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Capsule Summary:  
A new field campaign focuses on those atmospheric processes, and their connections to the  
surface and subsurface, that dominate mountainous hydrology in the Upper Colorado River  
Basin.   
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Abstract  
The science of mountainous hydrology spans the atmosphere through the bedrock and  
inherently crosses physical and disciplinary boundaries: land-atmosphere interactions in  
complex terrain enhance clouds and precipitation, while watersheds retain and release  
water over a large range of spatial and temporal scales.  Limited observations in complex  
terrain challenge efforts to improve predictive models of the hydrology in the face of rapid  
changes. The Upper Colorado River exemplifies these challenges, especially with ongoing  
mismatches between precipitation, snowpack, and discharge. Consequently, the U.S.  
Department of Energy’s (DOE) Atmospheric Radiation Measurement (ARM) user facility  
has deployed an observatory to the East River Watershed near Crested Butte, Colorado  
between September 2021 and June 2023 to measure the main atmospheric drivers of water  
resources, including precipitation, clouds, winds, aerosols, radiation, temperature and  
humidity.  This effort, called the Surface Atmosphere Integrated Field Laboratory (SAIL), is  
also working in tandem with DOE-sponsored surface and subsurface hydrologists and  
other federal, state, and local partners.  SAIL data can be benchmarks for model  
development by producing a wide range of observational information on precipitation and  
its associated processes, including those processes that impact snowpack sublimation and  
redistribution, aerosol direct radiative effects in the atmosphere and in the snowpack,  
aerosol impacts on clouds and precipitation, and processes controlling surface fluxes of  
energy and mass.  Preliminary data from SAIL’s first year showcase the rich information  
content in SAIL’s many data-streams and support testing hypotheses that will ultimately  
improve scientific understanding and predictability of Upper Colorado River hydrology in  
2023 and beyond.   
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Epigraph  
“Do not forget that everything in our subject comes from the observations.”  
 -- Carl-Gustaf Rossby advising Victor P. Starr circa 1938 on balancing theory vs. data  
collection in Newell, Reginald E., et al. 1972: The General Circulation of the Tropical  
Atmosphere and Interactions with Extratropical Latitudes, Volume I. MIT Press, Cambridge,  
MA.     
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1. Introduction: 

High up in the Rocky Mountains, the Colorado River begins its more than 2,300 km journey 
to the Gulf of California, forming the seventh largest drainage in North America (640,000 
km2).   This river currently provides water resources for numerous ecosystems and 40 
million people, creates 15 million jobs, delivers at least 53 gigawatts of hydroelectric 
capacity, and annually enables $1.3 trillion of economic activity across the region [James et 

al, 2014]. The Colorado River has been the breath of life into the arid Southwestern United 
States.  
 
However, Colorado River water resources are under extreme pressure. The long-term 
declines in snowpack in the West [Mote et al, 2018] has been felt in the 280,000 km2 of the 
Colorado River Basin above Lee’s Ferry, often referred to as the Upper Colorado River 
Basin (UCRB) [McCabe and Wolock, 2009], . The UCRB generates 90% of the Colorado 
River’s total flow [McCabe and Wolock, 2007; Lukas and Payton, 2020], and so changes in 
snowpack have been shown to contribute, at least partially, to decreases in stream and 
river discharge in the Basin [Milly and Dunne, 2020].  Recently, these trends were 
punctuated by a drought without precedent in the last 1,200 years [Williams et al, 2022], 
which ravaged the Southwest and led to comparisons with even greater droughts in the 
2nd Century AD [Gangopadhyay et al, 2022].  In 2021, the decreases in Colorado River 
discharge and concomitant drop in reservoir levels were without historical precedent and 
effectively led to the first ever Level 1 Shortage Condition declaration at Lake Mead [Santos, 
2021]. These events highlighted the urgent need to understand the sensitivities of coupled 
atmosphere-through-bedrock processes that together determine water resources supply 
and the possibility of sustainable water governance [Gerlak et al, 2021].  
 
Both scientific understanding and forecasters’ abilities to predict the response of the 
Colorado to changing hydroclimatic conditions need improvement, especially when this 
response is sensitive to seasonal hydrometeorology and multi-year effects.   For example, 
forensic analysis of what exactly occurred in 2021 is ongoing, since precipitation and peak 
snowpack during Water Year 2021 (WY21) were 70% and 50-80% of the 1990-2020 
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average in the Upper Colorado, respectively, while streamflow and unregulated discharge  
into Lake Powell were 8 - 57% and 28% of the 1990-2020 average, respectively [Bailey et  
al, 2021].  While discrepancies between precipitation and discharge have happened in the  
past [Xiao et al, 2018], explanations for such discrepancies in WY21 include (1) lack of  
April precipitation, (2) snow sublimation, (3) evapotranspiration, (4) dry antecedent soil  
moisture from drought in previous years, and (5) an overestimation of winter snowpack  
from sparse observations [Abatzoglou et al, 2021], with [Börk et al, 2022] suggesting dry  
soils as a primary culprit.  Regardless, this mystery highlights how a range of processes  
interact to control the hydrological output of the Upper Colorado River and water  
availability in the Southwestern United States.   
  
For systems as large and complex as the Colorado River, comprehensive observations from  
the atmosphere through to the bedrock are limited, so the path forward to improving the  
forecasting of water resources on weather-to-climate scales is challenged.  The scope of  
this challenge was highlighted recently by Lundquist et al, [2019], who noted that, in  
complex terrain, it is not straightforward to rely solely on information from a small set of  
operational observations to understand the spatiotemporal heterogeneities in  
mountainous hydrologic cycle processes.  Rather, joint efforts must focus on observations  
and modeling in tandem. Data collection and scientific research that cross disciplinary  
boundaries and integrate atmospheric research are needed.  This is especially the case  
when and where atmospheric science is treating the surface as a boundary condition, and  
surface/subsurface research is treating the atmosphere as a boundary condition.  
  
Consequently,  the scientific community has repeatedly requested simultaneous  
measurements of energy and water fluxes within complex terrain, due to the need for such  
data to advance the scientific understanding of the hydrological processes that dominate  
the uncertainty in the management and prediction of water resources [Lundquist et al.,  
2003; Bales et al., 2006; Henn et al., 2016; Lundquist et al., 2015; Henn et al., 2018].  In  
response to these repeated requests, and also recognizing the programmatic interests in  
advancing understanding of atmospheric science processes in high-altitude complex  

Unauthenticated | Downloaded 09/19/23 05:48 PM UTC



7
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-22-0049.1.

 

 
 

terrain [U.S. DOE, 2019], the U.S. Department of Energy’s Atmospheric Radiation  
Measurement (ARM) user facility [Mather and Voyles, 2013] has deployed the Second ARM  
Mobile Facility (AMF-2) to the Upper Colorado River from September 1, 2021 to June 15,  
2023 as part of the Surface Atmosphere Integrated Field Laboratory (SAIL). The AMF-2  
includes dozens of instruments (see Table 1) that broadly measure precipitation, aerosols,  
clouds, surface fluxes, radiation, atmospheric thermodynamic and kinematic state, and  
trace gasses.  The AMF-2, together with other AMFs, has a rich history of targeted, science- 
driven deployments to collect detailed, long-term atmospheric observations that target  
uncertain atmospheric processes that significantly impact Earth System Model projections  
and address questions that the scientific community is simply unable to address without  
such a level of detail [Miller et al., 2016].    
  
The atmospheric processes that fundamentally control water availability in mountain  
watersheds vary in space and time. Until scientists can understand and produce  
predictions, with improved skill, of precipitation, aerosols, and surface energy budget  
fields, the atmosphere will remain a dominant source of uncertainty for surface and  
subsurface hydrological science.  Leveraging the AMF-2’s capabilities, SAIL main goal is to  
advance the predictive understanding of the atmospheric processes driving the mountain  
hydrology of the UCRB by answering the following science questions (SQ) for the UCRB:  
  

SQ-1. How do multi-scale dynamical and microphysical processes control the spatial  
and temporal distribution, phase, amount, and intensity of precipitation in  
complex terrain that generates local circulations and can modify synoptic  
weather features?  

