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Abstract
Cities are under pressure to operate their services effectively and project costs of operations across
various timeframes. In high-latitude and high-altitude urban centers, snow management is one of
the larger unknowns and has both operational and budgetary limitations. Snowfall and snow depth
observations within urban environments are important to plan snow clearing and prepare for the
effects of spring runoff on cities’ drainage systems. In-house research functions are expensive, but
one way to overcome that expense and still produce effective data is through citizen science. In this
paper, we examine the potential to use citizen science for snowfall data collection in urban environ-
ments. A group of volunteers measured daily snowfall and snow depth at an urban site in
Saskatoon (Canada) during two winters. Reliability was assessed with a statistical consistency analysis
and a comparison with other data sets collected around Saskatoon. We found that citizen-science-
derived data were more reliable and relevant for many urban management stakeholders. Feedback
from the participants demonstrated reflexivity about social learning and a renewed sense of commu-
nity built around generating reliable and useful data. We conclude that citizen science holds great
potential to improve data provision for effective and sustainable city planning and greater social
learning benefits overall.
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Introduction

Social learning in sustainability science
Adaptation planning for cities is urgent given anthropogenically induced climate change realities
such as flooding, droughts, and changing winter storms and spring thaw (Hunt and Watkiss
2011). The current paradigm in sustainability science attempts to understand the dynamic inter-
actions between physical and social knowledge systems. The core of this paradigm is to pay equal
attention to the influence that society has on the environment and the influence that the environ-
ment has on society (Clark and Dickson 2003). In few other contexts do these interactions play
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out more frequently and strongly than in cities where high population densities meet resource
stress and high demands for service on a day-to-day basis.

In the current state, cities depend on formal scientific inputs, the experiences of their staff and
council members, and the city’s history to make decisions on their “urban metabolism” or the plan-
ning and management of operations (Kennedy et al. 2011; Kalmykova et al. 2015). Much of the
focus has been on making evidence-based decisions to support the transformation to sustainable
cities (Kitchin 2014); however, difficulties in providing the necessary evidence have been noted
(Corfee-Morlot et al. 2011). Chief among these hurdles is the need to identify local urban vulner-
abilities and institute proactive monitoring programs that provide timely and effective responses
(Hallegatte and Corfee-Morlot 2011). From an urban management point of view, there is an urgent
need to extend the policy focus beyond experts when it comes to contributing to the urban sustain-
ability agenda (Franklin et al. 2011). Residents—experts and laypersons alike—can develop skills
and knowledge to contribute directly to this agenda, particularly when they are committed to a
group endeavor (Wenger 1998).

Understanding research skill development and knowledge generation as products of social learning
(Bandura 1977; Crain 2016) is, therefore, an important aspect of creating sustainable communities
(Franklin et al. 2011). Social learning through citizen science occurs at various scales and contributes,
at the individual scale, to data collection, analysis, and skill development; and, at the wider scale, to
broader climate change adaptation planning (Yuen et al. 2013), enhanced engagement of citizens
(Jordan et al. 2012), and leveraging of underused knowledge sources including local and traditional
knowledge (Bonney et al. 2014).

Different types of citizen science have been defined theoretically and empirically (e.g., Irwin 1995;
Wiggins and Crowston 2011). Citizen science studies are broadly grouped into three main types
that are related to (1) data generation, (2) public engagement, and (3) knowledge generation.
Citizens are typically engaged to perform data collecting and processing activities (Silvertown
2009) and sometimes to provide research tools for scientific enquiry (Devictor et al. 2010;
Dickinson et al. 2010). Ideally, the citizen is not merely an agent but also a peer that provides new
perspectives and feedback on physical science research (Irwin 2001). Citizen science can be used
to reach out to the general public and gain their buy-in (Gura 2013). Citizen science can also be
used for gaining the legitimacy of some local government actions or international mandates,
e.g., studies from West Africa and the Caribbean that showed how Indigenous knowledge could
be incorporated in a specific type of forest management (Leach and Fairhead 2002). Furthermore,
citizen science can liberalize traditional knowledge generation processes (Buytaert et al. 2014).
The change from seeing citizen scientists as learners to considering them as engaged scientists and
collaborators for decision-making is difficult for urban managers and scientists alike (Cooper
et al. 2007; Paulos et al. 2008). Although it has been recognized that it could be difficult for studies
based on citizen science data to get through peer review, the situation appears to be improving
(Gura 2013).

