BAMS

Article
How Well Are We Measuring Snow Post-SPICE?
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ABSTRACT: Accurate snowfall measurements are necessary for meteorology, hydrology, and
climate research. Typical uses include creating and calibrating gridded precipitation products, the
verification of model simulations, driving hydrologic models, input into aircraft deicing processes,
and estimating streamflow runoff in the spring. These applications are significantly impacted by
errors in solid precipitation measurements. The recent WMO Solid Precipitation Intercomparison
Experiment (SPICE) attempted to characterize and reduce some of the measurement uncertain-
ties through an international effort involving 15 countries utilizing over 20 types and models of
precipitation gauges from various manufacturers. Key results from WMO-SPICE are presented
herein. Recent work and future research opportunities that build on the results of WMO-SPICE
are also highlighted.
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nowfall is one of the most difficult meteorological variables to measure using automated

sensors. These measurements are critically important, as the presence, quantity, and

distribution of snow affects regional and global hydrology and climate. Snowfall
impacts the albedo of the Earth’s surface, ecosystem function, permafrost characteristics, and
the mass balance of glaciers, sea ice, and ice sheets. Snowfall also contributes to weather-
related hazards, including avalanches and floods, and creates dangerous conditions for
both air and land transport. As Earth’s average atmospheric temperature increases, alpine
and northern regions are experiencing remarkable decreases in snowfall and increases in
rainfall (Li et al. 2020; Trenberth 2011; Trenberth et al. 2003; IPCC 2019; Mote et al. 2018),
and significant reductions in snow cover duration and extent (Derksen and Brown 2012;
Derksen et al. 2019). All of these changes are projected to continue in a warming climate. To
quantify these trends and better adapt to their effects, the accurate measurement of snow is
critical to predict its variations at local, regional, and global scales.

In spite of their importance, snow measurements are still subject to significant un-
certainties and biases, particularly in cold and windy conditions (Goodison et al. 1998;
Gugerli et al. 2021; Yang et al. 2005; Rasmussen et al. 2012; Buisan et al. 2020; Daly et al. 2017;
Langousis et al. 2018; Milewska et al. 2019; Nitu et al. 2018; Pan et al. 2016, 2019;
Yao et al. 2018, Zhang et al. 2020). Despite recent advancements in sensor technology,
measurement techniques, and communications, snow cover measurements, such as snow
depth and snow water equivalent (SWE), are still primarily recorded manually, and require
specialized equipment and well-trained personnel. Snow cover on glaciers, ice sheets, sea ice,
and land is notoriously heterogeneous, making it difficult to obtain representative measure-
ments over a given area (Picard et al. 2016). Measurement of the liquid water equivalent of
precipitation falling as snow, or other forms of solid precipitation, typically requires heated
precipitation gauges to prevent full or partial blockage (capping) of the gauge inlet by snow
and ice. In addition, precipitation gauges can significantly underestimate the true amount
of solid precipitation, primarily due to wind effects. For these reasons, the improvement of
snow cover and solid precipitation measurements is an important subject of climatological
and hydrological research in cold regions.

Measurements of solid precipitation and snow cover are especially important in high-
altitude regions with complex terrain, as much of the world’s water used for irrigation and
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human consumption in semiarid regions comes from runoff generated by alpine snow cover
and glaciers (Schaffer et al. 2019; Orphanopoulos et al. 2013; Arnell 1999). A recent analysis
by Lundquist et al. (2019) suggests that gridded gauge-based snowfall estimates in complex
terrain are less accurate than snowfall estimates produced using high-resolution models.
Likewise, a comparison of Snowpack Telemetry (SNOTEL) and snow course measurements
demonstrated that small differences in point measurements of SWE can be large when extrapo-
lated to the basin scale (Dressler et al. 2006). This makes it imperative to improve the spatial
coverage and quality of solid precipitation and snow cover measurements in these regions.

Past intercomparison experiments, such as the WMO Solid Precipitation Measurement
Intercomparison (Goodison et al. 1998), were used to develop standards for manual solid pre-
cipitation measurements. These results were applied to improve precipitation records spanning
many countries and regions (Metcalfe and Goodison 1993; Yang 1999; Yang et al. 1998, 1999,
2005; Yang and Ohata 2001; Zhang et al. 2004; Ye et al. 2004; Adam and Lettenmaier 2003).
This work significantly improved our understanding of cold region climate and hydrology,
including regional climate change (Ding et al. 2007), watershed water balance (Ye et al. 2012),
large-scale land surface modeling of the arctic hydrological system (Tian et al. 2007), and
precipitation distribution across national borders (Scaff et al. 2015).

Automated precipitation gauges and snow cover sensors have since proliferated in both
research and operational measurement networks. In addition, non-catchment precipitation
measurements, which involve light scattering, microwave backscatter, or mass and heat trans-
fer, have also come into use. The accuracy of non-catchment solid precipitation measurements,
however, needs to be evaluated carefully, because such gauges cannot be calibrated using
traditional techniques. Due to the increased availability of all of these measurements, many
new uses for automated snow cover and solid precipitation observations have emerged (e.g.,
climate change monitoring, nowcasting, water supply forecasting and management, aircraft
deicing, complex terrain, avalanche warnings). In addition, modern data management and
data assimilation techniques are advancing the requirements for improved uncertainty metrics
and metadata for snowfall observations.

In recognition of these uncertainty and metadata requirements and the need to standard-
ize automated snow cover and solid precipitation measurements, the WMO Commission for
Instruments and Methods of Observation (CIMO) initiated the Solid Precipitation Intercom-
parison Experiment (WMO-SPICE, hereafter SPICE) in the spring of 2010. SPICE included the
assessment of snow cover sensors (including snow depth and SWE sensors), present weather
detectors, laser disdrometers, and precipitation gauges designed to measure solid precipitation
in real time, in different configurations. These sensors were provided by manufacturers and
project participants, and were tested at 20 intercomparison sites across the world (Fig. 1). SPICE
also defined and characterized an automated field reference for the measurement of solid
precipitation, referred to as the Double Fence Automated Reference (DFAR, shown in Fig. 2b).

