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Craig D. Smith, Anna Kontu, Richard Laffin, and John W. Pomeroy

We would like to thank the referees for taking the time to review this paper submission. Your comments and
suggestions are most appreciated and we have tried to address all of them in turn, providing clarification and
revisions where necessary. Our responses are highlighted in the text below. Incorporating your suggestions
and addressing your comments and concerns have certainly helped to improve this manuscript.

Response to referee comments

Anonymous Referee #1

Although snow water equivalent (SWE) is very important information for not only disaster forecasting but also
for earth science, there is still room for discussion of the methods of automatic SWE measurement. They
compared different automatic SWE measurement methods (C5725, SSG1000), which are based on the different
principles, with the manual SWE measurement at three sites. Then they discussed the characteristics of the
comparison results at each site. Although | am very interested in their works and do not doubt that their works
give the basic important information for the improvement of automatic SWE measurement methods, their
work only shows few scientific new findings in the present version. From this view, | think their topic should be
suitable for rather Gl (or some publications which mainly treat the topics of instrument, method) publication
than TC publication. In order for this manuscript to be accepted for TC, the authors should completely
reconstruct the manuscript to clear the new scientific findings and scientific contribution of their works.

Author’s response

We will reconstruct the Results section and arrange the text by instrument, not by site, as suggested by Referee
#2. We hope that this change will highlight our results including the new findings that came out of the SPICE
intercomparison.

Author’s changes in manuscript
- Text in 3 Results and Discussion arranged by instrument and divided into two sections, 3 Results and 4
Discussion.

Anonymous Referee #2

The paper compares SWE manual measurements with automated sensors of attenuation of passive gamma
radiation attenuation device in two SPICE sites and another site with rather different climatic and snow
conditions; and also one scale snow in one of the SPICE sites. The topic is of high interest for a broad
community as the sensors that are compared are starting to be very popular in many sites of the world, and it
is necessary to discuss about their accuracy, possible sources of uncertainty, etc. Due to the limited length of
snow observations, few locations analysed and some problems related with the experimental design it is not
possible to give strong evidences on their accuracy and the reason of biases found between manual and
automated measurements. However, | think that the paper still has enough interest for many readers, and it
launches some hypothesis of interest that may serve as basis for further research.



In my opinion, the structure of the manuscript is not the best to present the results. | recommend to reorganize
the presentation of them showing the equivalent figures for each site together, instead of doing subsections of
the results for each site (indeed the discussion is presented in the way | suggest). Meanwhile table 1 and 2 can
be combined (and added results from Fortress). In this way it would be reduced the final number of figures (the
14 current figures is excessive in my opinion). More important, it would be possible to identify common
processes amongst sites and their differences, and the paper would gain consistency (in the current version
some figures are made for one site but not for the others..e.g.). Thus it could be presented the validation of
CS725 and SSG1000 (where available) in the three sites with a couple of multi-panel lots (one panel per site),
and afterwards to show figures that allow explaining the patterns of accuracy/error shown (the figures relating
air temperature and difference SWE, the soil moisture...

One concern is how to ensure that snow depth in automated sensors is the same than that were SWE is
measured manually in the three presented sites. This could be another source of error not mentioned in the
manuscript. In page 11 is mentioned the spatial variability in snow melting that could affect to different snow
depth. Are there snow depth sensors installed above the measured areas with automated sensors. If this is the
case, we could see how well the depths are similar and if there are differences, some plot could focus on
estimated snow density.

Is there any evidence of a relationship between snow depth or amount of SWE with bias with the manual
measurements. There are some references that C5725 may be inaccurate under very deep snowpack. - | think
that Figure 11 should show the bias between manual and automated measurements to properly observe the
coincidence between liquid water content and SWE differences.

It seems that the existence of water around SSG1000 may cause serious disruptions in the functioning of the
device. Is it apparently due to problems in their installation or is a problem of design of the device?

Hoping my comments will result useful.

Author’s response

The referee points out the limited length of observations, few locations, and problems with experimental
design. This was largely related to the choice of limiting analysis to the SPICE instrumentation over the SPICE
intercomparison period and using available reference measurements. We did add CS725 data from Fortress
Mountain (which is not a SPICE site) to help support our theory that CS725 offsets were due to changes in soil
moisture related to sandy soil substrates. To have more data and locations, we will add one more site,
Weissfluhjoch, to the SSG1000 intercomparison which adds 2 seasons of instrument intercomparisons.
However, as the referee points out in regards to the existing intercomparison, the methods for the manual
reference measurements differ from the other sites. This contributes to the difficulty in assessing the level of
uncertainty in the reference.

The referee suggests looking at automated snow depths if they are measured in the same field of view as the
SWE measurements. This, unfortunately, was not the case as the snow depth sensors were located at different
locations participating in their own assessment. This deficiency is noted and we will comment that this could
assist future SWE intercomparisons. We did use manual snow depth measurements at Caribou Creek and
Sodankyla to estimate site variability and will add a commentary on this.



As suggested, we will rearrange the Results and Discussion section by instrument, not by site. We will also
combine relevant figures and tables to reduce their number and to make comparisons between sites easier.

The problems with SSG1000 and water are due to a design feature: the cables are so short that the electronics
box must be installed below the instrument on the ground. We know that Fortress Mountain site has also
experienced similar problems with the instrument. After SPICE, the Sodankyla team asked the manufacturer to
replace the cables with longer ones. A third measurement winter was without instrument failures, as the
electronics box was now mounted about 50 cm above ground. This will be briefly mentioned in the text.

We revised Figure 11 (now Figure 6) to include the difference between the CS725 and manual SWE
measurements. This now shows the relative timing between the changes in the soil moisture/soil temperature
and the changes in the instrument offset. However, the difference in the frequency of measurements means
that interpretation isn’t necessarily clear. As the manuscript states, it offers an explanation for some of the
initial offset which is shown by the first intercomparison in mid-December but the large discrepancies shown in
mid-February are not attributed to changes in liquid water in the soil anyways. It does mark the coincidence
between spring soil thaw and infiltration of liquid water and a corresponding increase in the sensor bias.

Author’s changes in manuscript

- Text in 3 Results and Discussion arranged by instrument and relevant figures and tables combined.
Text divided into two sections, 3 Results and 4 Discussion.

- Weissfluhjoch is added to the SSG1000 intercomparison.

- The SSG1000 problems will be addressed in the text.

- Revised Figure 11 (now Figure 6) to include a plot of the difference in SWE between the CS725 and the
manual measurements in relation to the soil moisture/soil temperature changes

- We added further commentary in the Discussion section on how the experiment design could be
improved for future SWE intercomparisons, including measuring snow depth in the same footprint as
the SWE sensors.

- Added a commentary in the Discussion section on the snow depth variability at Caribou Creek and
Sodankyla as an indicator of how the SWE could also vary with space and time.

Referee #3 Charles Fierz
General comments

The goal of this paper, as stated by the authors, is, “to assess the use and accuracy of two instruments that
were tested during the WMO - Solid Precipitation Intercomparison Experiment the Campbell Scientific CS725
and the Sommer Messtechnik SSG1000 snow scale” as well as, "to inform users of the best way to use these
instruments and of any potential measurement issues that may influence their data interpretation."
Unfortuately, however, | don’t feel | get the promised info by reading that paper. The deficiencies of the CS725
(first 5 lines on page 4) are simply confirmed and no convincing, in depth analysis of possible source of errors
are addressed for any of the two instruments. Instead, spatial variability is invoked to explain the mismatch
between the continuous measurements and the manual, punctual (in time) reference measurements, the error
of which are not quantified either. In view of the above and my comments below, | can hardly recommend to
accept that paper for publication.



Indeed, | really doubt that the authors have enough convincing arguments and data to bring the paper in line
with their goals, even after major revisions.

Author’s response

It is true that we confirm some deficiencies in the CS725, as the importance for soil moisture calibration of the
CS725 is previously established (Martin et al. 2008; Wright et al. 2011). However, in previous comparisons the
instrument has agreed much better with other measurements (automated or manual) than we have observed
during SPICE. Our analysis shows that the CS725 assessed during SPICE did not compare as well with manual
measurements as did previous intercomparisons and we propose that the larger offset is due to changes in soil
moisture content after calibration and throughout the snow season. This was in turn caused by the soil type at
both intercomparison sites which was predominately sand. The possible ways for soil moisture to change
during winter are identified by Gray et al. (1985, 2001) and Lilbaek and Pomeroy (2008). We argue that these
soil conditions did not exist for previous intercomparisons and instrument users need to be made aware of this.
We also imply that this is not necessarily an instrument deficiency and some hydrological users may be able to
use this measurement principle to their advantage.

We agree with the need of more in-depth analysis to support the hypotheses, and will provide this in a revised
manuscript or make recommendations to guide future SWE sensor intercomparisons to fill these deficiencies.

The specific and minor comments are addressed after each comment. The resulting changes to the manuscript
are also addressed after each comment.

Specific comments

ep. 1, lines 25-26: “These manual measurements are considered to be the reference for the intercomparison.”
This is one of the crux of that paper. The devices are hardly looked at while a whole lot of blame goes on these
manual measurements, the error of which are hardly addressed though.

We now address some of the error in the manual measurements in the Discussion section. The
literature addresses the mean bias associated with some manual samplers but the variability of the potential
error in field sampling is quite large and depends highly on the skill of the user and the condition of the snow
pack.

ep. 1, line 30: “throughout the intercomparison periods” is absolutely misleading and false. One full ablation
period is missing and the problems of the instruments were not looked at.

