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Executive Summary 

Mountains are the natural water towers of the world, effectively turning water vapor into readily available 
fresh water through precipitation, snowpack, and runoff. Unfortunately, Earth system models (ESMs) 
have persistently been unable to predict the timing and availability of water resources from mountains 
because the source(s) of model error are difficult to isolate in complex terrain with limited atmospheric or 
land-surface observations. Further complications arise from the gross scale mismatch between ESM grid 
box sizes and the relevant scales of mountainous hydrological processes. The mountain 
hydrometeorology community has repeatedly called for integrated atmospheric and land observations of 
water and energy budgets in complex terrain that span these scales to establish benchmarks against which 
scale-dependent models can be further developed. 

The Surface Atmosphere Integrated field Laboratory (SAIL) campaign responds to these calls by 
deploying the U.S. Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) user 
facility’s second Mobile Facility (AMF2), additional ARM instrumentation, and an X-band scanning 
precipitation radar from Colorado State University to the East River Watershed near Crested Butte, 
Colorado. Integrated observations are key to the success of the SAIL campaign. Therefore, SAIL will 
collocate atmospheric observations with the long-standing collaborative resources including the ongoing 
surface and subsurface hydrologic observations from the DOE’s Watershed Function Science Focus Area 
(SFA). It will also work closely with the U.S. Geological Survey (USGS) as part of its Next-Generation 
Water Observing System (NGWOS), the National Oceanic and Atmospheric Administration (NOAA)’s 
Study of Precipitation and Lower-Atmospheric impacts on Streamflow and Hydrology (SPLASH), and 
the Rocky Mountain Biological Laboratory. 

SAIL’s main science question is: Across a range of models from LES to mesoscale process to Earth 
system models, what level of atmospheric and land-atmosphere interaction process fidelity is needed to 
produce unbiased seasonal estimates of the surface energy and water budgets of mountainous watersheds 
in the Upper Colorado River Basin? 

In order to answer that question, SAIL will collect data to address four key science sub-questions: 

1. SSQ-1. How do multi-scale dynamic and microphysical processes control the spatial and temporal 
distribution, phase, amount, and intensity of precipitation? 

2. SSQ-2. How strongly do aerosols affect the surface energy and water balance by altering clouds, 
precipitation, and surface albedo, and how do these impacts vary seasonally? 

3. SSQ-3. 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? 

4. SSQ-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? 

SAIL data will enable the quantification of the processes that need to be represented at the scale of 
mountainous watersheds, to help build a foundation for the robust process modeling required to advance 
the representation of mountain hydrology in ESMs. 
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The campaign will start on September 1, 2021 and end on June 15, 2023, allowing for observations of 
precipitation, aerosol, cloud, radiative, and surface processes as they impact mountainous hydrology 
across multiple seasonal cycles. 
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Acronyms and Abbreviations 

3D three-dimensional 
ABL atmospheric boundary layer 
ACSM aerosol chemical speciation monitor 
AERI atmospheric emitted radiance interferometer 
AERIOE Atmospheric Emitted Radiance Interferometer Optimal Estimation Value-Added 

Product 
AGL above ground level 
AMF ARM Mobile Facility 
AOP Aerosol Optical Properties Value-Added Product 
AOS Aerosol Observing System 
AOSMET AOS meteorological measurements 
APS aerodynamic particle sizer 
ARM Atmospheric Radiation Measurement 
ASD Analytical Spectral Devices 
ASFS Atmospheric Surface Flux Station 
ASO Airborne Snow Observatory 
ASR Atmospheric System Research 
BC black carbon 
BCSD-CMIP5 Bias-Corrected, Spatially Disaggregated downscaled Coupled Model 

Intercomparison Project – Phase 5 
BER Biological and Environmental Research 
BERAC Biological and Environmental Research Advisory Committee 
BL boundary layer 
BrC brown carbon 
CASTNET Clean Air Status and Trends Network 
CB cloud base 
CBAC Crested Butte Avalanche Center 
CBMR Crested Butte Mountain Resort 
CCN cloud condensation nuclei, cloud condensation nuclei particle counter 
CEIL ceilometer 
CERES Clouds and the Earth’s Radiant Energy System 
CIES column-integrated energy source 
CLAMPS Collaborative Lower Atmospheric Mobile Profiling System 
CO carbon monoxide, carbon monoxide mixing ration system 
CONUS continental United States 
CPC condensation particle counter 
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CPCF condensation particle counter-fine 
CSPHOT Cimel sunphotometer 
CSU Colorado State University 
CWCB Colorado Water Conservation Board 
CWP cloud water path 
DEM digital elevation model 
DL Doppler lidar 
DLPROF Doppler Lidar Profiles Value-Added Product 
DOE U.S. Department of Energy 
DSM digital soil mapping 
EC eddy covariance 
ECOR eddy correlation flux measurement system 
EDW elevation-dependent warming 
EESM Earth and Environmental System Modeling 
EESSD Earth and Environmental Systems Sciences Division 
EM electromagnetic 
EPA Environmental Protection Agency 
ESM Earth system model 
ESS Environmental System Science 
ET evapotranspiration 
EVI enhanced vegetation index 
FT free troposphere 
GNDRAD ground radiometer on stand for upwelling radiation 
GPM Global Precipitation Measurement 
HRRR High-Resolution Rapid Refresh 
HSRL high-spectral-resolution lidar 
HTDMA humidified tandem differential mobility analyzer 
IFL integrated field laboratory 
IMPROVE Interagency Monitoring of Protected Visual Environments 
INP ice-nucleating particle 
IOP intensive operational period 
IRT infrared thermometer 
IWP ice water path 
JPL Jet Propulsion Laboratory 
KAZR Ka-band ARM Zenith Radar 
LAI leaf area index 
LBNL Lawrence Berkeley National Laboratory 
LDQUANTS Laser Disdrometer Quantities Value-Added Product 
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LES large-eddy simulation 
LIDAR light detection and ranging 
MARCUS Measurements of Aerosols, Radiation, and Clouds over the Southern Ocean 
MASL meters above sea level 
MERRA-2 Modern-Era Retrospective analysis for Research Applications, Version 2 
MET surface meteorological instrumentation 
MFRSR multifilter rotating shadowband radiometer 
MFRSRCOD Multifilter Rotating Shadowband Radiometer Cloud Optical Depth Value-Added 