The final SPICE report was published in 2018 (Nitu et al. 2018). The report contains assess-
ments of instrument performance and best practices for solid precipitation and snow cover
measurements, and was intended to aid in the transition from manual to automated measure-
ments. In addition, recommendations were made for the measurement of solid precipitation
and snow cover, including different field configurations, possible improvements, and their
applications in various climatic and snowfall regimes.

SPICE also helped create a community of practice among leading solid precipitation and
Snow cover measurement experts, as well as an extensive, quality-controlled dataset that
is now freely available (https://ral.ucar.edu/projects/SPICE/). Many new research opportuni-
ties arose from SPICE. For example, a special issue dedicated to SPICE and related work
was jointly organized between the journals of Atmospheric Measurement Techniques,
Earth System Science Data, Hydrology and Earth System Sciences, and The Cryosphere
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(https://hess.copernicus.org/articles/special _
issue400_78.html). This issue includes work
performed during and immediately after
SPICE. Related work has continued post-
SPICE, and is ongoing. This article, succeed-
ing Rasmussen et al. (2012), will summarize
the key results of the SPICE project. It will
also document the limitations of the SPICE
results, progress made since SPICE ended,
and future research directions.

Overview of SPICE

SPICE included field measurements from 20
test sites in 16 countries during the Northern
Hemisphere winter seasons of 2013/14 and
2014/15, and the Southern Hemisphere
winter seasons of 2014 and 2015. Twenty-
seven different types of sensors, with over
270 individual sensors in total, were evalu-
ated over the intercomparison period. These
assessments provided a broad perspective on
the capabilities of automated instruments for

Fig. 1. Map of SPICE sites: Caribou Creek, Canada (1); Bratt’s
Lake, Canada (2); Marshall, CO, United States (3); CARE,
Canada (4); Tapado AWS, Chile (5); Formigal, Spain (6); Col
de Porte, France (7); Weissfluhjoch, Switzerland (8); Forni
Glacier, Italy (9); Hala Gasienicowa, Poland (10); Haukelise-
ter, Norway (11); Sodankyla, Finland (12); Valdai, Russia (13);
Voljskaya, Russia (14); Pyramid, Nepal (15); Gochang, Korea
(16); Joetsu, Japan (17); Rikubetu, Japan (18); Guthega Dam,
Australia (19); and Mueller Hut, New Zealand (20). Sites
shown with blue dots have a Double Fence Automated
Reference (DFAR) solid precipitation system.

the measurement of solid precipitation and snow cover in different climates. Standardized data
derivation approaches were developed and used for sensor evaluations. Datasets including
only confirmed periods of precipitation were derived for use in the determination of transfer
functions to adjust weighing gauge measurements for wind-induced undercatch relative to

the reference gauge configuration.

Assessments of gauge performance were conducted for automated weighing gauges,
heated tipping-bucket gauges, non-catchment instruments, and snow depth and snow wa-

ter equivalent sensors.
The influence of in-

strument configuration
(e.g., wind shielding,
mounting infrastruc-
ture, heating) and en-
vironmental conditions
was also investigated
for all sensors included
in the intercomparison.
Although the physical
processes of solid pre-
cipitation are linked to
snow cover, the assess- i
ments of snowfall (solid »
precipitation) and snow
cover (snow depth and
snow water equivalent)
instrumentation were
performed indepen-
dently in SPICE using
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Fig. 2. Photos of operational precipitation gauge configurations: (a) a Pluvio® pre-
cipitation gauge in a double Alter shield, (b) a DFAR, (c) a Geonor T200B gauge
within a SDFIR (Small DFIR) shield, (d) an unshielded Pluvio’ collocated with
an automated weather station, (e) a Pluvio’ within a Tretyakov and Alter shield,
(f) a single-Alter shielded Geonor gauge, and (g) an ASOS tipping-bucket gauge
with a single vinyl shield.
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separate reference measurements. Intercomparison of solid precipitation and snow cover mea-
surements was not a primary objective of SPICE, although one measurement is often used as a
proxy for the other (Sevruk 1983; Broxton et al. 2016; Wen et al. 2016; Goodison et al. 1998),
and legacy SPICE datasets, including the reference gauge precipitation, SWE, snow depth,
and ancillary measurements at various time intervals, could be useful for further technique
development and assessment.

Field reference systems. The DFAR was used to obtain the primary reference measurements
for precipitation in SPICE. This configuration consisted of a precipitation detector and an
automated weighing gauge installed within a single-Alter shield and a concentric, wooden,
double fence (Fig. 2b). This type of fence was used in the manual DFIR configuration, which
was established as the primary field reference for the previous WMO intercomparison of solid
precipitation measurements (Goodison et al. 1998). The precipitation detector—which was
typically an optical disdrometer—was used to enable the identification of precipitating periods
with a higher degree of confidence, especially during very light snowfall events.

Manual DFIR and bush-shielded gauges were recommended and used as the primary
references for past solid precipitation measurement intercomparisons (Goodison et al. 1998;
Yang et al. 1993; Yang 2014). To help establish an automated reference system, the SPICE
project compared automated naturally shielded (bush) gauges to the DFAR at the Caribou
Creek site in Canada. This work helped to validate the use of the DFAR as an automated field
reference for the measurement of solid precipitation (Nitu et al. 2018).

The primary reference measurements for snow cover (snow depth and SWE) were daily
manual snow stake observations (for snow depth) and snow course bulk density sampling (for
SWE). At several sites, the snow stake observations were semiautomated using photography.
At sites with multiple snow depth sensor types [e.g., Centre for Atmospheric Research Experi-
ments (CARE)], the mean of all concurrent sensor observations was utilized as an automated
high-frequency reference measurement.