SQ-2. How much do aerosols , particularly long-range transported dust and smoke  
aerosols from wildfires of the Rocky mountains, affect the surface energy and  
water balance by altering clouds, precipitation, and surface albedo, and how do  
these impacts vary seasonally?  
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SQ-3. At high elevations (>3000 masl) in mid-latitude continental interior mountains,  
what are the contributions of snow sublimation, radiation, and turbulent fluxes  
of latent and sensible heat to the water and energy balance of the snowpack?  

SQ-4. How do atmospheric and surface processes set the net radiative absorption that  
is known to drive the regional flow of water into the continental interior during  
the summer monsoon?  

  
These questions allow SAIL to focus on science objectives that produce a detailed  
understanding of water and energy budgets in this region, which are fundamentally the  
issue for UCRB hydrology research.  SQ-1 recognizes that the synoptic and local-scale  
circulations, and their interactions, all of which are strongly impacted by the terrain, may  
be central to understanding where and why precipitation varies across the terrain.  SQ-2  
recognizes that aerosol research is central to UCRB hydrology research and that dust and  
smoke are the major (but by no means only) sources of aerosols in the region. SQ-3 focuses  
on a number of surfaces processes that may impact UCRB hydrology, which may be specific  
to high-altitude, mid-latitude continental interior mountain ranges because snow  
conditions, humidity, and radiation are specific to those areas. Finally, SQ-4 focuses on the  
North American Monsoon as it impacts the UCRB. Following these questions, the collection  
of data and associated science activities for SAIL are organized around a set of  
interconnected science objectives (SO):  
  

SO-1. Characterize the spatial distribution of orographic and convective precipitation  
processes on diurnal to seasonal time-scales and how those processes interact  
with large-scale circulation.  

SO-2. Quantify cold-season land-atmosphere interactions that alter snowpack mass  
balance through wind redistribution and sublimation and the spatial scaling of  
those processes.   

SO-3. Establish aerosol regimes, the processes controlling the life cycle of aerosols in  
those regimes, and quantify the impacts of aerosols in those regimes on the  
atmospheric and surface radiative budget.   
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SO-4. Quantify the sensitivity of cloud phase and precipitation to cloud condensation  
nuclei (CCN) and ice nucleating particle (INP) concentrations.   

SO-5. Quantify the seasonally-varying surface energy balance (SEB), the land-surface  
and atmospheric factors controlling it, and the spatial variability in those factors.   

  
The rationale behind SAIL’s science questions and objectives is that they are designed to  
seek a deeper understanding of how atmospheric processes impact the seasonal budgets of  
surface energy and mass because such understanding is central to predicting watershed  
function [Lundquist et al., 2003; Bales et al., 2006; Henn et al., 2016; Lundquist et al., 2015;  
Henn et al., 2018]. It should noted, though, that both the science questions and objectives of  
SAIL are not meant to limit scientific inquiry with the SAIL data, but they do guide the  
campaign’s data collection.  
  
While the AMF-2 collects atmospheric state information, SAIL is an interdisciplinary  
hydrology campaign that spans the atmosphere through the bedrock, crossing the  
stratosphere, troposphere, canopy, surface, and subsurface. Indeed, the campaign name  
purposefully highlights its integrated science questions and objectives.  Consequently,  SAIL  
works closely with the dozens of surface and subsurface hydrologists whose research is  
focused on the very same study area as SAIL through the DOE-sponsored Watershed  
Function Scientific Focus Area (SFA) [Hubbard et al, 2018; 2020].  The combined efforts of  
SAIL, the Watershed Function SFA, and partners produce atmosphere-through-bedrock  
observations and modeling to capture the dominant couplings between the atmospheric  
and hydrologic processes [Bales et al., 2006; Viviroli et al., 2011; Lundquist et al., 2015;  
Clark et al., 2015a,b].    
  
This paper first describes the SAIL campaign, revealing connections between SAIL  
measurements and SAIL science objectives. Second, it touches on key partnerships that  
augment SAIL’s science and leverage its measurements. Third, it presents examples of how  
SAIL observations are helping achieve its science objectives.  Finally, it discusses findings  
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from the campaign to date and discusses how data collected so far suggest hypotheses that 
can be tested with end-of-campaign data observations.   
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2. Campaign Description: 

The SAIL campaign consists of the deployment of the AMF-2, and, since ARM is a National 
User Facility, several guest instruments, across the East River Watershed (ERW).  The East 
River is one of the two main tributaries of the Gunnison River, and the Gunnison accounts 
for just under half of Colorado River discharge at the Colorado-Utah border [Hubbard et al, 
2018]. The 300 km2 ERW area is located near Crested Butte and Gothic, Colorado (Figure 
1), and at its high altitude with high-altitude (2440 – 4350 masl), this watershed is 
generally snow-dominated, though warm-season convective precipitation associated with 
the North American Monsoon also contributes.  The mean diurnal cycle of temperature 
ranges from -20 °C to -1 °C in the winter and +3 °C to +23 °C in the summer [Hubbard et al, 
2018; NRCS, 2022].  The ERW, outlined in Figure 2, is marked by large north-south 
gradients (north is higher) in precipitation, with snowfall ranging from ~500 to ~1000 cm 
per year, with a coefficient of variation of 19%.  

  
Figure 1: Location of SAIL in the Colorado River Watershed and, in the inset, the Gunnison River  
Watershed.   
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SAIL instrument locations (Figure 2) were selected to enable data collection that supports  
SAIL science objectives, within logistical limitations. Most SAIL instruments are located at  
the main site (M1) in the town of Gothic, which is home to the Rocky Mountain Biological  
Laboratory (RMBL). M1 sits in a valley location immediately adjacent to the East River  
(38°57'22.35"N, 106°59'16.66"W at 2885 masl).  The M1 location provides a detailed set of  
measurements of a mountain valley and leverages (and helps contextualize) the long-term  
data records that RMBL has collected, some of which date back to 1928 (see Supplemental  
Material).  A supplemental site (S2) was established beginning October, 2021 at an elevated  
location (38°53'52.66"N, 106°56'35.21"W at 3137 masl) on the Crested Butte Mountain  
Resort, where the Aerosol Observing System and a Colorado State University X-band  
scanning precipitation radar were deployed.  It is ~7.5 km south-southeast (SSE) of M1 and  
was chosen both because its prominence enables broad spatial coverage for the remote  
sensing observations of precipitation, and because this location enables the sampling of  
upper-level, regional airflow for aerosol observations.  Another supplemental location (S3)  
has also been established to measure surface fluxes of sensible and latent heat at 3m AGL  
over an area covered in short grass and is located 2 km SSE of that site at Kettle Ponds  
(38°56'29.55"N, 106°58'23.34"W).  The S3 location was chosen because of the need to look  
at heterogeneity in those surface fluxes and the lack of homogenous/unobstructed fetch at  
M1.  Finally, the SAIL campaign has also deployed the Tethered Balloon System (TBS)  
[Dexheimer et al, 2019] to augment measurements at the 3 SAIL sites with in situ vertical  
profile sampling of the lowest 1000-m of the atmosphere, and also visible/thermal imaging  
(see Table 2 for details).  The TBS has been deployed within 200 m of M1 in September  
2021, May 2022, and July 2022 and has plans for three two-week deployments in January,  
March and May, 2023 at the banks of the East River 3.0 km SSE of S3 at the Pumphouse  
(PH) site (38°55'19.98"N, 106°57'3.95"W at 2765 masl). 
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There are additional intensive sites throughout the ERW, a few of which are shown in  
Figure 2, including Snodgrass Mountain (38°55'40.63"N, 106° 58'47.07"W at 3169 masl).   
This site can be accessed year-round, has two weather stations at mid-mountain and the  
summit, has direct line-of-sight to the Colorado State University (CSU) X-band radar at S2  
(see Section 3 and [McLaughlin et al, 2009] for details), and is the site of intensive  
vegetation and subsurface observations collected by the Watershed Function SFA, and thus  
is a location to explore the interactions between precipitation, vegetation, snow, soil, and  
groundwater conditions, thereby enabling atmosphere-through-bedrock science.  
Additionally, the National Oceanic and Atmospheric Administration (NOAA) led Study of  
Precipitation, the Lower Atmosphere and Surface for Hydrometeorology (SPLASH)  
campaign manages additional intensive sites [de Boer et al., 2023].  These include the Avery  
Picnic site, located approximately 2 km north of Gothic; the Kettle Ponds site co-located  
with S3; and the Brush Creek site, located 5 km SSE of S2.  Kettle Ponds is also the location  
of an upcoming field campaign called Sublimation of Snow (SOS), which is supported by the  
National Science Foundation and the Earth Observing Laboratory at the National Center for  
Atmospheric Research.  Section 8 covers details of these partnerships.   
  