Product 
MODIS Moderate Resolution Imaging Spectroradiometer 
MPL micropulse lidar 
MT-CLIM Mountain Climate Simulator 
MWR microwave radiometer 
MWR3C microwave radiometer, 3-channel 
MWRLOS Microwave Water Radiometer: Water Liquid and Vapor along Line of Sight Path 

Value-Added Product 
NADP National Atmospheric Deposition Program 
NAM North American Monsoon 
NAME North American Monsoon Experiment 
NARCCAP North American Regional Climate Change Assessment Program 
NASA National Aeronautics and Space Administration 
NCAR National Center for Atmospheric Research 
NCP normalized coherent power 
NDVI normalized difference vegetation index 
NEON National Ecological Observatory Network 
NEPH nephelometer 
NGWOS Next-Generation Water Observing System 
NOAA National Oceanic and Atmospheric Administration 
NOHRSC National Operational Hydrologic Remote Sensing Center 
NPF new particle formation 
NSF National Science Foundation 
OACOMP Organic Aerosol Component Value-Added Product 
OZONE ozone monitor 
PARS2 Parsivel2 disdrometer 
PBL planetary boundary layer 
PCASP passive cavity aerosol spectrometer 
PH Pumphouse 
POPS printed optical particle spectrometer 
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PPI plan-position indicator 
PRISM Parameter-Elevation Regressions on Independent Slopes Model 
PSAP particle soot absorption photometer 
QCECOR Quality-Controlled Eddy Correlation Measurement Value-Added Product 
RADFLUXANAL Radiative Flux Analysis Value-Added Product 
RADSYS radiometer suite 
RGB red, green, blue 
RGMA Regional & Global Model Analysis 
RHI range-height indicator 
RMBL Rocky Mountain Biological Laboratory 
RWP radar wind profiler 
SAIL Surface Atmosphere Integrated Field Laboratory 
SBR Subsurface Biogeochemical Research 
SEB surface energy balance 
SEBS surface energy balance system 
SFA Science Focus Area 
SKYRAD sky radiometers on stand for downwelling radiation 
SLR Snow-Level Radar 
SMPS scanning mobility particle sizer 
SNICAR Snow-Ice and Aerosol Radiative Transfer 
SNOTEL Snow Telemetry 
SO science objective 
SOA secondary organic aerosol 
SONDE balloon-borne sounding system 
SP2 single-particle soot photometer 
SPLASH Study of Precipitation and Lower-Atmospheric impacts on Streamflow and 

Hydrology 
SQ science question 
SSQ science sub-question 
STAC size- and time-resolved aerosol counter 
STORMVEX Storm Peak Lab Cloud Property Validation Experiment 
SURFRAD Surface Radiation Network 
SWE snow-water equivalent 
TBS tethered balloon systems 
TES Terrestrial Ecosystem Science 
TOA top-of-atmosphere 
TRMM Tropical Rainfall Measuring Mission 
TSI total sky imager 
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UAV unmanned aerial vehicle 
UHSAS ultra-high-sensitivity aerosol spectrometer 
USGS U.S. Geological Survey 
VAP Value-Added Product 
VARANAL Constrained Variational Analysis Value-Added Product 
VR-CESM Variable-Resolution Community Earth System Model 
WBPLUVIO2 Pluvio2 weighing bucket rain gauge 
WFSFA Watershed Function Scientific Focus Area 
WRF Weather Research and Forecasting 
WU Weather Underground 
WUS Western United States 
XBPWR X-band dual-polarimetric weather radar 
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1.0 Background 
The majority of worldwide water resources (60-90%) emerge from mountains (Huss et al. 2017). In North 
America, mountains comprise a quarter of the continent’s land area, but store 60% of the snowpack 
(Wrzesien et al. 2018). However, these water towers of the world are threatened by many factors 
contributing to elevation-dependent climate warming (Barnett et al. 2005, Mote et al. 2018, MRI 2015, 
López-Moreno et al. 2017, Musselman et al. 2017), with deleterious implications for snow cover, water 
resources, and even atmospheric dynamics (Chen et al. 2017, MRI 2015, Mote et al. 2018). This warming 
is expected to induce modifications to snow accumulation, melt, and subsequent water budget partitioning 
and is expected to decrease streamflow (Clow 2010, Barnhart et al. 2016, Li et al. 2017, 
McCabe et al. 2017). Given the potential for water resource stress in the near and long term, there are 
clear societal needs for Earth system models (ESMs) to provide robust predictions of how water resources 
arising from, especially, mid-latitude mountain systems will evolve in a changing climate. 

