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Abstract The interception of snow by the canopy is an important process in the water and energy balance in
cold-region coniferous forests. Direct measurements of canopy snow interception are difficult at scales larger
than individual trees, requiring indirect methods such as eddy covariance, time-lapse photography, or modeling.
At the Niwot Ridge Subalpine Forest AmeriFlux site in the Colorado Front Range, USA, we compared methods
that estimate or simulate the presence of snow interception. Timelapse photography images were analyzed using
thresholding analysis and used to train a Convolutional Neural Network (CNN) model to estimate canopy snow
presence. Interception was also estimated from eddy covariance measurements above and below the canopy, as
well as from model simulations. These methods were applied over January 2019, with binarized results
compared to a “ground truth” of human labeled images to calculate the Balanced Accuracy Score. The highest
accuracy was achieved by the CNN predictions. Based on the Balanced Accuracy Scores, select methods were
extended to estimate the presence of canopy snow for the 2018/2019 winter. All methods provided insight into
the process of interception in a subalpine forest but presented challenges, including differing flux footprints of
the above- and below-canopy eddy covariance measurements and the inability of red-green-blue imagery to
monitor snow interception at night, during sunrise, and during sunset.

1. Introduction

The interception and presence of snow in a forest canopy is an important process in cold-region coniferous forests,
creating conditions for sublimation from the canopy, influencing albedo, and altering the water and energy
balances (Bartlett & Verseghy, 2015; Gutmann, 2020; Lundquist et al., 2024; Pomeroy & Schmidt, 1993; Stihli
et al., 2009; Strasser et al., 2008; Suzuki & Nakai, 2008). In forested environments, up to 60% of winter snowfall
can be intercepted (Pomeroy & Schmidt, 1993), with sublimation from intercepted snow dominating over other
alternate sublimation pathways such as from the snowpack or blowing snow (Frank et al., 2019; Molotch
et al., 2007; Strasser et al., 2008). However, snow interception is difficult to measure in-situ beyond the point
scale (i.e., a single tree) (Lundberg & Halldin, 1994; Montesi et al., 2004; Nakai et al., 1994; Raleigh et al., 2022),
necessitating the development of models to simulate interception (Hedstrom & Pomeroy, 1998; Lv & Pom-
eroy, 2019; Niu et al., 2011; Roesch et al., 2001; Strasser et al., 2008). Models can also be used to understand
which processes influence snow interception and subsequent unloading via wind, melting, or sublimation
(Hedstrom & Pomeroy, 1998; Lumbrazo et al., 2022; Roesch et al., 2001). It is common to validate or evaluate a
model against observations (Beven, 2005), however, the lack of interception measurements hinders efforts to
validate interception algorithms used in land surface models (Lundquist et al., 2021).

One approach to identify the presence of snow interception is by measuring sublimation losses from intercepted
snow. This can be done by comparing water vapor flux measurements using the eddy covariance method at two
heights: one below the canopy to measure sublimation losses from the ground snowpack and one above the
canopy to measure sublimation losses from both the snowpack surface and canopy-intercepted snow (Mahat
et al., 2013; Molotch et al., 2007). By subtracting these two measurements, sublimation of intercepted snow is
estimated (Mahat et al., 2013; Molotch et al., 2007), which can serve as a proxy for snow interception (i.e., the
difference should only be greater than zero when there is intercepted snow available to sublimate and there is no
transpiration). This method does not determine how much snow is intercepted, as not all intercepted snow is
destined to sublimate (some intercepted snow will unload), but serves as a useful indicator of when snow is
present on the canopy.
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Alternatively, time-lapse photography has the potential to be a useful, low-cost method to continuously monitor
complex snow processes such as canopy interception in forested environments, particularly at spatial scales larger
than individual trees (Dong & Menzel, 2017; Floyd & Weiler, 2008; Garvelmann et al., 2013; Parajka
et al., 2012). The images produced by Parajka et al. (2012) proved useful as a simple validation of an interception
model but could not be used to estimate the mass of intercepted snow. Dong and Menzel (2017) calculated the
canopy intercepted snow in forested sites on the French-German border by testing different classification tech-
niques and employing a snow interception index based on the number of pixels identified as snow versus the total
number of pixels in the image. Lumbrazo et al. (2022) compared snow interception observations from photo-
graphs classified by citizen scientists to model estimates (Andreadis et al., 2009; Hedstrom & Pomeroy, 1998;
Roesch et al., 2001) at three sites in the Western US. The study found that models underestimated snow inter-
ception in warm environments, where winter air temperatures frequently exceed 0°C, but overestimated inter-
ception duration and simulated interception when none was observed in cold environments (Lumbrazo
et al., 2022). More recently, low-cost accelerometers attached to trees have been used to quantify snow inter-
ception based on tree sway frequency (Raleigh et al., 2022).

Motivated by these past studies that demonstrate the importance of canopy intercepted snow in cold region
coniferous forest environments, coupled with the need to extrapolate these measurements spatially and temporally
while also evaluating models, we present a study of snow interception in a coniferous subalpine forest. Our
research objectives are: (a) to compare different methods - time-lapse photography, eddy covariance and models -
that assess the presence and timing of interception throughout January 2019; (b) compare the methods to a
“ground truth” of human labeled images and calculate a common statistic; and (c) extend the best-performing
methods for snow interception detection to the 2018/2019 winter.

2. Study Site

The Niwot Ridge Forest AmeriFlux site (US-NR1; 40.0329, —105.5464; elevation: 3,050 m.a.s.l.; Figure 1) in the
Como Creek catchment in the Rocky Mountains roughly 8 km east of the Continental Divide. This site was
selected because snowmelt is a crucial water resource in this region (Adam et al., 2009) and it offers an array of
measurements and long-term observations related to canopy and snow processes (Burns et al., 2015; Monson
et al., 2002). There are also many other research sites in the general area providing ancillary data (Figure 1).

On average, snow is present at US-NR1 between October/November and May/June (Burns et al., 2015). The area
receives on average 800 mm of precipitation annually, with 60% of this total falling as snow (Hu et al., 2010).
There is considerable spatial variation in precipitation throughout the catchment and temporal variation among
years (Knowles et al., 2015).

The subalpine vegetation at the US-NR1 AmeriFlux site is dominated by Engelmann spruce (Picea engelmannii),
lodgepole pine (Pinus contorta), and subalpine fir (Abies lasiocarpa) (Burns et al., 2015). Past studies have
characterized the forest in the area surrounding the US-NR1 site, reporting leaf area index (LAI) ranging between
3.8 and 4.2 m*> m™>, tree heights of 12-13 m, and a canopy gap fraction of 17% (Burns et al., 2015; Monson
et al., 2010; Turnipseed et al., 2002).