Citizen science efforts require organization and coordination at a variety of scales and across a
variety of landscapes, ranging from local and nested neighborhoods within cities to continental
scales (Cooper et al. 2007). The management of conflicting perspectives of citizen scientists and
collaborators requires mutual respect and reflection (Bouillon and Gomez 2001). The success of
such projects is, therefore, best evaluated not only against standards of credibility (i.e., the sound-
ness of the data) but also against measures of legitimacy and salience (Cash et al. 2002) including
the fairness and inclusiveness of the procedures with which the data were generated and the rel-
evance of the information to decision makers or the public. To enhance legitimacy, citizen science
projects in the context of sustainability should consider the different motives for participation.
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Collective, norm-motivated, reputational, and intrinsic motives have been reported, with
collective and reputational motives positively affecting the quality of citizen science contributions
(Nov et al. 2014). Finally, because citizen science projects produce data sets but do not identify
mechanisms for explaining data patterns, they are still viewed as complementary to more
localized hypothesis-driven research (Dickinson et al. 2010).

Volunteer observations have a long-standing history in meteorology. More recently, meteorological
institutions have started to incorporate these data to improve their forecasts and operational manage-
ment through cooperation with, or foundation of, volunteer networks, e.g., the Community
Collaborative Rain, Hail & Snow (CoCoRaHS) network throughout North America (cocorahs.org,
since 1997), the Vereniging voor Weerkunde en Klimatologie (VWK) in the Netherlands (vwkweb.nl,
since 1974), or the Weather Observation Website (WOW) in the UK (wow.metoffice.gov.uk,
since 2011).

Cities and snowfall
In the near future, over 60% of the global population will live in cities; organic conglomerates of peo-
ple, infrastructures, and processes that are innovative, surprising, and vulnerable to catastrophe
(Worldwatch Institute 2007; Batty 2012). There is increased pressure to plan and manage cities in a
sustainable way (Cook and Lara 2012). One example of this in a northern context is snow manage-
ment in the urban environment.

In regions that receive a large part of their annual precipitation in the form of snow, accurate
measurements of snowfall and snow accumulation guide city planning and management activities
such as snow clearing and flood forecasting during the spring melt. As snow deposition is highly
susceptible to wind-affected redistribution and ablation (Pomeroy and Gray 1995), carefully
designed observation networks are important for sustainable water management and water secu-
rity. Synoptic weather stations such as those operated by Environment and Climate Change
Canada (ECCC) are typically located outside of the zone of influence of urban centers, to avoid
snowfall modifications resulting from the winter urban heat island effect (Perryman and Dixon
2013). Snowfall and accumulation observations in cities will, therefore, often vary from those
reported in the publicly accessible database of ECCC. To date, the magnitude and importance of
those differences have been poorly quantified (Mölders and Olson 2004).

Understanding the sustainability of the relationship between people and snow in the urban land-
scape requires the consideration of social, environmental, and economic factors (Andersson
2006). In the social sphere, snow is often disdained in cities for its negative effects on transporta-
tion and maintenance (Hansson and Norberg 2009). The collective interest in better managing
snow services in the city is of note because of community buy-in; for example, in many northern
and high-altitude cities around the world, snow removal is one of the most important issues to
citizens (Kishi et al. 2002; Hesse 2014; Hong et al. 2015). Effective snow removal enhances a city’s
ability to continue to provide emergency services and facilitate urban transportation and other
amenities. Snow is not only an important source of water supply to the urban landscape but also
a continuous source of uncertainty in city budgets and adaptation planning. The costs of snow
and ice management alone for the City of Saskatoon reached over $13 million CAD in 2014, but
due to unpredictable weather patterns, additional contingency planning was needed as the budg-
eted finances soon were spent. Amid changing snowfall regimes, there is, thus, a need for better
monitoring and provision of scientific support to urban managers for snow services (Brown and
Mote 2009; Rees et al. 2014).
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This study
Here, we present the results of a citizen science project in which snowfall and snow accumulation
were monitored in an urban setting in Saskatoon, Saskatchewan, Canada. The objective of the study
was to examine the benefits of a citizen science snow data project. We aimed to collect reliable snow-
fall and snow accumulation data that are useful in urban water management practice (e.g., snow
ploughing and spring snowmelt loading estimation for drainage systems) and, over the long term,
are useful for urban adaptation planning. We compared our data with other observations in and
around the city to assess its quality. In addition, by addressing the credibility, legitimacy, and salience
of the project, we sought to investigate if the sustainable planning and management of urban environ-
ments could be enhanced through citizen science endeavors and the potential benefits to both urban
operations management stakeholders and citizens. Figure 1 is a model diagram of the problems we
addressed, the process by which they were examined, and the outcomes of the study.