Unfortunately, across many generations of development, ESMs have shown persistent problems in the 
prediction of both trends in these resources and their availability across seasons. Across Earth’s major 
mountain ranges, the amplification of warming trends at higher-elevations has been underestimated by 
models (Rangwala et al. 2012). This accelerated, elevation-dependent warming (EDW) has large 
implications for snow cover, water resources, and even atmospheric dynamics (Qian et al. 2011, 
MRI 2015, Huss et al. 2017, Mote et al. 2018). A number of mechanisms have been advanced to explain 
EDW, which range from surface albedo feedbacks to changes in downwelling longwave radiation from 
air temperature and surface humidity (Palazzi et al. 2017, 2019). 

ESM performance on the seasonal scale also has significant room for improvement. In the winter and 
spring, ESMs exhibit an inability to capture the temporal dynamics of mountain snowpack in the western 
US (Frei et al. 2005, Rutter et al. 2009, Essery et al. 2009). Work by Chen et al. (2014), Wu et al. (2017), 
and Rhoades et al. (2016, 2018a,b,c), indicates that many ESMs exhibit a mode of common failure in the 
date of peak snowpack timing and in spring snowmelt rate within both the California Sierra Nevada and 
Colorado Rocky Mountains. In the summer, precipitation in the western and central U.S. has exhibited 
seasonal shifts on decadal time-scales, with significant implications for water resources and planning 
(Gochis et al. 2006, Grantz 2007), but again, model prediction of these trends and variability have much 
room for improvement (Liang et al. 2008, Castro et al. 2012, Sheffield et al. 2013, Clark et al. 2015a,b). 

Recent work has revealed that process-specific details matter. Rhoades et al. (2018a) found that projected 
changes in western United States (WUS) mountainous snow-water equivalent (SWE) from before 2005 to 
2045-2065 are -19% for North American Regional Climate Change Assessment Program (NARCCAP), -
26% for the Bias-Corrected, Spatially-Disaggregated downscaled Coupled Model Intercomparison Project 
– Phase 5 (BCSD-CMIP5), -38% for Variable-Resolution Community Earth System Model (VR-CESM), 
and -69% for raw climate model fields for CMIP5. The NARCCAP provides an estimate of SWE changes 
in regional climate models, while BCSD-CMIP5 estimates those changes with statistical downscaling, 
and VR-CESM provides estimates from variable-resolution climate model simulations. All of these 
simulations have different inherent assumptions about how the processes significantly impact 
mountainous hydrology. Regional climate models contain parameterized processes that differ from their 
parent model, statistical downscaling techniques focus on capturing the myriad processes that impact 
mountainous hydrology through statistical analysis of observations, and variable-resolution simulations 
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have similar or identical parameterizations as their parent model. It should be noted that the largest 
decrease in SWE, as exhibited by the raw CMIP5 models, is also the most suspect. Due to their coarse 
resolution, numerous processes of relevance, especially related to the nonlinear interactions between 
complex terrain and the atmosphere, these raw simulations have the largest bias and exhibit almost no 
SWE during the historical observational period. 

Efforts to fix these problems are hampered by questions of which model process representation(s) are 
contributing most to this error, and extreme heterogeneity in mass and energy fluxes in high-altitude 
complex terrain complicates efforts to transfer a limited set of observations to a broader understanding of 
the drivers of model errors in mountain hydrology. Given the gross scale mismatch between the size of a 
typical ESM grid cell (~100 km) and the spatial and temporal heterogeneity of atmospheric and 
land-surface hydrological processes (~1 km and ~10 m, respectively), and observational campaigns are 
often challenged in resolving these processes across their range of temporal and spatial scales. This has 
led to a breakdown of the traditional observation and modeling workflow in complex terrain. That is, the 
approach whereby researchers collect observational data in the mountains, confront models with those 
data, identify model skill and reveal model deficiencies, and make improvements to those models 
accordingly, is not straightforward because these systems are so under-observed that traditional 
atmospheric process models, such as convection-permitting Weather Research and Forecasting (WRF), 
are more reliable for forcing hydrological models than observational data sets like Parameter-Elevation 
Regressions on Independent Slopes Model (PRISM) (Lundquist et al. 2019). Consequently, the model 
improvement pathway is ill-posed: The ways in which a limited set of new observations can improve 
atmospheric process models are often not immediately clear. 