Table 2: Instruments Deployed on the Tethered Balloon System (TBS) Platform at SAIL  
Instrument What it Measures 

Vis/Thermal Imager Spatially-resolved visible and thermal radiance. 

Condensation Particle  Counter (CPC) Total aerosol concentration from 0.01 μm to 1 μm. 

Met package 
Pressure, temperature, relative humidity, wind speed 

and wind direction. 

Portable Optical Particle Spectrometer (POPS) Aerosol size distribution from 0.14 μm to 3 μm. 

Size and Time Aerosol Composition (STAC) 

Size and time-resolved chemical composition at four 

cut-off sizes  

(0.1-0.5 μm; 0.5-1.0 μm; 1-2.5 μm; and 2.5-5.0 μm). 

IcePuck Filters for collecting Ice Nucleating Particles (INP). 
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Figure 2: (Upper plot) ERW outline (red) and East River, Slate River, Coal Creek, and  
Washington Gulch watersheds outline (yellow).  Green locations show SAIL M1, S2, and S3  
sites and Watershed Function SFA intensive sites at Snodgrass Mountain and the Pumphouse.  
Yellow icons denotes SPLASH intensive sites. Inset shows ERW within the Gunnison River  
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Watershed. (Lower left) aerial photograph of M1 in September, 2021.  (Lower right)  
photograph of S2 in November, 2021.  
  
Collocating measurements at a single location enables the exploration of multiple,  
simultaneous observations of the atmospheric processes and land-atmosphere interactions  
that are occurring in the ERW.  Figure 3 shows how dense, comprehensive observations  
reveal details about atmospheric and surface processes in high-altitude complex terrain.  
  

  
Figure 3: Depiction of multiple observations from SAIL and partners to collect observations of  
major hydrological processes (called out on left and right) of the ERW.    
  
The connections between each of SAIL’s five science objectives and its datastreams are  
described in detail, along with examples, below.  Each of the SAIL datastreams is free,  
accessible and interoperable, and comes with a large number of tools to ensure reusability.   
Since SAIL is supported by ARM, the campaign uses the highly-mature data solutions that  
the ARM program has developed including a strong chain-of-custody [McCord and Voyles,  
2016], data quality assurance [Peppler et al, 2016], and a well-maintained interface to  
freely access data through the ARM Data Discovery [Guntupally et al, 2021].  The latency  
with which data becomes available depends on the dataset and current network conditions,  
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but the fundamental measurements collected from SAIL are generally available for  
download within a few hours of their collection.  
  
3. Precipitation Processes and Quantitative Estimates:  
The surface water balance in mountainous terrain is strongly driven by the amount and  
phase of precipitation (e.g., Hamlet et al. [2007], Berghuijs et al. [2014], Li et al. [2017],  
Musselman et al. [2017; 2018]). However, the spatial and temporal details of observed  
precipitation amount and phase in mountain environments is poor in comparison to less  
topographically-complex locations [Henn et al., 2018].  Operational weather radar coverage  
in the mountain regions of the continental United States suffers from radar beam blockage  
[Maddox et al, 2002; National Research Council, 2002], often resulting in no data in the  
lowest several kilometers of the atmosphere where precipitation can grow or evaporate.   
Further, orographic circulations significantly modify precipitation where these data gaps  
exist. The precipitation amount and phase across much of the Rocky Mountains is currently  
estimated from a combination of operational network point observations, Integrated Multi- 
satellitE Retrievals for Global Precipitation Measurement (IMERG) satellite retrievals that  
use snapshots from spaceborne radar and microwave radiometers, in combination with  
statistical and physics-based modeling that assimilates some of those data. Unfortunately,  
there is a strong potential for biases from point observations, since steep slopes, high  
elevations, and forested sites are underrepresented in the measurement network (e.g.,  
Sevruk, [1997]; Frei and Schär, [1998]; Henn et al., [2018]), and gauge undercatch of  
precipitation is ubiquitous, particularly for snowfall (e.g., Pan et al, [2003]; Rasmussen et al.,  
2012]). Interpolating between point observations has been found to depend strongly on  
the number, type, and spatial/elevational distribution of observations [Zhang et al., 2017]  
and to be the most important source of rainfall/runoff model errors [Moulin et al., 2009;  
Lundquist et al., 2019].  Meanwhile, satellite precipitation estimates in complex terrain also  
often have significant biases due to an inability to retrieve data at and below the altitudes  
of mountain peaks [Barros and Arulraj, 2020].  
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SAIL’s Science Question 1 (SQ-1) and Science Objective 1 (SO-1) focus on understanding  
how and why precipitation varies at the scales of watersheds like the East River with the  
goal of understanding how and why precipitation varies over the entire UCRB.  
  
In the UCRB, there are highly variable, multiscale dynamical, thermodynamical, and  
microphysical factors that interact to control orographic precipitation.  Orographic  
circulations create clouds by inducing ascent through a variety of mechanisms depending  
on combinations of the air flow speed and direction impinging on the barrier, atmospheric  
thermodynamic stability, surface fluxes, and the barrier shape [Houze, 2012; Stoelinga et al,  
2013].  Once clouds form, an array of microphysical processes respond to and interact with  
atmospheric circulations, turbulence, and aerosols to control the phase, growth,  
evaporation, and fallout of hydrometeors that dictate precipitation location, phase, and  
intensity at the surface.  And yet, despite this complexity, repeating patterns emerge: the  
ERW likely experiences large precipitation gradients as evidenced by persistently large  
snowpack gradients observed in airborne snow surveys [Painter et al, 2016] and SNOTEL  
station data [Serreze et al, 1999], with twice as much snow at its northern edge as  
compared to the southern edge at the same elevation.   
  
SAIL observations enable detailed explorations of that emergent phenomenon by looking at  
the underlying atmospheric conditions and precipitation types that produce this sharp  
gradient. The CSU radar at the S2 site is a scanning dual-polarization Doppler X-band (9.4- 
GHz) radar that collects observations with a 1.25° beam width and 100-m gate spacing to a  
range of 50 km where beams are not blocked.  The radar’s 10-minute scan sequence  
includes a volume derived from Plan Position Indicator (PPI) scans at 8 elevation angles to  
map precipitation across the study domain, and 7 Range-Height Indicator (RHI) scans  
within 3° of the azimuthal direction of M1. The RHI scans provide detailed context to the  
multitude of point and profile measurements at M1.   Dual-doppler retrievals are also  
achieved with an identical radar deployed as part of SPLASH at the Roaring Judy Fish  
Hatchery (38°43'0.78"N, 106°51'10.98"W), which is 21.6 km SSE of S2.  
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Figure 4 provides an example of precipitation process insights provided by the multivariate  
observations collected as part of SAIL for a single storm on 12 April 2022. The precipitation  
began with virga that evaporatively cools low-level temperatures over time. Cooling and  
moistening was most apparent between 8 and 10Z when the precipitation rate was most  
intense (Figure 4a) and cloud base lowers (along with a cooling of 2-m air temperatures)  
(Figure 4b). This, along with deepening and intensifying convective graupel precipitation  
indicated by sharp reflectivity gradients (Figure 4a), significant supercooled liquid water  
path, and substantial downward velocities (Figure 4b) allows precipitation to reach the  
surface and accumulate. The X-band radar shows that these showers advected in from the  
west (Figure 4f) and the operational NEXRAD radar to the west confirms these showers  
were initiating as westerly flow rises over the high ridgeline to the west of Crested Butte.  
Southwesterly winds above the ridgeline were strong ahead of the front, reaching 30-35 m  
s-1 just above Gothic Mountain, though notably less in the valley with strong turbulence  
indicated by high spectral width (Figure 4c) and southeasterly winds at low levels (Figure  
4d), likely due to the storm system flowing up the valley.  
  