The US-NRI site includes a 26 m tall flux tower with turbulent flux measurements made at a height of 21.5 m
aboveground, as well as a separate tower approximately 15 m away, where measurements are taken at 2.56 m
aboveground (Figure 1). In the area there are other data collection sites, including a snow telemetry (SNOTEL)
site (Niwot; site number 663), a National Oceanic and Atmospheric Administration (NOAA) U.S. Climate
Reference Network (USCRN) site, and a long-term climate site (C-1) (Figure 1) (Knowles et al., 2015).

3. Methods

We used three methods to estimate or simulate the presence of snow interception in the forest surrounding the US-
NRI1 site based on: (a) water vapor flux measurements above and below the canopy, (b) analyzing Phenocam
images, and (c) simulation with three models - Community Land Model Version 5 (CLMS5.0), Noah-
Multiparameterization (Noah-MP) and Hedstrom and Pomeroy (1998) (HP98) (Figure 2). Harvey (2022) pro-
vides a further description of methods beyond what is outlined below.

We initially compared all three methods to a “ground truth” of human labeled Phenocam images (Figure 2). We
chose January 2019 as a period to compare the various methods because it is a winter month when precipitation
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Figure 1. (a)Area around the Niwot Ridge Forest (US-NR1) AmeriFlux site, showing other data collection sites nearby including a snow telemetry (SNOTEL) site
(Schaefer & Paetzold, 2001), a U.S. Climate Reference Network (USCRN) site, and a long-term climate site (C1) (Greenland, 1989) [insert shows the location of the
US-NRI1 site within continental United States]; (b) Niwot Ridge Forest (US-NR1) AmeriFlux site; (c) The subcanopy flux tower adjacent to the US-NR1 flux tower;
(d) The snow telemetry (SNOTEL) site located in a small forest clearing near the Niwot Ridge Forest (US-NR1) AmeriFlux site; (e) The National Oceanic and
Atmospheric Administration (NOAA) United States Climate Reference Network (USCRN) site located near the Niwot Ridge Forest (US-NR1) AmeriFlux site.

was likely to fall as snow, the forest was not transpiring (Bowling et al., 2018; Burns et al., 2015) and there was a
continuous snowpack (Brooks et al., 1996; Burns et al., 2015). The lack of transpiration and continuous snowpack
means that the water vapor flux was dominated by snow sublimation (Mahat et al., 2013; Molotch et al., 2007,
2011), with some smaller amount of snowmelt-induced evaporation. The air temperature and wind speed averages
(=5.95°C and 6.23 m s™" respectively) during January 2019 were comparable with long-term (1999-2018) site
averages (—6.14°C and 6.83 m s™!, respectively) (Figure 3). However, the mean monthly precipitation in January
2019 (85.9 mm) was 29% greater the 15-year average precipitation for the same month (66.76 mm) (Figure 3).

The most promising methods were then applied throughout the winter (1 October 2018 to 31 May 2019)
(Figure 2). Due to the extensive effort and resources required, human-labeled images were not prepared as a
“ground truth” for the 2018/2019 winter, preventing direct comparison and evaluation of methods using a sta-
tistical metric. Instead, we compared the methods against each other and precipitation data.

3.1. Flux Measurements

Since 1998 and 2002 respectively, above- and below-canopy latent heat flux, and other measurements, were made
from a main and subcanopy tower at the US-NRI site (Blanken et al., 2009; Burns et al., 2016; Molotch
et al., 2007). Subcanopy eddy covariance instruments measured the latent heat flux at a height of 2.56 m on a
smaller triangular tower approximately 15 m from the main tower. Subcanopy instruments consisted of a sonic
anemometer (CSAT3, Campbell Sci. Inc.) and two infrared gas analyzers (LI-7500 and LI-7500A, LI-COR
Biosciences). The comparison of the 30-min mean latent heat fluxes, calculated using the two different gas
analyzers, revealed close agreement (r = 0.92; Harvey, 2022, Figure 2.2). Therefore, we took the average of both
instrument pairs to represent sublimation from the ground snowpack to obtain the most complete record possible,
henceforth referred to as subcanopy sublimation. A sonic anemometer (CSAT3, Campbell Sci. Inc.) and an
infrared gas analyzer (LI-7200, LI-COR Biosciences) comprised the above-canopy (21.5 m) instruments. Burns
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Figure 2. Overview of methodology used to compare snow interception methods. Initially several methods were used to
estimate the presence of canopy snow and simulate snow interception over January 2019, with results compared to the

ground truth of human labeled images. The superior methods identified during the initial phase (January 2019) were then
applied to the 2018/2019 winter (CLM5.0 = Community Land Model Version 5, Noah-MP = Noah-Multiparameterization).

et al. (2014, 2016) provide further details on the instrumentation and eddy covariance data processing. We
subtracted the flux measurements at the 2.56 m height from those at the 21.5 m height, assuming this difference
represented the sublimation of snow intercepted on the canopy, similar to Molotch et al. (2007), Jarosz
et al. (2008), and Mahat et al. (2013).

Since sublimation of intercepted snow is only possible when snow is available in the canopy, we used the two
eddy covariance data sets to estimate whether sublimation of canopy snow was occurring, and therefore when
snow was present in the canopy. To binarize the flux-derived interception presence, we categorized the timestep
as “intercepted snow present” if the canopy water vapor flux (above-canopy minus below-canopy values) was
greater than zero. We evaluated the binarized flux data using the binary evaluation metric of Balanced Accuracy
Score (Equation 1) (Brodersen et al., 2010) as compared to the labeled niwot3 Phenocam images (similar to
Lumbrazo et al. (2022)) due to their shared temporal resolution of 30 min.

(1)

Balanced Accurac ! True Positive 4 True Negative
uracy = —
) True Positive + False Negative = True Negative + Flase Positive

This method was then applied to the 2018/2019 winter (Figure 2). Before applying the latent heat flux method to
the whole 2018/2019 winter, we ensured transpiration was not occurring. The forest around the tower commonly
continues transpiring into October, becomes dormant for several months, and then starts to transpire again in April
or May (Barnard et al., 2018; Bowling et al., 2018, 2024; Burns et al., 2015). While the forest is still transpiring, a
positive difference between the above and below canopy flux can occur without snow on the canopy, because the
above canopy measurement includes any transpiration (Burns et al., 2015). Previously, both the net ecosystem
exchange of carbon dioxide (NEE) and bole temperature have been used to determine if the forest was transpiring
(Bowling et al., 2018; Burns et al., 2015). Reviewing the NEE and bole temperature for the 2018/2019 winter
revealed that transpiration stopped around the first of November 2018 and restarted around the fifteenth of April
2019 (Figure 4). Therefore, we applied the same latent heat flux analysis to this shortened winter period to ensure
that we avoided including transpiration in the latent heat flux measurements.
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Figure 3. (a) Air temperature (°C), (b) wind speed (m s7h), and (¢) precipitation (mm) for the winter months (October—May),
showing both the long-term average (and standard error) and 2018/2019 winter values. The air temperature and wind speed
data are from the US-NR1 AmeriFlux data set and measured at 21.5 m above the ground (Figure 1). Precipitation data are
from the USCRN site (Figure 1).

