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Abstract

:

Radar instruments have been widely used to measure snow water equivalent (SWE) and Interferometric Synthetic Aperture Radar is a promising approach for doing so from spaceborne platforms. Electromagnetic waves propagate through the snowpack at a velocity determined by its dielectric permittivity. Velocity estimates are a significant source of uncertainty in radar SWE retrievals, especially in wet snow. In dry snow, velocity can be calculated from relations between permittivity and snow density. However, wet snow velocity is a function of both snow density and liquid water content (LWC); the latter exhibits high spatiotemporal variability, there is no standard observation method, and it is not typically measured by automated stations. In this study, we used ground-penetrating radar (GPR), probed snow depths, and measured in situ vertically-averaged density to estimate SWE and bulk LWC for seven survey dates at Cameron Pass, Colorado (~3120 m) from April to June 2019. During this cooler than average season, median LWC for individual survey dates never exceeded 7 vol. %. However, in June, LWC values greater than 10 vol. % were observed in isolated areas where the ground and the base of the snowpack were saturated and therefore inhibited further meltwater output. LWC development was modulated by canopy cover and meltwater drainage was influenced by ground slope. We generated synthetic SWE retrievals that resemble the planned footprint of the NASA-ISRO L-band InSAR satellite (NISAR) from GPR using a dry snow density model. Synthetic SWE retrievals overestimated observed SWE by as much as 40% during the melt season due to the presence of LWC. Our findings emphasize the importance of considering LWC variability in order to fully realize the potential of future spaceborne radar missions for measuring SWE.






Keywords:


snow water equivalent; ground-penetrating radar; liquid water content; snow melt












1. Introduction


At its seasonal maxima, snow covers more than 60% of the land surface in the Northern Hemisphere [1,2] and influences hydrologic, biologic, and climate systems in far-reaching ways [3,4,5,6,7]. Snowpacks in mountainous regions provide a critical water resource to over 1.2 billion people globally [5], but these regions are responding rapidly to climate change and are warming at faster rates than low-elevation temperate and equatorial regions [8,9]. Over the past half-century in the western USA, snow water equivalent (SWE), the amount of water stored in the snowpack, has declined by 15–30% and melt onset is occurring 2–3 weeks earlier [10,11,12,13,14]. This decline in SWE agrees with the observed decline in Northern Hemisphere snow-covered area during spring and summer months, but contrasts with the observed increase in snow-covered area during winter months [15]. Additionally, warming temperatures are projected to change the dominant precipitation phase that falls during traditionally snow-dominated months and drive the rain–snow transition zone higher in elevation (e.g., [16]). Collectively, these changes indicate a pronounced shift in the historic baseline for mountain snowpacks, but these changes are not well understood globally (e.g., [17]). Thus, improved monitoring at the global scale is required for informed water resource management decisions.



SWE is the defining variable of the snowpack that is used in runoff forecasting, water resource management, and drought predictions [18]. Numerous remote sensing approaches are used to measure SWE, but each approach has associated limitations and uncertainties, and no single approach has proven successful across the diverse range of snow environments and conditions that exist [19]. Passive microwave sensors are traditionally limited to shallow (SWE < 200 mm) snowpacks [19,20] and have increased uncertainty in complex topography given their large spatial footprint [21,22]. The GlobSnow product, a long-term hemisphere-scale dataset of snow parameters, masks out mountain regions for the passive microwave data, due to highly varying topography within the sensor footprint [23].



Airborne light detection and ranging (lidar) methods are capable of resolving fine-scale (<1 m) snow depth heterogeneity, but are currently limited to regional-scale studies [24,25]. Satellite-based lidar instruments (e.g., ICESat-2) show promise, but current repeat orbits (91 days) provide insufficient temporal resolution for monitoring SWE. Satellite-based photogrammetry methods [26,27,28] are increasingly being utilized, but coregistration in completely snow-covered landscapes remains a challenge, and thus are most suited to environments free of tree-cover [29,30]. Radar methods, including Interferometric Synthetic Aperture Radar (InSAR), are a viable means of estimating SWE [31] and snow depth [32], but there are uncertainties regarding radar performance in various environments, especially wet snow. Current radar approaches that use backscatter observations at C-, X-, and Ku-band to estimate SWE and depth are not applied during wet snow conditions due to the complexity in interpretation and limited penetration; however, changes in backscatter magnitude can be used to identify wet and dry snow from spaceborne radar (e.g., [33]). Data fusion methods are a promising path towards increasing the accuracy of SWE estimates (e.g., [34]), yet such methods inherently require multiple sources of data input, such as snow reanalysis products and in situ SWE observations, and therefore cannot operate in isolation. The global solution to SWE estimation will require a combination of multiple remote sensing approaches, in situ measurements, and models.



Radar transmissibility through snow is a function of snow grain size and wavelength of the radar frequency, where L-band (1–2 GHz; 15–30 cm wavelength) is highly transmissible [35], C-band (4–8 GHz; 3.75–7.5 cm wavelength) scatters with larger snow grains [36], and Ka-band (26.5–40 GHz; 0.75–1.11 cm wavelength) has limited penetration [37]. InSAR methods have been used to map snow cover extent in C-band and X-band (8–12 GHz; 3.75–2.5 cm wavelength; [38]), snow depth from airborne Ka-band [37], and snow depth in non-forested regions from Sentinel-1 C-band cross-polarization and co-polarization backscatter ratios [39]. Given the transmissibility of L-band radar in snow and the potential for mapping SWE through InSAR methods, recent NASA SnowEx campaigns have focused on evaluating NASA’s UAVSAR L-band (1.26 GHz) sensor for measuring changes in SWE. These campaigns consisted of: (1) a ~2 week long SnowEx 2017 campaign at Grand Mesa, CO, (2) a weekly to bi-weekly SnowEx 2020 Time Series campaign at thirteen sites in the western USA, and (3) a weekly SnowEx 2021 Time Series campaign at six sites in the western USA. Minimal changes in SWE during the SnowEx 2017 campaign precluded a thorough assessment of InSAR phase-change vs. SWE-change [40,41]. The SnowEx 2020 and 2021 Time Series campaigns, with a longer duration and a greater number of study sites in diverse snow climates, provide the opportunity for a more thorough assessment of this phase-change approach. This assessment is pressing given the NASA-ISRO L-band InSAR satellite mission (NISAR) is scheduled for launch in early 2023. However, a principal uncertainty in L-band radar SWE remote sensing is the variability in radar velocity introduced by wet snow conditions.