Weighing gauges
Evaluation of primary weighing gauges tested in SPICE. Automated weighing gauges are
catchment-type instruments, collecting and storing incident precipitation in a bucket within
the gauge housing. The total liquid water equivalent of accumulated precipitation is deter-
mined from the weight of the bucket contents. To mitigate the influence of wind effects on
gauge collection, which causes significant uncertainties in measurements of solid precipita-
tion, weighing gauges are often installed inside wind shields comprising one or two concentric
rings of metal slats. A modified design by Alter (1937) is commonly used, and when used in a
single or double ring, is referred to as a single-Alter or double-Alter shield, respectively. Heavy
wet snow in low wind conditions and freezing rain can also result in gauge measurement
errors. To minimize these errors, heating can be applied at the gauge inlet to reduce the po-
tential for snow capping or freezing rain to influence gauge collection. Additionally, weighing
gauge function can be compromised if the bucket contents freeze, necessitating the use of
antifreeze and also a layer of oil to prevent evaporation of the antifreeze and bucket contents.
Seven different weighing gauge models were tested in SPICE in different wind shield con-
figurations. Gauge orifices were heated, where possible. Among the eight SPICE sites with a
DFAR, there was significant site-to-site variability of solid precipitation undercatch for both
unshielded and single-Alter shielded weighing precipitation gauges (Fig. 3). At windier and
more exposed sites [e.g., Bratt’s Lake (XBK) and Haukeliseter (HKL)], undercatch was more
significant than at sheltered and less windy sites [e.g., Sodankyla (SOD)]. For weighing gauges,
performance was driven largely by wind conditions, and was found to depend more on the
shield configuration than the specific gauge model at a given site (Kochendorfer et al. 2018;
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Nitu et al. 2018). A typical accumulation time
series from the Marshall, Colorado, testbed
demonstrates the importance of wind shielding
(Fig. 4), with the DFIR-shielded precipitation
gauge accumulating about twice as much pre-
cipitation as an unshielded gauge over several
winter months. An example of the relative ef-
fectiveness of other available windshields is
also shown in Fig. 4.

Derivation of transfer functions for weigh-
ing precipitation gauges. Before SPICE mea-
surements were available, and in preparation
for the analysis of the SPICE weighing gauge
measurements, new single-site transfer func-
tions were derived that included both air tem-
perature and wind speed (Wolff et al. 2015). By
combining measurements from eight different
SPICE sites, multisite transfer functions and
their associated site-specific uncertainties and
biases were similarly derived for unshielded
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Fig. 3. Solid precipitation accumulated by the gauge
under test (P,,), divided by the accumulation of solid
precipitation recorded by the DFAR (P,,,.). All solid
precipitation recorded during the 2015/16 and 2016/17
seasons is included, for all the SPICE sites that had a
DFAR. These sites include Bratt’s Lake (XBK, Canada),
CARE (CAR, Canada), Caribou Creek (CCR, Canada), Formi-
gal (FOR, Spain), Haukeliseter (HKL, Norway), Marshall,
(MAR, United States), Sodankyla (SOD, Finland), and
Weissfluhjoch (WFJ, Switzerland). These measurements
are described in more detail in Smith et al. (2020).

and single-Alter shielded weighing gauge measurements (Kochendorfer et al. 2017). These
transfer functions were tested using measurements from all of the different types of weigh-
ing gauges included in SPICE, and it was determined that the same transfer function could
be used for different types of weighing precipitation gauges when the same type of shielding
was used (Kochendorfer et al. 2018). However, significant uncertainty and site- or climate-
specific biases remain after such transfer functions have been applied to the measurements.
The magnitude of these unresolved errors decreases significantly when more effective shield-

ing is used; transfer functions can be used to
minimize biases in solid precipitation measure-
ments, but the resultant measurements are still
less accurate than well-shielded measurements
(Kochendorfer et al. 2018; Smith et al. 2020).

Evaluation and limitations of multisite trans-
fer functions. Following the SPICE intercom-
parison period, the eight test sites operating
DFAR configurations continued to collect data
for further intercomparisons and assessments.
Smith et al. (2020) used measurements from
two post-SPICE winter seasons to evaluate
transfer function performance at each site. The
performance of the transfer function varied
significantly among the sites, supporting ear-
lier evaluations by Kochendorfer et al. (2017).
Smith et al. (2020) also evaluated the transfer
function for solid precipitation only, and found
that biases and errors were exacerbated when
rain and mixed precipitation periods were re-
moved from the dataset.
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Fig. 4. Winter precipitation accumulations recorded at
the Marshall test bed measured using Geonor T-200B
gauges with different windshield configurations. The
DFIR is the same large wooden shield with a single Alter
used for the SPICE DFAR. The SDFIR (Small DFIR) is a 2/3
sized DFIR that also has a single-Alter shield within it.
The Belfort double-Alter is a low porosity double-Alter
shield manufactured by Belfort Instruments. The double
and single Alter shields are produced by Geonor and
other manufacturers.
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Pierre et al. (2019) conducted an evaluation of available transfer functions developed in
different climate regimes (including the SPICE transfer function) for the adjustment of gauge
measurements of solid precipitation at a single site (Forét Montmorency, Quebec, Canada),
and compared the results with the collocated manual DFIR. Site-specific transfer functions
developed specifically for Forét Montmorency, which has a southern boreal climate associated
with large amounts of snow, showed lower bias and error values relative to other existing
functions, underscoring the importance of climate and site conditions in transfer function
performance.

Pierre et al. (2019) and Smith et al. (2020) showed substantial transfer function performance
variation by site, mainly due to different wind characteristics. Smith et al. (2020) showed
that the multisite SPICE transfer functions produced a significant underadjustment at cold
and windy sites, while tending to overadjust at less windy sites. The results also suggested
that transfer functions are useful, but should be applied with caution; local meteorology
and climate are important for understanding undercatch and assigning appropriate transfer
functions to all observation sites.

In addition to transfer function assessment, poorly shielded precipitation gauges tend to
miss low-accumulation events in windy conditions. Smith et al. (2020) showed that collocated
single-Alter shielded and unshielded weighing gauges at Bratt’s Lake (Saskatchewan, Canada)
reported a substantial number of 0.0 mm events when the DFAR reported low event accumula-
tions. These missed events were characterized by a mean 10 m height wind speed greater than
7.5 m s, For the unshielded and single-Alter shielded gauges, such missed events accounted
for 62% and 38% of the solid precipitation reported by the DFAR, respectively (Fig. 5). These
results highlight the importance of adequate shielding in high-wind conditions; regardless
of how well a transfer function is calibrated to a specific site, it cannot be applied to an event
that is not detected by the gauge.