3.2. Phenocam Images and Processing

We used the two Phenocams (Richardson et al., 2018; Seyednasrollah et al., 2019) currently operating and
mounted to the US-NR1 AmeriFlux tower (niwot3 and niwot5) to assess how images could be employed to
identify snow interception using automated methods. Both cameras produce Red, Green, and Blue (RGB) images
with a pixel resolution of 1,296 X 960 (Burns et al., 2016) and 8-bit radiometric resolution. The temporal res-
olution of niwot3 is 30-min intervals between 04:00 and 22:30 Mountain Standard Time (MST), and the temporal
resolution of niwot5 is 15-min intervals between 04:00 and 22:45 MST. The niwot3 Phenocam is orientated north,
while niwot5 is orientated southeast. To ensure enough light was available and the images would not be affected
by sunrise or sunset, we only used images between 9:00 and 14:00 MST.

We tested two different image analysis methods: thresholding and machine learning using Convolutional Neural
Networks (CNN). Before performing either method, we cropped the images (1,296 x 760 and 1,243 X 674 for
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Figure 4. (a) Net ecosystem exchange (NEE) (pmolCO, m~2s7h), (b) above-canopy latent heat turbulent flux (W m™2),

(c) bole temperatures (°C), and (d) snow depth (mm) for the 2018/2019 winter (October-May inclusive). The NEE, latent
heat flux, and bole temperature data ((1) lodgepole pine (Pinus contorta); (2) subalpine fir (Abies lasiocarpa); (3) Engelmann
spruce (Picea engelmannii)) are from the Niwot Ridge Forest (US-NR1) AmeriFlux data set. The snow depth data is from the
nearby Niwot SNOTEL site (site number: 663) (Figure 1). The red and blue lines on the NEE plot define when the forest was
likely not transpiring.

niwot3 and niwot5, respectively) to exclude any background and image identification details, ensuring only the
canopy was analyzed.

RGB images are made up of three bands - red, green, and blue - each representing a specific range of wavelengths.
By isolating a single band, an RGB image becomes a grayscale image, where the digital number (DN) represents
the brightness level of the pixel (e.g., with a range of 0-255 for an image with 8-bit radiometric resolution). To
enable thresholding, we first isolated the blue band (Band 3), resulting in one greyscale image. We chose the blue
band based on this band having the most favorable DN histograms for threshold analysis (i.e., the greatest contrast
between snow and non-snow pixels). DN histograms also assisted in the setting of the threshold for differentiation
between snow and non-snow. We defined snow as DN values between 220 and 253, with lower values defined as
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Figure 5. Visualization of the categories used when labeling the niwot3 Phenocam images. Cropped images are shown.

non-snow. We excluded DN values 254 and 255 to avoid the spike in DN values when no snow was present,
which would have translated to false positives if included. Finally, we calculated the fraction of intercepted snow
(%) by dividing the number of pixels classified as intercepted snow by the total number of pixels in the (cropped)
image, similar to the snow interception index of Dong and Menzel (2017). We undertook thresholding analysis in
MATLAB (R2021b) using the Image Processing Toolbox Version 11.3.

To allow for comparison to the “ground truth” human labeled images, we binarized the fraction of intercepted
snow as calculated during thresholding. To reduce false positives, we deemed the image to include intercepted
snow only if the fraction of intercepted snow was above 1% (i.e., over 1% of the pixels were classified as snow).
We then evaluated the thresholding method using the Balanced Accuracy Score (Equation 1) (Brodersen
et al., 2010) similar to Lumbrazo et al. (2022).

We developed, trained, and tested three CNNs. For definitions of CNN terms see Table S1 in Supporting In-
formation S1. To the best of our knowledge this is the first time a CNN has been used to identify the presence of
canopy snow from time-lapse imagery. All steps, except image labeling, took place in Python 3.7.9 using the
TensorFlow Keras open-source library. A single user in a single sitting visually examined and classified all
Phenocam images available for January 2019 between 09:00 and 14:00 MST from niwot3 (298 images) and
niwot5 (568 images), assigning a 1 for images with snow interception and a O for those without. In addition to the
binary labeling, we categorically labeled the images from niwot3 in 0.25 intervals from O to 1, where 0 was no
visible snow, and 1 was maximum canopy snow loading (Figure 5). We randomly reordered the images to
minimize the effect of the original order on results. We split the data into 80% for training/validation and 20% for
testing, then further divided the training/validation data set into 80% for training and 20% for validation.

First, we built the CNN model architecture. The convolutional layers comprised convolutional filters (and
associated activation function) and then a pooling layer. Filtering layers contained either 5 or 10 individual
convolutional filters, each with a size of 3 X 3 and stride of 1. No padding was used when applying the con-
volutional filters. We used the rectified linear unit (ReLU) activation function (Han et al., 2020) during con-
volutional filtering. The pooling layers used Max Pooling (Wang et al., 2017). Here, we set the pooling window
size and stride to 2. Figure 6 illustrates the first convolutional filtering on the input data and first pooling. We
completed the model with a fully connected layer followed by a SoftMax classification layer, as the purpose of the
CNN was binary or categorical classification.

We trained the model using the Adam optimizer (Han et al., 2020) with a learning rate of 0.0001. During training,
we minimized the loss function binary cross-entropy for the binary classifiers and categorical cross-entropy for
the categorical classifier. We used 20 epochs and a batch size of 2 for all CNN models. The model with the highest
validation accuracy continued to be trained in the next epoch or became the final model when all epochs were
completed. Finally, we calculated the model's Balanced Accuracy Score (Equation 1), similar to Lumbrazo
et al. (2022), by comparing the model-predicted labels of the unseen test images to the human-assigned labels.