This challenge is not insurmountable, however: A focus on the understanding and quantification of the 
processes across these scales can, with process model support, produce a data set whereby the process 
observations are transferable to ESMs. In this spirit, progress in ESM representation of seasonal mountain 
hydrology requires a focused effort to quantify the sub-grid land-atmospheric processes at appropriate 
scales. Figure 1 diagrams these processes in mid-latitude, continental interior watersheds. 
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Figure 1. Cartoon of the dominant atmospheric and surface processes in mid-latitude continental 

interior mountainous watersheds that impact mountainous hydrology and their interseasonal 
variability including precipitation, radiation, snow sublimation, and wind redistribution in the 
fall-winter and evapotranspiration, dust-on-snow, advective flows, and convection in the 
spring/summer. 

For these watersheds, several qualitatively understood processes impact hydrology and change 
dramatically across seasons, many of which are atmospheric in nature and several that involve 
surface-atmosphere interactions. Orographic precipitation in fall and winter, and occasionally spring and 
convective precipitation in summer, represent the dominant water inputs to these watersheds. The 
snowpack is influenced by a number of processes including sublimation losses and wind redistribution 
that occur principally in the atmosphere. Aerosols influence both the energetics of the snowpack and 
precipitation and clouds, while seasonally varying radiation strongly forces the snowpack. All of these are 
critical for setting the major driver for mountainous watershed availability: The snowpack’s snow-water 
equivalent. Meanwhile, a major loss pathway for water in the spring, summer, and fall is 
evapotranspiration. 

To understand the hydrology of these watersheds, a holistic understanding of these interwoven processes 
is necessary. Consequently, the mountain hydrometeorology community has long recognized the 
importance of simultaneous measurements in energy and water fluxes within complex terrain in order to 
manage and predict water resources through the understanding and quantification of relevant processes 
(Lundquist et al. 2003, Bales et al. 2006, Henn et al. 2016, Lundquist et al. 2016, Henn et al. 2018). The 
community has emphasized that integrated atmospheric and land observations can test how models 
represent both precipitation and surface processes (Viviroli et al. 2011, Rasmussen et al. 2012) and 
evaluate the accuracy of commonly used mountain reanalysis products (Henn et al. 2016, 2018). The 
mountain hydrometeorology community has declared that both a combination of land and atmosphere 
observations and targeted modeling studies are needed to improve understanding of the coupling between 
precipitation and hydrologic fluxes (Bales et al. 2006, Viviroli et al. 2011, Lundquist et al. 2015, 
Clark et al. 2015a,b). Furthermore, DOE’s Biological and Environmental Research Advisory Committee 
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(BERAC) has specifically requested integrated field laboratories (IFLs), including those in mountainous 
watersheds, and suggested their prioritization to advance BER science (BERAC 2015). Finally, the 2019 
ARM Mobile Facility Workshop Report has highlighted that Mountainous and Complex Terrain regions 
are a Region/Area of Interest because these AMF campaign data have the potential to inform science 
questions on turbulence, aerosols, and land-atmosphere interactions in order to improve and evaluate 
model parameterizations (U.S. DOE 2019). 

Messerli et al. (2004) highlights those mountain ranges that are the most hydrologically significant and, 
for application purposes, helps prioritize their study. In North America, the Colorado River is the most 
hydrologically significant, draining an area of 640,000 km2 with approximately 74 km3 of annual 
discharge (60 million acre-feet). These water resources enable ~53 gigawatts of electric power generation 
capacity, support ~$1.3 trillion of economic activity annually, and provide ~15 million jobs 
(James et al. 2014), but water resources from this river have been dwindling – they have decreased by 
9.3 % °C-1 of warming over the past 100 years (Milly et al. 2020). Within this large watershed, there are 
areas of significant research and modeling focus, but one in particular stands out because it has been 
extensively studied with long-duration biological experiments and, more recently, it is the focus of 
sustained and intensive research activity. The left panel of Figure 2 shows the drainage area of the 
Colorado River Basin, highlighting the principal tributaries of the Colorado River (Gila, San Juan, and 
Gunnison). 

 
Figure 2. The 640,000 km2 Colorado River Watershed and, on the right, the 300 km2 drainage that 

includes Coal Creek, the Slate River, Washington Gulch and the East River located within 
20 km of Crested Butte, Colorado. 

The Gunnison River is one of the largest tributaries of the Colorado River. The right panel of Figure 2 
shows that the Upper Gunnison Basin’s East River Watershed, located in the Elk Mountain range of the 
Rocky Mountains, is the central focus of the Watershed Function Scientific Focus Area (WFSFA) 
(http://watershed.lbl.gov). The WFSFA is supported by DOE’s Biological and Environmental Research 
(BER) Subsurface Biogeochemical Research (SBR) program to advance predictive watershed 
hydro-biogeochemistry (Hubbard et al. 2020). 

1.1 Campaign Overview 

SAIL is a field campaign that arose out of the repeated scientific community requests for integrated 
atmosphere-through-bedrock observations in mountainous watersheds. It will deploy the Second Mobile 

http://watershed.lbl.gov/
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Facility of DOE’s ARM facility (AMF2) to the East River Watershed of the Upper Colorado River in 
southwestern Colorado. Most of the AMF2 instruments will be located just south of the Rocky Mountain 
Biological Laboratory at Gothic, Colorado. 