Cold frontal precipitation began just after 12Z and occurred for several hours until the  
upper levels stabilize, as evidenced by the widening height gap between -20 and -40℃  
(Figure 4a).  When the frontal precipitation started at 12Z and winds shifted to north- 
northwest (Figure 4d), the cloud base quickly lowered to just above the surface (Figure  
4b). The precipitation rate was most intense during this period through about 1430Z  
(Figure 4a). The lesser downward velocities (Figure 4c) and spectral widths (Figure 4d)  
with more horizontally uniform reflectivity and sharp reflectivity gradient in the -10 to - 
20 ℃ region (Figure 4a) indicate that this was heavy snow driven by dendritic growth,  
likely supporting heavier snow in the valley than at higher elevations during this time  
period given the low cloud base. There were also more steady updrafts during this period  
in the upper portions of clouds reaching nearly 9 km asl (Figure 4b), though there were still  
embedded convective circulations affecting precipitation variability.  Precipitation after  
14Z shifted to broken convective showers with much lesser precipitation rates (Figure 4a).  
Supercooled liquid also was not detectable. This was associated with upper-level  
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stabilization and drying (Figure 4b), though low-level lapse rates remained steep, with cold  
air supporting light convective showers with little surface accumulation (Figure 4a).  
Turbulence remained strong at the ridgeline during this period (Figure 4b), probably  
associated with the background wind interaction with the mountains.  The X-band radar  
showed these showers were generated over the high ridgelines (Figure 4, bottom panel).  
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Figure 4: Time-heights of (a) reflectivity, (b) Doppler velocity, and (c) Doppler spectral width  
measured by KAZR for April 12, 2022 cloud bases and tops (black +’s) and the height of Gothic  
Mountain (dashed black). Isotherms from ERA5 overlain in (a). (d) Time-height of Doppler  
lidar derived horizontal winds. (e) MWR retrieved liquid water path and 24-hour  
accumulated liquid equivalent precipitation. (f) CSU X-band PPI snapshots of the virga,  
convective graupel and ridge enhanced precipitation regimes noted at the top of the figure.  
  
Radar precipitation retrievals are also critical to advancing the scientific understanding of  
ERW hydrometeorology. While such retrievals are an area of active research, the Corrected  
Moments in Antenna Coordinates 2.0 product (CMAC2.0) [Collis et al, 2018] is used to  
estimate snowfall rates through various radar Z-S relationships defined within existing  
literature [Wolfe and Snider, 2012]. That Z-S relationship agrees favorably with one tuned  
to a Parsivel disdrometer.  Figure 5 shows a time-height cross-section of the X-band radar  
reflectivity (top panel) over M1 while the disdrometer shows the evolution of the  
disdrometer-retrieved particle size distribution. This example highlights the rapid  
temporal variability in snowfall rates (e.g., near 0300Z shown with the vertical dotted line),  
along with significant variability in different Z-S estimates with one of the Z-S relationships  
agreeing well with in situ measurements.  
  
SAIL datasets enable investigation into the relative contributions of different precipitation  
phases to annual snow and water budgets,  including controls of temperature, relative  
humidity, orographic flows, and turbulence on precipitation  phase and evaporation. They  
also allow investigations of how different precipitation regimes (e.g., snowfall, warm rain)  
vary as a function of mesoscale and synoptic circulations. Detailed observations of these  
precipitation processes over many events with variable meteorological conditions will  
support evaluation of model parameterizations of varying scales and complexities,  
facilitating the improved prediction of precipitation across the Upper Colorado River Basin  
and other mountain regions. These datasets can also serve as benchmarks to set research  
and development priorities for Earth System Modeling development, such as robust sub- 
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grid parameterizations of clouds and precipitation in complex terrain that reflect the  
underlying processes that are occurring in those systems.  

  
Figure 5: (a) ZH column from the CSU X-band radar 14 March 2022 over M1. (b) Parsivel   
hydrometeor size distribution time-series at M1 with unreliable high wind speed times 

removed. (c) Three snowfall liquid water equivalent retrievals from the CSU X-band radar. (d) 

Daily accumulation of retrievals shown in (c), a Pluvio-2 weighing bucket gauge, and a daily 

snow stake measurement at Gothic (marked as ‘X’).  

 
 
4. Snow Sublimation and Wind Redistribution: 

 
SAIL’s  Third Science Question (SQ-3) and Second Science Objective (SO-2) focus on 
sublimation of snow and its redistribution by winds, as these processes substantially 
impact mountainous hydrology [Hood et al, 1999; Sexstone et al, 2016; Mott et al., 2018].   
Unfortunately, observational estimates of snow sublimation disagree with each other 
wildly [Mott et al., 2018; Liston and Sturm, 2002; Groot Zwaaftink et al, 2013], ranging from 
seasonal sublimation losses of 0.1% of snowpack to 25% of the snowpack. The range of loss 
estimates remains large enough to hinder water resource predictability in the UCRB [Bruce 
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et al, 2012; Sexstone et al, 2016], but daily snowpack sublimation rates in the Rockies have  
been estimated to be as high as 5 cm per day [Fassnacht et al, 2021].    

  

  

  
Figure 6: (Top row) Image from camera at S2 on SAIL AOS container of blowing snow (left)  
directly off of Gothic Mountain and (right) viewing Gothic Mountain from Crested Butte  
Mountain with the XPRECIPRADAR on the left on March 23, 2022.  (Middle row) Three  
radiosonde skew-T log-P diagrams of temperature (red) and dew-point temperature (blue).   
(Bottom two rows) The time-series of HSRL linear depolarization ratio (MPL) back-scatter  
color ratio.   
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Models ultimately are required to estimate snow sublimation mass losses to the  
atmosphere, but the thermodynamic feedback on blowing snow sublimation, especially if it  
can lead to saturation where sublimation is occurring, can limit these losses and is poorly  
constrained [Mott et al., 2018].   
  
SAIL is developing observational datasets of some of the fundamental controls on snow  
sublimation and redistribution in the UCRB.  SAIL is collecting data on (1) the three- 
dimensional atmospheric wind-field across the ERW, (2) surface point measurements and  
profiles of atmospheric temperature and humidity for sublimation tendencies, and (3)  
radar measurements to capture snow entrainment and accumulation.  The observational  
information that SAIL’s datastreams produce include blowing-snow occurrence,  
thermodynamics, and radiation and how they co-evolve in space and time (see Table 2 for  
details), in order to understand better the processes governing snow sublimation (see  
[Svoma, 2016] for details).   
  
For example, AMF datastreams provide multiple observational datasets on blowing snow  
and thermodynamic conditions.  Figure 6 shows that blowing snow can be detected on  
clear-sky days from camera imagery taken from different angles (that indicates that plumes  
of condensates are entrained snow and not clouds) and also shows the temporal evolution  
of blowing snow layers (especially from 1000-1400 UTC as shown in Loeb and Kennedy  
[2021]). This shows how SAIL data enables the ability to understand the thermodynamic  
environment into which snow is blowing.  Figure 6 shows that blowing snow can be  
detected unambiguously, and may be warming and humidifying the atmosphere below 600  
mb, as shown in the 2118Z sonde.  Again, multiple datastreams can be used here to  
estimate sublimation rates.  
  
Another central aspect to snow science at SAIL is the wide variety of collaborative  
resources described in Section 8.  Especially with snow process science, remote sensing  
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surveys and in situ data inform estimates of sublimation losses and associated sensitivities,  
as described in Section 8.  
  