Radar velocity depends on the dielectric permittivity of the snowpack and is sensitive to snow properties. Permittivity in dry snow, a mixture of air and ice, is primarily a function of snow density [42], but in wet snow, permittivity is a function of both density and liquid water content (LWC; [43]). GPR is an established method for measuring snow depth and SWE (e.g., [29,44,45]), making it an ideal instrument to evaluate L-band velocity uncertainties in snow. The radar physics in snow is similar between GPR and InSAR, although key differences exist between the specific methods. GPR produces geolocated radargrams where the snow–ground interface must be identified, while InSAR is a change detection approach, requiring repeat overpasses to measure changes in radar phase that occur from one acquisition to the next [31,46] and are related to changes in the travel time through the snowpack.



LWC is primarily generated through surface melt when the net energy balance is positive (e.g., [47]), although rain-on-snow events can also be a significant source (e.g., [48]). In the spring, the snowpack ripens to 0 °C as the positive energy balance in the upper strata produces meltwater at the surface that percolates through the snowpack, where it either refreezes or is stored. This process warms the temperature of lower strata and lowers the cold content of the snowpack [49]. After ripening, meltwater production rates that exceed snowpack porosity, result in water that can move laterally (e.g., [50,51]) or vertically, and are eventually output at the base of the snowpack [52,53,54]. During this generalized sequence, and especially during the transition from dry to ripe snow, there is high temporal and spatial variability in LWC, with complex relations between LWC and slope, aspect, elevation, and canopy cover (e.g., [52,55,56]).



Temporally, LWC has both a diurnal and seasonal response to variations in the net energy balance [43,54,57]. During the ripening phase of the melt season, LWC diurnal change is limited to 0–1 vol. % [54]. As the melt season progresses, the wetting front moves through the snowpack [58]. At the end of the melt season, LWC diurnal change can be 3–4 vol. % [54]. At the hillslope to plot scale, preferential flowpaths develop (e.g., [59,60]) to transport meltwater along strata or via vertical piping. This results in highly heterogenous patterns of LWC and meltwater delivery to the base of the snowpack (e.g., [60,61]). Preferential flowpaths can also develop along the snow–ground interface, causing water to pool where local surface slopes flatten (e.g., [50,60]).



Unlike snow density, LWC is not typically measured at automated stations (e.g., SNOTEL stations), so most LWC observations are collected in snowpits, using either capacitive sensors that measure the dielectric permittivity of the snow (e.g., [53,62,63]) or calorimetry methods (e.g., [64]). However, snowpits disturb the snowpack stratigraphy and likely alter LWC patterns, thus new methods based on GPS signal attenuation (e.g., [35]), upward looking GPR (e.g., [43,58]), and the combination of GNSS and upward looking GPR (e.g., [54]) provide non-destructive observations but have not been deployed operationally. In our study, LWC is measured non-destructively along transects using a combination of distributed independent snow depth measurements and GPR travel times, an approach implemented by Webb et al. (2018c).



Radar velocity in snow, as defined by a three-phase (i.e., ice, water, and air) mixing formula ([65]; Figure 1), is more sensitive to changes in LWC than changes in density. Therefore, the presence and spatiotemporal variability of LWC in seasonal snowpacks is a greater source of uncertainty for radar velocity estimates than snow density assumptions [54,57,66]. Consider a scenario (Figure 1b) where a radar signal’s one-way travel time through a snowpack of 400 kg m–3 density was 5 ns, but the presence/magnitude of LWC is unknown and assumed to be 0 vol. %. In this case, if this snowpack had 7 vol. % LWC, SWE would be overestimated by 40%. In comparison, if the density of this snowpack was 250 kg m–3, SWE would be overestimated by 25%. LWC influences the accuracy of radar SWE retrievals so substantially because the relative permittivity of water is 35–60-fold greater than the relative permittivity of seasonal snow.



Here, we quantify the uncertainties associated with radar SWE retrievals, at a footprint approximating that of NISAR, by examining (1) the spatiotemporal variability of LWC at 9 m intervals along three transects that total ~850 m, (2) the influence of terrain and canopy cover on LWC in a continental seasonal snowpack, and (3) the error in radar SWE retrievals when LWC is unknown and assumed to be zero. To address these objectives, we used a Sensors and Software PulseEkko Pro 1 GHz surface-coupled common-offset GPR, in situ snow measurements, terrestrial lidar, and nearby automated meteorological and stream gauge stations.




2. Study Area


Cameron Pass (3120 m) is located between the Medicine Bow and Never Summer Mountain Ranges of north-central Colorado and is a headwater region for the Cache la Poudre River Basin. The study area is within the subarctic climate (Dfc) of the Köppen-Geiger Climate Classification [67] and is forested with Engleman spruce (Picea engelmanii), subalpine fir (Abies lasiocarpa), lodgepole pine (Pinus contorta), and Aspen (Populus tremuloides), with interspersed meadows (Figure 2; [68]). Field surveys were completed along three transects, each representing a unique set of terrain parameters and canopy densities. The North Transect has an elevation range of 3120–3126 m, 0–5° slopes, NE aspect, and 20–70% canopy cover. The Meadow Transect has an elevation range of 3121–3126 m, flat aspect and no canopy cover, but is shaded until mid-morning (~09:00 MDT in June) by the north ridge of Iron Mountain (3670 m). A tributary to the Michigan River, a ~1 m wide meandering stream, parallels the Meadow Transect and intersects it twice. The South Transect has an elevation range of 3111–3123 m, 3–14° slopes, W–S aspect, and canopy that varies from 0% in the southernmost portion of the transect to ~70% in the western portion of the transect.




3. Methods


3.1. Nearby Automated Stations


We calculated median SWE, snow depth, air temperature, and length of melt season (defined as the temporal interval between peak SWE and snow off) for April-June using the 1978–2018 daily records from the Joe Wright SNOTEL station (https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=551, accessed 2 April 2021), located 1.4 km to the northeast of our study site at 3084 m elevation, and compared them with the 2019 daily records. We estimated hourly snow depth loss during select survey dates using a least-squares regression. We calculated positive degree days (PDD; [69]) from hourly SNOTEL air temperatures as the scaled cumulative sum of positive hourly temperatures, as:


  P D D =  1  24     ∑   t = 0  t   T t  ,   w h e r e    T t  > 0   ℃  



(1)




where  t  is the time in hours after 00:00 MDT and    T t    is a positive temperature (°C) at time  t .