When applying image analysis to the entire 2018/2019 winter we focused on the niwot3 Phenocam because it has
matching temporal resolution to the flux data and meteorological data used to force the models (30 min). We used
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Figure 6. The first convolutional filtering and pooling for the CNN model based on a cropped niwot3 image.

the best performing CNN model during training/validation based on validation accuracy (i.e., the final model), to
predict the label (snow or no snow) of unseen images throughout the rest of the 2018/2019 winter (October,
November, December, February, March, April, May). To ensure daylight and consistency, we again only used
images captured between 9 a.m. and 2 p.m. MST.

3.3. Snow Interception Models

We used three models of varying levels of complexity to simulate canopy snow processes (i.e., snow interception,
unloading, sublimation) over January 2019 (Table 1). We ran all models with a 1-week start-up period to account
for prior storms; however, we only show results from January 2019. For detailed model description see Text S1 in
Supporting Information S1. To binarize the model output, we categorized the timestep as “intercepted snow
present” if the model simulated canopy snow was above 0.5 kg m™> (Lundquist et al., 2021). Converting the
model simulations to a binary result allowed us to directly compare them to the labeled images and calculate the
Balanced Accuracy Score (Equation 1) and estimate the number of days with canopy snow.

We isolated the canopy interception and canopy snow unloading algorithms used in the Community Land Model
Version 5 (CLMS5.0) to simulate canopy snow. CLMS5.0 partitions precipitation into solid or liquid states using a
linear air temperature ramp where precipitation is snow below 0°C and rain above 2°C (Lawrence et al., 2019). To
align with the parameterization used for the Noah-MP model (Niu et al., 2011), we used a 0°C air temperature
threshold below which precipitation is solid. We halved the published values of the leaf area index (LAI) for the
forest surrounding the Niwot AmeriFlux site to represent the one-sided exposed leaf and stem area index
(Turnipseed et al., 2002).

We evaluated the use of both a constant and variable sublimation rate of canopy intercepted snow in the CLM 5.0
model. In the constant sublimation rate approach, we used the average sublimation rate of intercepted snow
reported by Molotch et al. (2007) for the winter/spring snow season (0.70 mm day™"). In the variable sublimation
rate approach, we used the difference between the above- and below-canopy water vapor flux measurements to
represent the time-varying sublimation loss rates from intercepted snow. To convert the latent heat flux mea-
surements from W m™~2 to mm per timestep (30-min) we used a varying latent heat of evaporation (J kg™') based
on the equation (Bolton, 1980). This conversion was used rather than the latent heat of sublimation (2834 kJ kg_')
as the temperature dependent latent heat of evaporation is used year-round when processing data at the site so
should be used when performing further conversions. This is unlike how sublimation from vegetative surfaces is
calculated in the CLM5.0 model (Lawrence et al., 2020), however, here the focus is on interception dynamics
rather than modeling sublimation.

The Hedstrom and Pomeroy (1998) model (HP98) calculates snow interception based on canopy characteristics
and snowfall. Unloading of intercepted snow is modeled as an exponential function of time (Hedstrom &
Pomeroy, 1998). Constants for the dimensionless unloading coefficient and maximum ratio of snow to leaf
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Table 1

Outline of the Three Interception Models, Including a Brief Description of How Interception is Modeled, How Unloading and Other Losses of Intercepted Snow is

Incorporated, and Required Input Data to Model Interception

Model name Description of interception Description of unloading Required input data Source
Community Land Model Interception is a function of =~ Unloading of snow from the canopy - Air temperature Lawrence et al. (2019); TechnicalNote
Version 5.0 (CLM5.0) precipitation and fraction is driven by both air temperature ~ _ Precipitation
of the canopy that can and wind speed. Sublimation .
L q : - Wind speed
collect precipitation. losses of interception snow are
also included. - LAI
Hedstrom and Pomeroy Interception is a function of ~ Unloading of snow from the canopy - Air temperature Hedstrom and Pomeroy (1998)
interception model canopy snow load and is based on time since snowfall. Precipitation
(HP98) canopy density.
Py Y CLAI
Noah-Multiparameterization Interception is a function of ~ Unloading of snow from the canopy - Air temperature Niu et al. (2011); Niu and Yang
(Noah-MP) snowfall rate and the is driven by both air temperature (2004); Noah-

- Canopy temperature

remaining storage and wind speed. Sublimation o MPCommunityModelRepository
capacity of the canopy. losses of intercepted snow are - Precipitation
also included. - Wind speed
- LAI

Note. For detailed model description see Text S1 in Supporting Information S1 (LAI = leaf area index).

contact area per unit area of ground were adopted based on an analysis of the above-canopy winter wind speeds.
Here the species dependent maximum snow load per unit branch area was set to the average of the values sug-
gested by Schmidt and Gluns (1991) (6.6, 5.9, and 5.1 kg m ™ for pine, spruce and fir, respectively) to reflect the
mixed coniferous forest surrounding the tower (Turnipseed et al., 2002). We used the empirical relationship
developed by Hedstrom and Pomeroy (1998) that relates fresh snow density to air temperature.

Similar to CLMS5.0, relevant equations of the Noah-MP model were isolated to simulate canopy snow. Although
there are several precipitation partitioning parameterizations available (Niu et al., 2011), the simplest was used:
precipitation was simulated to fall as snow when air temperature was below 0°C. This approach was also
implemented in our modified version of CLMS5.0. We halved the published LAI values to represent effective one-
sided leaf and stem area index (Turnipseed et al., 2002). The species dependent maximum snow load per unit
branch area was set to 5.87 kg m ™~ based on the average of the values suggested by Schmidt and Gluns (1991) to
reflect the mixed coniferous forest surrounding the tower (Turnipseed et al., 2002). We used the altered version of
the Hedstrom and Pomeroy (1998) empirical relationship between air temperature and fresh snow density present
in the Noah-MP model (Niu et al., 2011). We incorporated sublimation losses of intercepted snow into Noah-MP
using the same methods applied in CLMS.0.

All models were applied to the 2018/2019 winter (Figure 2). We continued to use a one-week warm-up period,
however, only results from first of October 2018 to 31st of May 2019 are shown. We considered only the CLMS5.0
and Noah-MP models with constant intercepted snow sublimation losses. Again, timesteps was categorized as
“intercepted snow present” if the model simulated canopy snow above 0.5 kg m~2 (Lundquist et al., 2021). We
compared these binarized model simulations to the CNN predictions.