Operational weighing gauge considerations.

LIFE CYCLE AND CHANGE MANAGEMENT. For operational applications, different weighing gauge
and shield combinations are often used depending on climate and operational requirements.
Network-wide changes can be necessitated by life cycle (discontinued sensors) and financial
considerations. For example, since SPICE began, new precipitation gauge models [e.g., the
Geonor T-200BM 1000 mm and T-200BMD 1500 mm, the Lufft OTT Pluvio’L, and the Lam-
brecht rain(e)H3] have become available. The use of different gauges and shielding can lead
to significant challenges when trying to create homogenous precipitation records within and
among regions or countries.

As an example, the Automated Surface Ob-
serving Systems (ASOS) and Automated Weather
Observing Systems (AWOS) are the primary 60%
operational weather reporting networks in the
United States. These systems have adopted vari-
ous gauges and shields over the years, but have
not yet established a standard across or within
the networks. The ASOS network initially used
a heated tipping-bucket with a vinyl shield that
had slits cut in it (Fig. 2g). The National Weather
Service adopted an OTT Pluvio gauge with a

Tretyakov-style shield (referred t(? a_ls t%le AW- the DFAR (P,,,.) when the test gauge measured zero. The
PAG, or Automated Weather Precipitation Ac- measurements are from Smith et al. (2020), and were

cumulation Gauge) to install at their ASOS sites  recorded during the 2015/16 and 2016/17 winter seasons.
in the mid-2000s, while the Federal Aviation  Sites are identified in the Fig. 3 caption.
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Fig. 5. Percent of total solid precipitation measured by
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Administration (FAA) opted to keep the heated tipping-bucket at their ASOS sites. From 2010
to 2011, the National Weather Service upgraded their ASOS OTT Pluvio gauges to include an
Alter shield surrounding the Tretyakov shield (Fig. 2e). The AWOS network is maintained
by both the FAA and private vendors, and includes an assortment of precipitation gauges,
many of which are heated tipping buckets with no shields. This is part of the reason that the
U.S. Climate Reference Network (USCRN) was created (Diamond et al. 2013), providing well-
shielded reference-quality precipitation measurements (Fig. 2c) throughout the United States.

Canada provides another example of such operational issues. The network-wide automa-
tion of the manual observation program started there in the early 2000s, with the introduc-
tion of the Geonor T-200B (600 mm) and the higher capacity OTT Pluvio (1000 mm) gauges
(Mekis et al. 2018). Beginning in 2008, primarily to decrease maintenance costs, the even
larger capacity Pluvio? (1500 mm, then eventually the Pluvio?L) gauge was often used at
new installations. To modernize, in the Automatic Weather Observing System network, the
single-Alter shielded Geonor T-200B gauges are currently being replaced with double-Alter
(DA) Pluvio’L gauges (Fig. 2a), with the new double-Alter shielded gauges exhibiting increased
solid precipitation catch efficiencies in windy conditions. Many of these transitions have in-
troduced significant spatial and temporal inhomogeneities, with the different configurations
requiring homogenization via wind adjustment.

OPERATIONAL TRANSFER FUNCTION CONSIDERATIONS. The use of wind shields around precipitation
gauges may also have some drawbacks. The installation of a shield can create an inhomogene-
ity in the time series, which can only be accounted for using parallel measurements recorded
over several years. The additional structure around the gauge may also be prone to failure,
requiring periodic inspection, maintenance, and replacement. For these reasons, Switzerland
is investigating an alternative to systematic shielding for its operational network. For wind-
exposed sites in mountainous regions, where the wind-induced error is expected to be large,
an all-in-one sensor is installed on the same pole as the precipitation gauge, at orifice height,
to measure wind speed and temperature (Fig. 2d). This additional information will then be
used to apply transfer functions to the measurement (“Evaluation of primary weighing gauges
tested in SPICE” and “Derivation of transfer functions for weighing precipitation gauges” sec-
tions), and create a new data parameter (corrected and uncorrected measurements will both
be available). The impact of this new approach on existing products, like the combination of
radar and ground-based measurements for nowcasting, will be evaluated.

Very high winds and blowing snow are also a source of significant operational measurement
uncertainties in some areas. For wind speeds greater than 9 m s, transfer function adjust-
ments that increase snowfall amounts by up to 5 times can result in very large precipitation
measurement errors. This is in part because prolonged windy conditions can generate blowing
snow, which may be erroneously measured as new precipitation by a gauge (Nitu et al. 2018;
Wagner et al. 2021; Yang and Ohata 2001). Potential solutions to this problem include a
maximum wind speed for the transfer function to exclude blowing snow (Yang et al. 1998;
Yang and Ohata 2001), or the imposition of a limit on the magnitude of snowfall amounts
above which the adjustments should not be applied (MacDonald and Pomeroy 2007). Further
research is needed to determine how to adjust precipitation during very windy conditions
(Pan et al. 2016), and specifically to examine possible overadjustments and blowing snow
impacts on such observations. Blowing snow is particularly problematic because it can also
affect reference precipitation measurements, and because the presence or absence of blowing
snow varies based on local conditions, snow morphology, and the condition of the snowpack.

Weighing gauge measurement recommendations. For solid precipitation measurement, at
least one DFAR configuration should be installed and maintained by monitoring agencies to
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characterize the measurement biases and uncertainty of national network gauges. Testbeds
established at key locations, which include a DFAR and collocated sensors, can be used to
preserve the continuity of long-term snow observations and to assess the effect of systematic
transitions. The use of instrument testbeds and intercomparison protocols should be formal-
ized to ensure proper intercomparisons with international references. This would reduce
the risk of discontinuities associated with instrument transitions, and also facilitate more
internationally and globally homogenous solid precipitation records.

Wind shielding is recommended for catchment-type precipitation gauges to reduce the
effects of wind-induced undercatch. Shield selection can be based on the gauge exposure
and climate. For example, double-ring shields are generally more effective than single-ring
shields, but the former may be superfluous for gauges installed at sheltered sites with low wind
speeds. Wind shields should be installed above the height of the maximum snow depth, to
prevent the shield and gauge from being buried (e.g., Fig. 6e). In addition, shields should be
installed separately from the structure used to support the gauge, as wind-induced vibration
of shield components can influence gauge measurements.