Methods

Initiation: recruiting the citizen scientists
The volunteer groups consisted of 25 (14 male, 11 female) and 25 (12 male, 13 female) participants
during two subsequent winters, with 21 (2013–2014) and 19 (2014–2015) of them operating on a
fixed schedule and the rest acting as substitute data collectors when required. All participants had a
graduate degree in a discipline of environmental science or were in the process of obtaining one.

Fig. 1. Process of citizen science data generation and social learning for snow measurement.
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Four participants in the first winter had non-research occupations and the others (and all participants
in the second winter) were employed in a variety of administrative, laboratory, or environmental
project roles. The initiative was led by four of the volunteers who built the measurement setup and
coordinated the group schedule and the analysis of the data collection. The measurement of the first
snowfall was performed with the entire volunteer group (75% attendance) to make sure everyone
followed the same protocol. Those not present at the first snowfall measurement received instruc-
tion from their measurement partners. After this first session, two volunteers undertook the snow
survey each day between 0830 and 1000. This fixed schedule prevented us from generating real-
time, sub-daily data but allowed a better embedding of the activities into the schedules of our
volunteers.

Co-design: on-site data collection
The volunteers established a study site near their place of employment, opposite to the National
Hydrology Research Centre (NHRC). The study site was a 1.1 ha grass field (Fig. 2), bounded by trees
and buildings on three sides and a large open field to the east beyond a row of trees and a four-lane
road. The field (henceforth referred to as the “campus” site) is representative of parks and open green
spaces in the city of Saskatoon. The prevailing wind is from the west.

After reviewing snow measurement literature and best practices, the following design was chosen by
the volunteers. Seven wooden snow stakes were installed at the site prior to the first winter’s snowfall.
The stakes were arranged 15 m apart in a cross shape, designed to capture low and high spots in the
field (maximum elevation difference 0.3 m). The snow depth at each snow stake was measured by
determining the height of the snow surface against a fixed ruler on the stakes. We opted for fixed
stakes over a portable measurement stick to prevent measurement inconsistencies among the partic-
ipants. In addition, the snow depth, snow density, and the amount of water contained in the snow-
pack (snow water equivalent, SWE) were measured daily at one point in the field with a snow tube.
The tube, a plain round aluminum pipe with centimeter markings carved on the outside, was placed
in an undisturbed part of the snowpack. After measuring depth of the snowpack, the snow in the tube
was packed into a Ziploc bag and its weight determined on a balance in the NHRC. We moved
sequentially along a predetermined course to ensure sampling occurred in an undisturbed part of
the snowpack.

Daily snowfall was measured on a wooden snowboard in the 2013–2014 winter (Gray and Male
1981) and in a Nipher-shielded (NS) gauge in the 2014–2015 winter (Gray and Male 1981). With
the snowboard, we were able to measure the depth, density, and SWE of fresh snowfall. With the
NS gauge, only SWE could be measured. During the 2014–2015 winter, we placed an anemometer
in the field to calculate the catch efficiency of the NS gauge according to Goodison et al. (1998),
as follows:

CENS = 97.29 − 3.18Ws þ 0.5Tmax − 0.67Tmin=100 if −2 < T < 2 (1a)

CENS = ð100 − 0.44W2
s − 1.98WsÞ=100 if T < −2 (1b)

in which CENS is the catch efficiency between the NS gauge and the double fenced international
reference gauge (DFIR; Goodison et al. 1998), Ws is the average wind speed during the snowfall
event (m·s −1), and Tmax, Tmin, and T are, respectively, the maximum, minimum, and average tem-
perature (°C) during the snowfall event. An event was defined as an occurrence of uninterrupted
snowfall. Event duration was rounded to the nearest hour. During the day, we recorded this on
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our own datasheets. For night events, we relied on observations from John G. Diefenbaker airport
obtained by ECCC. As temperature was not measured on campus, Tmax, Tmin, and T were also
obtained from the airport. As eq. (1) determines the catch efficiency of the NS gauge with respect
to a DFIR (which was not actually present on any of the sites in this study), a second correction

Fig. 2. (a) Location of the field site at Innovation Place, close to the campus of the University of Saskatchewan in
Saskatoon. (b) Close-up of the field site showing the positions of the snow stakes (numbered circles), snow board
(plus sign), and snow core extraction site (dashed box).
Source: “Saskatoon”. 52°08′25.80″N and 106°37′25.30″W. Google Earth, 23 August 2015.
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needs to be added to calculate the catch efficiency of the DFIR with respect to the actual snowfall
(Goodison et al. 1998), as follows:

CEDFIR = eð4.54þ0.032WsÞ=100 if −2 < T < 2 (2a)

CEDFIR = ð100þ 1.89Ws þ 0.000654W3
s þ 0.0000654W5

s Þ=100 if T < −2 (2b)

The actual snowfall (Pact) was then determined from the measured snowfall in the gauge
(Pgau) as

Pact = Pgau=CENS × CEDFIR (3)

Other data sources
We compared the volunteer data with the publicly available daily observations of precipitation and
snow on the ground measured by ECCC at John G. Diefenbaker International Airport (ECCC
2015). The airport is located approximately 10 km northwest of the campus site. Precipitation at
the airport is measured with an Alter-shielded (AS) Geonor weighing gauge in an open field. The
catch efficiency of the AS gauge compared with a DFIR was calculated according to Smith (2007),
as follows:

CEAS = e−0.20Ws (4)

Similar to the correction procedure for the NS gauge, the catch efficiency of DFIR with respect to the
actual snow on the ground needs to be determined (eq. (2)) and the actual snow precipitation values
(Pact) are calculated from the snow precipitation in the gauge (Pgau) by

Pact = Pgau=CEAS × CEDFIR (5)

The Saskatchewan Research Council (SRC) operates a meteorological station approximately 3 km
north of the campus site. Snowfall is measured with an AS Geonor weighing gauge, and snow precipi-
tation values were corrected with the same procedure as those reported by ECCC.

Between 2013 and 2015, five to seven Saskatoon weather stations were registered with CoCoRaHS
(CoCoRaHS.org). During the 2013–2014 winter, one of those stations reported snowfall and snow
depth to the database (henceforth referred to as “CoCoRaHS 1”; city site located 3.5 km east of the
campus site; daily observations). During the 2014–2015 winter, two stations reported observations.
The second station (“CoCoRaHS 2”) was located outside of the city, 15 km southwest of the campus
site (weekly observations). No details were available on how these data were obtained and a correction
procedure was therefore not applied. In all data sets, trace observations were included as 0.1 mm SWE
events, as per Mekis and Vincent (2011).

Finally, independent measurements of snow depth and cumulative snowfall were taken at a well-
sheltered tennis court (henceforth referred to as the “control” site) at the University of
Saskatchewan within 1 km distance of the campus site. On each day of sampling, three measurements
were taken with a ruler and snow tube (method described in previous section). These measurements
were used as a benchmark to assess the effect of snow redistribution by wind in the field. The reliabil-
ity and coherence of the snow depth measurements were explored with a correlation analysis that is
presented in the Supplementary Material.
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Surveying participants and potential data users
After the first season of snow surveying was complete, we circulated a qualitative survey to partici-
pants. The survey asked people to discuss: (1) what they learned from participating in the snow sur-
vey, (2) their views on the data collected, (3) the training on the sampling protocol and
improvements that could be made to the protocol, (4) whether they would continue sampling in the
following winter, and (5) any other comments they wanted to add. In addition, phone interviews were
conducted with stakeholders, including operational managers in the City of Saskatoon and the con-
tractor who is responsible for snow removal on the University of Saskatchewan campus, to investigate
their data needs. We used a general inductive approach (Thomas 2006) to examine these sets of quali-
tative data, and sought to characterize the skills gained, personal values reinforced, and meaning of
the experience to participants (Haywood 2016).

Results

Snow dynamics—credibility
During both winters, snowfall began in mid-October with snow from the first events melting within
1–2 d. Snow started to accumulate from 4 November 2013 and 16 November 2014. The 2013–2014
winter had two melt periods (a consecutive number of days during which daytime air temperatures
rose above 0 °C and melt was observed in the snow pack on the field) that affected the depth of the
snow cover at all stations (Fig. 3). The 2014–2015 winter featured three melt periods during which
the snow cover disappeared in parts of the field. At the control site, the melted snow was mostly
retained in the snow pack as an icy layer that was observed at the bottom of the snow sample in the
tube. Spring melt started on 15 March 2014 and 6 March 2015. After these dates, the snowpack in
the field ablated entirely within 7 d. In 2014, snowfall events in April did not sustain a snow cover.
In 2015, snowfall events in late March generated a new snow cover that lasted 3–4 d.