  
5. Aerosol Regimes and Their Impacts on Radiation:  
  
Radiation-absorbing particles such as dust, and black carbon (BC) and brown carbon (BrC)  
from biomass burning, enhance snowmelt rates by lowering snow surface albedo directly  
in the visible wavelengths and indirectly in the near-infrared wavelengths by enhancing  
snow grain growth [Painter et al., 2007]. Although this has been studied previously, a more  
holistic view of atmospheric particles that includes radiative impacts of absorbing and  
scattering aerosol in the air and particles deposited on snow is required to fully understand  
their roles in mountain water and energy budgets. For example, as the primary absorber of  
visible light in the atmosphere, atmospheric BC, a product of incomplete combustion, can  
both reduce the amount of incident irradiance at the snow surface (when present in the  
atmosphere) and increase the amount of absorbed solar radiation (when present at the  
snow surface). Snow-deposited absorbing particles tend to decrease atmospheric stability  
and increase turbulent fluxes, while absorbing aerosols in the air will tend to produce the  
opposite effect [Flanner et al., 2009; Hansen and Nazarenko, 2004; Kaspari et al., 2011;  
Ramanathan and Carmichael, 2008]. BrC aerosols have been implicated as major drivers for  
cryospheric melt in high-altitude terrain, but are severely understudied [Laskin et al, 2015;  
Wu et al, 2016]. Despite the radiative importance of atmospheric aerosol, both suspended  
in air and deposited on snow surfaces, their energetic impacts are poorly constrained by  
observations and to date have been primarily informed by models, (e.g., Bond et al.,  
[2013]).  
  
SAIL is developing highly-detailed observations on processes that impact the aerosol  
regimes and radiation in the ERW as summarized in Science Objective 3 (SO-3) first and  
foremost with the Aerosol Observing System (AOS) [Uin et al, 2019].  The AOS, located at  
S2, is collecting time-resolved data on the aerosol size distribution, hygroscopicity,  
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composition, aerosol optical properties, and carbon monoxide and ozone trace gasses,  
along with filter collections to measure INPs.  These data, as shown in Figure 7,  
characterize the state and sources of aerosols in the ERW during a three week period in the  
spring of 2022 that contains numerous aerosol deposition events.  Additionally, remote  
sensing datastreams are sensitive to the vertical distribution of aerosols and provide  
information on the relationships between surface observations and aerosol loading in the  
boundary layer and free troposphere aerosol amounts.  
  

  
Figure 7. Submicron aerosol physical, optical and chemical properties as measured by the  
AOS. (a) Light scattering is shown at 450 nm measured by the nephelometer and number  
concentrations as measured by the Scanning Mobility Particle Sizer. (b) Organic and Sulfate  
concentrations as measured by the Aerosol Chemical Speciation Monitor. (c) Light absorption  
at 470 nm measured by the Particle Soot Absorption Photometer and CO(g).  
  
To augment and contextualize the time-series of observations at the SAIL AOS, Handix  
Scientific, Inc. of Fort Collins, Colorado, supported by a U.S. DOE Atmospheric System  
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Research grant, deployed SAIL-NET, which added six additional aerosol measurement sites  
to the SAIL domain (Figure 8). SAIL-NET is designed to test the value of a network of high- 
quality aerosol measurements and its scientists will work with SAIL scientists and external  
partners to determine design and measurement successes and areas for improvement.   
  
SAIL-NET provides further insights on aerosol vertical, horizontal, and temporal variability  
and aerosol-cloud interactions in mountainous terrain in support of SQ-2/SO-4. This  
partner project takes advantage of the availability of lightweight but still research-grade  
instruments that can be easily deployed across challenging environments, including off- 
the-grid remote sites and on the TBS. Each Handix SAIL-NET site consists of an aerosol  
microphysics package that collects real-time particle size distributions (PSDs) using a  
Portable Optical Particle Spectrometer (POPS), real-time CCN concentrations from a  
CloudPuck, and 24 to 48 hour filter samples using an IcePuck for offline INP analysis. SAIL- 
NET measurement collection is scheduled to run between October 2021-June 2023.    
  

  
Figure 8: a) Map of the SAIL-NET sites (triangles) along with the town of Crested Butte  
(circle), b) Example of the sixth site (’Irwin’), c) hourly averaged total number concentration  
between ~140 nm – 2 um (POPS instrument) from October 15, 2021 to January 31, 2022. The  
frequent wintertime spikes at the Irwin and AOS sites are due to snowmobile and snowcat  
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pollution. The precipitation (“Precip”) is from AMF-2 meteorology measurements and  
indicates which hours of the campaign experienced any measurable precipitation. The ‘Icing  
Tower’ site was set up late spring of 2022. The Snodgrass site is in the line of sight of the CSU  
X-band scanning radar.   
Initial investigation of aerosol spatial variability indicates remarkably consistent trends of  
aerosol number concentrations across all sites during the fall of 2021. Wintertime number  
concentrations still exhibit consistent trends from site to site but begin to show more  
variability from site to site (Figure 8c). Wintertime aerosol concentrations are heavily  
impacted by local pollution sources from snow machines, as can be seen at the Irwin and  
AOS sites (both of which sit next to high-use snow machine trails).   
  
The AOS measurements collected to date, and the strong correlation between SAIL-NET  
and AOS data indicate that the aerosol data being collected, in conjunction with  
partnerships (see Section 8 for details), are broadly representative of ERW-scale  
atmospheric aerosol processes, so SAIL and SAIL-NET data are well-positioned to support  
science by providing information that helps address SQ-2.  
  
6. Aerosol-Cloud-Precipitation Interactions:  
  
Aerosols are known to strongly influence precipitation in complex terrain [Givati and  
Rosenfeld, 2004; Fan et al., 2014; 2017] and previous work has found that that influence  
varies with terrain features such as mountain height and cross-section width [Mühlbauer  
and Lohmann, 2006; 2008]. Specifically, the spillover factor of precipitation (i.e., the  
precipitation ratio over the leeward to windward side) was found to be enhanced via  
increases in CCN [Mühlbauer and Lohmann, 2006; Saleeby et al., 2011; Uin et al, 2019] and  
INP [Lin et al., 2022]. Cloud phase – particularly the mixed-phase regime – and  
precipitation phase (i.e., rain or snow) could be very sensitive to INPs such as long-range  
transported dust and biological particles, leading to a large impact of aerosols on snow  
precipitation [Creamean et al., 2013; Fan et al., 2017]. There are also coupled interactions  
between aerosols, precipitation, and circulation to consider: cloud microphysics feedback  
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to dynamics through aerosol-cloud interactions has been shown to change the mountain- 
valley circulation and enhance orographic mixed-phase clouds and precipitation [Fan et al.,  
2017]. For light-absorbing aerosols such as BC and BrC, aerosols can redistribute the moist  
static energy between the mountain and associated plain region and suppress mountain- 
valley circulation and reduce the precipitation in dry conditions [Yang et al. 2016].   There  
are outstanding uncertainties on these effects [Choudhury et al., 2019], and disagreements  
in the literature on whether aerosols enhance or suppress snowfall rates in mountains  
[Borys et al, 2003; Saleeby et al, 2011; Fan et al, 2017], maybe due to different mountain  
widths and heights, different meteorological conditions and physics parameterizations, etc.   
Therefore, aerosol-cloud-precipitation interactions over terrain need to be studied based  
on local terrain characteristics and considering typical meteorological conditions, which is  
one of the major goals for SAIL (SO-4).     
  
The simultaneous, collocated measurements of CCN, INPs, precipitation, and  
thermodynamic conditions at S2 capture information on regional- and long-range  
transported aerosols, and also provide information to shed light on the disagreements in  
the literature of how aerosols impact and are impacted by precipitation. The INP data  
collected at SAIL provide particular insight into cold-season aerosol-cloud-precipitation  
interactions [DeMott et al, 2010; Hoose and Möhler, 2012; Creamean et al, 2013].   During  
SAIL, filter samples for offline measurement of INPs are being collected approximately  
every 3 days at the AOS following Creamean et al. [2022].  Preliminary data are shown in  
Figure 9. There are clear seasonal distinctions between fall/spring (higher concentrations)  
and winter (lower concentrations), which may be impacted by the wildfires in the fall of  
2021 and the dusty spring of 2022, and, at least for September 2021, impacted by the local  
valley sources at M1 instead of S2.  These results suggest that further measurements are  
needed to assess: 1) the INP seasonal cycle and investigate its phenomenology (i.e., why is  
there a significant seasonal cycle), 2) whether lower wintertime INP concentrations inhibit  
snowfall, 3) why INPs exhibit a non-log-linear relationship between above -15 °C in some  
months but not others [Hill et al, 2016], and 4) if the observations in 2021-2022 are  
representative of typical winters.    
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Figure 9: SAIL’s preliminary cumulative INP spectra from filter samples collected during  
select months.  
  