For weighing gauges, antifreeze and oil should be used to prevent the freezing and evapo-
ration of bucket contents, respectively. Heating is recommended to improve gauge response
times for solid precipitation and to mitigate the influence of snow capping; however, heating
may impact conditions above the gauge orifice and affect measurements. The heating con-
figuration should be tailored to the specific application and environment, while also taking
into consideration power availability.

Gauge capping is a problem that can occur in sheltered areas and in locations with heavy
and wet snow. Webcams can be used to detect partial or complete capping events, in addi-
tion to other instruments such as precipitation detectors or snow depth sensors. Some gauges
are designed to minimize snow accumulation on the gauge. This is done by decreasing the
area of surfaces on which snow can accumulate, with an ideal gauge being cylindrical with
no shoulders. In addition, gauge surfaces that accumulate snow can be heated when suf-
ficient power is available. In locations prone to capping due to heavy snow and low wind, it
may be better not to use a windshield, as snow
can accumulate on shield components (e.g.,
Figs. 6h,i), and some exposure to the wind can
actually help prevent snow from building up
on the gauge.

Appropriate transfer functions should be
used to mitigate the influence of wind-induced
undercatch on solid precipitation measure-
ments. Ancillary measurements of wind speed
(at gauge height or at 10 m) and temperature
must be recorded for the application of transfer
functions, as well as all metadata related to the
gauge and shield type and configuration of each
measurement.

Heated tipping-bucket gauges
Tipping-bucket precipitation gauges are wide-
ly used in national observation networks

Fig. 6. Photos of common solid precipitation measure-

. . . ment issues, such as (a),(b),(c),(h),(i) fully or partially
(Nitu and Wong 2010), and are available with capped gauges; (d),(f) buried gauges; (e) shields that

heating for all-season operation, including solid have accumulated drifting snow; (g) gauges with frozen

precipitation measurements. Tipping-bucket bucket contents; and (h),(i) shields that have accumulated
gauges are typically less expensive, smaller,  snow.
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and require less expertise to install and operate than weighing gauges. Like weighing gauges,
tipping-bucket gauge performance is strongly linked to wind speed (Buisan et al. 2017;
Kochendorfer et al. 2020; Nitu et al. 2018). Heated tipping-bucket gauges are also sig-
nificantly affected by evaporation and response delays, because solid precipitation must be
heated and melted prior to its measurement (Buisan et al. 2017; Kochendorfer et al. 2020;
Nitu et al. 2018). More research on how to minimize these drawbacks by optimizing heating
is still needed. Tipping-bucket gauges are also less accurate than weighing gauges, and typi-
cally have a coarser measurement resolution (Nitu et al. 2018). For these reasons, it can be
difficult to accurately identify the beginning and end times of solid precipitation events using
tipping-bucket measurements (Nitu et al. 2018). Because of this, tipping-bucket gauges are
generally more suitable for daily or seasonal precipitation measurements than for 30-min or
hourly measurements.

Buisan et al. (2017) and Kochendorfer et al. (2020) derived transfer functions to adjust
solid precipitation measurements from unshielded tipping-bucket gauges at SPICE sites,
and calculated the resultant uncertainties. To account for tipping-bucket measurement
delays, new techniques were developed to derive these transfer functions, some of which
may also be useful for the derivation of weighing gauge transfer functions. To include all
available measurements in the derivation of tipping-bucket transfer functions, instead of
only periods when the tipping-bucket gauge and the DFAR simultaneously caught precipita-
tion, Kochendorfer et al. (2020) optimized transfer function parameters to minimize errors
in the seasonal precipitation accumulation. Some of the limitations of the traditional catch
efficiency approach were thus overcome, allowing for more representative and customizable
transfer functions.

Non-catchment sensors
New technologies that measure precipitation without capturing and collecting hydrometeors
(so-called “non-catchment” type instruments, e.g., Fig. 7) are increasingly being used opera-
tionally. Three different types of non-catchment sensors were tested in SPICE: optical disdrom-
eters, which determine hydrometeor characteristics based on their attenuation of a laser beam;
present weather sensors, which use light scattering to estimate hydrometeor properties; and
an evaporative plate, which determines precipitation amounts based on the principles of mass
and heat transfer. Instruments using microwave backscatter (i.e., X-band or K-band radars) to
determine hydrometeor properties are also available, but were not evaluated in SPICE.
Optical disdrometers and present weather sensors are designed primarily for detecting
precipitation type, but many of them also produce a derived precipitation amount or pre-
cipitation rate. This makes such sensors at-
tractive to many users. But the SPICE results,
which focused on the use of non-catchment
instruments for reporting accumulated pre-
cipitation amounts, demonstrated that such
sensors can significantly over- and underes-
timate precipitation amounts relative to the
DFAR (Reverdin et al. 2016; Nitu et al. 2018).
At one of the SPICE sites, Begueria et al. (2018)
likewise found that such optical precipitation
measurements overestimated solid precipitation
amounts relative to the DFAR. The varied perfor-
mance of such sensors is attributed primarily to

assumptions used in data processing methods Fig. 7. Disdrometer intercomparison at the Formigal SPICE
(e.g., assumed hydrometeor shape, density of site in Spain, with the DFAR in the background.
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solid precipitation, etc.), and is more pronounced over shorter periods (hourly to daily) than
over longer periods (months to seasons), for which the assumptions are likely more represen-
tative. For laser disdrometers, the superposition of hydrometeors along the beam is another
potential source of uncertainty.

Within SPICE, non-catchment sensors were generally less susceptible to wind effects relative
to weighing gauges and heated tipping-bucket gauges. Wind direction, however, was found to
impact performance depending on the specific instrument and its configuration (e.g., sensor
heads can block precipitation coming from certain directions). To address this, some instru-
ments have been designed with aerodynamic profiles to mitigate such anisotropic effects.