4. Results
4.1. Flux Measurements

When comparing the binarized canopy water vapor flux data to the “ground truth” of labeled images (Figure 2),
the Balanced Accuracy Score was 0.60 (Figure 7b). There were 131 false positives compared to the 104 true
positives, 32 true negatives, and zero false negatives. Subtracting the water vapor flux measurements below the
canopy from those above the canopy and attributing any positive difference to the sublimation of intercepted
snow (Molotch et al., 2007), misrepresented this process, as it suggested snow sublimation (and therefore the
presence of interception) at most 30-min timesteps, even days after snow was observed to have left the canopy
(Figure 7b).
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Figure 7. Binarized snow on canopy from the (a) human labeling of images from the niwot3 Phenocam, (b) flux data, and
(c) flux data with cut-off. The blue bars indicate times when the images were labeled as “snow interception” by a single
human observer. The red and orange bars indicate times when the binarized flux data suggested the presence of snow
interception. The white bars indicate times when no interception was present, based on each method respectively. The
grayed-out sections indicate when Phenocam images could not be analyzed due to light conditions (e.g., sunrise, sunset, or
nighttime) or were unavailable (2019-01-16 to 2019-01-19 inclusive). The gray bars are also included in the flux data to ease
with comparison; however, flux data is available at 30-min time steps both day and night. The flux data were binarized where
(b) any positive difference between the above- and below-canopy measured flux was taken to indicate snow on the canopy or
(c) any positive difference between the above- and below-canopy measured flux greater than 25 W m ™2 was taken to indicate
snow on the canopy. 25 W m~2 was the best cut-off based on the calculated Balanced Accuracy Score (Table 2). The black
points indicate precipitation measured at 30-min intervals from the nearby U.S. Climate Reference Network site when air
temperatures were below 0°C (Figure 1).

We tested different “cut-off” values where instead of a positive difference between above-minus below-canopy
water vapor flux measurements implying sublimation, the difference had to exceed 5 W m™2, 10 W m™>,
15 W m™2 and so on until the Balanced Accuracy Score stopped improving. The highest Balanced Accuracy
Score was achieved using a cut-off of 25 W m~> (Balanced Accuracy Score = 0.85; Table 2; Figure 7c) and
substantially reduced the number of false positives from 131 to 17. Moreover, there were 85 true positives, 146
true negatives and 21 false negatives when using the 25 W m™2 cut-off, increasing the number of true results
from 136 to 229.

To minimize the risk of misclassifying transpiration as the sublimation of intercepted snow, we limited the
application of the flux method (with cut-off) during the 2018/2019 winter (Figure 4) (Barnard et al., 2018;
Bowling et al., 2018; Burns et al., 2015). During this shortened winter season, the latent heat flux method sug-
gested the presence of canopy snow on 127 out of the 166 days (77%). Generally, the binarized results indicate
that positive differences between the above and below canopy fluxes greater than 25 W m™ aligned with pre-
cipitation events (Figure 8).
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Table 2

Balanced Accuracy Scores Between Human Labeled niwot3 Phenocam Images and Flux Data Using Different Cut-Offs
Applied After Subtracting the Measured Below-Canopy Water Vapor Flux Measurements From the Measured Above-Canopy
Water Vapor Flux Measurements

Cut-off OWm™? 5Wm™? 10Wm™> I5Wm?2 20Wm™> 25Wm™2 30Wm? 35Wm>

Balanced Accuracy Score 0.60 0.71 0.80 0.82 0.83 0.85 0.83 0.79

4.2. Phenocam Images and Processing

Based on the labeling of the niwot3 Phenocam images, snow was present on the canopy for 13 of the 28 days
(46%) with daytime images available. Images were unavailable from January 16th to 19 January 2019 (except for
the January 16th at 9 a.m. MST) due to a network issue. On 10 of the 12 days with snow observed on the canopy
(and a complete record for the day), canopy snow persisted throughout the day (9 a.m.—2 p.m. MST).

The thresholding technique demonstrated low accuracy in detecting intercepted snow when compared to the
labeled data. Applied to niwot3 and niwot5 Phenocam images thresholding achieved Balanced Accuracy Scores
of 0.64 and 0.68, respectively. Thresholding analysis using both the niwot3 and niwot5 images resulted in
substantial false negatives, where thresholding failed to detect snow on the canopy despite human labeling
indicating snow interception (Figure 9).

The Balanced Accuracy Score of the CNN models ranged from 0.96 (niwot5 binary) to 1 (niwot3 binary and
niwot3 categorical) (a score of one indicates no misclassifications). Only during testing of the niwot5 binary CNN
did two false positives and two false negatives occur out of 114 unseen testing images.

Based on CNN-predicted output (October 2018—May 2019, excluding January 2019) and labeled images (January
2019), snow was classified as present on the canopy for 93 out of 238 days (39%) during the winter of 2018/2019.
Although the CNN was able to catch most snow interception events based on when precipitation fell, some events
were missed (Figure 10). There were two periods of camera shutdown, the sixteenth to nineteenth of January and
the 23rd and 24th of March (Figure 10), both of which experienced precipitation events. Such periods cannot be
avoided, but likely resulted in missed interception days. Small, isolated precipitation events that occurred
overnight when imagery could not be analyzed were likely also missed (Figure 10). It is therefore likely the CNN
predictions underestimate the number of days with snow interception.

4.3. Snow Interception Models

The CLM and Noah-MP model was run in two different modes: constant or variable sublimation rate. The HP98
model was run in a single mode. Both versions of the CLM5.0 and Noah-MP models gave Balanced Accuracy
Scores between 0.69 and 0.73 (Table 3). The HP98 model had a lower Balanced Accuracy Score of 0.50 (Table 3).
However, the Balanced Accuracy Score values between the model groups were not significant based on a
Kruskal-Wallis test (H (2) = 2.00, p = 0.37).

The number of days the models indicated intercepted snow varied between the models, from a maximum of 17
(55% of days in January 2019) to 4 (13% of days in January 2019) (Table 3). One reason behind the small number
of days with simulated canopy snow when using the HP98 model was that simulated canopy snow amounts were
small compared to the other models (Figure 11), so when binarizing the model data (i.e., only periods with above
0.5 kg m™2 were assigned as “intercepted snow present” (Lundquist et al., 2021)) small simulated interception
events were excluded.

The difference between using the constant and variable values for sublimation was small due to sublimation
playing a minor role in removing snow from the canopy compared to the removal from unloading (Figure 12 gives
the results for CLM5.0). Unloading was dominated by wind due to the high winds during winter, coupled with low
temperatures that hinder the simulation of temperature unloading (Figure 3; Harvey (2022, Figure 2.21); Turn-
ipseed et al. (2002); Lumbrazo et al. (2022)).