Preliminary data from the warm-season also indicate that the observations collected by  
SAIL provide a rich level of information on aerosol-cloud-precipitation interactions.  Figure  
10 shows three precipitation events from May, 2022 that were associated with increased  
supermicron (particles with diameters ≥ 1 μm) aerosol events and winds from the south.  
Gas-phase carbon monoxide (CO) values do not exceed 125 ppbv, indicating the source of  
the particles is not likely anthropogenic pollution. BC measurements by the single particle  
soot photometer (SP2) also support this, as BC concentrations were below 50 µg m-3. The  
absorption angstrom exponent (AAE) for 470 nm / 660 nm indicated that the dominant  
absorbing species in the submicron (particles with diameters ≤ 1 μm) fraction was BC since  
the average AAE for the month was 1.15 ± 0.40, but that other absorbing species like brown  
carbon or absorbing dusts were likely present since AAE >1. The single scattering albedo  
(SSA) average for the month at 450 nm was 0.92 ± 0.03 for PM1 and 0.93 ± 0.02 for PM10  
indicating an overall presence of scattering particles.   
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Figure 10: Particulate scattering and absorption coefficients as detected by the NEPH at 450  
nm and PSAP at 470 nm in the AOS. Blue markers/lines represent precipitation events.  
  
The first precipitation event on May 2 started at 09:15 UTC and was preceded by a  
particulate event of increased absorption and scattering that started the day before at  
19:00 UTC on May 1 and continued to 06:30 UTC on May 2 with peak values at 06:15 UTC  
(Figure 10). Submicron number concentrations averaged 887 #/cc, and black carbon  
concentrations reached 55 ng/m3 indicating there was likely some pollution that could be  
due to regional or long-range transport even though CO was below 115 ppbv.  The second  
event occurred on May 4 and was similar to the first event: it was also preceded by a period  
of enhanced scattering and absorption that occurred with an average number  
concentration of 1083 #/cc, BC concentrations of ~42.2 ng m-3 and CO < 125 ppbv.  The  
third event occurred on May 8, preceding three days from May 8 - 10 of high particulate  
scattering and absorption coefficients where submicron number concentrations ranged  
from 400 to 1430 with an average concentration of 813 #/cc and CO was an average of 106  
± 4 ppbv. BC concentrations were not available.  
  
A biomass burning event was observed from May 16 at 18:15 UTC to May 17 01:30 UTC.  
NOAA’s High Resolution Rapid Refresh (HRRR)-Smoke model [Ahmadov et al, 2017]  
indicated the origin was from the Hermits Peak/Calf Canyon Wildfire in New Mexico,  
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approximately 300 km away. At SAIL, CO levels peaked at 193 ppbv, indicating combustion  
sources. Unlike the events associated with precipitation in early May, this event was  
dominated by particles in the submicron size range.  Also, the TBS was deployed during  
this event. Figure 11 shows the TBS vertical profiles that had two concentrated plumes at  
2898 m and 2963 m in addition to elevated particle concentrations between 200 – 400 cm-3  
that were well-mixed within the boundary layer up to 3150 m during the second ascending  
branch of that TBS flight.  The KAZR reflectivity profiles within the TBS flight window  
(bottom panel of Figure 11) indicates that the biomass burning aerosols appear to be  
interacting with clouds in this case.   
  
The observations collected to date at SAIL indicate that there are evident aerosol-cloud- 
precipitation interactions which highlight mysteries on this subject that have yet to be  
resolved.  SAIL will enable researchers to identify relationships between aerosol  
characteristics including both CCN and INPs and cloud properties such as cloud-water path,  
ice-water path, cloud phase, and precipitation for various meteorological conditions.   
  
Associated process modeling studies (e.g., [Xu et al, 2023] can focus on the intersection  
between aerosol regimes and synoptic/mesoscale conditions in the UCRB.  These include  
long-range transported dust and biomass burning aerosols, secondary aerosol production,  
biogenic aerosols, and anthropogenic aerosols generated locally both from combustion and  
land-use activities as well as from cloud-seeding.  SAIL and SAIL-NET data will be especially  
helpful for evaluating microphysics parameterizations to determine if they exhibit the  
sufficient level of complexity to capture quantitatively how the aerosol environment of the  
UCRB impacts clouds and precipitation. Considering the new version of the Energy  
Exascale Earth System Model (E3SM; [Golaz et al, 2022]) (v3; publicly available June 2023)  
will have a new cloud microphysics scheme, those data would be helpful to the evaluation  
of such parameterizations and aerosol-cloud interaction forcing for this new version of  
E3SM.    
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Figure 11: (Upper Panel) Particle number concentrations versus altitude measured by the  
POPS on the ARM TBS on May 16, 2022 between 15:01 UTC and 18:46 UTC. The colors  
represent the time the data was collected from the start of the TBS flight. (Lower Panel) Time- 
series of KAZR reflectivity profiles with TBS flight window denoted by dashed lines showing  
cloud particles.   
  
  
7. Surface Energy Science:  
In the high-altitude complex terrain of the ERW, the SEB varies dramatically across  
seasons. In the winter and spring, it exerts control on the evolution of the frozen surface  
state and local dynamics, and in the summer, it exerts control on both local and regional  
dynamics.  Closing the SEB in snow-dominated environments has proven challenging, even  
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with collocated observations of shortwave and longwave radiation components, ground  
heat flux, and latent heat fluxes [Helgason and Pomeroy, 2012].  During the warm season,  
local radiative forcing becomes increasingly important for large-scale circulation, driving  
low-level flow that transports water vapor into the continental interior from the Gulf of  
California and Gulf of Mexico [Adams and Comrie, 1997]. Radiative fluxes in the Rockies are  
thus crucial for controlling regional-scale winds and precipitation in summer; these fluxes  
produce a column-integrated energy source (CIES) that is positive over all of North  
America in summer and is particularly strong over western orography. The poleward  
extent of North American monsoon rainfall is set by a balance between this net,  
continental-scale energy source and the advection of low-energy air from the cold, mid- 
latitude ocean [Chou and Neelin, 2003; Neelin, 2007; Boos and Pascale, 2021].  In spite of the  
motivation for developing SEB estimates from the watershed scale to the mountain range  
scale, the heterogeneity of the SEB terms (shortwave and longwave radiation, sensible and  
latent heat, and ground heat flux) in complex terrain led Bales et al, [2006] to pose the  
following open research question: “How do we represent and scale basin-wide energy  
balance in complex, heterogeneous terrain from sparse point measurements?”    
  
Because it is completely infeasible to measure these fluxes everywhere all the time,  
physically-based models of SEB terms are necessary, so one of the areas of scientific  
advance for SAIL is to collect measurements across a wide range of surface and  
atmospheric conditions to test the robustness of such models, which have shown varying  
levels of skill in clear-sky and all-sky conditions [Gubler et al, 2012].  
  
In response to this question, the SAIL campaign is addressing SO-5 by developing a set of  
observations that can decompose and understand the primary controls on the terms of the  
seasonally-varying SEB.  With such a result, researchers can evaluate the skill of radiative  
transfer models, for example, since these models are central to atmospheric and land- 
surface process models, and are the same or similar radiative transfer models are often  
used in Earth System Models.    
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The point measurements of surface upwelling and downwelling shortwave and longwave  
radiation and sensible and latent heat that SAIL is collecting, along with similar  
measurements collected by SPLASH, form a valley transect of SEB observations with  
different sky-view geometries where historical SNOTEL observations indicate that there  
are gradients in temperature, snowfall, and snowpack.    
  
There have been and will be first-order effects on the SEB as the frozen surface conditions  
and snow impurities change seasonally, and also due to changing cloud cover throughout  
the SAIL campaign.  This transect of data points provides a wide range of tests of radiative  
transfer models, and one of the key areas of scientific focus is the skill of such models in  
complex terrain.    
  