One ablation period is missing for one sensor only...the SSG1000 at Sodankyla for the 2014/2015
period. However, we recognize that this limits the sample size of the intercomparison during ablation for this
sensor (and for intercomparison with the other sensor). We will change the text “throughout the
intercomparison periods” to “when data were available” where applicable. In addition, we will add SSG1000
intercomparison from an additional site

ep. 1, line 33: “seasonal melt” suggest replacing by “ablation period” [throughout the paper]. Furthermore, is
pre-melt = accumulation period? | strongly suggest that you define these terms properly once and use them
consistently throughout the paper. See for example on p. 6, line 31 for “point of maximum seasonal SWE”



We agree that consistent terminology is important. We will replace 'pre-melt” with “accumulation
period” and “seasonal melt” with “ablation period”.

ep. 3, line 13: “2 Instrumentation and Methods” Should try to not give interpretation in that paragraph but
include it in the results section, for example as "previous intercomparison"

The commentary about previous intercomparisons has been moved to the “Introduction” section and
all interpretation has been moved to “Results” or “Discussion”.

ep. 3-4; lines 26-5: Is this the correct place for such comments? Should be moved to discussion part as an
introduction to it.

Agreed

ep. 4, line 15: “... impact of the move are considered to be negligible.” Why? Later you speak of spatial
variability influencing the results.

We resolve this by including commentary on the spatial variability at this site and demonstrate how
small this is over the distances of the sensor move.

*p. 4, lines 29-30: “... to stabilize the overlying snowpack and prevent ice bridging.” Why does the snowpack
need to be stabilized? How is ice bridging prevented? What observations do corroborate this?

This is a statement made by the manufacturer (and is stated as such) to justify their design of a larger
platform with a smaller platform in the centre that does the actual weight measurement. It is out of our scope
to validate their design other than to comment on the quality of the measurements.

ep. 5, line 3: “..., and the only snow scale provided ...” is incorrect. There is another SPICE site (Weissfluhjoch)
equipped with a snow scale ... and a snow pillow next to it from the same provider.

The text in the manuscript is correct. The snow scale in Weissfluhjoch was provided by the site, not by
manufacturer for testing during SPICE. However, based on this comment as well as some other comments
about lack of snow scale intercomparison data (due to instrument failure), we have chosen to add the snow
scale intercomparison for Weissfluhjoch..

ep.5, line 8: “... reliable manner ...” but not always. The simple regression does not reveal the true problems!

This statement is in reference to the actual functionality of the instrument (see the context) rather
than an assessment of the measurement accuracy. The instrument functioned with a low failure rate.

*p. 5, lines 13-15: “The sensitivity...” Such a sentence belongs to the summary and conclusion section.
We agree. The sentence will be moved.

ep. 5, lines 24-25: “... has a mean measurement error less than 0.5 %.” 0.5 % of what? Does this refer to the
repeatability of measurements? Overall, the number looks very optimistic and the reference Farnes 1983 is

hardly available. From other publications by the same author (1980 and 1982, see Kinar & Pomeroy, 2015b),
this figure can hardly be reproduced. I'd strongly suggest to be more precise here.

Farnes et al. (1982) state that ESC-30 overmeasures by -0.3 % (i.e. undermeasures) of the true SWE,
and that the correction factor for ESC-30 is 1.00 (no correction required). The accuracy is quoted by Goodison
et al. (1987) which was added as a reference. This paper may be more available than the original Farnes et al.



paper. Of course, these errors are in ideal situations, as stated by Kinar & Pomeroy who cite Powell (1987) in
reference to errors in measuring more difficult snow packs. We add a discussion on this as it relates to
measurements during SPICE (especially at Caribou Creek).

ep. 5, line 25: “were taken just inside the footprint of the C5725” How do these disturbances affect the
measurements?

Since the sample is 30 cm? inside an 80 m? sensor footprint, the impact is negligible but the sample
area was filled in with discarded snow when possible. This was clarified in the text.

ep. 7, lines 14-15: “the instrument trends are the same as for the manual measurements” In my view your
simple regression analysis fails here and does not look at problematic features. For example, how do you
explain the apparent loss of mass around mid February 20147 Similar unexpected wiggles are also seen at
other times on both seasons. These spurious measurements are also known to occur at Weissfluhjoch and are
not to be expected from a well designed, continuously recording device.

Mid feb 2014, March 2014, March-April 2015: very cold periods (-30 C) after positive air temperatures
resulted in ice bridging. The snow supports itself and the weight is not on the load cell. After adding the
Weissfluhjoch data, we see it here as well (as the reviewer points out). This issue will be discussed in the
revised paper in the Discussion section.

ep. 7, lines 15-21: This comparison or ‘tracker’ does not appear to work very well. Indeed, in January 2014
there is a large increase in the ‘Difference in SWE’ while air temperature plummets! Similar behaviour can be
found at other times. In summary, there is another reason behind these large increases, but which?

Agreed, the correlation between temperature increase and the immediate corresponding increase in
sensor bias isn’t always clear. Sources of error are now presented in the Discussion section, including the
potential issues with manually sampling a snow pack that persists after a melting period as a result of ice
layers, etc,

ep. 11, line 11: “systematic sampling errors” Can these be avoided?

| see the reviewer’s point. This was poorly worded. These sampling errors could be systematic but not
necessarily so. The text was changed.

ep. 11, lines 24-27: “Although ...” A somehow simplistic view. In the paper you never assess any of the errors
you assign the outliers to. This is definitely the biggest weakness of that paper.

The text referenced here has been changed and we now address the errors in more detail, including ice
bridging, in the Discussions section.

ep. 11, lines 30-36: Poor conclusions! What does this linear relationship show? Would you calibrate the CS725
with a SSG1000? Were the deficiencies of the CS725 not already known (see your introduction)?

The linear relationship is meant to show that it’s not just the manual measurements causing the bias
but rather the measurement principle of the sensor. We have tried to make this clearer in both the Discussion
and the Conclusion sections. The previous literature does point out some known deficiencies in the CS725 but
the behavior seen at Sodankyla, especially during melt, has never been documented. The comparison with the
SSG1000 supports our conclusions that the increased bias is related to infiltration of meltwater into the sandy
soils, and serves as a warning to users who may be using the instrument in similar situations.



ep. 12, line 4: “... not all increases in the bias... ” Interesting, you don’t even mention those in the discussion!
This has been corrected, see note above about sources of error

ep. 12, line 8: “... errors in the manual SWE measurements....” | agree that measurement errors can amount to
a certain percentage of SWE. But you don’t even quantify these errors, even though you use them as reference.
Blaming not quantified errors for the observed mismatch seems simplistic indeed.

It is difficult to estimate the measurement error in the field because it highly depends on the
measurement conditions and the observer, however we do attach some loose estimates on this error in the
Discussions section on Manual SWE measurements.

ep. 12, line 32: “... have a good agreement ...” Here | have really hard times to follow the logic of your
conclusions. First you blame the manual measurements for mismatch and then you claim a good agreement!

The point was that there was a good agreement considering the potential issues with the manual
measurements and the measurement principle of the sensor. Hopefully the revised text makes this clearer.

Minor comments
ePlease ALWAYS put a space between numbers and units (often wrong)
We will correct these.
ep. 1; line 28: Replace “(w.e.)” by “(mm w.e.)”.
We will replace this.
ep. 1; line 29: Replace “Creek respectively” by “Creek, respectively”.
We will correct this.
*p. 2; line 7: Are these two units equivalent?
Yes they are, assuming that density of water is 1 kg/m3.
ep. 3; line 1: Replace “(SPICE; Nitu” by “SPICE (Nitu”.
Replaced with “(SPICE) (Nitu”
ep. 3; line 28: Replace “snow cores” by “snow courses”.
No, they actually compared to 8 snow samples (cores), not 8 snow courses.
ep. 3; lines 28-29: What are “snow pit densities”? Please describe. Sampler?

It means that a density profile of 5 cm high samples is measured, SWE is determined for each sample
and the total SWE is calculated as a sum of the layers. This is thought to be more accurate than SWE from bulk
snow sample (core). Details will be added to the revised manuscript.

ep. 4; line 30: “0.3 % of full scale” that is 3 mm w.e.! Under what conditions? Moreover, the high resolution
seems useless.



This is what the manufacturer tells about the technical details of their instrument. They do not specify
the conditions, or give reasons for such high resolution.

*p. 4, line 35: What is drifting? Snow? The electronics?
This was in reference to drifting snow. This has been clarified in the text.

*p. 5; line 23: “snow tube” Is this the correct term? I'd suggest using “snow sampler” -as found elsewhere in
the literature —throughout your paper.

Snow sampler can be any kind of sampler, from 5 cm high wedge sampler to a long tube. “Snow tube”
defines the type of sampler used, and is a widely used term (e.g. by Kinar and Pomeroy 2015).

ep. 7; line 5: Replace “almost” by “by almost”.
We will replace this.
ep. 7; line 29: Replace “offset” by “intercept”, throughout, as used in the tables.
We will replace this.
ep. 7; line 32: What does “differential” mean?
Different melt rates at different locations at the site.
*p. 8; line 8: Try to read “2013/2014 only due to data unavailability for 2014/2015” and replace that sentence.
Clarified this sentence

p. 8; line 30: “melt and re-freeze occurred” That really questions the term “pre-melt” used elsewhere in the
paper.

‘Onset of snow-melt’ and ‘snow-melt season’ are commonly used terms for the final snow melt
(ablation) in the spring. They do not rule out the possibility of short melt-refreeze cycles during the
accumulation period. However, we will replace ‘pre-melt’ with ‘accumulation period’ in the text for clarity.