The number of days with simulated canopy snow over the whole winter varied between models, from a maximum
of 109 (45% of days in winter) for CLM5.0 to 94 (37% of days in winter) for Noah-MP to a minimum of 27 (11%
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Figure 8. Binarized snow on canopy from the flux data for the 2018/2019 winter only when the forest was a dormant based on
net ecosystem exchange and other factors (Figure 4)—(a) November, (b) December, (c) January, (d) February, (e) March,
(f) April (until fifteenth only). The gray periods indicate when flux data were not available. The flux data was binarized
where any positive difference between the above- and below-canopy measured flux greater than 25 W m~2 was taken to
indicate snow on the canopy. 25 W m™2 was the best cut-off based on Balanced Accuracy Scores (Table 2). The black points
indicate precipitation measured at 30-min intervals from the nearby U.S. Climate Reference Network site when air
temperatures were below 0°C (Figure 1).

of days in winter) for HP98. The presence of canopy snow matched between the CNN predictions and the models
87%, 82%, and 67% of the time for CLM5.0, Noah-MP, and HP98, respectively, when both data sources were
available (Figure 13).
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Figure 9. Binarized snow on canopy from the (a) human labeling of images from the niwot3 Phenocam, (b) thresholding
method applied to the niwot3 Phenocam images, (c) human labeling of images from the niwot5 Phenocam, and

(d) thresholding method applied to the niwot5 Phenocam images during January 2019. The grayed-out sections indicate
times when Phenocam images could not be analyzed due to light conditions (e.g., sunrise, sunset, or nighttime) or were
unavailable (2019-01-16 to 2019-01-19). The temporal resolutions of the niwot3 and niwot5 Phenocams are 30 and 15 min,
respectively. The black points indicate precipitation measured at 30-min intervals from the nearby U.S. Climate Reference
Network site when air temperatures were below 0°C (Figure 1).

5. Discussion
5.1. Interception in the Niwot Subalpine Over the 2018/2019 Winter

The presence of snow interception occurred between 11% and 77% of days throughout the 2018/2019 winter,
based on the applied methods (Table 4). This range encompasses previously reported values, including 47% in a
coniferous subalpine stand in central Switzerland (Lundberg & Halldin, 2001; Stihli et al., 2009). The CNN
model predicted a low number of days with interception (39%; Table 4) as a consequence of only able to be
applied during daylight hours (9 a.m.-2 p.m. MST) and therefore missing nighttime interception events
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Figure 10. Snow on canopy predictions from the Convolutional Neural Network model ((a) October 2018, (b) November
2018, (c) December 2018, (e) February 2019, (f) March 2019, (g) April 2019, (h) May 2019) and human labeling ((d) January
2019) of images from the niwot3 Phenocam during the 2018/2019 winter. The gray bars indicate times when Phenocam
images could not be analyzed due to poor light conditions (e.g., sunrise, sunset, or nighttime) or were unavailable. The black
points indicate precipitation measured at 30-min intervals from the nearby U.S. Climate Reference Network site when air
temperatures were below 0°C (Figure 1).

(Figure 10). The latent heat flux analysis predicted the most days with snow interception (77%; Table 4), even
with the cut-off applied. There were times (e.g., March 15th-22nd) when the difference between the above and
below latent heat flux suggested sublimation from intercepted snow for a short period bordered by periods with no
difference between the measurements and without snowfall to be intercepted (Figure 8). A single period with
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Table 3

Balanced Accuracy Score Scores for all Models (Simulations Binarized) Compared to Labeled Images

Model CLMS5.0 (constant sublimation) CLMS5.0 (measured sublimation)
Balanced Accuracy Score 0.73% 0.69*

Number of days with canopy snow simulated (Precent of days with canopy snow simulated) 17 (55%) 16 (52%)

Model Noah-MP (constant sublimation) Noah-MP (measured sublimation)
Balanced Accuracy Score 0.69% 0.70°

Number of days with canopy snow simulated (Precent of days with canopy snow simulated) 16 (52%) 14 (45%)

Model HP98

Balanced Accuracy Score 0.50%

Number of days with canopy snow simulated (Precent of days with canopy snow simulated) 4 (13%)

Note. Significance between model groups (i.e., CLM5.0 vs Noah-MP vs HP) are shown with superscript letters based on a Kruskal-Wallis test (H(2) = 2.00, p = 0.37).
Also tabulated is the number of days with canopy snow simulated and percent (%) of days with canopy snow simulated, out of the 31 days in January 2019. Binarization
used the rule: “intercepted snow present” if the model simulated canopy snow above 0.5 kg m~> (Lundquist et al., 2021) (CLM5.0 = Community Land Model Version
5.0; HP98 = Hedstrom and Pomeroy interception model; Noah-MP = Noah-Multiparameterization).

above- and below-canopy latent heat flux is greater than 25 W m ™2, suggesting the presence of intercepted snow
to be sublimated, would result in an entire day being incorrectly classified as having interception based on the
methods used here. Therefore, the flux data likely overestimates the number of days with interception. The models
can simulate snow interception at all timesteps (i.e., even during the night when camera imagery cannot be
analyzed) and are forced by precipitation, so it is unlikely an interception event was missed. HP98 is an exception,
as there were many timesteps where simulated canopy snow was below 0.5 kg m™? (Figure 13), and therefore
categorized as not having “intercepted snow present.” Although the balanced accuracy of the models during
January 2019 were less than that of the CNNs, the ability to account for interception events that occur solely
during the night is a major advantage of models.

Canopy snow accumulation as simulated by three models

[od]
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Simulated Canopy Snow (kg m2)
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Figure 11. Time series of simulated canopy snow (kg m™) for the month of January 2019 as simulated by the simplitied
Community Land Model Version 5 (CLM5.0) and simplified Noah-multiparameterization (Noah-MP), using both constant
sublimation losses (0.70 mm dayfl for the winter/spring snow season (Molotch et al., 2007)) and variable sublimation based
on the difference between above- and below-canopy water vapor flux measurements, and the Hedstrom and Pomeroy (1998)
interception model. The presence of snow interception, as identified by a single human observer from Phenocam (niwot3)
images when available, is included as a ground truth.
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Figure 12. Time series of simulated canopy snow (kg m~2) and snow process (interception, unloading, sublimation) (kg m™?)
for the month of January 2019 using the simplified Community Land Model Version 5 (CLM5.0). The model is run using
both (a) constant sublimation based on the value reported in Molotch et al. (2007) (0.70 mm day_l) and (b) variable
sublimation based on the difference between above- and below-canopy water vapor flux measurements. The presence of
snow interception, as identified by a single human observer from Phenocam (niwot3) images when available, is included as a
ground truth.
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5.2. Method Challenges and Opportunities

