05 1403 WES 32 23 28 29 4 5
2020-03-05 2136 CMR 49 32 39 35 10 3
2021-03-05 1403 WES 35 20 29 28 5 12
2021-03-05 1754 Huckleberry 33 30 32 31 1 5
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Appendix B
WCW Images of Snowpack Conditions

On 16 March 2019, photos and snow depth measurements were taken
at CMR (Figure B1), a subalpine site (Figure B2) and WFS (Figure B3)
to illustrate depth variability in WCW at valley, subalpine and ridge
locations.

FIGURE Bl | CMR elevation 2130m.asl. This image shows areas
with scoured (no snow) portions of the alpine ridge to shallow snow-
packs. Several depth measurements were taken in this location (where
there was snow) ranging from 0.33 to 1.59 m.

FIGURE B2 | Subalpine elevation 1850 m.asl (Figure A4 shows the location of this subalpine site). The avalanche probe seen on the bottom right

of the image was 2.55m. Several depth measurements were taken at this location, ranging from 1.94 to 2.85m.
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FIGURE B3 | WFS elevation 1403 m.asl. The WFS field station can be seen in the top left side of the image. The weather station is on the right
centre of the image. Several snow depth measurements were taken in this location ranging from 0.31 to 1.08 m.
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