*p. 9; lines 32-33: “gravimetric water fraction” vs “volumetric water content "What is the relation?

Volumetric water content (theta) is the volume of water divided by the total volume. Gravimetric
water content or fraction (u) is the mass of water divided by dry soil mass. They are related by theta = u SG,
where SG is the soil specific gravity and depends on its density.

Author’s changes in manuscript
Changes to the manuscript are integrated into the specific responses to the referee’s comments above.
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Abstract

During the World Meteorological Organization (WMO) Solid Precipitation Intercomparison Experiment (SPICE),

automated measurements of snow water equivalent (SWE) were made at the Sodankyla (Finland),

Weissfluhjoch (Switzerland) and Caribou Creek (Canada) SPICE sites during the rerthera-Northern hemisphere

Hemisphere winters of 2013/2014 and 2014/2015. Supplementary intercomparison measurements were made
at Fortress Mountain (Kananaskis, Canada) during the 2013/2014 winter.-and-xxsite. The objectives of this
analysis are to assess automated SWE measurements against a reference, comment on their performance, and
make recommendations on how to best use the instruments and interpret is-their measurements. Sodankyl3a,
Caribou Creek and Fortress Mountain hosted a Campbell Scientific CS725 passive gamma radiation SWE sensor.
Sodankyla and Weissfluhjoch atse-hosted a Sommer Messtechnik SSG1000 snow scale. The CS725

measurementoperating principle is based on measuring the attenuation of soil emitted gamma radiation by
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the snowpack and relating the attenuation to SWE. The SSG1000 measures the mass of the overlying snowpack
directly by using a weighing platform and load cell. Manual SWE measurements were obtained at the SPICE
sites on a bi-weekly basis over the accumulation/meltablation periods using bulk density samplers. These
manual measurements are considered to be the reference for the intercomparison. Results from Sodankyla
and Caribou Creek showed that the CS725 generally overestimates SWE as compared to manual measurements
by roughly 30 to 35 % with correlations (r?) as high as 0.99 for Sodankyl3 and 0.90 for Caribou Creek. The RMSE
varies from 30 to 43 mm water equivalent (mm w.e.) and 18 to 25 mm w.e. at Sodankyla and Caribou Creek,
respectively. The correlation at Fortress Mountain was 0.94 (RMSE of 48 mm w.e.) with no systematic
overestimation. The SSG1000 snow scale, having a different measurement principle, agreed quite closely with
the manual measurements at Sodankyla and Weissfluhjoch throughout the irtercemparisen-periods when data

were available (r* as high as 0.99 and RMSE from 8 to 24 mm w.e._at Sodankyl3 and 56 to 59 mm w.e. at

Weissfluhjoch). When the SSG1000 is-was compared to the CS725 at Sodankyld, the agreement is-was linear
until the start of seasenabmeltablation period when the positive bias in the CS725 increases substantially
relative to the SSG1000. Since both Caribou Creek and Sodankyld have sandy soil, water from the snowpack
readily infiltrates into the soil during melt but the CS725 does not differentiate this water from the un-melted
snow. This issue can be identified, at least during the spring mekablation period, with soil moisture and
temperature observations like those measured at Caribou Creek. With a less permeable soil and surface runoff,
the increase in the instrument bias during melt-ablation period is not as significant, as shown by the Fortress

Mountain intercomparison.

1 Introduction

The measurement of snow water equivalent (SWE) is vital for flood and water resource forecasting, drought
monitoring, climate trend analysis, and hydrological and climate model initialization (Barnett et al., 2005; Gray

et al., 2001; Bartlett et al., 2006; Laukkanen, 2004). Many of these applications require accurate and timely
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information about how much water is being held within the snowpack (Pomeroy and Gray, 1995). SWE
measurements can be made in-situ, either manually or via automated instrumentation, or derived from remote

sensing platforms, and are usually expressed as units of mass per area (kg m™) or in equivalent units of

millimetres of water equivalent (mm w.e.).

Manual measurements of SWE are typically made using a multi-point bulk density sampling technique
along an established transect or snow course (WMO, 2008). Snow course measurements are often time
consuming and expensive, especially if required in remote locations (Pomeroy and Gray, 1995). This means that
manual SWE measurements may be infrequent or only undertaken when the snowpack is estimated to be at its
seasonal maximum. Prohibitive costs of manual snow course observations have led to the reduction of these

measurements by many agencies, including Environment and Climate Change Canada, where operational snow

course numbers have decreased from over 100 in the 1980s to less than 30 (Barry, 1995; Brown et al, 2000).
Since the early 1990s, manual SWE measurements have been augmented or replaced by remote sensing
techniques such as passive microwave retrievals (Goodison and Walker, 1995) but these techniques still require
accurate and reliable in-situ measurements for ground-truthing and retrieval development (Derksen et al.,
2005; Takala et al., 2011).

With the reduced availability of manual SWE measurements, automated instruments for the
measurement of SWE are becoming more necessary and more commonplace. Snow pillows have been used for
the automated measurement of SWE in remote locations since the 1960s (Beaumont, 1965) by measuring the
overlying pressure of the snowpack on a fluid filled bladder. The SNOTEL network in the United States is based
on snow pillow measurements (Serreze et al., 1999). More recently, similar measurements are obtained using
snow scales that use a weighing surface and load cell to measure the weight of the overlying snow (Beaumont,
1966; Johnson et al., 2007). Several indirect methods exist to measure SWE that include the use of neutron
probes (Harding, 1989) in which a radiation source is placed under the snowpack and the scattering of

neutrons through the snow is measured by a detector. Cosmic ray proton probes (Kodama et al., 1979;
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Rasmussen et al., 2012) work in a similar manner but do not require an active source. The probes described by
Kodama and-Nakai-et al. are installed under the snow while the system described by Rasmussen et al. (called
COSMOS) is installed above the snow. Kinar and Pomeroy (2007; 2015a) outline a method of non-invasive sonic
reflectometry through the snowpack to determine snow density, liquid water content, and temperature. Other
passive radiation sensors are mounted above the surface and measure the attenuation of naturally emitted
radiation from the soil as it passes through the snowpack and then relates this attenuation to SWE content
(Choquette et al., 2008; Martin et al., 2008). Each of these instruments and techniques have advantages and
disadvantages, which are not discussed here (see Kinar and Pomeroy (2015b) for a more comprehensive
description of snow measurement methods and related issues). Rather, this analysis assesses the use and

accuracy of two instruments that were tested during the World Meteorological Organization (WMO-Solid

Precipitation Intercomparison Experiment (SPICE); (Nitu et al., 2012; Rasmussen et al., 2012), namely the
Campbell Scientific C5725 and the Sommer Messtechnik SSG1000 snow scale.

The CS725 (previously known as GMON or GMON3) has been previously field tested by Hydro Québec

{asreferenced-abeve} (Choquette et al., 2008; Martin et al., 2008) as well as by Wright et al. (2011). Previous

results by Choquette et al. (2008) showed an average error of +18 % when comparing to 8 manual snow cores
over 3 seasons in Quebec. They got a somewhat better agreement with total SWE calculated from density
profiles (with an average error of +5 %) but only had 4 samples over 2 seasons. Wright et al. (2011) showed
intercomparison results between GMON3 sensors and snow pillows, precipitation gauges, and snow courses at
Sunshine Village (Alberta, Canada) and Tony Grove Ranger Station (Utah, USA). Results showed high
correlations between the sensor and (unadjusted) accumulated precipitation (0.99) and between the sensor
and snow pillow observations (0.99) but lower correlations (0.83) with snow course observations (during one
season at Sunshine Village). The authors question the quality and inherent biases in the snow course samples

but do not comment on the sources of error or the proximity of the snow course to the instrument.
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Instrument intercomparisons that included the SSG1000 have been limited but some results are
reported by Stranden and Grgnsten (2014), who showed parallel SWE measurements between snow pillows,

snow scales, and manual snow courses. With mitigating circumstances (e.g. snow drifting and scale issues),

they concluded that the measurement surface area had an impact on the measurement quality and that the

Sommer scale gave “promising results” but that further intercomparison was required.

One of the objectives of the WMO-SPICE project is to assess the performance of automated
instrumentation for the measurement of snow, including snow on the ground (SoG). This is accomplished by
comparing the tested instruments to an established reference measurement. In total, fifteen countries are
participating in the WMOSPICE project with about 20 intercomparison sites. Of these, 7 countries and 9
intercomparison sites are hosting SoG instrumentation. The instrumentation for SPICE has either been
provided by the instrument manufacturers or by the site hosts. For SoG, 13 different instruments are under
test with 9 measuring snow depth and 4 measuring SWE. The CS725 and the SSG1000 SWE instruments
examined here were installed at the Sodankyla (Finland), -ane-Caribou Creek (Canada) and Weissfluhjoch
(Switzerland) intercomparison sites (Fig. 1). To supplement the CS725 data collected for WMO-SPICE, data was
added from an additional CS725 instrument installed at the Fortress Mountain ski area in the Kananaskis region

of the Canadian Rocky Mountains.-ang-sitexx

2 Instrumentation and Methods

2.1 Campbell Scientific CS725

The CS725 (Fig. 2 left) is a passive gamma sensor developed by Hydro Québec in collaboration with Campbell
Scientific (Canada) Corp. (Choquette et al., 2008; Martin et al., 2008). The instrument is installed above the
snow surface and determines SWE by measuring naturally emitted gamma radiation from Potassium and

Thallium sources in the soil that are-is attenuated by the snowpack. Each gamma ray detected by the sensor
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element is counted over a user defined period, the resulting distribution is compared to the distribution when
there was no snow cover, and the difference is used to calculate SWE. The sensor field of view (FOV) is
approximately 60° from centre resulting in a field-of view-{FOV} of approximately 80 m” when installed 3 m
above the snowpack and with the collimator attached. The collimator serves to shield the instrument from
gamma rays emitted from sources that are not in the target area. The effective range of the instrument is O to
600 mm w.e. with a measurement accuracy of +/- 15 mm w.e. from 0 to 300 mm w.e. and 15 % from 300 to
600 mm w.e. (Campbell Scientific C5725 Manual,

https://s.campbellsci.com/documents/ca/manuals/cs725 man.pdf).