Two sets of eddy covariance instruments, one above the canopy and one below the canopy, have been used to
measure the sublimation of intercepted snow (Mahat et al., 2013; Molotch et al., 2007). However, solely
attributing the difference between above- and below-canopy water vapor flux measurements as sublimation from
the forest canopy may misrepresent when snow is present in the canopy (Figure 7). One reason why a positive
difference between the above- and below-canopy fluxes could occur without snow on the canopy would be the
differing source areas (i.e., flux footprints) at the two measurement heights (Misson et al., 2007). Many factors
dictate the flux footprint, including instrument height, turbulence, wind speed and direction, and stand charac-
teristics (Chu et al., 2021). Therefore, the above- and below-canopy flux footprints are inherently different
(Baldocchi, 1997). Another reason for a positive difference between the above- and below-canopy measures of
water vapor flux without the presence of canopy snow could be the sublimation of wind-suspended snow
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Figure 13. Time series of simulated canopy snow (kg m_z) for 2018/2019 winter ((a) October 2018, (b) November 2018,
(c) December 2018, (d) January 2019, (e) February 2019, (f) March 2019, (g) April 2019, (h) May 2019) as simulated by the
simplified Community Land Model Version 5 (CLM5.0) and simplified Noah-multiparameterization (Noah-MP), both using
constant sublimation losses (0.70 mm day_1 (Molotch et al., 2007)), and the Hedstrom and Pomeroy (1998) interception
model. The presence of snow interception as identified by a single human observer from Phenocam (niwot3) images
throughout January 2019 and predicted by the convolutional neural network model for all other months is included.

(Berg, 1986; Pomeroy & Essery, 1999; Pomeroy & Li, 2000). It is possible that the sublimation of blowing snow
was measured by the eddy covariance instruments, complicating estimates of the timing and sublimation of
intercepted snow using water vapor flux measurements. Accounting for the sublimation of wind-suspended snow
using eddy covariance observations is difficult (Sexstone et al., 2018) and beyond the scope of this study.
Additionally, there could be intercepted snow without sublimation under impeding conditions (i.e., energy
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Table 4

Percent of Days With Interception (%) for all Methods Applied Over the 2018/2019 Winter

Method Flux + cut-off + NEE constrained @CNN CLM 5.0 Noah-MP  HP98
Percent of days with interception (%) 71 39 45 37 11

Note. The latent heat flux data used the best cut-off defined during testing (Table 2) and was constrained to ensure that
transpiration was not occurring (Figure 4) (CLMS5.0 = Community Land Model Version 5.0; CNN = Convolutional Neural
Network; HP98 = Hedstrom and Pomeroy (1998) interception model; NEE = net ecosystem exchange; Noah-MP =
Noah-Multiparameterization).

limited), further complicating the use of this method. To address these challenges practically, this study imple-
mented a simple cut-off, which improved the Balanced Accuracy Score when comparing the flux data to the
labeled images (Table 2; Figure 7) and is therefore recommended.

When applying the flux method to the entire winter, it is imperative to know when the forest stops transpiring at
the start of winter, and when transpiration begins again come spring. Limiting the analysis period to when the
forest was not transpiring ensures that the latent heat measurements only account for sublimation and not tran-
spiration (Molotch et al., 2011). When forests stop and start transpiring exhibits interannual variability (Baldocchi
et al., 2018; Brinkmann, 1979), meaning measurements of carbon dioxide (CO,) turbulent fluxes are needed to
determine the status of a forest. Alternatively, tree bole temperature or stem flow measurements could be used to
estimate when transpiration stops and starts (Bowling et al., 2018). Without CO, flux or bole measurements, it
would be difficult to account for sublimation for a whole winter from latent heat flux measurements, as there
would be no certainty that transpiration has not been unknowingly included in the shoulder months of winter.

Time-lapse camera imagery, when used to train a CNN model, proved useful in identifying snow interception,
but thresholding methods, previously successful in other studies (Floyd & Weiler, 2008; Garvelmann
et al., 2013), proved difficult to apply to Phenocam images. It has been suggested to orient cameras north (in
the Northern Hemisphere) to reduce direct insolation (Julitta et al., 2014; Richardson et al., 2018). However,
during thresholding, images from the north-facing niwot3 Phenocam had a lower Balanced Accuracy Score
(Figure 9).

When setting up cameras with the intention of applying thresholding techniques to identify interception, black,
gray, and white reference boards are commonly included to enable post-processing that adjusts for varying
illumination levels caused by camera contrast optimization (Floyd & Weiler, 2008; Garvelmann et al., 2013).
Contrast optimization interferes during thresholding analysis, complicating the setting of fixed thresholds (Dong
& Menzel, 2017). When using pre-established camera networks like the Phenocam Network, retrofitting refer-
ence boards is not possible without additional resources, if at all. Other image analysis methods, such as
thresholding algorithms or deep learning, may be more suited to identifying snow interception than thresholding
when reference boards are unavailable. Dong and Menzel (2017) found that the MaxEntropy thresholding al-
gorithm, where threshold values were selected based on information content gathered from the gray levels in an
image (Nichele et al., 2020; Sezgin & Sankur, 2004), was the most successful thresholding algorithm for iden-
tifying snow interception. The suitability of deep learning techniques as image analysis tools was highlighted by
the improved Balanced Accuracy Score achieved by training and testing a CNN model on the labeled Phenocam
images. The maximum Balanced Accuracy Score achieved during thresholding was 0.68, while a perfect
Balanced Accuracy Score of one was achieved in two of the three CNN models during testing on unseen data.

We utilized a relatively small training data set compared to typical CNN applications, yet developed a highly
effective tool. This tool predicts snow interception in previously unseen images and could potentially be applied
to all historical and future niwot3 and niwot5 Phenocam images at US-NRI1 sites. This success suggests that
similar CNNs could be trained for additional sites, providing data on snow interception that might serve as a quasi
“ground truth” for evaluating models, flux data, or other measurements of snow interception. Although the CNN
models performed better than the thresholding technique, it is possible that the small number of data used to train
the model could lead to overfitting, where the model learns data/patterns that are specific to the training set,
therefore performing poorly when faced with unseen data (Yamashita et al., 2018). However, the developed
models' performance during testing on unseen images was high, with Balanced Accuracy Score scores ranging
from 0.96 to 1.0. To further reduce the likelihood of overfitting, additional data (i.e., images) could be used during
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model training (Yamashita et al., 2018). Labeling training data is resource-intensive, so other techniques could be
relied on to “deform” currently labeled training data (e.g., flipping the images) to increase the training set without
additional labeling (LeCun et al., 2015).