We used streamflow data to assess meltwater output from the local watershed, specifically Joe Wright Creek (https://waterdata.usgs.gov/nwis/uv?site_no=06746095, accessed on 9 April 2020) ~2.4 km to the northeast of the field site. This watershed receives trans-basin inflow from the Michigan Ditch (https://dwr.state.co.us/Tools/Stations/MICDCPCO?params=DISCHRG, accessed on 9 April 2020). The Michigan Ditch discharge was subtracted from Joe Wright Creek discharge to remove this trans-basin water input. The discharge was converted to a daily depth of water by dividing discharge by the basin area (8.13 km2).




3.2. Observational Period


At Joe Wright SNOTEL station, median peak SWE for 1978–2018 occurs on 5 May (standard deviation = ±27 days) and the median snow off date is 17 June (standard deviation = ±13 days). Field surveys captured LWC variability throughout the 2019 melt season, consisting of a pre-melt dry snow survey on 5 April, an initial melt season survey on 25 April, and five middle to late season surveys conducted from 17 May to 19 June (Table 1).




3.3. Field Methods


For each survey date, we sampled one to three snowpits, manually probed snow depth along the transects, and collected GPR observations along the transects. Snow depth measurements were acquired at 3 m intervals using a Snowmetrics depth probe and every tenth probe location was recorded in the GPR control unit so the locations of the measurements could be co-located with the GPR track and then interpolated within ±0.5 m accuracy. Four standard observations were made in snowpits: (1) snow stratigraphy, (2) snow density measured at 10 cm intervals down two adjacent vertical columns using a 1000 cm3 wedge cutter, and (3) snow temperature measured at 10 cm intervals along one vertical profile using a digital thermometer (±0.5 °C accuracy). Two snow density measurements were acquired per interval, unless the second measurement was greater than ±20 kg m−3 from the first measurement, in which case we took a third measurement and neglected the outlier in layer averaging. We conducted morning (08:00–12:00 MDT), midday (12:00–16:00 MDT), and evening (16:00–19:00 MDT) surveys (Table 1). On 5 April and 17 May, we only conducted a single survey, as the air temperature was less than 0 °C and cloud cover inhibited melt.



We conducted common-offset GPR surveys using a Sensors & Software ProEx system with 1 GHz center-frequency antennas. The GPR unit was mounted in the base of a plastic sled, thereby coupling the antennas to the snow surface, and was manually pulled at ~1 m s−1. Traces were recorded every 0.1 s with a time-sampling interval of 0.1 ns. We used an Emlid RS+ RTK receiver (±0.25 m accuracy) to geolocate GPR traces. The rover files were post-processed using RTKLib and a second Emlid RS+ receiver that was deployed as a temporary base station during each field day.




3.4. Radargram Processing


Radar systems record travel time between signal transmission and return, i.e., two-way travel time (twt), and plot the amplitude value of each signal return as a radargram. The vertical resolution is often estimated as 1/4th the wavelength, or 5 cm in snow using a 1 GHz GPR system [70]. Reflections occur with changes in the medium’s dielectric permittivity and the high contrast between ground and snow dielectric permittivities enables easy identification of the ground surface [29,41,44,45,71]. GPR processing steps are outlined in Figure 3. Radargrams were processed in ReflexW [72] using a trace-varying time-zero correction, a dewow filter, a subtracting average filter, and an equidistant trace interpolation to remove sample bias from the varying sled velocity (Figure 4). In the radargrams, the snow–ground interface was manually picked following the deepest high-amplitude semi-continuous reflector at depth. Picked twt was exported and then, using the National Elevation Dataset 10 m DEM [73], we adjusted the twt to mimic a vertical ray path, instead of the off-vertical ray path recorded by the GPR control unit. This correction was negligible for the North and Meadow Transects, but increased twt by up to 8% on the South Transect, which has surface slopes of 3–14°. We then calculated snow depth and SWE from the picked twt (ns). In snow, radar velocity,    v s   . (m ns−1), is a function of snow permittivity (εs) and c, the speed of electromagnetic radiation in a vacuum (m ns−1):


   v s  =  c     ε s       



(2)







The real component of snow permittivity, as defined by a three-phase mixing formula [65], is defined as:


   ε s  =     0.01 * L W C *    ε w    +    ρ  d s      ρ i    *    ε i    +   1 −    ρ  d s      ρ i    − 0.01 * L W C   *    ε a       2   



(3)




where    ρ  d s     is the bulk dry snow density (kg m−3),    ρ i    is the density of ice (kg m−3), LWC is the % volumetric (vol.) liquid water, and    ε i   ,    ε w   , and    ε a    are the known relative permittivities of ice, water, and air, respectively. Snow depth,    d s    (m), is calculated from    v s    and the measured twt as follows:


   d s  =  v s  *   t w t  2   



(4)







Here, we assume that snow density and LWC is vertically integrated in the measured twt, and therefore    v s    is a function of the bulk snow density and bulk LWC. Finally, SWE (kg m−2) is calculated as:


  SWE =  d s  * (  ρ  d s   + 0.01 * LWC *  ρ w  )  



(5)




where    ρ w    is the density of water.




3.5. TLS Processing


We used repeat terrestrial laser scanning (TLS) surveys of the Meadow and South Transects to measure snow ablation that occurred during the 25 April and 3 June survey dates. TLS surveys were acquired using a Riegl VZ-6000 from 10:00 to 11:00 MDT and 14:00 to 15:00 MDT on 25 April and 3 June. We processed the TLS datasets following a methodology similar to Deems et al. [74]; these steps are outlined in Figure 3. Scans were aligned and georeferenced to the NAD 1983 UTM Projected Coordinate System (EPSG:26913) and a surface classification was completed in ArcMap 10.7 to remove above-snow vegetation from the point cloud, using a surface classification algorithm. The remaining points were rasterized at 0.5 m resolution. We then differenced the lidar-derived digital surface models (DSMs) acquired from 10:00 to 11:00 MDT and those from 14:00 to 15:00 MDT to produce distributed fields of snow depth loss/ablation during a single field day. Erroneous depth loss values, identified as increases in snow depth or decreases in snow depth by >0.05 m, were caused by a scanning position that shifted due to an unstable platform, and were filtered from the analysis. We calculated the mean depth loss throughout the scanned area to subtract from probed snow depths acquired during the Morning surveys of the Meadow and South Transects.




