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1.0 Summary 

Snow is a vital part of water resources, but sublimation may remove 10% to 90% of snowfall from the 

system. The processes controlling sublimation span multiple scales of measurement and multiple 

disciplinary fields. Due to a critical lack of reliable direct measurements of snow sublimation, we do not 

fully understand the physics that govern current rates of sublimation, let alone how those amounts might 

change with the climate. 

With financial support from the National Science Foundation, we deployed the National Center for 

Atmospheric Research (NCAR) Earth Observing Laboratory (EOL)’s Integrated Surface Flux System 

(ISFS) from October 2022 to June 2023 in conjunction with the U.S. Department of Energy Atmospheric 

Radiation Measurement (ARM) user facility’s Surface Atmosphere Integrated Field Laboratory (SAIL) 

campaign in the East River Watershed, Colorado (Feldman et al. 2023, Lundquist et al. 2024). SAIL 

measured vertical and horizontally distributed wind fields from radiosondes, a radar wind profiler, a 

doppler lidar, and distributed meteorological stations. The ISFS system provided surface flux 

observations at multiple levels to better understand how basin-scale wind fields interact with surface 

turbulence and fluxes. These measurements, combined with energy and mass balance observations and 

terrestrial lidar scans of the evolving snowfield, provided benchmarks of the most reliable approaches to 

measuring snow sublimation in different conditions and improved understanding of sensible and latent 

heat fluxes in complex terrain. The work is unique because it embeds a detailed study of snow evolution 

and complex boundary-layer turbulence (requiring flux measured at multiple heights) within a 

comprehensive field study of larger-scale flows and mixing (SAIL). Together, these measurements 

provide insight into how blowing snow influences latent heat fluxes at heights 0-20 m above the snow 

surface and how wind fields above a stable boundary layer interact with complex terrain to create 

intermittent turbulent mixing at the surface. The data set provides new insight into the evolution of the 

near-surface boundary layer over snow in complex terrain and which processes are most important to 

understand total seasonal sublimation. 

The winter of 2022-23 had several notable events, which are detailed in a paper recently published in the 

Bulletin of the American Meteorological Society (Lundquist et al. 2024). Overall, snow depths reached 

about 1.5 to 2 m in late March, with about 0.4 m of snow water equivalent, and a total of about 0.04 m of 

total vertical water vapor loss, or sublimation. December 22, 2022 had the strongest blowing snow event 

of the year, which resulted in the greatest rates of sublimation and dramatic snow relocation across the 

study site (Figure 1). This resulted in snow accumulating in distinct drifts. On April 7, 2023, a large 

amount of dust was deposited on the snowpack, which resulted in a dramatic change in snow albedo and 

net radiation, leading to accelerated snowmelt (Figure 2). Snowmelt began on April 9, 2023. 
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Figure 1. (from Lundquist et al. 2024) .(a) Snow depth, averaged over the footprint of each snow 

pillow (~1m2), from the lidars, (b) snow water equivalent (SWE), (c) vertical water vapor 

flux from the eddy covariance sensors on the central tower, (d) horizontal snow particle flux 

from the FlowCapt on the upper-east tower. Lidar-derived snow depths on (e) 21 December 

and (g) 23 December, with (h) the change between them. Rectangles indicate the four tower 

locations and the snow level radar (SLR), and pink dots indicate snow pillow locations. 

Small-scale variations highlight drifts near bushes. (f) Illustration of lidar point cloud, 

including blowing snow, towers, and surface elevations. 

 

Figure 2. (from Lundquist et al. 2024). (a) Hourly net radiation, incoming minus outgoing longwave 

and shortwave, primarily measured at the D tower, which had a higher-quality sensor, but 

patched with data from the UW tower radiometer from 11 to 23 May; (b) incoming and 

outgoing shortwave radiation from a, (b) albedo, calculated at the time of peak incoming 

solar radiation each day. Horizontal dashed lines indicate typical albedo values for new snow 

(0.9), dirty snow (0.6), and bare ground (0.2). 
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2.0 Results 

In addition to the summary results shown in section 1, we are investigating how valley winds relate to 

turbulent fluxes. These investigations rely on integrating the sublimation measurements, shown above, 

with the SAIL Doppler lidar, which scanned along the main valley (left) to investigate valley winds and 

across the main valley to investigate cross-valley structure. Below, we present some preliminary plots of 

interest from the lidar scans. Repeat doppler lidar scans aligned with the along-valley axis (Figure 3) 

reveal complex, layered wind directions, during the transition from nighttime to daytime, when nighttime 

down-valley winds die out. Repeat doppler lidar scans aligned cross-valley reveal the development of 

shearing motions, eddies, and return flows behind Gothic Mountain. These take a number of different 

forms at different times of day (Figure 4). Gothic Mountain is the tallest ridge in the vicinity, aligned 

approximately north-south, perpendicular to the dominant westerly direction of synoptic winds. 

Understanding how these relate to mixing and energy balances within the valley is a further research 

opportunity, which we are currently pursuing. 

 

Figure 3. (Work in progress, by Eli Schwat.) Up/down-valley Doppler lidar scans and wind and 

temperature profiles at Kettle Ponds from February 27, 2023. Scans at 00:00 demonstrate 

well-developed down-valley winds (A). By 08:00, the down-valley winds have decreased in 

speed and near the surface, a light up-valley wind is developing (B). By 09:30, an up-valley 

wind has developed into a thicker layer (C). Some down-valley motion remains above. 

Temperature profiles measured at Kettle Ponds (D) demonstrate that valley-scale wind 

changes are associated with changes in temperature profiles near the snow surface. A strong 

temperature inversion (6˚C/5 meters) accompanied down-valley winds and near-neutral 

temperature profile accompanied the slow-down of down-valley winds and light up-valley 

winds (D). Down-valley wind speeds are greater than up-valley wind speeds (E). 
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Figure 4. (Work in progress, by Eli Schwat.) Four doppler lidar scans between 23:15 and 23:48 on 

8 March 2023 reveal complex interactions between above ridgeline, westerly winds, and 

below-ridgeline winds on the lee side of Gothic Mountain. Strong westerly winds are 

apparent coming over Gothic Mountain at 23:15 (A). Three minutes later. At 23:18, a strong 

up-slope flow has developed, going up the lee side of Gothic Mountain (B). 27 minutes later 

(the time of the next cross-valley scan), the above-ridge westerly has reached down towards 

the ground and ”broken” up the up-valley flow (C). Three minutes later, the flow upslope on 

Gothic Mountain has become more continuous again. 
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