To capture and analyze images at night, it has been suggested to use near-infrared (NIR) cameras (Hedrick &
Marshall, 2014). Although NIR images are available from the niwot3 Phenocam, the NIR images are produced
post-processing (i.e., a NIR filter is applied to the captured RGB images), meaning that nighttime images are still
unavailable. Ideally, a NIR camera would be installed, the images labeled, and a CNN built then trained.
However, this approach would require additional resources and would not repurpose the extensive Phenocam
Network for winter use. In contrast, the method proposed in this study requires no extra resources and adapts the
existing Phenocam network for a new function: identifying canopy snow through a trained CNN. A thermal
infrared (IR) camera was installed on the US-NR1 AmeriFlux tower in 2015 (Aubrecht et al., 2016). However, in
the thermal IR portion of the electromagnetic spectrum the reflectance of snow is much smaller than its reflec-
tance in the NIR portion of the electromagnetic spectrum (O’Brien & Munis, 1975; Salisbury et al., 1994). This
would likely limit the usefulness of the thermal IR camera to identify snow interception.

Of the models tested, the highest Balanced Accuracy Score was achieved by the simplified CLM5.0 with a
constant sublimation rate (Table 3). The addition of variable (i.e., measured flux data) sublimation data to the
CLMS5.0 or Noah-MP did not increase the model's performance (Table 3). This is interesting as using the
calculated canopy water vapor flux data from January 2019 could not outperform a model using an average value
(Molotch et al., 2007). This is attributed to sublimation playing a smaller role in removing snow from the canopy
than unloading (Figure 12). The lack of meteorological driven unloading mechanisms (i.e., temperature and wind)
is likely the cause of the poorer performance of the Hedstrom and Pomeroy (1998) interception model (Table 3)
(Lumbrazo et al., 2022).

5.3. Interception and Sublimation Under a Changing Forest and Changing Climate

Both snow interception and sublimation are influenced by stand characteristics and meteorological conditions
(Montesi et al., 2004; Roesch et al., 2001; Strasser et al., 2008). It follows that changes in forest structure or
regional climate would alter these snow processes (Gelfan et al., 2004; Harpold et al., 2020; Sexstone et al., 2018).

Forest disturbance or thinning leads to a decrease in interception and sublimation of canopy snow (Harpold
etal., 2020; Sexstone et al., 2018). If this reduction exceeds the increase in sublimation from the ground snowpack
following disturbance or thinning (Frank et al., 2019; Harpold et al., 2020; Sexstone et al., 2018), the overall result
is an increase in snow accumulation and melt volumes (Gelfan et al., 2004; Harpold et al., 2017). The Niwot
Ridge subalpine forest was logged in the past (pre 1930s), with selective thinning around the US-NR1 AmeriFlux
site (Burns, 2018). This suggests that volumes of snow interception and the sublimation of canopy snow were less
in the past and have likely increased as the forest recovered from logging and thinning, assuming no changes in
climate factors. The impact of forest changes in the Niwot subalpine forest on snow accumulation and spring
runoff were not analyzed here but could be investigated using the models. The canopy parameter of the models
could be varied to mirror increases in LAI as the forest regrows, simulating interception changes over time.

Snow sublimation is projected to be influenced by climate change (Sexstone et al., 2018) to a greater extent than
changes produced by vegetation disturbance or growth (Gelfan et al., 2004). The volume of sublimation losses
will decrease in response to reductions in snowpacks, snow area and snow duration (Sexstone et al., 2018).
However, sublimation losses relative to precipitation will increase (McCabe & Wolock, 2009; Sexstone
et al., 2018). The sublimation of intercepted snow is particularly sensitive to temperature; however, the projected
direction of change under increasing temperatures is surprising (Rasouli et al., 2014). Intercepted snow subli-
mation is expected to decrease under a warming climate, as temperature unloading will remove snow from the
canopy more quickly, temporally limiting sublimation of canopy snow (Gelfan et al., 2004; Rasouli et al., 2014).
The CLMS5.0 or Noah-MP model employed here could be used to simulate unloading regimes under changing
climates by varying the forcing data (e.g., temperature).

Alongside other meteorological conditions both wind speeds and vapor pressure deficit (VPD) are expected to
change with a changing climate (Liu et al., 2013), possibly catalyzing modifications to current interception and
sublimation regimes. Winter windspeed are projected to be consistent or slightly increase from current conditions
in the region (i.e., mountains of Colorado); however, the spring wind speeds are projected to increase (Liu
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etal., 2013). Snow is still likely to fall in spring in the Niwot subalpine, historically associated with reduced wind
speeds compared to winter (Figure 3). An increase in wind speed would result in increased wind unloading,
reducing the longevity of intercepted snow. This would suggest that more snow would be unloaded, join the
ground snowpack, and possibly melt. However, sublimation rates increase with increasing wind speed (Montesi
etal., 2004; Strasser et al., 2008). Determining how the two competing changes of increased wind unloading to the
ground snowpack and increased sublimation from both intercepted and ground snow interact is beyond the scope
of this study but could be explored through modeling. VPD is projected to increase across much of continental
US, particularly during spring and summer (Ficklin & Novick, 2017). Sublimation is heavily influenced by VPD
(Phillips, 2013), with increasing VPD leading to increased sublimation (Stigter et al., 2018). It follows that the
projected increase in VPD will likely increase sublimation losses, further reducing snowpacks.

6. Conclusion

Although the process of snow interception is important in subalpine forests (Pomeroy & Schmidt, 1993; Stéhli
et al., 2009; Suzuki & Nakai, 2008), it is difficult to measure at large spatial scales (Garvelmann et al., 2013).
Time-lapse camera imagery has been used to understand interception beyond the tree scale and to evaluate models
(Dong & Menzel, 2017; Floyd & Weiler, 2008; Lumbrazo et al., 2022; Parajka et al., 2012). We compared
different methods to identify snow interception at the US-NR1 AmeriFlux site in Colorado over January 2019.
The best performing method was the Convolutional Neural Network (CNN) trained on imagery from the available
Phenocams. Select methods were applied to the 2018/2019 winter. Intercepted snow was detected on at least 11%
of winter days and up to 77% of winter days, depending on the method used to assess the presence of canopy
snow. Beyond the performance of the methods, data availability should be considered when deciding which
method is most applicable at a site. CNNs require labeled data to train the model (LeCun et al., 2015), while
models require meteorological forcing data (Liston & Elder, 2006). An additional drawback of CNNs, beyond the
labor-intensive labeling of training data, is their inability to analyze nighttime RGB images, likely resulting in
short overnight interception events being missed.
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