 
Figure 3. Watershed boundaries of Coal Creek, Slate River, Washington Gulch, and the East River, 

along with tributary overlays. The two principal sites of the SAIL deployment are indicated. 
Most AMF2 instruments will be located in Gothic, while the scanning precipitation radar and 
the AOS will be located at the Old Teocali Lift site. 

The containerized instruments will be located adjacent to Gunnison County Road 317 (38°57'22.35"N, 
106°59'16.66"W), while the field instruments will be located on an adjacent hill (38°57'22.99"N, 
106°59'8.79"W). The containerized instruments will be located within the East River Valley at an 
elevation of ~2885 meters above sea level (MASL) with the instruments on the adjacent hill at 
~2917 MASL. In addition to the AMF2, SAIL will also deploy a scanning, X-band dual-polarimetric 
weather radar (XBPWR) to provide observations of precipitation amount and type across the East River 
Watershed. Colorado State University (CSU) will provide the XBPWR and that institution will provide 
support for the development of precipitation retrievals. The XBPWR and the Aerosol Observing System 
(AOS) will be placed together at an elevated location on Crested Butte Mountain near the Old Teocali 
Lift (38°53'52.66"N, 106°56'35.21"W) at an elevation of ~3137 MASL. The XBPWR and AOS 
measurements will be separated by ~7.5 km from the AMF2. 

For SAIL, the AMF2 instruments that will be deployed can be grouped into several categories: 
1. Aerosol Observing System (AOS): 

1. Aerosol chemical speciation monitor (ACSM) 
2. Aerosol Observing System meteorology station (AOSMET) 
3. Ambient nephelometer (NEPH) 
4. Carbon monoxide mixing ratio system (CO) 
5. Ozone monitor (O3) 
6. Cloud condensation nuclei counter (CCN) 

https://www.arm.gov/capabilities/instruments/aos
https://www.arm.gov/capabilities/instruments/acsm
https://www.arm.gov/publications/tech_reports/handbooks/doe-sc-arm-tr-184.pdf
https://www.arm.gov/capabilities/instruments/nephelometer
https://www.arm.gov/capabilities/instruments/co
https://www.arm.gov/capabilities/instruments/ozone
https://www.arm.gov/capabilities/instruments/ccn
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7. Condensation particle counter (CPC) 
8. Humidified tandem differential mobility analyzer (HTDMA) 
9. Ice-nucleating particle (INP) 
10. Particle soot absorption photometer (PSAP) 
11. Scanning mobility particle sizer (SMPS) 
12. Single-particle soot photometer (SP2) 
13. Ultra-high-sensitivity aerosol spectrometer (UHSAS) 

2. Cloud Properties: 
1. Ceilometer (CEIL) 
2. High-spectral-resolution lidar (HSRL) 
3. Ka-band ARM Zenith Radar (KAZR) 
4. Micropulse lidar (MPL) 
5. Total sky imager (TSI) 

3. Radiometry: 
1. Atmospheric emitted radiance interferometer (AERI) 
2. Cimel sun photometer (CSPHOT) 
3. Ground radiometers on stand for upwelling radiation (GNDRAD) 
4. Infrared thermometer (IRT) 
5. Multi-filter rotating shadowband radiometer (MFRSR) 
6. Microwave radiometer 3-channel (MWR3C) 
7. Microwave radiometer line of sight (MWRLOS) 
8. Sky radiometers on stand for downwelling radiation (SKYRAD) 

4. Surface Meteorology/Fluxes: 
1. Disdrometer (PARS2) 
2. Eddy correlation flux measurement system (ECOR) 
3. Surface energy balance system (SEBS) 
4. Surface meteorology system (MET) 
5. Weighing bucket precipitation gauge (WBPLUVIO2) 

5. Winds: 
1. Doppler lidar (DL) 
2. Radar wind profiler (RWP) 
3. Radiosonde (SONDE) 

Tables 1-5 provides a description of the instrument dimensions, spatial and temporal resolution, range, 
and the geophysical variable(s) to which the fundamental measurements are sensitive for the SAIL 
datastreams. 

https://www.arm.gov/capabilities/instruments/cpc
https://www.arm.gov/capabilities/instruments/htdma
https://www.arm.gov/news/facility/post/62670
https://www.arm.gov/capabilities/instruments/psap
https://www.arm.gov/capabilities/instruments/smps
https://www.arm.gov/capabilities/instruments/sp2
https://arm.gov/capabilities/instruments/uhsas
https://arm.gov/capabilities/instruments/ceil
https://arm.gov/capabilities/instruments/hsrl
https://arm.gov/capabilities/instruments/kazr
https://arm.gov/capabilities/instruments/mpl
https://arm.gov/capabilities/instruments/tsi
https://arm.gov/capabilities/instruments/aeri
https://arm.gov/capabilities/instruments/csphot
https://arm.gov/capabilities/instruments/gndrad
https://arm.gov/capabilities/instruments/irt
https://arm.gov/capabilities/instruments/mfrsr
https://arm.gov/capabilities/instruments/mwr3c
https://arm.gov/capabilities/instruments/mwr
https://arm.gov/capabilities/instruments/skyrad
https://arm.gov/capabilities/instruments/disdrometer
https://arm.gov/capabilities/instruments/ecor
https://arm.gov/capabilities/instruments/sebs
https://arm.gov/capabilities/instruments/met
https://arm.gov/capabilities/instruments/rain
https://arm.gov/capabilities/instruments/dl
https://arm.gov/capabilities/instruments/rwp
https://arm.gov/capabilities/instruments/sonde
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Table 1. List of SAIL AOS instruments including summary information on specific instrument 
capabilities, dimension of observations, spatial and temporal resolution, range, and quantities 
that instruments observe. 