3.6. LWC Calculations


3.6.1. Probed Snow Depth Adjustments


We compared GPR-derived snow depths (using a velocity calculated from density observations; Equations (2) and (3)) with spatially coincident probed depths (n = 73) for the 5 April survey to evaluate our permittivity assumptions. This survey consisted of dry snow conditions, as indicated by subzero temperatures measured in the snowpit. We assume the temperatures measured in this snowpit were representative of the three transects at this time. The GPR-derived snow depths were less than the spatially coincident probed depths by an average of 0.14 ± 0.02 m at the 95% confidence interval established using the t-distribution (Figure 5). Possibilities for this observed GPR–probe difference include the spatial footprint over which the two methods measure the base of the snowpack, the potential for overprobing into a thawed ground surface [75], and possible vegetation mats and/or void spaces beneath the snowpack created by various Salix (willow) species that heavily vegetate the area [76]. The latter would likely allow the probe to penetrate through, whereas the GPR would be sensitive to the snow–vegetation interface. In addition, there is also significant variability in published permittivity–density relations (e.g., [77]), such that permittivity can vary by >10% for a given density depending on which equation is used. To account for the observed probe-GPR difference (Figure 5), which we attribute to some combination of the above reasons, we subtracted 0.14 m from each probed snow depth for all surveys. This correction, based on dry snow conditions, is essential to calculate LWC for later surveys, because these surveys rely on the probe-measured snow depths.



Ablation occurred on 25 April, 3 June, 10 June, and 19 June due to warmer than freezing air temperatures. Because in situ snow depths were acquired during the Morning survey, the snow depths did not accurately reflect the ablating snowpack during the Midday and Evening surveys. Thus, we used two methods to adjust the in situ snow depths to reflect the ablating snowpack. First, we used TLS scans to calculate the mean depth loss (described in Section 3.5) on 25 April (−0.028 m) and 3 June (−0.025 m) in the Meadow and South Transect regions (Figure 6a,b). We applied the mean depth loss uniformly for the Meadow and South Transects. Second, for the 10 June and 19 June surveys, we fit a linear least-squares regression to the Joe Wright SNOTEL hourly snow depths to calculate ablation (Figure 6c,d). The data show scatter, as the accuracy of the SNOTEL sonic depth sensor is ~0.05 m [78], but the 10 June regression has an r2 = 0.4 and a slope estimate = −0.006 m h−1 and the 19 June regression has an r2 = 0.6 and a slope estimate of −0.006 cm h−1. The slopes of these regressions were used to correct the probed depths used for the Midday and Evening surveys. Regressions for other survey dates did not have a strong statistical relation for depth loss, likely due to lower rates of snow depth loss for those dates, and were not used.




3.6.2. Constraining Radar Velocity to Calculate LWC


Radar velocity was calculated using coincidently measured snow depths and twt (Equation (4)) and permittivity was calculated from the velocity (Equation (2)). Snowpit-measured density (   ρ s   ) was unadjusted for LWC and was defined as:


   ρ s  =  ρ  d s   + 0.01 * LWC *  ρ w   



(6)







We reformulated Equation (3) with Equation (6) to define LWC as:


  LWC =      ε s    −    ρ s     ρ i    *      ε i    −    ε a      −    ε a         ε w    −    ρ w     ρ i    *      ε i    +    ε a      −    ε a       



(7)







This approach is outlined in Figure 3 and is similar to the methodology used by Schmid et al. [54,58] and Webb et al. [57], and assumes the snowpack has spatially varying LWC and snow depth, but is homogeneous with respect to density.



We averaged probed depth measurements and twt over 9 m intervals to minimize the impact of any outlying GPR–probe differences and account for the distinct difference in the spatial footprints of the GPR and probe. In addition, this interval approximates the expected spatial footprint of NISAR. LWC was calculated from transect-specific snowpit density and depth-derived permittivity (Equation (7)). In a few instances, transect-specific snowpits were not available. We thus applied the Meadow Transect density to all transects on 5 April and we averaged the North and South Transect densities for the Meadow Transect on 25 April.





3.7. Synthetic Radar SWE Retrieval Calculations


We first calculated SWE using the adjusted probed snow depths (Section 3.6.1) and snowpit-measured densities (Equation (5)), yielding the best or “true” estimate of SWE, since it accounts for LWC and includes a site-specific estimate of snow density. We generated synthetic SWE retrievals at 9 m intervals from observed twt to investigate the sensitivity of radar SWE retrievals to both LWC and density at the approximated footprint of NISAR, using two methods. Both methods used a velocity based on the assumption that the snow is dry to calculate snow depth from observed twt (Equations (3) and (4)), therefore neglecting the velocity attenuation effect of LWC. The calculated snow depths were then converted to SWE using two different density estimates (Equation (5)): (1) bulk density from snowpit measurements and (2) density calculated from the Joe Wright SNOTEL station. These three methods for calculating SWE highlight the significant impact LWC has on radar velocity, since LWC is not typically measured by automated stations and thus would not be widely available for future spaceborne radar missions.




3.8. Uncertainty in LWC Calculations


Potential measurement errors can arise through snow depth probing, measuring snow density, and picking the ground reflector in radargrams, which affects the uncertainty range for LWC calculations. In depth probing, depths can either be under-probed due to the presence of ice lenses, or over-probed due to a thawed and potentially saturated wet ground surface [75]. Snow density can be under-sampled where ice lenses are present or oversampled in less cohesive intervals [79]. For the GPR, twt errors arise when picking a reflector that is not the ground reflector, or picking the ground reflector when there is a void space between the snowpack and the ground reflector. We estimated uncertainty in LWC calculations through a Monte Carlo analysis. For this calculation, we used the mean values across all survey dates for snow depth (0.82 m), density (439 kg m−3), and twt (9.13 ns). We assume errors are normally distributed and have a standard deviation equal to ±0.05 m for probed snow depths [75], ±5% for bulk density [79], and four samples for twt (0.4 ns). The three variables are sampled 100,000 times assuming a random normal distribution. The standard deviation of LWC for this Monte Carlo analysis is ~2.4 vol. %, which we use as the uncertainty range for our calculations. Negative LWC values were calculated for ~1% of the dataset. These values were within the uncertainty range and were corrected to 0 vol. % since negative LWC is not physically realistic.