The two CS725 instruments for WMO-SPICE were both installed in October 2013 to Sodankyld, Finland,

and Caribou Creek, Canada, and operated over the Northern Hemisphere winters of 2013/2014 and

2014/2015. Both instruments were mounted so that the bottom of the instrument was approximately 2 m
above the ground. Both instruments were installed with the manufacturer provided collimator. Data was
output every 6 hours. Eaeh-The instruments performed in a reliable manner exhibiting a measurement rate
higher than 95 % at both sites over the course of the two winter seasons. No malfunctions were noted and no
maintenance was required. The instrument at Sodankylda was moved approximately 10 m during the summer of
2014 to avoid some buried cables in the footprint, but any potential impact of the move are considered to be

negligible and addressed in Section 4.

The third CS725 used in this analysis was not a WMO-SPICE instrument, but was loaned to the University
of Saskatchewan for testing and intercomparison by the instrument manufacturer. This instrument was
installed in a clearing near the Fortress Mountain ski resort in the Kananaskis Valley, Alberta, Canada. The
CS725 was mounted at a height of approximately 3.5 m above the ground. The distance to the trees around the
instrument was approximately 10 m from the centre of the instrument FOV, putting them outside of the
response area. Data collected by this instrument from October 2013 through June 2014 is used in this analysis.

Like the other CS725 instruments, SWE data was output every 6 hours.
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2.2 Sommer SSG1000

The SSG1000 snow scale (Fig. 2 right) manufactured by Sommer Messtechnik, Austria, measures SWE through
the use of a weighing platform and load cells. Unlike the CS725, it makes a direct measurement of the weight
of the snowpack on top of the weighing platform and converts this weight to SWE. The entire platform consists
of 7 perforated panels, each 0.8 m x 1.2 m, that are attached to a frame and installed level with the surface of
the ground. The entire instrument surface is 2.8 m x 2.4 m (6.72 m?) but only the centre panel is weighed by
the load cell. According to the manufacturer, the purpose of the larger surface surrounding the centre
measurement panel is to stabilize the overlying snowpack and prevent ice bridging

(http://www.sommer.at/en/products/snow-ice/snow-scales-ssg). The SSG1000, as tested for WMO-SPICE, has

a measurement range of 0 to 1000 mm w.e.-SWE, and a manufacturer stated resolution and accuracy of 0.1

mm w.e. and 0.3 % of full scale (3 mm), respectively.

The SSG1000 snow scales in this analysis -ard-the-erly-snow-scaleprovided-by-the-manufacturerfor

WMO-SPICEwaswere installed in the Sodankyla trtereomparisen-and Weissfluhjoch SPICE sitesField. The

Weissfluhjoch instrument was provided by the Swiss Federal Institute for Forest, Snow and Landscape Research

(WSL) Institute for Snow and Avalanche Research (SLF). Data collection from the instrument started in October

2013 and continued for the 2013/2014 and 2014/2015 Northern Hemisphere winters. The SSG1000 was
located in the North East quadrant of the Sodankyld SPICE tntercomparisen-Field, approximately 22 m

southeast of the original location of the CS725. At Weissfluhjoch, it is located in the southwest corner of the

instrument field. SWE observations from the instruments were recorded once per minute during the two
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intercomparison seasons. The instruments at both sites worked in a reliable manner during the accumulation

periods but the instrument at Sodankylad malfunctioned due to water damage to the electronics late in the

spring of 2014 and again early spring of 2015. At Weissfluhjoch, 99% of the 1-minute data for both years are

usable for intercomparison while ;+esutting#-83 % and 67 % of the 1-minute-measurementsdata is -being

useable for the respective intercomparison periods at Sodankyld. Other than this, no malfunctions were

reported or maintenance required during the intercomparison. Ar-SSG1000-was-alse-installed-atthe-Fortress

insteumentt 4 hoyi lapgtrical nb manan unu.l"nlgai- din o chaold o £ + ~looping |

The electronics box of the SSG1000 is designed to be installed below the instrument on the ground,

which is flooded during snowmelt. After SPICE, the manufacturer was asked to provide longer cables allowing

the installment of the electronics box about 0.5 m above the ground. After this modification, there were no

problems with water and electronics during the following snowmelt season—Fhe-sensitivity-of thisinrstrument

2.3 Reference SWE measurements

The reference SWE manual measurements for this intercomparison differ by site. are-All except Weissfluhjoch

were bulk density snow samples made with a snow sampling tube of a known diameter that has one end
capable of penetrating and cutting into the snowpack. The tube is-was inserted into the snowpack down to the
surface of the ground and the sample is-was extracted. Along with the sample, the depth of the snowpack is
was also obtained. The sampled snow is-was then either bagged and weighed or is-was weighed inside the tube
using a cradle and balance. The snow sampler used in Canada is different than the tube used in Finland and
these differences, as well as any other differences in sampling technique, are described below. The SWE

measurements at Weissfluhjoch were done via snow pit density samples and depth measurements.
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At Caribou Creek, the reference SWE measurements were obtained using an ESC-30 snow tube with a 30

cm? cutting area. Farnes et al. (1983) and Goodison et al. (1987) showdemenstrated that the ESC-30, when

used correctly, has a mean measurement error_of less than 0.5 % _of the true SWE. Bulk density samples at
Caribou Creek were taken just inside the feetprintFOV of the CS725, bagged, and weighed. A 30 cm? area is

assumed to have a negligible impact on future sensor measurements considering the sensor footprint is 80 m>,

but it was filled in with discarded snow when possible. These manual SWE measurements were made about

every two weeks in conjunction with a full 5 point snow course across the Intercomparison Field and into the
forest canopy on each side.

At Sodankyld, the reference SWE measurement was made using a Finnish bulk density sampling tube,
with a sampling area of 78.54 cm?, and balance (Kuusisto, 1984) at roughly the same location in the

Intercomparison Field every two weeks. Only one sample was measured at a time. During the winter of

2013/2014, the bulk density SWE sample was obtained approximately 12 m from the centre of the CS725 FOV

and approximately 16 m from the centre of the SSG1000. In 2014/2015, after the CS725 was moved, the

manual sampling was done approximately 6. m from the CS725 FOV and approximately 25 m from the SSG1000.
An ESC-30 snow tube was used at the Fortress Mountain site. A full snow survey was conducted at the

site once per month, transitioning to bi-weekly during the mekablation period. Although the actual Fhe-actual

SNOW survey course was esnducted-through the forested area, supplemental measurements were taken in the

clearing-and-noettheclearing where the instrumentation is located. The distance between the sensor and the

manual measurements was approximately 10 my-butthreeconcurrentsamplesof SWE were obtainedinthe

clearingelesertotha COTOE,

The manual SWE measurements at Weissfluhjoch were made by SLF and derived via bi-weekly snow pit

density saraplesprofiles obtained in the centre of the instrument field. The distance between the sensor and

manual snow measurement varied from observation to observation as the location of the snow pit was

relocated for each bi-weekly measurement. The average distance was approximately 20 m.
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2.4 Intercomparisons

The intercomparisons are not completely consistent amongst the fourthree sites because of the different

instrumentation and manual methods for measuring reference SWE. At Sodankyla and Weissfluhjoch, the
CS725-and-the-SSG1000sensors can both be compared with the manual SWE measurements made nearby,

although the manual measurements are-is not within the FOV of either instrument, as the destructive nature of

the manual measurements would have prevented further automated measurements. The timestamps of both

instruments were matched as closely as possible to the manual observation time. Since the CS725 only reports
every 6 hours, the eutput-measurement output closest to the manual observation time was used for the
intercomparison. Since the SSG1000 reports every minute, no time adjustment was necessary. The same

procedure was used to compare the CS725 to the SSG1000. No SSG1000 was present at Caribou Creek or

operatingat Fortress Mountain_and no CS725 sensors were installed at Weissfluhjoch.-se-and-the-comparisens

For the CS725, which outputs a SWE value derived from both the Potassium (K) and Thallium (TI) counts,
the manufacturer suggests that the output with the higher counts is generally the most reliable. For Sodankyla,
the K/Tl ratio is always greater than 1 (varying from 3.5 to 8.0) indicating that the Potassium counts are greater
than the Thallium counts. For Caribou Creek, the ratio varies from 2.8 to 4.0. For Fortress Mountain, the ratio
varies from 0.3 to 8.5 but is above 1 approximately 70 % of the time. Therefore, the CS725 analysis is based on
the Potassium output although the statistics for Thallium are shown in brackets in Tables 1 and 4. This will
allow us to determine if there are-were any obvious differences in the statistics related to the output derived

from one source or the other.
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3 Results-anrd-DPiseussion

3.1 CS725 vs. mManualSedankyd

The comparison between the CS725 measurements and the manual SWE observations are shown in Fig. 3 with

the Potassium output in red circles and the Thallium output in blue triangles. The black line in the figure

represents the 1:1 line. Figure 4 shows the time series of automated and manual SWE measurements. Figure 5

shows the difference between the CS725 (red, difference divided by 2 for visualization) and the measured air

temperature (blue) through the two seasons. The regression analysis coefficients and summary statistics are

listed in Table 1. The statistics are provided for each individual season and for the two seasons combined. The

statistics for the individual seasons are also refined further to show results for the accumulation period

(delineated from the ablation period by determined-asbefore the timingpeint of maximum seasonal SWE). This

will help to eliminate the effects of snow melt on both the manual measurement and the various potential

impacts on the CS725 measurement. These figures and tables are further analyzed for each site in the following

subsections.