Instrument Dimensions 
Spatial 

Resolution 
Temporal 

Resolution Range Measurement 

ACSM Point Obs N/A 30 minutes N/A Aerosol speciation 

AOSMET Point Obs N/A 1 second N/A RH, T, winds 

CO Point Obs N/A 1 minute N/A Carbon monoxide 

CCN Point Obs N/A 1 second N/A Cloud condensation nuclei 

CPC Point Obs N/A 1 second N/A Sub-micron aerosol particle 
number concentration 

HTDMA Point Obs N/A 10 minutes N/A Aerosol particle hygroscopicity 

INP Point Obs N/A 2x weekly N/A Immersion freezing temperature 
spectra of ice-nucleating 
particles 

NEPH Point Obs N/A 5 seconds N/A Scattering and hemispheric 
backscatter of aerosols 

O3 Point Obs N/A 5 seconds N/A Surface atmospheric ozone 
concentration 

PSAP Point Obs N/A 1 second N/A Bulk absorption of surface 
atmospheric aerosols 

SMPS Point Obs N/A TBD N/A Surface aerosol size distribution 

SP2 Point Obs N/A 1 minute N/A Surface atmospheric soot mass 

UHSAS Point Obs N/A 10 seconds N/A Surface aerosol size distribution 
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Table 2. List of SAIL cloud instruments including summary information on specific instrument 
capabilities, dimension of observations, spatial and temporal resolution, range, and quantities 
that instruments observe. 

Instrument Dimensions 
Spatial 

Resolution 
Temporal 

Resolution Range Measurement 

CEIL Z 10 m 16 seconds 7.5 km PBL, CB height, atmospheric 
backscatter 

HSRL Z 7.5 m 5 seconds 30 km Vertical profiles of optical depth, 
backscatter cross-section, 
depolarization, and backscatter 
phase function 

KAZR Z 30 m 1 minute 20 km Vertically-resolved cloud particle 
profiles of Doppler velocity, 
reflectivity, and spectral width at 
Ka band 

MPL Z 15 m 10 seconds 18 km Aerosol and cloud location and 
scattering property profiles, 
hydrometeor phase 

TSI X, Y <45 m 30 seconds 6 km Horizontal distribution of cloud 
sky fraction 

Table 3. List of SAIL wind instruments including summary information on specific instrument 
capabilities, dimension of observations, spatial and temporal resolution, range, and quantities 
that instruments observe. 

Instrument Dimensions 
Spatial 

Resolution 
Temporal 

Resolution Range Measurement 

DL X, Y, Z 30 m 30 seconds 10 km 3D radial wind velocities 

RWP Z 10 m 1 hour 10 km Vertical wind profiles of speed and 
direction 

SONDE Z 100 m 6 hours 6 km Atmospheric profiles of 
temperature and water vapor and 
wind speed and direction 
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Table 4. List of SAIL radiometry instruments including summary information on specific instrument 
capabilities, dimension of observations, spatial and temporal resolution, range, and quantities 
that instruments observe. 

Instrument Dimensions 
Spatial 

Resolution 
Temporal 

Resolution Range Measurement 

AERI Z, limited X,Y 100 m 30 seconds 10 km RH and T profiles 

CSPHOT Point Obs N/A 1 minute N/A Solar and sky irradiance 

GNDRAD Point Obs N/A 1 minute N/A Shortwave and longwave 
broadband radiative flux 

IRT Point Obs N/A 3 seconds N/A Equivalent blackbody brightness 
temperature in field of view  

MFRSR Point Obs N/A 1 minute N/A Aerosol optical depth, diffuse 
and direct radiation, total water 
vapor derived from radiance at 6 
channels from 415 nm to 940 
nm 

MWR3C Point Obs N/A 1 second N/A Total column liquid water in 
clouds and total column 
gaseous water vapor 

MWRLOS Point Obs N/A 1 second N/A Total column liquid water in 
clouds and total column 
gaseous water vapor 

SKYRAD Point Obs N/A 1 minute N/A Surface downwelling solar and 
infrared broadband radiation 
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Table 5. List of SAIL surface meteorology instruments including summary information on specific 
instrument capabilities, dimension of observations, spatial and temporal resolution, range, 
and quantities that instruments observe. 