The Hotplate Precipitation Gauge, which relies on an evaporative plate to determine pre-
cipitation amount, was unique among the non-catchment sensors tested in terms of both its
operational principles and its measurement results. For example, the solid precipitation mea-
surements recorded using the Hotplate had a lower bias and RMSE compared to unshielded
weighing gauge measurements (Nitu et al. 2018). Other recent research on the Hotplate Pre-
cipitation Gauge likewise indicated excellent agreement with the SPICE DFAR precipitation
measurements (Thériault et al. 2021), and catch efficiencies that increased with wind speed
in modeled simulations (Cauteruccio et al. 2021).

Snow cover
Snow cover measurements. In SPICE, automated snow depth and SWE measurements were
evaluated relative to manual reference measurements. Examples of such sensors are shown in
Fig. 8. Automated snow depth sensors, based on ultrasonic or laser measurement principles,
performed well relative to manual measurements. The results demonstrated the importance of
spatial variability, driven in particular by the redistribution of snow by wind. At the CARE site
in Canada, manual snow depth measurements were used to quantify this spatial variability
(Fig. 9), emphasizing the importance of sensor siting. The benefits of heating the snow depth
sensors, angled mounting structures, and the use of artificial surface targets under the snow
depth sensors were also analyzed within SPICE.

The performance of automated SWE sensors varied depending on the measurement prin-
ciple and environmental conditions. Like the snow depth measurements, the spatial vari-
ability of the snow cover at the scale of a few meters distance significantly affected the SWE
measurements, regardless of the measurement
principle. The final report from SPICE listed a
number of emerging approaches for measuring
snow depth or SWE, based on varying measure-
ment principles. Some of these new methods
assess the spatial variability of snow cover
characteristics, as opposed to more traditional
single-point measurements (see Nitu et al. 2018,
section 4.1.4.5); however, most of these emerg-
ing techniques are not used operationally.

Fig. 8. Photos of snow depth sensor installations under
Operational snow cover considerations. While  assessment during SPICE: (a) an optical sensor (Lufft/Jen-

the research community has remained active  optik SHM30) at Sodankyl& prior to snow accumulation
in developing novel approaches for measuring  ©n a surface target constructed from artificial turf; (b)
snow cover or assessing the uncertainties of optical (Lufft/Jenoptik SHM30) and ultrasonic (Campbell

Scientific SR50A) snow depth sensors concurrently mea-
measurements (e.g., for manual SWE measure-

) suring the same target area at CARE alongside manually
ments by Lopez-Moreno et al. 2020), a large observed graduated snow stakes used as the reference,

gap remains between the state of technologi-  and a Campbell Scientific CS725 passive gamma snow
cal development of current prototypes and the  water equivalent sensor.
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way snow cover is measured in operational 0 i ' e
networks. The assimilation of SPICE results : e Ll
relevant to snow cover measurements (Snow
depth or SWE) in operational networks has, up
until now, remained negligible or anecdotal. A
recent synthesis of snow cover measurements in
Europe (Haberkorn 2019) describes how snow
depth, presence of snow on the ground, depth
of new snowfall, and SWE are measured in 38
countries in Europe. With over 13,251 snow
depth measurement stations across Europe, the  Fig. 9. Manual snow depth measurements recorded at the
vast majority (85%) employ manual measure- CAF.(E. site over the course of the 2913/14 winter season.
. . Individual measurements (gray circles) were recorded
ments, especially at low elevation. Automated . . . .

. at 62 different snow stakes, typically daily, to quantify
snow depth measurements are more prominent spatial variability. The average snow depth (black line)
at high elevation, with 355 automated snow  \yas calculated for each observation period.
depth stations compared with 200 manual sta-
tions above 2,000 m elevation. The partitioning
between automated and manual measurements is, however, very heterogeneous across
Europe, not only due to topography (fraction of mountainous terrain), but also due to differ-
ences in network development and management strategy.

The situation for SWE measurements is even more heterogeneous, with 4,044 SWE mea-
surement stations, 97% of which are manual. The lack of harmonization of snow cover mea-
surements, in terms of both measurement principles and quality control methods, hinders
the use of the data across national borders (Beniston et al. 2018; Matiu et al. 2021). Progress
in snow cover monitoring is therefore predicated on further advances in the exchange and
homogenization of snow cover data. This gap has been identified in the latest IPCC Special
Report on the Ocean and Cryosphere in Changing Climate (IPCC 2019).

Although operational snow cover measurement networks are advancing slowly, a
strong emphasis has been placed on the development of remote sensing products (e.g.,
Gascoin et al. 2019). This emphasis has now expanded to a pan-European domain as a dedi-
cated Copernicus Land Monitoring service (https:/land.copernicus.eu/pan-european/biophysical-
parameters/high-resolution-snow-and-ice-monitoring), and includes the combination of remotely
sensed data with in situ observations and model results through data assimilation (e.g.,
Largeron et al. 2020; Cluzet et al. 2021). In situ observations of snow cover are a key compo-
nent of these innovative snow monitoring and prediction systems, amplifying the need for
further harmonization and consolidation of operational snow cover networks.

40 -

Snow depth [cm]

Jan 2014 Feb 2014 Mar 2014 Apr 2014 May 2014

Snow cover measurement recommendations. For the measurement of snow depth, heating
of the sensors and the use of angled (and heated) mounting arms in regions of high snow
accumulation are recommended to mitigate potential measurement impacts caused by the
accumulation of snow or ice on or around the sensor. Heating of sensor mounting infrastruc-
ture is recommended to prevent built-up snow or ice from falling onto the sampling area and
impacting the snow cover. Artificial surface targets can be used to provide uniform, level,
stable, and low maintenance surfaces for snow depth measurements (Fig. 8a); however, the
relative distance between the sensor and target can still be impacted by frost heave and set-
tling. These targets are especially advantageous for ultrasonic sensors, which have larger
sample areas than optical sensors, and are more susceptible to nonuniform features of natural
targets (e.g., protruding vegetation). Artificial targets should be similar to the surrounding soil
in terms of height, color, reflectivity, and thermal properties, to minimize unrepresentative
measurements due to surface heterogeneity when snow is accumulating or melting.
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Collection efficiency modeling

Advances in modeling the flow and trajectory of hydrometeors around gauges. Significant
advances in the modeling of flow fields in the vicinity of precipitation gauge and trajectories of
various snowflake types have been made since Rasmussen et al. (2012). Thériault et al. (2012)
simulated the flow around a single-Alter shield and showed the impact of snowflakes types
on the scatter in the collection efficiency. Colli et al. (2015) computed the flow field around
unshielded and single-Alter shielded Geonor gauges and demonstrated the sensitivity of
collection efficiency results to the specific hydrometeor drag model used. Further studies by
Colli et al. (2016a,b) showed that snowflake trajectories past and into the gauge were signifi-
cantly impacted by the airflow distortion, both spatially and temporally.