As expected, the snow depth measured at the stakes showed considerable variance, which increased with
time (Fig. 3). The maximum average snowpack depth was 35± 4 cm measured on 7 March 2014 and

Fig. 3. Snow depth (accumulation during winter) measured at the airport, the seven stakes in the field (the line indicates the average value, whereas the polygon
indicates ±1 standard deviation) on campus, the Saskatchewan Research Council (SRC) station, and the two Community Collaborative Rain, Hail & Snow
(CoCoRaHS) stations during the 2013–2014 (a) and 2014–2015 (b) winters. Note that station CoCoRaHS 2 was only active during the 2014–2015 winter, and
snow depth was only reported once a week at this site. The control points are snow depth measurements from a sheltered location on the University of
Saskatchewan campus. The striped polygons indicate melt periods.
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29 ± 2 cm measured on 27 February 2015. In both winters, the highest snow depths occurred in the
bottom of a small undulation in the field (catch area). Low snow depths always occurred at the highest
point of the field (fetch area). However, each winter featured at least one other point where little snow
accumulated that could not be mapped to a clear topographical feature. Overall, the covariance of snow
depth measured at the stakes was high (see Supplementary Material), suggesting that the homogeneity
was high. Stronger snow depth variability may be expected in other cityscapes, e.g., alleyways, surround-
ings of larger buildings, or roads, due to combined effects of wind- and human-driven redistribution
(Matheussen and Thorolfsson 2001). The snow depth measured at the control site fell within the range
of the snow depths measured on campus in 2013–2014. In 2014–2015, the three control points were
equal to or greater than the deepest snow depth measured on campus. Both CoCoRaHS stations
reported deeper snow packs than measured on campus, whereas the snow depths observed at the airport
and SRC station were consistently lower than at the other locations. Differences among the airport,
SRC, and campus sites could be explained by the differences in how sheltered each of the sites are.
The airport and SRC stations were more exposed and subject to wind redistribution during the winter.
Although the campus site was also subject to wind redistribution resulting in snow depth variability, in
general the wind speeds were 50% lower than those measured at the other sites (see data in the
Supplementary Material). The number of days without data was higher in the volunteer campaign than
in the other data sets (15 non-collection days in 2013–2014, 23 non-collection days in 2014–2015 during
a 140 d period), with the exception of CoCoRaHS 2 that only had one observation per week. However,
none of these days had snowfall during the preceding 24 h. Snow depth values (Fig. 3) on days without
data were assumed to be the average of the preceding and subsequent days.

Cumulative winter snowfall, derived from the corrected daily amounts of snow and expressed in mm
SWE, is presented in Figs. 4a and 4b. The snowboard measurements (campus site 2013–2014) could
not be adjusted for wind-induced undercatch and reported too little snow. Snowboards need to be moni-
tored in proximity to snow fall events. In our fixed-time measurement schedule, errors were created due
to late observations. The other stations (Airport, SRC, CoCoRaHS 1) reported similar snowfall, with end-
of-season cumulatives in a 10 mm range (Fig. 4a). During the 2014–2015 winter, the cumulative snowfall
differences were even smaller, with the exception of the airport station which, after catch efficiency cor-
rection, overestimated cumulative seasonal snowfall by 37%. This was mainly caused by a faulty correc-
tion on three windy snowfall days. From the comparison of cumulative snowfall at the various stations,
we conclude that they are generally subject to the same weather systems and that urban heat island effects
are small. The location and type of gauge at the ECCC and SRC sites, however, required a more severe
correction for catch efficiency than those on campus and at CoCoRaHS 1 (Table 1).

The SWE of the snowpack in the field mirrored the steadily increasing cumulative snowfall and snow
depths in 2013–2014 (Fig. 4c). By contrast, a stagnant period could be observed during the 2014–2015
winter from mid-November through January (Fig. 4d), resulting from low snowfall and melt periods.
Average end-of-season SWE in the field was different in 2013–2014 and 2014–2015 (65 vs. 50 mm,
respectively), whereas at the control site it was similar (71 vs. 72 mm). As mentioned previously, an
icy layer was observed at the bottom of the snowpack at the control site. The control site (a concrete
tennis court) had a negligible infiltration capacity. No icy layer was observed in the field, suggesting
that the melt water may have infiltrated.

Variation in the timing of the observations of the various data sources poses a limitation to the extent
of comparison that can be performed with the data. The snow depth data at SRC were taken at 0900
and the snow depth data on campus between 0830 and 1000, whereas observations at CoCoRaHS 1
and 2 were taken at 0700 and 0900, respectively. It is not appropriate to compare sub-daily dynamics
with this range of observation timing. However, with all observations being done in the early morn-
ing, we think the dynamics at the various stations can be compared on a daily time step.
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Citizen science—legitimacy
The post-season survey of the participants showed that their primary concern was to collect trustwor-
thy data. As one participant stated,

“People have different ways of collecting the data when reading the measurement off the
stakes”.