Instrument Dimensions 
Spatial 

Resolution 
Temporal 

Resolution Range Measurement 

PARS2 Point Obs N/A 1 minute N/A Surface precipitating hydrometeor 
particle size and fall speed 

ECOR Point Obs N/A 30 minutes N/A Turbulent fluxes of momentum, 
latent and sensible heat 

SEBS Point Obs N/A 30 minutes N/A Surface upwelling and 
downwelling solar and infrared 
broadband radiation 

MET Point Obs N/A 1 minute N/A Surface wind speed, wind 
direction, air temperature, 
barometric pressure, relative 
humidity, rain-rate 

WBPLUVIO2 Point Obs N/A 1 minute N/A Surface warm-season 
precipitation 

Another instrument that is not part of the AMF2 package is the XBPWR. This dual-polarization scanning 
X-band radar measures reflectivity in horizontal polarization (ZH), differential reflectivity (ZDR), enhanced 
reflectivity (ZHV), vertical polarization antenna voltage (V), radial wind velocity (W), correlation 
coefficient between horizontal and vertical co-

https://www.arm.gov/capabilities/vaps/aerioe
https://www.arm.gov/capabilities/vaps/aop
https://www.arm.gov/capabilities/vaps/dlprof
https://www.arm.gov/capabilities/vaps/ldquants
https://www.arm.gov/capabilities/vaps/mfrsrcldod
https://www.arm.gov/capabilities/vaps/oacomp
https://www.arm.gov/capabilities/vaps/qcecor
https://www.arm.gov/capabilities/vaps/radfluxanal
https://www.arm.gov/capabilities/vaps/varanal
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Digital elevation model: Of the East River and Washington Gulch drainages obtained using Light 
Detection and Ranging (LiDAR) QL1-grade measurements having a lateral resolution of <0.5 m. 

Airborne Snow Observatory (ASO): This aerial resource was developed and operated by the NASA Jet 
Propulsion Laboratory (JPL), but it is now managed by ASO, Inc., a Colorado Public Benefit 
Corporation. Aircraft flights of the ASO were sponsored by a joint venture between the WFSFA and the 
Colorado Water Conservation Board (CWCB) and have mapped snow depth (3-m resolution) and 
snow-water equivalent (SWE) at 50-m resolution at peak SWE (early April) and at intermediate melt 
(mid-May) across the WFSFA extended domain (2500 km2). The supporting ground campaign includes 
20 snow pits to measure 10-cm vertically resolved temperature, SWE, density, and isotopic signature, and 
bulk chemistry (anions, cations, carbon, trace metals). Crystal structure and dust layers are identified. 
Five flights have been flown to date (April 2016, April 2018, May 2018, April 2019, June 2019). 
Additional resources are being investigated to continue flights beyond 2020. 

National Ecological Observatory Network (NEON): And its Airborne Observation Platform was flown 
late June 2018 as a partnership between the National Science Foundation (NSF), Stanford University and 
Lawrence Berkeley National Laboratory (LBNL). The flight mapped 370 km2 in the East River with a 
hyperspectral imaging spectrometer (sampling interval 5 nm, 380-2510 nm), full waveform and discrete 
return LiDAR, and a high-resolution RGB camera. Data was collected at 1-m spatial resolution. Derived 
data include total biomass, vegetation indices (enhanced vegetation index [EVI], normalized difference 
vegetation index [NDVI]), ecosystem structure (vegetation type, heterogeneity, height and leaf area index 
[LAI]), canopy chemistry (lignin, nitrogen, water content, xanthophyll cycle), digital elevation modeling 
(DEM), and digital soil mapping (DSM). Intensive ground campaigns occurred to calibrate/validate. 
Supplementing this data set are unmanned aerial vehicle (UAV)-based measurements of plant functional 
types and canopy structure using multispectral imaging and photogrammetry, respectively. 

Surface and airborne geophysics: To identify variations in bedrock lithology, structural heterogeneity, 
depth of weathering, fracture density, and matrix porosity as they pertain to groundwater storage. Data 
collected include electromagnetic (EM) soundings and self-potential over surface grids. Airborne EM 
data collected in October 2017 was used to generate a 370-km2 subsurface structural rendering of the 
watershed to depths of 300 m at 10-m spatial resolution. 

Stream network: Contains seven gauges with transducers providing 10-min pressure and temperature 
data, with rating curves developed using acoustic Doppler velocity meter and salt dilution tracer 
techniques (Carroll and Williams 2019). Five additional USGS gauges and four gauges to be installed by 
Co-Investigator Carroll in 2020 reside along the East River but outside the proposed domain. Three 
auto-samplers are deployed to sample riverine solutes and isotopes of water daily to constrain streamflow 
source (snowmelt versus groundwater). Grab samples for water chemistry are done weekly to twice 
monthly at all other locations. 

Shallow and deep monitoring wells: Consist of a network of 50+ shallow (<10 m) and 10+ deep 
(>10 m) groundwater monitoring wells used to track seasonal variations in groundwater elevation and 
their relationship to annual precipitation totals. These wells are also used to obtain samples for 
geochemical and microbiological analysis to link hydrologic processes with subsurface biogeochemical 
reactions of interest to BER. 
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Rocky Mountain Biological Laboratory (RMBL): With Berkeley Laboratory support, RMBL operates 
a meteorological network of five stations that span an elevation gradient from 3500-2400m, and a sixth 
site downriver. Each station includes: Air temperature/relative humidity; barometric pressure; wind 
speed/direction; photosynthetically active radiation (up/down fluxes); longwave/shortwave radiation 
(up/down fluxes); snow depth; precipitation; solar radiation (up and down); 10m air temperature; five 
depth-resolved soil moisture/temperature probes; logger/communications with radio/solar 
panel/multiplexor for real-time data telemetry. Additionally, 10 wind-shielded precipitation gauges are 
available for disbursement within the study domain to address specific science questions. 