Baghapour et al. (2017), Baghapour and Sullivan (2017), and Colli et al. (2016a,b) used
numerical Reynolds averaged Navier Stokes (RANS) and large-eddy simulation (LES) mod-
els to study the turbulence and eddy dynamics around a Geonor precipitation gauge in
unshielded, single-Alter shielded, and double-Alter shielded configurations. The simulation
results illustrated that shielding decreased the flow momentum above the gauge orifice at
the expense of increased turbulence generation, while tilting the Alter shield slats in high
winds reduced the shielding benefits. Further study by Baghapour and Sullivan (2017) and
Colli et al. (2015, 2016a,b) demonstrated how the effective catchment area of precipitation
gauges changes with wind speed and snowflake characteristics. For small hydrometeors in
high winds, the effective catchment area can be reduced significantly, but can be partially
improved by shielding. The modeled results also suggest that the flow field around the DFAR
impacts the angle of attack and produces flow convergence, which increases the number of
snowflakes falling in the gauge (Thériault et al. 2015).

Collection efficiency and hydrometeor fall velocity. Thériault et al. (2012) showed that
slow falling hydrometeors (e.g., dry snow) have a lower catch efficiency than faster-falling
hydrometeors (e.g., wet snow), which explains some of the uncertainty in the collection
efficiency at a given wind speed. This was demonstrated using both CFD simulations
and detailed field measurements of snowflake habit. Building upon these findings,
Hoover et al. (2021) characterized how the collection efficiency of unshielded Geonor
gauges changes with wind speed and hydrometeor fall velocity using CFD simulations and
Lagrangian particle tracking. Based on the numerical results, a universal transfer function
was developed.

Recent studies by Leroux et al. (2021) and Hoover et al. (2021) have demonstrated that
hydrometeor fall velocity measurements can be used to develop new transfer functions with
wind speed and fall velocity dependence. Such hydrometeor fall velocity measurements can
be obtained from optical disdrometers and Doppler radar instruments. These new transfer
functions reduce the uncertainty in adjusted precipitation measurements (lower RMSE)
relative to existing transfer functions (Leroux et al. 2021; Hoover et al. 2021). These studies
demonstrate the importance of snowflake habit on gauge collection efficiency and the utility
of fall velocity measurements for developing and applying adjustments.

Transfer function applications

Transfer functions for use in validating weather models. Numerical weather models are
traditionally verified with precipitation gauge observations without any form of adjustment
for wind-induced undercatch, though more recent studies acknowledge the undercatch of
solid precipitation as one of the major reasons for the discrepancies between the measured
and modeled solid precipitation (Gowan et al. 2018; Wang et al. 2019). Kgltzow et al. (2019,
2020) and Buisan et al. (2020) quantified the possible impact with their respective case stud-
ies, using transfer functions derived from SPICE sites.
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Kgltzow et al. (2019) used raw and adjusted observational data from the Year of Polar
Prediction project to verify solid precipitation forecasts from a number of numerical models.
The models showed an unambiguous underestimation of the mean precipitation and a clear
change in model behavior. In a follow-up study, Keltzow et al. (2020) investigated the verifica-
tion of solid precipitation forecasts in Norway. They compared the model results to both auto-
mated and manual precipitation measurements, applying universal and site-specific transfer
functions to the observations. The results demonstrated the dependency of catch efficiency
on temperature and wind speed. All three studies (Buisan et al. 2020; Kgltzow et al. 2019,
2020) concluded that the application of adjustment functions reduces precipitation measure-
ment errors, thus improving model verification and decreasing systematic forecast biases.
However, caution when applying adjustments was advised by all of these studies due to the
uncertainties in identifying the optimum adjustment for a given observational site, and the
errors inherent in applying any transfer function (Buisan et al. 2020; Kgltzow et al. 2019,
2020; Pierre et al. 2019; Smith et al. 2020).

Precipitation biases and regional hydrology. Precipitation biases can affect hydrologic
studies at all scales, because precipitation measurements are often used to drive hydrologic
models (Coustau et al. 2015). Robinson and Clark (2020) recently used a water balance ap-
proach based on the Gravity Recovery and Climate Experiment (GRACE) total water storage
to infer the amount of cold-season precipitation in four large Arctic rivers. They evaluated
four gridded meteorological datasets as inputs to a land surface model, and reported that
the cold-season precipitation in these datasets needed to increase by up to 55%. Undercatch-
adjusted precipitation gauge measurements were also compared with the GRACE-derived
correction. The undercatch correction increased the amount of cold-season precipitation by
23%, indicating that some, but not all, of the underestimation was removed.

Lundquist et al. (2019) and Lussana et al. (2018) also demonstrated discrepancies between
model simulations and hydrological observations. These differences were likely caused by
wind-induced undercatch, as they were associated with solid and mixed precipitation under
windy conditions and in complex terrain. Using gridded wind data, Lussana et al. (2019)
applied the adjustment function from Wolff et al. (2015) to improve a gridded precipita-
tion dataset from the Norwegian Meteorological Institute. In the process, new constants for
the adjustment functions were derived by optimizing the functions to reproduce extreme
precipitation events based on geographical parameters characterizing site exposure. The
qualitative analysis by Lussana et al. (2019) indicated an improved agreement between the
gridded dataset and independent hydrological observations, as well as the requirement for
further evaluation.

Other WMO, metrology, and snow cover work

WMO measurement guidance and reports. Recommendations from SPICE and best prac-
tices for the automated measurement of snow cover have been incorporated into the WMO
Guide to Instruments and Methods (WMO 2018b). The existing guidelines on precipitation
measurement (WMO 2018a) will also be updated. In addition, the Expert Team on Surface
and Subsurface Measurements of the WMO Infrastructure Commission is modernizing the
guidance for the measurement of precipitation, with a shift in focus from manual to automated
measurements. This work will include non-catchment measurement techniques, such as dis-
drometers. The significant SPICE contributions to the field of automated solid precipitation
measurement will also be incorporated into this guidance.