A key feature of SAIL and SPLASH data is that they enable testing the real-world  
contributions of terrain to downwelling shortwave and longwave radiation.  Specifically,  
they allow researchers to evaluate the magnitude and sign of the biases arising from the  
assumption that surface radiation can be calculated with a one-dimensional model and  
they allow for the determination of how those biases change seasonally.   Three- 
dimensional terrain effects have been calculated [Lee et al, 2015; Feldman et al, 2022] and  
found to be potentially significant sources of model error in complex terrain if they are  
omitted that lead to systematic biases in hydrological modeling.  However, previously- 
published findings showing that terrain effects are significant for mountainous hydrology  
do not take into account the time-varying atmospheric and surface conditions.  Clouds,  
aerosols, and heterogeneous frozen-surface conditions can all impact surface radiation, and  
SAIL data provide a large number of atmospheric and surface conditions to determine if  
unbiased radiative transfer modeling in complex terrain needs first to focus on terrain  
effects or the representations of clouds or aerosols.  This is possible because ARM  
observations can support radiative closure studies (e.g., [McFarlane et al, 2016]) to provide  
a critical test of calculations of model error from terrain effects to ensure that surface  
radiation is calculated accurately and is not, through the simple omission of terrain effects,  
biasing hydrological modeling [Feldman et al, 2022].  

Unauthenticated | Downloaded 09/19/23 05:48 PM UTC



41
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-22-0049.1.

 

 
 

 

  
  
8. Partnerships:  
The SAIL campaign datastreams are augmented through a set of partnerships that bring  
additional resources, including both logistical support and additional observations.  Each of  
these partners recognizes the importance of UCRB water resources but also have different  
goals and objectives for their work in the ERW.  
  
First and foremost, the campaign maintains close ties to the DOE-sponsored Watershed  
Function Scientific Focus Area (SFA) [https://watershed.lbl.gov and Hubbard et al, 2018].   
There are many facets to this partnership, but with respect to SAIL Science Objectives, the  
SFA provides additional precipitation observations, 1-2 lidar surveys per year of the spatial  
distribution of snow-water equivalent from the Airborne Snow Observatory (ASO) [Painter  
et al, 2016] across the entire ERW, detailed surface vegetation observations collected by  
NEON lidar also across the entire ERW [Goulden et al, 2020], additional eddy covariance  
measurements [Ryken et al, 2022], additional aerosol measurements [Christensen et al,  
2015; Asher et al, 2018], and a wide-ranging set of knowledge, perspectives, and modeling  
expertise from the surface and subsurface hydrologists that the SFA supports [Hubbard et  
al, 2018; 2020].   The SFA also provides direct measurements of groundwater and  
streamflow, thereby achieving simultaneous atmosphere-through-bedrock observations to  
advance holistic watershed function understanding.  
  
Through the SFA, there are additional measurements of the snowpack in the ERW that  
directly support SO-2.  During the SAIL campaign, ASO surveyed the SAIL study area in  
2022 (as shown in Figure 12), and also plans to measure in 2023. These observations of 3- 
meter snow depth, surface hyperspectral reflectance, and surface skin temperature are  
complemented by daily satellite-based maps of snow fraction, snow albedo, snow grain  
size, and dust radiative forcing on snow with MODIS [Painter et al., 2009; Painter et al.,  
2012; Dozier et al., 2008; Rittger et al., 2021], which are presented in near-real time via  
Snow Today (https://nsidc.org/snow-today) at the National Snow and Ice Data Center.  
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Figure 12: (top row) ASO SWE observational products over the ERW, (middle row) MODIS  
snow fraction, and (bottom row) MODIS dust radiative forcing (over non-forested areas) on  
(left column) April 21, 2022 and (right column) May 18, 2022. MODIS data are from  
MODSCAG and MODDRFS.   
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Additional partnerships facilitated with the Watershed Function SFA include ongoing  
snowpit measurements [Skiles et al, 2015; 2016; 2017] at Gothic to characterize dust  
deposition on the snowpack across the winter, and paired forest-open meteorological  
stations and intensive snowpit surveys on Snodgrass Mountain.   
  
Second, the Rocky Mountain Biological Laboratory (RMBL) serves as the primary host for  
SAIL instrumentation.  Their technical and logistical support has enabled the deployment of  
SAIL to its M1, S2, and S3 locations.  They also have collected a wide range of long-duration  
observations that are continuing through the SAIL campaign and provide context to its  
observations.  These include, but are not limited to, decades of continuous vegetation,  
weather [Inouye et al, 2000] and aerosol deposition [Clarke et al, 1997] measurements at  
Gothic, as well as, more recently, biweekly aerial surveys of a ~2 km2 area encompassing  
M1 to collect vegetation and snow cover information [Breckheimer et al, 2021].  
  
Third, the Study of Precipitation, the Lower Atmosphere and Surface for Hydrometeorology  
(SPLASH) campaign is supported by National Oceanic and Atmospheric Administration  
(NOAA)  and has concurrently deployed instrumentation to collect information on dozens  
of atmospheric quantities that are the same, similar, or complementary to SAIL  
observations.  SPLASH started in September 2021 and will extend through September  
2023, thereby overlapping nearly completely with the SAIL campaign. SPLASH has  
deployed instruments to four separate locations across the ERW to span north-south  
gradients in surface energy and mass budgets.  An eddy-covariance and surface  
meteorological system has been deployed to the Avery Picnic site, and eddy-covariance,  
precipitation, and radiation measurements have been deployed to the S3 site, while eddy- 
covariance, precipitation, radiation, and boundary layer profiling measurements have been  
deployed to the Brush Creek site, which is 3 km south of S2 and at a location that receives  
far more radiation and far less snow than the other SAIL sites.  Surface meteorological  
sensors, and additional boundary layer profilers have been deployed to the Roaring Judy  
Fish Hatchery, which is 20 km south of S2.  In addition, SPLASH has supported the  
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deployment of crewed and uncrewed aircraft systems to capture information on surface  
state, including surface reflectivity (albedo), snow cover, soil moisture, and SWE.  SPLASH  
data are available at https://psl.noaa.gov/splash/ and greatly augment SAIL’s precipitation  
observations and provide 3 additional radiometric and surface energy budget observations  
that span the north-south gradient of precipitation, temperature, and radiation.  
  
Table 3: Guest Instruments Deployed to SAIL as of March 8, 2023.  
  

Campaign Name Dates Instrument(s) Purpose Location Lead Scientist 

SAILCAIVIMT 9/21 - 
6/23 

Aerosol PSDs, 
CCN 
concentrations, 
and INP 
throughout ERW. 

Characterize 
aerosol spatial 
variability and its 
causes and 
implications in 
ERW. 

M1, S2 

and 4 

other 

locations 

Ezra Levin 
(Handix) 

CPA 9/21 - 
6/23 

Size- and Time-
resolved Aerosol 
Collector 

Determine aerosol 
size-resolved 
chemical 
composition 

S2 Swarup China 
(PNNL) 

SAILAEROSSAMPL 10/21 
- 6/23 

Aerosol particle 
collection with 
chemical imaging 
and molecular 
characterization 

Establish a 
relationship 
between the 
composition of 
aerosol particles 
and their 
atmospheric impacts 

S2 Alex Laskin 
(Purdue U.) 

TWSTSAIL 10/21 
- 6/23 

Cloud optical 
depth, droplet 
effective radius, 
and 
thermodynamic 
phase  

Validate Aerodyne’s 
cloud property 
sensors in high-
altitude complex 
terrain 

M1 Stephen Jones 
(Aerodyne) 

WFSDB 12/21 
- 
10/25 

Citizens Band 
Radio Service 

To develop a high-
bandwidth 5G 
wireless network for 
connecting field 

S2 (hub of 

network) 

Andrew 
Wiedlea 
(LBNL) 
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instruments. 