3.1.1 E5725vsManualSodankyla

Ik H hat tha CC7IC g dih L O\VAIE ol H L HZ 2 HAR

ﬂ‘ DAd H tﬁ 4+ 1 P2 P a ’J&\ Thaolli Eﬁ 4+ 1 ] H DI Theo hl [P H H -H—. J:'D

fep ts-thedd line_Throughout the intercomparison periods at Sodankyld, the CS725 everestimates

overestimated SWE on average by 30 % (mean relative bias or MRB) as compared to the manual
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From Table 1, the regression analysis for the CS725 as compared to manual SWE over the entire season results
in a slope (B) of 1.24 for 2013/2014 and 1.06 for 2014/2015. The difference in B between the K and Tl outputs
is small. The effsetintercepts (€) for the entire seasons are 8.77 mm w.e. for 2013/2014 increasing to 26.9 mm

w.e. for 2014/2015. This difference might be in part a result of moving the instrument to a new location. The

correlation coefficient, r?, is 0.92 for 2013/2014 and 0.96 for 2014/2015. With the period of seasenal
meltinrgablation eliminated from the analysis, the impact on B and € are relatively small although the
offsetintercept € decreases almost 9 mm w.e. and 4 mm w.e. for the respective seasons. The pre-

meltaccumulation period r? increases to 0.97 and 0.99 for the 2013/2014 and 2014/2015 seasons respectively

suggesting that more scatter is introduced into the relationship during the melting-ablation period. This is
expected, as the snow does not melt evenly at the site and a melting snowpack is more difficult to sample with

a snow tube.

next-section. In this figure, the overestimation of the CS725 (red and blue lines) can be seen when compared to
manual SWE (black circles). In general, the instrument trends are the same as for the manual measurements

with differences between the measurements increasing after the start of the seltablation periods and in

. Although it appears
from FigFig. - 5 that the difference between the measurements are-is simply increasing with time (or SWE
amount), we believe that at least part of this increase is a result of melting in the snowpack which occurs
during some relatively warm days. In 2013/2014 (Fig. 5, left), a large increase in the difference occurs after the
> 0 °C temperatures in mid to late April. In 2014/2015 (Fig. 5, right), there is a moderate increase after some >

0 °C temperatures in March but a much larger jump after the beginning of the meltablation period in April.
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3.1.2 Caribou Creek

The comparison of the CS725 instrument and the manual SWE measurements made at Caribou Creek are

shown in FigFig. - 3 and summarized in Table 1. As with Sodankyld, the difference between the two sensor

outputs (Potassium vs. Thallium) is negligible. Also like Sodankyla, the CS725 at Caribou Creek consistently

overestimates total SWE such that the MRB isenaverage-by 35 %. However, the relationships between the

instrument and the manual SWE measurements are different than at Sodankyla. At Caribou Creek, the slopes

of the regression line, B, are less than 1 for all scenarios in Table 1 with the exception of the accumulation

period in 2014/2015. The intercepts, &, are all larger than seen at Sodankyl3, with the accumulation period in

2014/2015 being the exception once again. The r® values range from 0.90 for the combined (2013/2014 and

2014/2015) data to 0.55 for the accumulation period in 2014/2015. Eesrelationsarelowerat CaribouCroolcfor

soral v a5 Th = $iol ol nal ot l-\ilih’, 2o oy ot H\I HS el ﬂ-\ M:I E iclowvar Thic @
B H II’ +h £ %f\1 /II/’)!'\1I: I r-l H P | ol + I 4 ol N int I
1+ Al £ ol | +h IH\ A Iﬂ = ol £ ﬂ = + I'

IE H L"g* = +ial H L"I'+” hit ol ) ﬂ.\ L C\ALE + PAH I3 £l = +.

For both the 2013/2014 and 2014/2015 seasons, the time series for Caribou Creek (Fig. 4 middle) shows

a rapid increase in SWE in early winter related to heavier, wet snowfall events that most likely began as rain

and transitioned to snow. For 2013/2014, the CS725 time series generally follows the trend of the manual SWE

measurements with a large deviation developing mid- to late-March with the onset of seasonal melting. Figure

5 (middle) shows the time series of the difference between the CS725 and manual SWE (in red, divided by 2 for

visualization purposes) and the temperature time series (blue) for both seasons. In 2013/2014 (Fig. 5 middle

left), there is an increase in the difference that occurs in late January. This could be due to a melt period where

temperatures at the site exceeded 4 °C preceding the increase in the instrument bias. A much larger jump in
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the difference occurs mid-March possibly due to significantly higher temperatures (exceeding 10 °C) earlier

that month. In 2014/2015 (FigureFig. 5 right), the deviation between the measurements occurs earlier in the

season (mid- to late-January) coinciding with a January snow melt period characterized by above 0 °C air

temperatures and high wind speeds (not shown). Differences decrease after snowfall events in February only

to increase again after the start of ablation in March.

3.1.2.1  Soil mMoisture and soil Ftemperature

In reaction to an observed offset after the 2013/2014 intercomparison season, soil moisture and

temperature probes were installed at the Caribou Creek site with the objective of correlating post-calibration,

overwinter, and ablation soil moisture changes with sensor offsets.Afterthe 2013/2014 winteraprofileof

measurement: The instruments were installed at three depths: 0 to 5 cm (vertically), 5 cm (horizontally) and

20 cm (horizontally). Unfortunately, the probes only measure liquid water fraction by volume (WFV) so the

analysis is mostly limited to when the soil temperatures (also measured by the probe) are above 0 °C when we

assume that most of the water in the soil is unfrozen.

Figure 6 shows the time series of soil moisture near the surface (0 to 5cm) along with the difference

between the CS725 and manual measurements (scaled by a factor of 100 for visualization) for the 2014/2015

season. The red markers indicate when the soil temperature at this level is above 0 °C. It is easy to see from the

time series when the liquid soil moisture (near the surface) freezes in late fall resulting in a rapid drop in

measured liguid-watercententWFV. Following the freezing of the near surface layer, which occurs 8 November

2014, the measured soil moisture in this layer remains fairly static until mid-March 2015 when a period of

positive air temperatures (EigureFig. 5 middle right) raises the near surface soil temperatures above freezing,

“ {Formatted: Indent: First line: 1 cm }
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transitioning frozen soil moisture to liquid and allowing for infiltration of snow melt water into the sandy soil at

this site.

The freezing of the 0 to 5 cm depths in early November is preceded by rain/snow events in late October

that are represented by the large jump in C5725 SWE shown in FigureFig. 4 (middle right) and confirmed with

snow depth measurements (not shown). During the transition from rain to snow and prior to the surface

freezing, FigureFig. 6 shows fluctuations in near surface soil moisture related to the precipitation events in late

October and early November. Considering that the soil moisture calibration of the sensor was entered as 0.10

(gravimetric water content of GWCfraetion), the increase in measured velumeWFV tricwatercontentto 0.18

prior to freezing has the potential to create a perpetuating offset in the CS725 SWE estimates and may explain

at least some of the bias shown by the instrument beginning in mid-December—nitialestimates-provided-by

In addition to the offset in the CS725 SWE measurements that occurs at the beginning of the season, it

was anticipated that the rapid increase in the difference between the CS725 and Manual SWE at the end of

January 2015 could also be attributed to a change in near surface soil moisture, as this was a time of mid-

season snow melt. However, a change in the liquid soil moisture during the melt period could not be detected

so it is unlikely that the increase in the instrument offset can be attributed to infiltration of melt water into the

sandy soil. A more plausible explanation are manual measurement errors that could result from attempting to

sample a complex snow pack containing ice layers in the pack or at the snow/soil interface. Ice layers would

have formed due to mid-season melt and re-freezing. The increase in the difference between the manual

measurement and CS725 in mid- to late-March could be a result of snow melt infiltrating into the top layers of
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the sandy soil as the soil thaws or forming a basal ice layer (Woo et al., 1982) on top of the soil. A

corresponding spike in measured soil moisture during early spring snow melt is shown in FigureFig. 6.

3.1.3 Fortress Mountain

The intercomparison of the CS725 instrument and the manual SWE measurements made at Fortress Mountain

are shown in FigureFig. 3 (bottom) and summarized in Table 1. Unlike the other two sites, the CS725 and

manual SWE measurements generally fall on the 1:1 line with no systematic overestimation (MRB < -5 %). This

can also be seen in the time series shown in Fig. 4 (bottom). The slope of the regression line is 0.88% with a

small decrease to 0.764 when excluding the ablation period. The intercept is 32.4 mm w.e. increasing to 84.4

mm w.e. when excluding the ablation period. The r’ is comparable to Sodankyli at 0.92 (increasing to 0.94 by

excluding the ablation period). It is unfortunate that the sample size is relatively small (n=8) but regardless, the

instrument compares quite well to the manual measurements at this site. YUnlike-Caribeu-Creekand-Sedankyld

manually-measured SWE.