4. Results


4.1. Overview of the Study Period


On the 5 April survey, snow temperatures in the snowpit ranged from 0 °C near the ground to –3.1 °C at the surface. The mean snow temperature was −0.9 °C, and the upper 0.8 m of the snowpack had a temperature <–1.0 °C. Ice lenses were absent, but a ~0.03 m melt-freeze crust was present at the surface. These observations indicate that LWC was negligible. By 25 April, observed snowpits were isothermal at 0 °C and we noted multiple ice lenses, indicating that significant melt had occurred in the prior 20 days. However, between this date and 6 June, a series of late-season storms impacted the study site, each adding SWE that partially offset prior melt and caused SWE at the Joe Wright SNOTEL station to remain within 20% of peak SWE, which occurred previously on 18 April. During this interval, the mean basin-wide melt rate calculated from the Joe Wright Stream gauge was 1.3 mm water equivalent (WE) day−1. From 7 June to 30 June, the end of the melt season, melt occurred more rapidly at a mean rate of 14.9 mm WE day−1 (Figure 7). The 2019 melt season lasted 73 days, which is 27 days longer than the 1978–2018 average. This longer than normal melt season is attributed to two factors: (1) temperatures in May and June were cooler than the 1978–2018 average temperatures by about 1.4 °C and (2) there were six late-season storm events that each added >10 mm of SWE (Table 2), each causing an inferred increase in albedo. Collectively, these factors delayed SWE loss and the corresponding increase in stream discharge until after 1 June. Light rainfall was observed on the afternoons of 4 June and 10 June, but was not recorded by the SNOTEL station.




4.2. In Situ Observations


Snow depth values, within published accuracies (±0.05 m; [75]), decreased throughout the spring (Figure 8). The highest median snow depths were observed on the North Transect (Figure 9a), while the Meadow (Figure 9b) and South (Figure 9c) Transects displayed similar snow depth ranges and medians. Higher snow depths were observed over the first 25 m of the north ends of the Meadow and South Transects, likely due to additional deposition by snowplow operations along the road.



Temporal changes in snow density differed for each transect (Figure 10). Snow density on the North Transect generally increased throughout the season and closely resembled the Joe Wright SNOTEL density (mean absolute difference = 6%), with two of the initial surveys yielding higher densities than the SNOTEL station and the final four surveys yielding lower densities. For the Meadow Transect, density increased from 5 April to 3 June and then decreased for each subsequent survey date. Meadow Transect densities also followed Joe Wright SNOTEL densities closely (mean absolute difference = 6%), with three surveys yielding greater densities than the SNOTEL station and two surveys yielding lower densities. The largest difference occurred late in the melt season (10 June difference = 11%). South Transect densities decreased from 25 April to 3 June, showing an opposite trend than the other transects and Joe Wright SNOTEL densities (mean difference = 9%).




4.3. GPR-Derived LWC


LWC calculated along the North Transect (Figure 11a) was 0 vol. % on 5 April. Median values for morning surveys (Table 3) increased by survey date from 0 vol. % on 5 April to 3.2 vol. % on 3 June, decreased to 2.4 vol. % on 10 June, and increased to 5.4 vol. % on 19 June. The median ΔLWC (Figure 11b) from morning to midday was positive on 25 April (+0.2 vol. %) and 10 June (+1.1 vol. %), negative on 4 June (−0.7 vol. %), and 19 June (−0.2 vol. %), and negligible on 3 June (0 vol. %). The median ΔLWC from midday to evening was negative for 25 April (−0.2 vol. %), 4 June (−0.1 vol. %), 10 June (−0.5 vol. %), and 19 June (−0.2 vol. %). The interquartile range for ΔLWC was smallest for morning to midday on 25 April (0.4 vol. %) and largest for midday to evening on 10 June (2.1 vol. %). For every morning survey, observed LWC at the southern end (0−50 m), where the transect crosses an open meadow, was consistently higher than the survey’s median LWC value. The highest LWC values were observed on 19 June (11.5 vol. %).



LWC calculated along the Meadow Transect (Figure 12a) was 0 vol. % on 5 April and generally increased throughout the observation period. Median values for morning surveys (Table 3) increased from 5 April to 17 May, decreased from 17 May to 3 June, and increased from 3 June to 10 June. The median ΔLWC (Figure 12b) from morning to midday was positive on 25 April (+0.8 vol. %), 3 June (+1.6 vol. %), and 10 June (+1.2 vol. %), and negligible on 4 June (~0 vol. %). The median ΔLWC from midday to evening was negative on 25 April (−0.3 vol. %), 3 June (−1.1 vol. %), 4 June (−0.5 vol. %), and 10 June (−0.3 vol. %). The ΔLWC interquartile range increased significantly on the 10 June surveys to 3.3 vol. % for morning to midday and 1.9 vol. % for midday to evening. Observed LWC at the northern (Figure 12a, 0−50 m) and southern (Figure 12a, 350−400 m) ends of the transect were consistently greater than the survey’s median for every date, except 10 June, when LWC values at the southern end were less than the survey’s median. In the middle region, where the transect crosses the stream twice, we observed lower LWC values at the start of the season, but this region’s LWC progressively developed such that it contained the highest LWC values across all transects. The highest LWC values were observed on 10 June (maximum = 19.5 vol. %) at a location close to the stream and at a time when the near-surface soil was saturated such that 0.05 m of standing water was observed in the snowpit.



Median LWC calculated along the South Transect (Figure 13a) was <1 vol. % on 5 April and progressively increased during the observation period (Table 3). The median ΔLWC (Figure 13b) from morning to midday was positive on 25 April (+0.4 vol. %) and negative on 3 June (−0.1 vol. %) and 4 June (−1.7 vol. %). The median ΔLWC from midday to evening was negative on 25 April (−0.3 vol. %), 3 June (−0.2 vol. %), and negligible on 4 June (~0 vol. %). The highest LWC values were observed on 3 June (maximum = 11 vol. %), on a forested, south-facing slope at ~60 m distance from the western terminus of the transect (a. on Figure 2), where surface slopes are lower and the transect moves out of canopy cover and crosses into an open meadow. Here, we observed LWC values that exceeded the morning survey’s median LWC value for every survey date except 5 April, when LWC in this region was observed at 0 vol. %.