Table 1. Uncorrected and corrected cumulative winter snowfall at the three stations where wind undercatch corrections had to be applied.

Airport Campus SRC

2013–2014 2014–2015 2013–2014 2014–2015 2013–2014 2014–2015

Uncorrected total SWE (mm) 28 39 32 77 49 50

Corrected total SWE (mm) 69 114 NA 82 77 84

Note: SRC, Saskatchewan Research Council; SWE, snow water equivalent.

Fig. 4. Time series of cumulative snowfall in Saskatoon measured at the airport, the campus site, the Saskatchewan Research Council (SRC) station, and one
Community Collaborative Rain, Hail & Snow (CoCoRaHS) station during the winters of 2013–2014 (a) and 2014–2015 (b). The second CoCoRaHS station only
reported snowfall observations from 1 January 2015 and was therefore excluded from this figure. All data were corrected for catch efficiency, calculated using
eqs. (1)–(5), with the exception of the snowboard data (campus site, 2013–2014) for which no correction procedure exists. Panels (c) and (d) show snow water
equivalent (SWE) in the snowpack on campus and at the control site.
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Another participant suggested that “We could do more to enhance the quality of observations” and
that “We should create a protocol for measurement that enhances the consistency among the group
of participants”. This also played out in the discussions on measurement techniques between the
participants and employees that did not participate in the study. The choice for a NS gauge for the
2014–2015 measurement campaign was a direct result of these discussions. The confidence of
the participants in the data collection subsequently grew during the study period:

“Generally, I’d be concerned about subjectivity, but it was reassuring to see reasonably consistent
numbers”.

Volunteer projects like this one are typically connected in a positive feedback loop where the credibil-
ity of the results and the degree of participant engagement reinforce each other (Buytaert et al. 2014).
The participant surveys echoed that

“I think it is a great exercise in showing how much information a community is capable of
collecting when we all work together and give up 5 minutes of our time every couple of weeks
(which I know can be hard to do)”.

And

“I was happy to see a large group of people who were willing to get behind a collaborative
project, and take time out of their days, regardless of whether or not (mostly not) it was rel-
evant to their area of study/interest”.

The project created a sense of comradery among the participants. Participants reflected on the project
in terms that resonated with aspects of communities of practice, that is, activity groups in which “par-
ticipants share understandings concerning what they are doing and what that means in their lives and
for their communities” (Lave and Wenger 1991, p. 98). In addition, they reflected on the project as
generating new perspectives on aspects of their living environment, as illustrated by this quote from
a participant:

“I learned about the variation of snow depth and consistency across space and time. Sometimes
I would be completely shocked at how the snow had built up overnight, or confused at how the
depth could be so different across the field which I always thought was pretty flat. Some days
the snow was very hard to break through, and other days, like powder. These were things that
I just hadn’t thought about, despite living all my life in a place that gets a lot of snow!”

During the 2013–2014 winter, eight scheduled volunteers (out of 21) dropped out; three went on to
other jobs, whereas five people simply lost interest. Their shifts were redistributed among the remain-
ing volunteers. Of the remaining 13 volunteers, 11 continued in the 2014–2015 winter. In the second
winter, fewer people dropped out; five of the 19 people on the schedule (two went on to other jobs
and three lost interest). However, we struggled with keeping participant commitment during the
2014–2015 winter at the same level as the previous winter. This could in part be related to the fact that
the 2014–2015 winter saw less snowfall events and a period of melt during the first months, making
the measurements less motivating. It can be argued that the volunteers in this study are not represen-
tative citizens, because they are all administrative staff, students, or researchers in a research center.
However, only a handful of people had actual experience with snow measurements. Most participants
worked on other topics such as hydrological modeling and surface water quality issues. Although they
may have had a general professional interest in data collection, the data did not benefit their projects,
and no one was encouraged by their superiors to volunteer time towards this project. In addition, due
to the transient nature of the workplace, there was a continuous need to recruit new volunteers.
We, therefore, think that the volunteer group was not fundamentally different from other groups of
people with an interest in their living environment.
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Stakeholders—salience
In the unstructured telephone interviews, we found that rather than relying on forecasts, snow crews
either use observations from stations outside of the city or used ad hoc approaches to estimate the
impact of snowfall events:

“After we check the forecasts, we would check the forecasts in other nearby towns and then
call people we know to find out what they were getting in terms of snow. It ain’t perfect, but
better than the info the forecasters give. Of course we look at the weather forecasts from the
Weather Network and Environment Canada (sic), but when they get it wrong we lose money,
too many people at-the-ready without a major storm is problematic. We actually started
measuring the snow ourselves and then comparing to how much effort we put out in storms
in terms of man-hours. If we could refine this approach with better information, it would
make a big difference to our bottom line. Sometimes the type of snow can have a big impact,
you know the heavy stuff versus the light stuff”. (Snow Clearing Company—Director)