The regression analysis for the SSG1000 intercomparisons are shown in Fig:ure

7 with the time series for both seasons shown in Figzure 8. The-Fhe comparison statistics are in Table 2. This

analysis, as for the CS725 above, is organized by site.
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3.2.1 Sodankyla

The SSG1000 regression analysis with the manual SWE measurements is—fertheregressionanalysisshshown in

FigureFig. - 7 (top) and summarized in Table 2 has 6-indicate-thatthean r’ for the entire 2014/2015 period of is

guite-goed-at-0.99 but is only 0.84 for 2013/2014 period. However, the SWE data from the SSG1000 is not

available for the seasenal-snew-melt-ablation period in 2014/2015 due to an instrument malfunction. To have a

consistent intercomparison for the two seasons, the meltablation period (post maximum SWE) was removed
from the 2013/2014 period and the r* becomes 0.97, very similar to 2014/2015. Combining the two seasons,
the slope of the regression, B, becomes 0.99 with an offset & of -7.27 mm w.e. with an r® of 0.88. The average
biasMRB for the two seasons combined is -11 %.

The time series of these data are shown in Fig-ure 8 (top) for both the 2013/2014 (left) and 2014/2015

(right) seasons. For both seasons, the sensor measurements track quite well with the manual measurements.

The outliers that appear in Fig-ure 7 (top) can also be seen in the 2013/2014 time series (Fig-ure 8 top left)

beginning mid-way through the ablation period. It is unknown if this occurs during the 2014/2015 ablation

period due to missing data.

3.2.2  Weissfluhjoch

The regression analysis for the SSG1000 and the manual SWE measurements is shown in Fig-ure 7 (bottom)

with the time series in Fig-ure 8 (bottom). This alpine site has a much deeper snow pack than betheither

Caribou Creek andor Sodankyld but comparable to Fortress Mountain, which unfortunately did not have

concurrent S$G1000 measurements. The r’ for both seasons is quite high at 0.97, similar to the accumulation

period intercomparison at Sodankyla, but f is less (0.72 and 0.82) and € is much higher (91.7 and 79.0 mm w.e.)

for both seasons (2013/2014 and 2014/2015). The outliers are obvious in ureFig. - 8 (bottom) when the manual

SWE measurements are substantially higher than the sensor measurements. Unlike Sodankyld, these outliers

mostly occur before maximum seasonal SWE, which is why we don’t break the season down as we do with

Sodankyla. They are, however, likely a result of sensor bridging which is discussed more in Section 4. There are
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outliers that occur late in the ablation periods where the sensor substantially overestimates SWE. These are

perhaps due to issues with the manual sampling of a complex (melting or melting/refreezing) snow pack. When

combining the two seasons, the resulting low MRB of 8% (for combined seasons) is somewhat surprising given

the obvious outliers.

3.3 (CS725 vs. SSG1000

The intercomparison with manual measurements for both the CS725 and the SSG1000 are suggesting that the

agreements are the most favourable prierte-speow-reltin the accumulation period. Figure 7 shows the

relationship between the CS725 and the SSG1000 for both seasons at Sodankyla with the 2014/2015 season
shown in red circles and the 2013/2014 season shown in blue circles (changing to blue triangles at the
approximate onset of seasenalmeltablation). The relationship for both years appears to be linear up to the
time where maximum SWE is reached. At the onset of meltablation, the relationship between the instruments
{2013/2014-only-due-to-data-unavailability-for2014/2015), shown by the magenta circles, deviates
substantially from linear. This is confirmed by Table 3 which shows a higher r> when the 2013/2014

meltablation period is not included in the analysis. This analysis could only be completed for the 2013/2014

season since the sensor data is missing for the 2014/2015 ablation period due to malfunction.
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4 Discussion

The regression analysis between the CS725 and the manual SWE measurements resulted in r’ values ranging

from 0.55 to 0.99, depending on site and season. Although generally lower than the correlations of 0.99

reported for intercomparisons with other instruments by Wright et al. (2011), our correlations are (on average)

similar to the r? of 0.83 that they reported for snow tube measurements. The average bias shown here, which

averageswas between 30% and 35%, is substantially higher than the 18% reported by Choquette et al. (2008).

The exception to this is the CS725 at Fortress Mountain which has a mean negative bias less than 5% when

compared to the manual measurements. Besides the maximum SWE observed at Fortress, the two major

differences that Fortress Mountain has from Caribou Creek and Sodankyla are the soil and the topography.

Soils at the Fortress Mountain site have higher clay and loam content, overlain with a layer of organics, and

generally remain frozen and saturated for the duration of the winter. This, combined with the sloping terrain

and faster meltwater runoff via drainage channels, likely minimizes the change in soil moisture during the

transition seasons and thereby minimizes potential offsets in the CS725 measurements. Furthermore, the

correlations for the CS725 for Caribou Creek are substantially lower than for Sodankyld and Fortress Mountain.

Correlations-arelowerat-Caribou-CreekThis could be for several reasons. The spatial and seasonal variability

are quite highgreater at Caribou Creek thissite and the sample size is lower. This is especially the case for

2014/2015 where sample size is smalllewer due to a shorter and more variable winter where melt and re-

freeze occurred several times over the course of the season (Fig. 5 middle right). Melting and re-freezing

enerall A } el makes the manual SWE measurements more
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difficult and prone to error, creates basal ice, and results in higher spatial variability. Eliminating the

ablationeeurmulation period improved the comparison statistics for 2013/2014 but made the statistics for

2014/2015 much worse due to the reduced sample size. Potential sources of error in the CS725

intercomparison are discussed further in the following sections.

The SSG1000 was quite highly correlated with the manual SWE measurements at both Sodankyld and

Weissfluhjoch with r>values as high as 0.99 at Sodankyl3 (when excluding the ablation period) and 0.97 at

Weissfluhjoch. However, when the ablation period is included in the intercomparison for 2013/2014 at

Sodankyl3 (it is not present in 2014/2015 at Sodankyld due to sensor malfunction), the r’drops to 0.84. The

more significant result at Sodankyld is the smaller MRB, which is -2% to -15% (depending on the exclusion of

ablation), much lower than the bias reported for the CS725. The magnitude of the MRB is similar at

Weissfluhjoch except that the bias here is a positive 8%. This is surprising considering the many occurrences of

negative sensor bias (as seen in Fig-ure 8 bottom) but these negative outliers are balanced by some large

(albeit inconspicuous) positive outliers at the end of the ablation periods. The outliers for Sodankyld in Fig-ure 7

(top) can be attributed to the ablation period in late April to May 2014 but it is difficult to ascertain if the errors

are related to the instrument or to the manual measurement. The most likely explanation is that these are

related to the occurrence of bridging. Bridging is also suspected as the cause of the pre-ablation outliers at

Weissfluhjoch since the sensor seems to agree quite well with the manual measurements up to mid-March and

early-April for both seasons. An intercomparison with a collocated snow pillow (not shown here) suggests a

similar albeit smaller negative bias during the same period. Errors associated with bridging are discussed

further Seetien4in this section.

The CS725 and SSG1000 measurements at Sodankyla correlate very well with each other showing

correlations as high a 0.99 when excluding the ablation periods. The key result here, as shown in Fig. 9, is the

deviation from this linear correlation at the onset of melt in the 2013/2014 season. Although some of this

deviation can be blamed on differential melting at the site, we attribute a large portion of the deviation to the
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different measurement principles of the sensors. At the onset of melt and the ripening of the snow pack,

meltwater drains out of the snow pack towards the ground surface. Once reaching the surface, the meltwater

can pool and re-freeze (potentially forming a basal layer of ice), runoff from the measurement area, or infiltrate

into the soil. Due to the flat measurement area and the sandy soil at Sodankyla, runoff is unlikely; therefore the

meltwater is either infiltrating into the sandy soil or re-freezing at the surface. Either way, the same meltwater

is likely draining through and away from the measurement plate of the SSG1000 and therefore no longer being

measured as SWE in the snow-pack. However, this meltwater, whether infiltrated into the top layer of the

sandy soil or pooling at the surface, is still being registered by the CS725 as SWE. This contributes to the

overestimation of SWE by the CS725 as compared to the SSG1000 and to the non-linearity of the

intercomparison shown in Fig. 9 after ablation. Also, this meltwater is either difficult or impossible to include

in a snow tube sample, increasing the bias between the CS725 and the manual measurements.

4.1 Sources of error

There are several possible sources of error that affect both the automated and manual SWE

measurements. They are discussed and analyzed for each instrument/method in this section.

4.1.1 Soil moisture (CS725)

A large potential source of error for the CS725 can arise from a poor pre-snowpack soil moisture

calibration or a large post-calibration change in soil moisture prior to the freezing of the ground surface.

Overwinter soil moisture changes (Gray et al., 1985), infiltration of snowmelt water into soils (Gray et al., 2001)

or formation of a basal ice layer between the snowpack and the soil (Lilbaek and Pomeroy, 2008) could also

result in deviation between the manual and CS725 SWE measurements. Since the CS725 calculation of SWE is

based on gamma ray counts during wet and dry periods with no snow cover, incorrect measurements or faulty

assumptions with respect to the soil moisture calibrations could result in a sensor offset. Furthermore, if soil

moisture levels in the soil change significantly prior to freeze-up or during winter or ablation period, then the

SWE estimates derived from the sensor are less reliable. The approximate error associated with an inaccurate

]
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gravimetric soil moisture calibration, as provided by the manufacturer, is roughly 1 mm w.e. of SWE for 0.1

GWC soil moisture error. Figure 6 shows an increase in soil moisture at Caribou Creek up to a water fraction of

0.18 prior to freeze up in the fall of 2014. Given that the gravimetric water content soil moisture calibration

was approximately 0.10 (and assuming that the GWC and WFV are roughly the same), the resulting calibration

offset could explain up to 40 % of the early season jump in SWE shown in Fig. 4 (middle right) and much of the

offset between the sensor and the manual measurement shown by the first intercomparison point in Fig. 5

(middle right). This calibration issue would then perpetuate through the winter period. It is unfortunate that

this same soil moisture and soil temperature data is not available for Sodankyla or for the first season at

Caribou Creek as this would have provided some verification for the calibration offset.