4.4. Sensitivity of Synthetic Radar SWE Retrievals to LWC


We explored the sensitivity of synthetic SWE retrievals to LWC based on the snowpit densities and the Joe Wright SNOTEL station density, neglecting the velocity attenuation effects of LWC (Figure 14). In the dry snow conditions of 5 April, the synthetic SWE retrievals using snowpit-measured density underestimate SWE by a mean of 1%, while synthetic SWE retrievals that use the SNOTEL density overestimate SWE by a mean of 6%. In all surveys after 5 April (i.e., when LWC was present in the snowpack), the use of the dry snow density model for permittivity overestimated SWE by a mean of 16 and 18% for the snowpit and SNOTEL densities, respectively. The disagreement increased throughout the season, reflecting the increase in LWC, and at its maximum, resulted in a 40% overestimation of SWE. In a few cases, synthetic SWE retrievals using SNOTEL densities are closer to the true SWE, resulting from SNOTEL densities that were higher than snowpit densities, causing higher permittivity values/lower velocities. Snow pillows have an impermeable surface that could result in ponding water at the base of the snowpack during the melt season, thereby yielding increased density measurements.





5. Discussion


5.1. Variability in GPR and In Situ Observations


5.1.1. Temporal Variability


Snowpit-measured bulk density showed opposing seasonal patterns between the three transects, with the peak observed density occurring first on the South Transect (25 April), then on the Meadow Transect (3 June), and last on the North Transect (19 June). The South Transect snowpit densities declined throughout our field surveys. The highest SWE observed (Figure 14) on the South Transect was observed on 5 April, which contrasts with the North and Meadow Transects, where we recorded our highest SWE observations on 25 April. This indicates that the snowpack in this area likely ripened earlier than other transects due to a more positive net energy balance related to its slope and aspect, and likely developed preferential flowpaths [80], which drained meltwater through the snowpack and lowered the density [53]. The North Transect density was lower than the South Transect density on 25 April and the Meadow Transect density on 17 May. This agrees with Rasmus [81], who found that snowpack density is lower in forested plots than in open plots. In contrast to this initial relation, we found that the snowpits on the Meadow and South Transects, which were in the open, had lower densities than the North Transect snowpits after significant SWE losses in the open. We infer that more efficient flowpaths developed in the open areas, due to higher exposure to shortwave radiation causing increased melt rates.



The Meadow and South Transects exhibited consistent diurnal LWC variability, such that ~60% (7 of 12) of morning to midday intervals (Figure 12, Figure 13 and Figure 14) exhibited positive median ΔLWC and 100% of midday to evening intervals exhibited negative median ΔLWC. This result is expected, as incoming shortwave radiation, a primary driver of LWC development, increases from morning to midday and decreases from midday to evening [82]. Similar increases in plot-scale LWC from 12:40 to 15:00 MDT were observed by Webb et al. [56] at an alpine site in central Colorado, with a subsequent overnight decline in LWC effectively resetting its distribution. Limited diurnal variability during the early part of the melt season was observed at Davos, Switzerland [54] and in Boise, Idaho, USA [43] when air temperatures were ~0 °C. Later in the season, both studies observed diurnal fluctuations that were typified by an LWC increase in 1−2 vol. % when daytime air temperatures were 5−12 °C, and a decrease of 1−2 vol. % overnight when air temperatures dropped, but rarely to 0 °C. At our site, the median diurnal variability from 25 April to 4 June and on 19 June was limited in magnitude. This is likely explained by the lower air temperatures observed at our site and the presence of canopy on two of our transects, which would attenuate shortwave radiation and strongly influence the snowpack energy balance [83,84].




5.1.2. Spatial Variability


In this study, we considered only the lateral spatial variability of LWC, since the measured twt integrates the vertical variability of LWC. Median LWC values did not exceed 7 vol. % on any of the field surveys. This is comparable to the findings of Webb et al. [57], who presented spatially variable LWC values for two survey dates in May 2017 that did not exceed 10 vol. % and had means of ~4 vol. %. In our study, LWC standard deviation exceeded 2.0 vol. % on three morning surveys: 4 June South Transect (standard deviation = 3.0 vol. %), 10 June Meadow Transect (standard deviation = 5.8 vol. %), and 19 June North Transect (standard deviation = 2.7 vol. %). Notably, these were the last dates that surveys were performed on the transects, as melt-out occurred prior to the next survey. This suggests that LWC variability may be fairly limited during longer-than-average melt seasons at sites similar to our field site. Contrary to our expectations, we found comparable LWC between our South and Meadow Transects. The median South Transect LWC values were within 0.4 vol. % of the median Meadow Transect LWC values until 3 June. On 4 June, the South Transect median LWC was 2.9 vol. % less than the Meadow Transect median. The South Transect had higher maximum LWC values for only three of its five survey dates (5 April, 3 June, and 4 June), even though the snow depth declined more rapidly on the South Transect during the study interval, which suggests a higher rate of ablation along this transect. We propose that the lack of aspect-related LWC differences between these transects can be attributed to two primary factors: (1) differences in surface slope and (2) the proximity of the stream to the Meadow Transect. The Meadow Transect has a ~0° slope and parallels and crosses the stream, where ground saturation and streamflow likely saturated the base of the snowpack and inhibited water drainage to the snow–ground interface, whereas the steeper slopes of the South Transect likely aided in drainage development at the base of the snowpack and along dipping snow stratigraphic layers [50,85]. Thus, any aspect related differences in meltwater production were compensated for by differences in meltwater drainage.