Contributions from the metrology community. The metrology community (MeteoMet) is
also developing traceability and calibration methods for non-catchment precipitation sensors
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(www.meteomet.org/incipit/). This project will include new modeling tools developed to better
describe non-catchment measurements and their errors, a raindrop generator for calibration
and experiments, and field and laboratory validation of new methodologies.

WMO-managed metadata. The proliferation of new sensors for the measurement of solid
precipitation and snow cover has greatly increased the importance and challenge of document-
ing existing measurement configurations. Metadata describing sensor types and their field
configuration (presence and type of shield, surface target, etc.) needs to be made available
in standardized and accessible formats. Most operational stations, globally, are represented
in the OSCAR/Surface database maintained by WMO, based on the Metadata standard. Cur-
rently, however, only a small subset of operationally available stations measuring snow depth
and total precipitation (solid precipitation included) are fully represented and characterized
in OSCAR/Surface. This limits our ability to standardize precipitation measurements and
derive and apply transfer functions.

Conclusions

SPICE was an international collaboration developed to assess instrument performance and
provide recommendations on best practices for solid precipitation and snow cover measure-
ments. It was intended to aid in the transition from manual to automated measurements and
to establish an automated standard for solid precipitation measurement. The inclusion of
observing sites from 20 locations around the world allowed for data collection in a variety of
climate regimes and under varying types of snowfall conditions, providing a robust dataset
of observations from over 200 different sensors.

Analysis of the data from SPICE resulted in many outcomes and accomplishments. One of
the significant accomplishments was the establishment of the DFAR as an automated field
reference configuration for solid precipitation measurements. This subsequently allowed for
the development of transfer functions to adjust for gauge undercatch due to wind, which was
the primary performance issue for weighing gauges. Further analysis indicated that transfer
functions were largely independent of the type of weighing gauge used, and depended primar-
ily on the shield configuration. This mirrored the trends for catch efficiency results among
different weighing gauges in the same shield configuration at SPICE sites.

The application of the transfer functions derived from multiple SPICE site datasets to post-
SPICE datasets from individual sites was found to produce a significant underadjustment in
cold and windy locations, while tending to overadjust at less windy sites. The results also
suggest that these transfer functions, while useful, should be applied carefully, as local me-
teorological, topographical, and climatological conditions are important for understanding
the undercatch at a given site. It was also noted that single-Alter shielded and unshielded
precipitation gauges tend to miss low-accumulation events in windy conditions, supporting
the requirement for improved and well-maintained gauge shielding.

The SPICE results also highlighted some of the issues associated with heated tipping-bucket
gauges. Similar to weighing gauges, the performance of tipping buckets is strongly impacted
by wind speed. Tipping-bucket gauges are less accurate than weighing gauges, leading to
difficulties in identifying the beginning and end of solid precipitation events. Heated tipping-
bucket gauges are additionally affected by evaporation and response delays, and more re-
search is needed to develop methods to minimize these drawbacks. Transfer functions were
also developed for heated tipping-bucket gauges, with novel methods developed to mitigate
the influence of both wind speed and response delays on seasonal datasets.

Disdrometers and present weather sensors were found to both overestimate and underesti-
mate precipitation amounts relative to the DFAR. This was attributed primarily to assumptions
used in the data processing methods, and was more pronounced over shorter periods (hourly

AMERICAN METEOROLOGICAL SOCIETY BAMS Unagt%glhgéggl %8\%/&061(155%20/22 06:05 PM UTC


http://www.meteomet.org/incipit/

to daily) than longer periods (months to seasons). For laser disdrometers in particular, the
juxtaposition of hydrometeors along the beam was found to be another potential source of
uncertainty. For the evaporative plate instrument, solid precipitation measurements had a
lower bias and RMSE as compared to unshielded weighing gauge measurements.

Automated snow depth and SWE measurements were evaluated relative to manual refer-
ence measurements. The performance of these sensors varied depending on the measurement
principle and environmental conditions, but they generally behaved according to the manu-
facturer’s specification. An overarching theme of this research was the importance of spatial
variability, and the necessity of using more than a single point measurement to establish a
representative value for all types of snow cover measurements.

SPICE also provided opportunities for collaborative studies to model the flow and trajectory
of hydrometeors around gauges and wind shields. Results showed that snowflake trajecto-
ries around the gauge were significantly impacted by airflow distortion (both spatially and
temporally) caused by the presence of the gauge. Furthermore, simulations of airflow past a
Geonor gauge with an Alter shield (either single or double) illustrated that shielding decreased
the flow above the gauge orifice and increased turbulence. Additionally, it was shown
that the deflection of the Alter shield slats in high winds reduced the shielding benefits.
Hydrometeor fall speeds were also shown to have an impact on collection efficiency, with
slow falling hydrometeors having a lower catch efficiency than faster-falling hydrometeors.

Finally, a series of recommendations and best practices were developed to help inform sen-
sor users and observation programs regarding the installation, operation, and maintenance
experiences of the site teams. These include 1) installing at least one DFAR configuration to
characterize the measurement biases and uncertainty of gauges within a given agency or
network; 2) applying appropriate transfer functions to mitigate the influence of wind-induced
undercatch on solid precipitation measurements; 3) installation of wind shields for catchment-
type precipitation gauges to reduce the effects of wind on gauge undercatch; 4) utilization
of antifreeze and oil in weighing gauges to prevent the freezing and evaporation of bucket
contents; 5) adding orifice heating to improve gauge response times for solid precipitation and
to mitigate the influence of snow capping; 6) heating of snow depth sensors and the use of
angled (and heated) mounting arms in regions of high snow accumulation; 7) adding artificial
surface targets to provide uniform, level, stable, and low maintenance surfaces for ultrasonic
snow depth measurements; and 8) improving and sharing metadata describing measurement
type and configuration to aid in national and international data homogenization.
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