From Fig. 6, there appears to be a coinciding jump in the CS725 bias and the jump in soil moisture (due

to above freezing soil temperatures and infiltration) in the spring of 2015 at Caribou Creek. Although the bias

is not as large as that seen in mid-winter, it is a significant increase of approximately 10 mm w.e. for each of

the final two intercomparison points in mid-March and early-April. Much of this 20 mm w.e. increase could be

explained by a corresponding increase in soil moisture from 0.18 WFV (estimated at freeze up) up to 0.45 WFV

(spike at thaw), assuming that the CS725 is interpreting this near surface soil moisture as SWE.

Although there is some ambiguity in the results, we think that these soil measurements are useful for

explaining at least some of the offsets seen between the sensor and the manual SWE measurements, especially

during the transition periods. More work is needed on these linkages before a reliable sensor adjustment can

be derived.
3334.1.2 Ice bridging (SSG1000)

Ice bridging is a known issue affecting SWE measurements that are made by weight, such as snow pillows or

the snow scale (e.g. Engeset et al., 2000). Bridging typically occurs when air temperature reaches 0 °C and then

cools creating a melt-refreeze crust layer on the snow surface. This layer is very hard and supports the weight

of the snow, thus decreasing the weight on the pillow or scale. Probable bridging situations can be seen in
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FigureFig. 8 both atin Sodankyld and atin Weissfluhjoch. At Sodankyld, in December 2013, March 2014 and

February-March 2015 the SWE values measured by the SSG1000 decrease and are lower than the manual

measurements. At the same time, air temperature first goes above 0 °C and then cools to as low asevern -30-9

°C creating perfect conditions for ice bridging. At Weissfluhjoch this is not so obvious, but it is difficult to

explain the differences between manual and SSG1000 measurements otherwise. The snowpack was

homogeneous (verified with terrestrial laser scans) and even though a co-located snow pillow (not shown here)

showed some underestimation compared to the manual measurements, the underestimation was much

smaller than at the SSG1000. However, snow pillows have been found to be less prone to ice bridging issues

dBue to their larger surface area

(Beaumont, 1966; Tollan, 1970).

4.1.3  Snow sSpatial Mvariability

Another potential source of error in this analysis is due to the spatial variability at the intercomparison sites

impacting the relative SWE between the sensor and manual measurement locations. At Sodankyl3, the

maximum distance between the sensors and the manual SWE measurements was 12 m for the C5725 (6 m

after the move prior to the 2014/2015 season) and 25 m (16 m in 2013/2014) for the SSG1000. Unfortunately,

only one SWE measurement is made at the intercomparison site, but generally the spatial variability is low with

snow depth exhibiting a coefficient of variation (COV) under 6 % (with a maximum snow depth of just over 80

cm). Therefore, the impact of spatial variability in SWE, even with a 25 m separation, is likely quite small for

most of the season. However, both webcam photos and snow depth measurements provide evidence that

snow melt rates during ablation vary across the site, largely dependent on exposure. Manual snow depth

measurements suggest that spatial differences in the area around the SWE measurements are small and are

perhaps as high as 4 cm in mid-April of 2014 and less in mid-April of 2015. These differences obviously account

for very little of the late season SWE deviation shown in Fig. 5 (top). This also suggests that the C5725 move

prior to the 2014/2015 season had a low impact on sensor bias from one season to the next.
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At Caribou Creek, with maximum snow depths of 56 cm and 41 cm for the two consecutive seasons,

exhibits a much higher spatial variability. Here, COV is about 15 % (19 %) at peak snow depth but increases to

30 % (90 %) during ablation for 2013/2014 (2014/2015). With a full 5 point snow course is-performed here,

mean SWE maximum is approximately 125 mm w.e. in 2013/2014 and 75 mm w.e. in 2014/2015 with COV very

similar to those shown for snow depth. The manual measurement used in the intercomparison is made just

inside the footprint of the sensor, approximately 5 m from the centre. Although relatively close, the higher

spatial variability could result in a spatial bias, especially during ablation. For example, in 2013/2014, we

estimate SWE to increase across the sensor FOV by approximately 10 mm w.e. in late aApril due to differential

melting as a result of exposure. With the manual measurement closer to the lower SWE in the sensor FOV, up

to 25 % of the difference in SWE between the sensor and the manual measurement (as shown in Fig. 5 middle

left) could be explained.

The spatial variability is not assessed for Fortress Mountain or Weissfluhjoch.

4.1.4 Experiment design

Some aspects of the design of the SWE intercomparison are less than ideal and often were a result of

compromise amongst the overall SPICE objectives, site host resources, and nationally accepted practices. These

compromises potentially contribute to some ambiguity of the study results and this commentary could form

the basis for recommendations on the design of future SWE intercomparisons.

Ideally, the manual reference at each site should have been identical using the same sampling

equipment at a prescribed offset from each SWE sensor. Rather, each site host used their nationally accepted

method of sampling SWE (as described in Section 2.3). Distances between the manual SWE measurement and

the sensor varied from 5 m to 25 m, depending on site, but perhaps more significantly, the variation within the

sensor FOV (especially for the CS725) was not properly assessed. This could certainly have been a factor at

Caribou Creek but the intense sampling within the FOV of the sensor would have caused too much disturbance.

Also, increased frequency (i.e. weekly) of manual measurements is desirable, albeit at the risk of disturbance,
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especially after significant changes in the snow pack. Manual measurements should pay special attention to the

existence of basal ice layers which may have an impact on the overall accuracy of the SWE estimate.

Another ideal situation would have been the co-location of both SWE sensor types at each site. This, in

combination with soil moisture and temperature sensors within the FOV of the CS725 sensors at all sites and

for both seasons, would have provided additional information for the assessment of sensor bias. Another good

addition would be the automated and high frequency measurement of snow depth within the sensor footprints

to provide an indicator of snow density and melt rates and perhaps and indicator of snow bridging on the SWE

weighing type sensors.

4.1.5 Manual SWE Mmeasurements

As noted above, the manual SWE measurements differed by site, the exception being Caribou Creek and

Fortress Mountain that both used the ESC-30 snow tube and bagged and weighed the sample. However, we

won’t comment further on possible bias associated with different samplers (Farnes et al.,1983; Goodison et al.

1987), as these are generally small as compared to the differences in the measurements shown in these

results. We do, however, want to address possible errors associated with the manual measurement of a

complex snow pack (i.e. a snow pack with ice layers or during melt), especially with a snow tube.

During the intercomparison, both Caribou Creek and Sodankyla experienced several freeze and thaw

cycles over the course of the winter (as seen in Fig. 5 top and middle) but one was especially pronounced at

Caribou Creek during mid- to late-January 2015 (Fig. 5 middle right). The result of freeze/thaw is usually a

“crusty” snow pack with several ice layers. In general, these characteristics make a snow pack difficult to

sample with a snow tube as the tube cutters need to cut through multiple ice layers without snow escaping

from the bottom of the tube (Powell, 1987). It is anticipated that even an expert user will have difficulties

obtaining an accurate sample in these conditions, exacerbated even more by the shallow pack found at Caribou

Creek in 2014/2015. It is difficult, even during the course of the sample, to estimate measurement error, but it

could easily result in a 5 to 10 % underestimate of SWE. Although this may explain some of the bias in the
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CS725 measurements, especially at Caribou Creek, it is countered by the relatively good agreement between

the manual and SSG1000 measurements for Sodankyld. However, mid-winter melting could also result in basal

ice as the meltwater percolates through the snow and refreezes at the surface (providing that the surface is

below 0 °C) or in the top layer of the sandy substrate. Not only would this ice layer be difficult to measure with

a snow tube (which is difficult to cut through and often results in an underestimate), the meltwater may drain

off of the SSG1000 measurement surface and be underestimated by that measurement as well. This may

partially explain the often (but sometimes inconsistent) increase in sensor bias shown by manual SWE

measurements following mid-winter freeze/thaw cycles in Fig. 5 (top and middle) Unfortunately, the field

notes did not indicate when a basal ice layer was observed so much of this is speculation.

During ablation, measures were taken to sample the snow pack before it ripened but this could not

always be accomplished due to travel time to the site (Caribou Creek). Because the sample was bagged and

weighed rather than weighed in the tube, a wet sample would experience some errors because of bagging and

result in a small underestimate of SWE (perhaps 5 % as a rough estimate).

45 Summary and Conclusions

Two automated SWE instruments were tested at threetwe WMO-SPICE sites (Sodankyld, Weissfluhjoch and
Caribou Creek) and at one additional Canadian site (Fortress Mountain) during the WMO-SPICE
intercomparison (Northern Hemisphere) winters of 2013/2014 and 2014/2015. Instrument measurements
were compared to periodic manual measurements of SWE at the sites and cross referenced with ancillary
measurements of air temperature and soil moisture and soil temperature (at Caribou Creek) to try to

determine causality for some of the bias seen in the intercomparison. The objective is not necessarily to
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determine which instrument makes the most accurate measurement, but to inform users efthe-bestway-te
use-these-instrumentsand of any potential measurement issues that may influence their data interpretation.
Intercomparison results for the CS725 show that it overestimates SWE on average by 30 % and 35 % at
Sodankyla and Caribou Creek respectively with higher correlations at Sodankyl4 (r? ranging from 0.92 to 0.99)
than Caribou Creek (r ranging from 0.55 to 0.90). The difference in correlations between the sites can be
attributed to smaller sample size, higher spatial variability of SWE, and ice layers in the snowpack at Caribou
Creek. Offsets were generally higher at Caribou Creek which could be indicative of an inaccurate soil moisture
calibration of the instrument, a change in soil moisture relative to the calibration prior to or after the soil
freezing, or systematie-sampling errors in the manual SWE measurement due to a more complex snowpack.