Snow depths declined more slowly on the North Transect than the other transects and LWC values were consistently lower along the 150 m section, which follows a narrow alley where canopy cover is 50–70%, than the 75 m section which is in open canopy. This variability was likely caused by the modulation of incoming shortwave radiation by canopy cover (e.g., [56,83]). The highest LWC values for the North Transect were observed on 19 June, the day prior to the highest 24-h SWE-loss recorded at the Joe Wright SNOTEL station during the 2019 season (Figure 8b). In this case, the near-surface soil was saturated and standing water was observed at 0.05 m height in the snowpit, suggesting that the base of the snowpack was saturated and likely prevented output of meltwater. This was also reflected by the stream gauge, which recorded higher discharge than the SNOTEL reported SWE-loss for two days prior to 19 June. The highest LWC values for the Meadow Transect were observed in the middle portion, where it crosses the stream channel. Here, early-season streamflow, likely starting on 16 May when the stream gauge recorded WE-loss that exceeded base flow, saturated the base of the snowpack. Less than 4% of our observations of LWC were greater than 10 vol. % during the 2019 season. These instances include observations near the melt out date, near a stream, or where topographic lows and saturated ground prevent meltwater drainage from the snowpack [56]. However, LWC development exhibits year-to-year variability and is influenced by temperature trends and late-season storms [43], and since the 2019 melt season at Cameron Pass was >50% longer than average and characterized by less-than-average air temperatures, meltwater production/output was likely lower than during years characterized by a shorter duration and more intense melt season. Thus, the isolated instances of ground saturation leading to elevated LWC values at the base of the snowpack would perhaps be more expansive during other years.





5.2. Implications for Radar Remote Sensing


Spatiotemporal variability in density is a significant source of uncertainty in depth-based SWE retrievals [86], but less so for radar-based methods, as radar velocity is less sensitive to density variations (e.g., [29,87]). Our density measurements showed good agreement (mean difference = 6%; Figure 10) with the Joe Wright SNOTEL station, which supports the use of SNOTEL station density observations for estimating radar velocity in small basins [88,89], although there may be larger variations on slopes due to more complex terrain, as two of the three snowpits and the SNOTEL station are located in flat terrain. Furthermore, in cases where the SNOTEL density varied more considerably from the snowpit density (e.g., the 9% mean difference observed across all survey dates on the South Transect), the impact that density has on SWE retrievals is less than the impact of LWC.



If LWC is present in the snowpack but not explicitly accounted for in the SWE retrievals, the actual SWE on the ground will be overestimated (Figure 14). As the melt-season progressed, greater LWC values produced larger errors in the synthetic SWE retrievals, demonstrating that, in wet snow, the use of a velocity based solely on dry snow density would add significant uncertainty to the identification of the peak SWE date, the progression of the melt season, and the monitoring of remaining SWE for water resources. In this analysis, the highest observed SWE on the South Transect occurred on 5 April and for the North and Meadow Transects on 25 April (Joe Wright SNOTEL station peak SWE was observed on 18 April). The synthetic SWE retrievals, which do not account for the presence of LWC, observe negligible SWE change between 25 April and 3 June on the North Transect, whereas “true” SWE, informed by LWC calculations, decreased by 18%. The highest mean percent error is 38%, observed on the Meadow Transect on 10 June (using SNOTEL density). These results indicate that radar SWE retrievals, in the absence of supporting observations, are most suitable to dry snow conditions and that significant caution is required when interpreting retrievals during the melt-season even when coherence is maintained.



Typically, LWC was lowest during the morning surveys, peaked during midday surveys, and dropped during evening surveys. Lower LWC during morning surveys resulted from below-freezing overnight temperatures and lower amounts of shortwave radiation at this time of day. Lower LWC during evening surveys resulted from declining air temperatures and a reduction in incoming shortwave radiation. Collectively, these observations indicate that the diurnal variability of LWC is an important factor to consider when trying to minimize the uncertainty of radar SWE retrievals [87]. NISAR, with its planned dawn-dusk overpasses, is aligned optimally with when snowpack LWC is at a minimum. However, as we have shown, low LWC values can still introduce error into radar SWE retrievals. Therefore, as methods for using InSAR to measure SWE continue to develop, previously established methods for identifying wet snow from SAR imagery (e.g., [33]) may be useful for establishing regions of higher SWE uncertainty.