The City of Saskatoon relies on the airport data reported by ECCC for snow removal planning (City of
Saskatoon, personal communication, 2014). From the data comparison presented in this paper, it is clear
that considering only that data source may lead to an incorrectestimate. Indeed, the city has been the
subject of considerable criticism over its clearing program and, due to citizen pressure, was forced to
double its snow clearing budget in 2013. Accurate and timely snow forecasts would be most desirable
from an optimizing perspective as these would allow for a better planning of manpower and equipment.
However, the improvement of large-scale weather models is not within the scope of local government and
businesses. Spatial information on snow accumulation is within scope and helpful in optimizing the short-
term planning of resources. Indeed, contractors take snow depth measurements in their own home and
office environments to help this process (Snow Clearing Company, personal communication, 2014).
The data collected on campus were shared with the local snow removal crew in both winters. A network
of measurement stakes throughout the city combined with a web or smartphone app would allow citizens
to contribute to a more systematic database accessible for the city, public, and contractors.

Another context in which an accurate spatial picture of snow depth measurement is important is
spring melt and its effects on infrastructure (in particular storm water systems) and surface water
quality (Kuemmel 1994). Snowmelt is a main driver for increased levels of polycyclic aromatic hydro-
carbons, salinity, and metals (e.g., cadmium, copper, lead, mercury, and zinc) in river and lake water
in the spring compared with the rest of the year (Pham et al. 1993; Westerlund and Viklander 2006;
Muthanna et al. 2007; Novotny et al. 2008). By proper handling and management of snow, snowmelt
runoff pathways can be controlled and pollution of surface water bodies prevented (Reinosdotter and
Viklander 2005). Current toxicology assessments of snowmelt runoff in Saskatoon and other prairie
cities would benefit from accurate urban snow accumulation data such as that collected in this study
(M. Hecker, personal communication, 2015). With new data examining the dynamics of snow
accumulation in urban areas, improvements in the design and maintenance of infrastructure and in
preventive snow removal could emerge.

Last, the numbers that we collected in the field were requested throughout both winters by ECCC
meteorologists for comparison with their own observations and reporting to the public.

Discussion
Throughout the study, participants’ motivations developed from an initial sense of curiosity
(and likely, peer pressure) to a collective sense of ownership. The perception of the data as reliable
positively reinforced enthusiasm for participation in the activities, in turn fueling an increased
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concern for data quality. Participants reported increased comradery, as well as new perspectives on
their daily surroundings. This echoes what has been found in other citizen science studies in urban
contexts; i.e., citizens were committed to the collective interests of the project, engaged and not over-
stretched in their training and data analysis efforts, and committed to improving their city’s situation
(Anumba et al. 2007; Davies et al. 2012).

Stakeholders involved in city planning and snow removal stated that their current snow forecast and
observational data needs were not being met through conventional providers such as the Weather
Network and ECCC. Being exposed and open to high wind speeds, the snow accumulation measured
at John G. Diefenbaker International Airport was a great underestimation with respect to the amounts
of snow that accumulated in the city. Although these stations were not designed to be representative
for urban conditions, their non-accounting for accumulation in less exposed areas decreased the rel-
evance of their generated output for large-scale hydrometeorological applications (cf. Brown and
Brasnett 2011) as well as for local use. Snow depth observations from synoptic stations are used to cre-
ate large-scale snow product (e.g., global daily snow depth analysis by the Canadian Meteorological
Centre (Brasnett 1999)), assimilate remote sensing data such as the advanced very high resolution
radiometer snow cover data set by the Canada Centre for Remote Sensing (Fernandes et al. 2014),
and to validate databases for large-scale land models (e.g., the Canadian Land Surface Scheme
(Verseghy et al. 2017)). These products require inclusion of snow accumulation at open and sheltered
locations to have value for melt and runoff predictions. Underestimation of snow accumulation is a
known problem in prairie and northern regions when only synoptic weather station data are included
(Brown and Brasnett 2011). Requests for data sharing with ECCC that occurred in this project dem-
onstrated an interest in overcoming the past perception of citizen science data and enhancing mutual
respect (Bouillon and Gomez 2001; Cooper et al. 2007; Paulos et al. 2008) and indicated a niche for
and relevance of the data collected by the citizen scientists beyond the local scope.