SSB 4/22 - 
6/23 

Supermicron 
aerosol and 
bioaerosols 

Determine if 
supermicron 
bioaerosols 
influence aerosol 
processes, aerosol-
cloud interactions, 
and the 
hydrological cycle 

S2 Allison Aiken 
(LANL) 

SAILVAPS 4/22 - 
11/22 

Time-resolved 
vertical profiles of 
CCN and INPs  

Assess vertical 
gradients in 
aerosols on TBS 

M1 Russell 
Perkins (CSU) 

PBAS 5/22 - 
7/22 

Vertical profiles 
of bioaerosols 

Assess vertical 
gradients in 
bioaerosols on TBS 

M1 Maria 
Zawadowicz 
(BNL) 

SAIL-AVP 9/22 - 
4/23 

Vertical profiles 
of CCN and INPs 

Assess vertical 
gradients in 
aerosols on TBS 

PH Allison Aiken 
(LANL) 

SAIL-ISO 6/22 - 
6/23 

Stable isotopic 
composition of 
water vapor 

Collect information 
on  sources and 
sinks of atmospheric 
water vapor 

M1 Joseph 
Galewsky (U. 
New Mexico) 

SAILTOBS 9/22 - 
6/23 

Snowflake 
cameras and 
acoustic mass-flux 
sensors 

Observe mixed-
phase and frozen 
hydrometeors in 
winter 

M1, S3 Aaron 
Kennedy (U. 
North Dakota) 

SAILCORSIPP 9/22-
6/23 

W-band scanning 
radar and 
snowflake camera 

Characterization of 
orographically 
induced riming 

M1 Max Maahn 
(U. Leipzig) 

SOS 9/22 - 
6/23 

Integrated 
Surface Flux 
System 
[UCAR/NCAR, 
1990] 

Directly measure 
sublimation from 
snowpack and 
blowing snow. 

S3 Jessica 
Lundquist (U. 
Washington) 
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Fourth, the SAIL campaign maintains close ties with a campaign supported by the National  
Science Foundation called Sublimation of Snow (SOS).  This campaign directly supports  
SAIL’s SO-2 that pertains to snow sublimation and wind redistribution.  As part of SOS, the  
Earth Observing Laboratory deployed four flux towers, each with a terrestrial lidar scanner  
at Kettle Ponds to measure the sublimation of the snowpack directly at that site. The SOS  
project will use SAIL data to understand the larger-scale mountain-valley turbulence to  
specifically measure how sublimation at a point relates to valley scale circulation and water  
vapor fluxes through the atmosphere.  
  
Fifth, SAIL interfaces with a number of federal, state, and local water monitoring and  
forecasting agencies, including the USGS Next Generation Water Observing System  
(NGWOS), the US Bureau of Reclamation (USBR), and the Upper Gunnison Water  
Conservancy District. Collaborative efforts include leveraging SAIL precipitation retrievals  
and energy balance estimates for improved water supply forecasting, as well as model  
development and verification for USBR led anthropogenic cloud-seeding (weather  
modification) efforts.   
  
Finally, SAIL has a built-in capability that enables community research.  ARM is a national  
user facility, and therefore has an established process for supporting guest instruments,  
including by providing ongoing logistical support for such instrumentation.  Numerous  
guest instruments have already been deployed, as listed in Table 3, and interested groups  
are encouraged to submit proposals for such support.  
  
9. Summary and Discussion  
Given the importance of the watersheds of the UCRB to ecosystems and societies in the  
West, the integrated understanding and prediction of these systems is paramount, as  
highlighted in the Department of Energy’s interest in Integrated Mountainous  
Hydroclimate [U.S. DOE, 2022].  Nevertheless, these systems are poorly sampled or lack  
observations sufficient to constrain model development, and as such there is no clear path  
towards substantive improvements in understanding and prediction of these systems  
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[Vano et al, 2014].  SAIL seeks to make substantive contributions to mountainous  
hydrology in the UCRB through the simultaneous collection of atmospheric, surface and  
subsurface observations. The goal is to determine, in the UCRB, what is the minimum but  
sufficient amount of atmospheric and land-atmosphere interaction process information  
needed to develop unbiased seasonal estimates of the surface energy and water budgets.  
  
To achieve this goal, SAIL is multi-faceted out of necessity: there are many simultaneously  
occurring, interconnected processes in the atmosphere, land-surface, and sub-surface that  
impact mountainous hydrology.  Because the UCRB is an area with significant, large,  
multiscale gradients and first-order spatial and temporal heterogeneity in mountainous  
hydrology, it is infeasible to develop observational constraints of the dominant  
hydrological processes at all locations across the basin at all times.    
  
One of the distinguishing features of SAIL is that it features multiple simultaneous  
measurements of the atmosphere collocated with multiple simultaneous measurements  
collected by its partners.  These are useful for developing multivariate observational  
analyses of processes, especially for point observations where questions of  
representativeness must be addressed in the face of substantial spatial heterogeneity. It is  
the combination of multiple datastreams, capturing diel, synoptic, seasonal and interannual  
variability that enable a cutting-edge scientific exploration of the processes of interest for  
SAIL.     
  
To that end, while SAIL, with a duration of 21 months, is undersampling interannual  
hydrological variability in the UCRB, SAIL’s approach is designed to aid the scientific  
community by using a large number of simultaneous, independent datastreams to  
interrogate major hydrological process in the ERW.  It is thereby establishing the level of  
required observational detail to advance the predictive understanding of mountainous  
hydrology beyond the ERW and across the UCRB. Furthermore, because measurements  
from the Watershed Function SFA including airborne snow surveys and from RMBL of  
surface precipitation both preceded (in the case of RMBL, by decades) and will succeed  
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SAIL and thereby capture interannual hydrological variability, the information produced  
from the SAIL data can show where and when Watershed Function SFA and RMBL  
observations are skillful and representative of larger features of the ERW and advance  
hydrology research across that longer envelope.  
  
Because SAIL covers two autumns, two winters, two springs, and one summer, it also  
enables the collection of data, interim analysis, and the development of hypotheses  
regarding dataset features that vary seasonally and the testing of those hypotheses with  
data during the second half of the SAIL campaign.  The formulation and testing of these  
hypotheses can be very useful for answering SAIL’s overarching science question because  
they focus on forming generalizations from the data when not all of it has been collected.   
  
The cold-season snowpack accumulation at the SNOTEL stations in the ERW for WY22 was  
within 5% of the 1990-2020 median, but the spring experienced more long-range dust  
transport and stronger winds than average in the spring of 2022. Meanwhile, the summer  
monsoon was very strong, with dozens of thunderstorms experienced by SAIL.   
Nevertheless, the meteorological events of SAIL’s 21 months of data collection enable  
atmospheric, surface, and sub-surface process analyses, though interannual variability in  
precipitation and aerosols, may be under-sampled during SAIL’s 21 months of data  
collection given the persistent La Niña conditions in WY21 and WY22 and limited number  
of western states wildfires.  Follow-on observations that build off of SAIL in the ERW and  
across the UCRB, should they be available, will create more confidence that the findings  
from SAIL are relevant and representative of atmosphere-through-bedrock interactions  
across the UCRB.  Precipitation radar, distributed aerosol collection, and sensing that  
leverage the wireless network capabilities that SAIL enabled, are priority observations for  
the ERW and UCRB after the completion of the SAIL campaign.  These can establish a base- 
line monitoring network to contextualize SAIL observations so that they can be used as a  
starting-off point to catalyze periodic, intensive follow-up observations to ensure that the  
mountainous hydrology scientific community’s needs for comprehensive observations,  
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which engendered SAIL in the first place, are not going unfulfilled beyond the end date of  
the SAIL campaign.  
  
Connections to modeling activities are critical to SAIL’s contributions to hydrology, since  
new and/or improved process models will be required to extend the scientific findings  
from SAIL to larger basins to support future water resource predictions.  To date, there are  
ongoing efforts to support SAIL through concurrent simulations of the Weather Research  
and Forecasting (WRF) model [Rudisill et al, 2022; Xu et al, 2023], variable-resolution Earth  
System Modeling [Rhoades et al; 2018a,b], and surface/subsurface process modeling  
[Maina et al, 2022].  Ultimately, process models serve as an important bridge to developing  
a sufficient process representation competency in Earth System Models.   
  
Finally, given the scope of the campaign, there is a substantial amount of information in the  
data being collected that awaits analysis from the larger scientific community.   
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