Correlations at Fortress Mountain are also quite high (r?=0.94) with a mean negative bias of less than 5 %,

which is more comparable to the results of Wright et al. (2011) in similar conditions. AtSedankyithe-bias

thereasenforthisisnetentirely-elear-At the two sandy SPICE sites, Fthe agreement between the CS725 and

the manual SWE measurements are generally better atthe-twe-sandy-SPICEsites-prior to the start of seasonal

mekablation. We believe this occurs largely because of early spring melt percolating through the snow pack

and either forming a basal ice layer or infiltrating into the sandy substrate. Either way, this water is difficult to

measure with a snow tube. However, because this water continues to attenuate the gamma radiation signal

detected by the CS725, the sensor still interprets this water as SWE and therefor appears to overestimate as

compared to the manual measurements. Seasonal meltablation has no significant impact on the agreement at

Fortress Mountain due to saturated frozen soils that restrict infiltration and a mild slope that promoted runoff
of meltwater from the site.

The SSG1000-atheugh-enly-installed- at both Sodankyld and Weissfluhjoch, compared quite well to the

manual SWE measurements showing-a mean biases of regative-bias-less than -11 % and 8% at the respective

sites. It did, however, experience some technical issues at Sodankyld early in the 2014/2015 snowmelt period
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which limited the intercomparison for that season. The correlations were quite high with the r? ranging from

0.84 to 0.99 at Sodankyld and 0.97 at Weissfluhjoch. Many of Fthe outliers in the SSG1000 intercomparisons

are most likely due-to bridging of the snowpack on the weighing plate. At Weissfluhjoch, these events occurred

prior to maximum seasonal SWE while at Sodankyla they occurreding atSedankyd-during ablation.eceurred-in

instrumentin2014/2015), Removing the ablationmelt period in the 2013/2014 Sodankyla data resulted in a

substantial increase in r’ from 0.84 to 0.97. Altheugh-ice-bridging-of the scale-cannotberuled-outitisdifficult

The SSG1000 correlatedagreed very well with the CS725 at Sodankyla, especially during the pre-

mektaccumulation period. Although the overestimation of SWE by the CS725 is quite apparent when compared

against the $5G1000, the pre-meltaccumulation period r* was 0.98 and 0.99 for the two respective seasons.

Intercomparison

nstruments{and-the-increasing biasinthe CS725 with-increasing SWE) but-also-very-of the two sensors clearly

shows how the the-behavierefthe CS725 overestimates SWE at the onset of meltablation in March/April of

the 2013/2014 season. Independent of the manual measurements, this indicates that the deviation of the
CS725 from manual SWE during late season meltablation is most likely instrument related and a result of

infiltration of melt water into the sandy soils_and the misinterpretation of this water as SWE.-at-thissite.\While
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When comparing SWE instruments to a manual reference, there are several considerations that must be
made that ultimately impact the interpretation of the results. We know that the manual measurements of SWE
are not free of error. Experience proves that making a snow tube bulk density sample in a snowpack containing
ice layers or during melt is difficult and inherently prone to errors. We also have to consider the spatial
variability of the snow that we are sampling as the CS725 (and the SSG1000 to a lesser degree) have a much
larger measurement footprint thatn the manual point sample. Taking this and the technical capabilities of the

instruments into consideration, both sensors have a relatively good agreement with the manual reference

measurements. We have identified that the SSG1000 has had some technical issues during snowmelt but are

satisfied that these issues can be overcome with some installation modifications. The SSG1000 may also

underestimate SWE on occasion due to bridging so users need to be aware of this potential. We have;

hewever; identified the potential for the CS725 measurements to be misinterpreted, especially when deployed

over sandy soils and during melting conditions.-when-basalce-tayerformation-orinfiliration-to-seils-can-oceur

shovsacle Upderthese conditfons the CC70E will overectivaate the netua SMIE- From a hydrological

perspective, perhaps it is more useful to include this sub-surface moisture in the SWE estimate as it ultimately
impacts the amount of water available for runoff. Nevertheless, it is certainly helpful to eslecatecollocate this

instrument with ancillary measurements of soil moisture, soil -are-temperature, and snow depth to guide the

user in interpreting the data set.
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Tables

Table 1: Regression coefficients and other statistical measures for the multi-season intercomparison of the

CS725 with manual SWE at Sodankyld, Caribou Creek and Fortress Mountain (where B and € are the slope and

intercept of the regression line). Pre-MeltAccumulation indicates that data occurring after maximum seasonal

SWE is omitted from the analysis.

€ RMSE Mean
B r’
Site Season K(TI) K(TI) Relative n
K(TI) K(TI)
mm w.e. mm w.e. Bias (K)
Sodankyld  2013/2014 1.24(1.27) 8.77(3.17)  0.92(0.92) 43.0(42.2) 30.1% 17
2013/2014 1.24(1.28)  0.0123(-6.63) 0.97(0.97) 35.6(33.9) 24.6% 13
(pre-
meltaccumulation)
2014/2015 1.06(1.13) 26.9(24.2)  0.96(0.96) 36.6(42.2) 30.9% 13
2014/2015 1.05(1.12) 23.3(20.2)  0.99(0.99) 30.0(35.7) 28.1% 10
(pre-
meltaccumulation)
Combined 1.16(1.21) 16.8(11.9)  0.92(0.92) 40.3(42.2) 30.4% 30
Caribou 2013/2014 0.783(0.764) 40.6(46.9) 0.78(0.72)  22.8(27.5) 22.2% 12
Creek 2013/2014 0.982(0.997) 17.7(20.2) 0.79(0.75) 18.0(22.2) 15.4% 9
(accumulation)
2014/2015 0.849(0.849) 27.1(30.4) 0.77(0.71)  23.6(27.4) 63.0% 7
2014/2015 1.12(1.31) -8.38(-14.5) 0.55(0.60) 25.4(29.5) 42.4% 4

(accumulation)




Combined 0.904(0.911) 27.5(31.0) 0.90(0.87)  23.1(27.4) 34.6% 19

Fortress 2013/2014 0.881

w
N~
~

0.92 48.0 -4.5%

|00

Mountain 2013/2014 0.764 84.4 0.94 56.0 -3.6%

(%21

(accumulation)




1 Table 2: Regression coefficients and other statistical measures for the multi-season intercomparison of the
2 | SSG1000 with manual SWE at Sodankyld and Weissfluhjoch (where B and € are the slope and intercept of the

3 regression line).

€ RMSE Mean
B r*
Site Season KTh KT Relative n
KT KT
mm w.e. mm w.e. Bias-{}

Sodankyla 2013/2014 1.05 -15.5 0.84 24.2 -15.1% 17
2014/2015 0.92 5.45 0.99 7.988 -2.3% 10

Combined 0.99 -7.32# 0.88 19.8 -10.8% 27

Weissfluhjoch 2013/2014 0.72 91.7 0.97 55.5 4.2 14
2014/2015 0.82 79.0 0.97 58.6 11 17

Combined 0.79 77.2 0.96 57.2 8.1 31

5  Table 3: Regression coefficients and coefficient of determination for the multi-season intercomparison of the
6  CS725 with the SSG1000 SWE measurements at Sodankyla (where B and € are the slope and intercept of the
7 | regression line). Pre-MeltAccumulation indicates that data occurring after maximum seasonal SWE is omitted

8  from the analysis.

£
Season B P
mm w.e.
2013/2014 1.20 15.7 0.90
2013/2014 1.24 4.29 0.98

(accumulationpre-
melt)

2014/2015 1.19 11.9 0.99







Figures

Figure 1: Location of the CS725 (Sodankyld, Caribou Creek, Fortress Mountain) and SSG1000 (Sodankyld and Weissfluhjoch) instrument
intercomparisonssteflgtions.




Figure 2: The Campbell Scientific CS725 (left) installed at Caribou Creek and the Sommer Messtechnik SSG1000 (right) installed at

Sodankylé.
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Figure 3: CS725 vs Manual SWE for Sodankyld (top) and Caribou Creek (middle) for the 2013/2014 and 2014/2015 seasons and Fortress
Mountain (bottom) for the 2013/2014 season. Potassium output in red and Thallium output in blue. Black line is 1:1.




‘Sodankyla SWE 201312014 ‘Sodankyla SWE 201412015

300,
——CS725K
——CS725TI
250 | 250
*  Manual
200
£ M : . :
E 150 L
B .
g / . .
@ .. v
fj 'f ) .
M | w
Lﬁrﬂm EE
10/01/2013 01/01/2014 04/01/2014 07/01/2014  10/01/2014 01/01/2015 04/01/2015 07/01/2015
Date (UTC) Date (UTC)
Caribou Cresk SWE 201372014 Carlbou Cresk SWE 20142015
T T T T
140 1 ) S 1
120 1 120 1
1001 ] 100}
£
g 80 1 80/
60 1 60/
40 4 40
20 . 20}
100172013 01012014 04i01/2014 100172014 0170172015 040172015
Date (UTC) Date (UTC)

Fortress Mountain SWE 20132014

| Sl
. A

— — -
0110172014 0410172014 07/0172014
Date (UTC)
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