The incentive to improve data collection at federal weather stations may not lie in local needs such as
snow removal and spring melt water quality. Instead, evidence-based decision-making in cities could
be supported by a suite of localized monitoring sites run by volunteers supported by local govern-
ment. This serves three purposes. First, it engages urban dwellers in the city’s services and helps to fos-
ter empathy among citizens and city workers. This would go a long way towards aligning the values of
the city’s managers with its citizenry. Second, through their involvement, citizens can gain knowledge
about factors that influence snow accumulation, and better plan for their own individual daily tasks
while understanding urban vulnerabilities. Third, the knowledge gained by citizens involved in these
projects could be shared more widely, increasing the social learning beyond those individuals typically
employed in city management tasks.

With suitable resource allocation and a training protocol (e.g., Kitching et al. 2005; Starr et al. 2014),
citizen involvement and environmental engagement can be fostered for short- and long-term projects
(cf. Weaver 2013). As it happens, the most robust snow measurement instruments are easy to operate
for non-experts but require time investment for operation. By organizing observation campaigns with
groups of volunteers (e.g., at local offices, schools, or community clubs) continuous reliable data series
can be obtained. Not only is individual time investment minimized with respect to stations operated
by a single person (i.e., most CoCoRaHS stations), but a sense of community is created in the groups
through a joint development of knowledge, skills, and contribution to a sustainable living
environment.

The wealth of locally relevant, credible, and salient data, as well as the experience and insights that
can be generated in citizen science projects increases the resilience of the urban environment to
climate change while simultaneously contributing ideas for adaptation planning in cities.
Conceptually, these inputs contribute to various stages of the decision-making pathway for urban
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planning and operations, and ultimately to urban adaptation to climate change (Fig. 5). It is for this
reason that supporting citizen science as a means for increasing data provision to support opera-
tional decision-making by city managers is a worthy venture. Policy writers can help close the
science-policy gap by recommending that urban managers seek out opportunities for citizen
engagement and social learning through citizen science projects. In the case of snow, witnessing
the variability of snow coverage over a small, local measurement site enhanced the understanding
of citizens to city manager problems. Knowing that it is difficult to measure where and when the
snow will fall and accumulate leads to greater understanding of why urban snow removal, and later
flood prediction tasks related to snow melt, are complex. Managers, in their turn, learned that
citizen-derived data and processes are, at minimum, as credible as those derived from more formal
scientific data providers.

Conclusions
The objective of this study was to examine whether a city location for a snow observation station that
is run by volunteers could improve data collection for city snow and water management. The daily
snowfall values were similar between the city and the airport, but those obtained at the airport and
SRC site needed non-trivial corrections. The differences between reported (uncorrected) data and
actual (corrected) snowfall values were so high that the airport and SRC data were not useful for

Fig. 5. Decision-making pathway for urban planning and operations without (a) and with (b) citizen science input.
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day-to-day urban management. Due to different levels of shelter and average wind speeds, snow depth
data measured at the airport were not relevant for the city environment. The airport station was not
designed and is not maintained with urban snow and water management in mind, yet due to the
managers’ reliance on the data from this station, city services and operations could be significantly
hindered by the resulting ineffectual data availability. Our study setup and the CoCoRaHS stations
around the city provided numbers that were more locally relevant and could, therefore, provide
valuable complementary information to improve decision-making for city service management. The
volunteers created a reliable data set as shown by the consistency analysis of the snow cover data in
the field and comparisons with other data sets of snowfall and accumulation in and around the city.

The study proved to be a successful example of small-scale community building. The participating
citizens described learning from the endeavor, and feeling like they made a difference to the manage-
ment of the city and its services, as well as learning more about their local environment. Social learn-
ing was described by the citizen scientists through the revisions to protocol that emerged as they
increased their general snow hydrology interests and communicated with interested agencies and
service providers. In the long term, the data produced by citizen scientist teams can contribute to
overall planning and better measurement of the city’s sustainability given a network of monitoring
locations. In the case of snow, multiple data sets will also help to improve the quantification of
variability of accumulation in the urban environment.

City managers around the globe can benefit from the insights emerging in this study. Local people can
generate locally relevant, credible, and legitimate data that can help urban managers to make deci-
sions and adapt to changing climates. The additional benefits of having an engaged, trained, and
active citizenry are self-evident. For sustainability science, the benefits helped to bridge physical and
social knowledge systems. Indeed, when citizens learned more about their climate, they became
increasingly engaged in better understanding it. The empathy built through the project interactions
among citizens and urban managers creates a positive space in which both can prepare for the non-
stationarity observed in today’s climate.
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