6. Conclusions


In our study, we examined the diurnal and seasonal variability of bulk LWC using GPR, snow depths, and bulk snow density acquired along three transects with varying aspect, slope, and canopy cover in a continental snow climate. During this cooler than average melt season, median LWC remained below 7 vol. % on all transects from 5 April to 19 June. Less than 4% of the calculated LWC values exceeded 10 vol. % and were observed on and after 4 June, and usually in areas where a saturated ground limited further meltwater output. LWC varied from morning to midday by 0.5–1.5 vol. % and from midday to evening by –1.0–0.0 vol. %. The open meadows on the Meadow and South Transects exhibited identical LWC values despite different ablation rates. We suggest the similarity for LWC values is likely caused by differences in drainage efficiency. On the North Transect, which is forested, LWC values were lower than open areas, highlighting the important role of canopy cover for modulating shortwave radiation. The presence of LWC can result in upwards of a ~40% overestimation of SWE using phase-based radar techniques late in the season, but even moderate LWC (e.g., 5–7 vol. %) values can cause significant uncertainty in radar SWE retrievals. Continued research on the spatiotemporal patterns of LWC development is essential in order to fully realize the potential of spaceborne radar based SWE retrievals.
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Figure 1. (a) Radar velocity in snow as a function of snow density and LWC. (b) SWE error calculated as the percent difference between an “assumed” SWE and a “true” SWE for a radar signal with a travel time of 5 ns in snow. “Assumed” SWE was calculated using 400 kg m−3 and 0% vol. LWC. “True” SWE was calculated using densities from 250 to 550 kg m−3 and LWC from 0 to 20% vol. These figures use Equation (3) to relate permittivity, density, and LWC. 
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Figure 2. Cameron Pass field site. The three transects are shown by the colored lines and snowpit locations are marked by stars. The inset shows the location for Cameron Pass within Colorado, USA. Orthomosaic derived from sUAS survey in March 2020. DEM in inset obtained from the Shuttle Radar Topography Mission (https://srtm.csi.cgiar.org/, accessed on 14 May 2019). Marker a. denotes the western terminus of the South Transect. 
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Figure 3. Schematic diagram of the methods for processing terrestrial laser scanning (TLS), GPR, and field measurements, and calculating LWC. 
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Figure 4. Processed radargram from the midday North Transect survey on 19 June 2019. The bright white reflector, that varies from 4 to 7 ns depth was identified as the snow–ground interface, as the reflector’s brightness indicates a large shift in permittivity. We picked this continuous reflector, as is noted by the red line. Depth was calculated using a radar velocity of 0.14 m ns−1. 
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Figure 5. (a) Probe-measured snow depth compared to GPR-derived snow depths (n = 73). GPR-derived snow depths were calculated using bulk snow density measured in the snowpit and Equation (3). (b) Histogram for the difference between probe-derived snow depths and GPR-derived snow depths. Confidence interval calculated using the t-distribution. 
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Figure 6. (a) Snow depth loss histogram for 25 April TLS morning (10:00–11:00 MDT) and midday (14:00–15:00 MDT) surveys. (b) Snow depth loss histogram for 3 June TLS morning and midday surveys. 95% confidence interval calculated using t-distribution. (c) 10 June least-squares regression analysis for snow depth loss plotted with SNOTEL measured depths with 5 cm uncertainty. (d) 19 June least-squares regression analysis for snow depth loss plotted with SNOTEL measured depths with 5 cm uncertainty. Regression performed on hourly Joe Wright SNOTEL station snow depth data between 08:00 and 18:00 MDT. 
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Figure 7. (a) Joe Wright SNOTEL station 2019 daily observations of SWE and average air temperature, compared with 1978–2018 daily averages. (b) Joe Wright SNOTEL station 2019 hourly air temperatures, converted to PDD, compared with SWE loss from Joe Wright SNOTEL station and stream discharge from Joe Wright Creek stream gauge, converted to water equivalent (WE). Michigan Ditch stream gauge data was subtracted from Joe Wright Stream gauge to remove regulated inflow. 
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Figure 8. Probed snow depth measurements on the (a) North, (b) Meadow, and (c) South Transects. Snow depths on 5 April (a–c), 25 April (a–c), and 17 May (b) surveys were acquired on a subset of the transect. Transect terminus varied by up to 5 m in length throughout the survey period. 
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Figure 9. Boxplots displaying probed snow depth variability for the (a) North, (b) Meadow, and (c) South Transects. The boxes extend to the upper and lower quartiles, while the whiskers extend to extreme values not considered outliers. Red crosses denote outliers. 
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Figure 10. Snowpit density measurements compared with Joe Wright SNOTEL station density observations. The Meadow Transect snowpit was the only snowpit dug for 5 April. 
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Figure 11. (a) North Transect LWC averaged along 9 m intervals for morning, midday, and evening surveys, plotted with distance along transect. Explainable outliers were removed and are represented as breaks in the line. (b) Boxplots of ΔLWC along the North Transect from morning to midday and from midday to evening. Positive values represent an increase in LWC, and negative values represent a decrease in LWC. The 3 June evening survey GPR track exhibited poor GPS quality and was not included in the analysis. 
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Figure 12. (a) Meadow Transect LWC averaged along 9 m intervals for morning, midday, and evening surveys, plotted with distance along transect. Explainable outliers were removed and are represented as breaks in the line. (b) Box plots of ΔLWC along the Meadow Transect from morning to midday and from midday to evening. Positive values represent an increase in LWC, and negative values represent a decrease in LWC. 
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Figure 13. (a) South Transect LWC averaged along 9 m intervals for morning, midday, and evening surveys, plotted with distance along transect. Explainable outliers were removed and are represented as breaks in the line. (b) Box plots of ΔLWC along the South Transect from morning to midday and from midday to evening, where positive values represent an increase in LWC, and negative values represent a decrease in LWC. 
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Figure 14. SWE calculations from probe and snowpit datasets (“True” SWE) compared to synthetic SWE retrievals based on a 0 vol. % LWC assumption for snowpit densities and SNOTEL densities. Percent error shown in red represents the synthetic SWE retrievals using the local snowpit density. Percent error shown in gray represents the synthetic SWE retrievals using the Joe Wright SNOTEL station density. Percent error given as the mean percent error from the transect. 






Figure 14. SWE calculations from probe and snowpit datasets (“True” SWE) compared to synthetic SWE retrievals based on a 0 vol. % LWC assumption for snowpit densities and SNOTEL densities. Percent error shown in red represents the synthetic SWE retrievals using the local snowpit density. Percent error shown in gray represents the synthetic SWE retrievals using the Joe Wright SNOTEL station density. Percent error given as the mean percent error from the transect.



[image: Remotesensing 13 04223 g014]







[image: Table] 





Table 1. Observations performed for each survey date. Depth transects were collected once per survey date and were acquired as either a complete transect or a partial transect. GPR transects were performed up to three times per survey date.
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Date

	
Transect

	
Snowpit

	
Depth Transect

	
GPR






	
5 April

	
North

	

	
Partial

	
1




	
Meadow

	
X

	
Partial

	
1




	
South

	

	
Partial

	
1




	
25 April

	
North

	
X

	
Partial

	
3




	
Meadow

	
X

	
Partial

	
3




	
South

	
X

	
Partial

	
3




	
17 May

	
North

	
X

	
Complete

	
1




	
Meadow

	
X

	
Partial

	
1




	
South

	
X

	
Complete

	
3




	
3 June

	
North

	
X

	
Complete

	
2




	
Meadow

	
X

	
Complete

	
3




	
South

	
X

	
Complete

	
3




	
4 June

	
North

	
X

	
Complete

	
3




	
Meadow

	
X

	
Complete

	
3




	
South

	
X

	
Complete

	
3




	
10 June

	
North

	
X

	
Complete

	
3




	
Meadow

	
X

	
Complete

	
3




	
South

	

	

	
0




	
19 June

	
North

	
X

	
Complete

	
3




	
Meadow

	

	

	
0




	
South

	

	

	
0











[image: Table] 





Table 2. Late-season storm events recorded at the Joe Wright SNOTEL Station for the 2019 season.
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	Date
	30 April
	18 May
	21 May
	29 May
	20 June
	22 June





	Precipitation (mm)
	23
	15
	13
	15
	20
	13



	SWE (mm)
	25.4
	10.2
	20.3
	12.7
	0
	20.3
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Table 3. Morning survey median vol. % LWC by transect.
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	Date
	North

Transect
	Meadow

Transect
	South

Transect





	5 April
	0
	0
	0



	25 April
	1.5
	1.4
	1.2



	17 May
	1.5
	2.4
	2.3



	3 June
	3.2
	2
	3.2



	4 June
	2.9
	2.6
	3.3



	10 June
	2.4
	5.1
	No Snow



	19 June
	5.4
	No Snow
	No Snow
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