Eddy covariance (EC) flux tower: Located in the East River Watershed at Pumphouse (PH) and consists 
of sub-hourly measurements of vertical flux of heat, water, and gases calculated by a covariance of 
deviations in vertical wind speed and tracer species using a 3D sonic anemometer, gas analyzer (open and 
closed), and thermocouple. It is currently offline but may be rebuilt if funds are available. 

Crested Butte Avalanche Center (CBAC): Provides daily snowpack analysis, avalanche forecasting, 
and risk assessment as functions of aspect and elevation. Four weather stations operated in cooperation 
with Irwin Guides and the Crested Butte Mountain Resort (CBMR) are in close proximity to SAIL, with 
stations spanning elevations from 3110 3660 m. All stations collect temperature, relative humidity, and 
wind data. Select stations collect snowfall/accumulation, SWE, and incoming solar radiation. 

Environmental Protection Agency (EPA) currently operates a Clean Air Status and Trends Network 
(CASTNET) monitoring station in the townsite of Gothic, Colorado. The station is part of the National 
Atmospheric Deposition Program (NADP) that assesses trends in pollutant concentrations, atmospheric 
deposition, and ecological effects due to changes in air pollutant emissions. The station collects 
meteorological data (e.g., temperature, solar radiation, precipitation, etc.), as well as both wet and dry 
deposited aerosols. 

Weather Underground (WU) stations are scattered throughout the area. Nine stations are close to the 
town of Crested Butte (elev. 2626-2929 m) and an additional 11 stations are located within the Upper 
Gunnison River Basin. Sub-hourly data are collected for temperature, barometric pressure, dew point, 
wind, and precipitation (hourly). The SFA currently scrubs data from six WU stations for ingestion into 
its database. 

 



D Feldman et al., April 2021, DOE/SC-ARM-21-004 

13 

 
Figure 4. Map of the East River Watershed depicting the network of stream gauging/stream water 

sampling locations, meteorological stations, and other distributed and specialized 
measurement sites in the watershed. Continuous measurements of snow-water equivalent 
(SWE) are made at the two Snow Telemetry (SNOTEL) locations and at one of the 
meteorological stations. 

Figures 5 and 6 show aspects of this variability. Precipitation occurs throughout the year in this region, 
though at higher elevations most of the precipitation occurs in the form of snowfall and preferentially 
occurs in the winter. Figure 6 shows two SNOTEL stations: The Schofield Pass station to the north and 
the Butte station to the south. Figure 6 shows a climatology of total precipitation and SWE measured at 
those two stations, indicating that Schofield Pass receives nearly double the precipitation of Butte. There 
is also significant variability in dust-on-snow events: While not shown here, most of the dust received in 
the area occurs during the spring in a few events, but there is significant interannual variability in dust 
concentration, with deposition occurring preferentially in alpine, as opposed to sub-alpine, conditions. 
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Figure 5. Seasonal cycle and range of interannual variability of monthly-mean GPCC (v7) precipitation 

over a 1x1-degree box centered on Crested Butte (left), and over the entire Colorado-Utah 
region (right). 

 
Figure 6. 1981-2010 climatological average of the seasonal trajectory in measured total precipitation 

and snow-water equivalent at the Butte and Schofield Pass SNOTEL stations as a function of 
day in water year. 

1.2 Previous Campaigns 

While many previous field experiments have been conducted in the Rocky Mountains, we note two 
specific campaigns, since SAIL is intended to complement and build off of their findings. 

1.2.1 STORMVEX 

The Storm Peak Lab Cloud Property Validation Experiment (STORMVEX) around Steamboat Springs, 
Colorado in 2010-2011 provides numerous opportunities to compare and contrast results with SAIL. 
Given the geographic proximity of the STORMVEX measurements to those of the proposed SAIL site, 
the types of clouds observed and the roles of aerosols in clouds and precipitation at the two sites can and 
should be compared. 

Surprises associated with STORMVEX included the striking finding of a large contribution of 
coarse-mode aerosols to both aerosol microphysical and bulk optical properties (Kassianov et al. 2017) 
and a substantial contribution of ice-crystal orientation to the 95 GHz radar backscatter 
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(Marchand et al. 2013). Observations from SAIL can therefore be compared against STORMVEX to 
determine the spatial and temporal consistency of the STORMVEX findings. 

For the coarse-mode aerosol finding, SAIL will have similar instrumentation as STORMVEX, including 
the multifilter rotating shadowband radiometer (MFRSR) to determine aerosol optical depth, and also the 
scanning mobility particle sizer (SMPS), the aerodynamic particle sizer (APS), and the nephelometer to 
jointly determine total particle light absorption and scattering and the contribution of large particles to 
light absorption and scattering. Data from SAIL can also test the ice-crystal orientation finding from 
STORMVEX using the XBPWR and the KAZR to look at ice-crystal orientation through SAIL’s multiple 
winter seasons. 

The comparison of SAIL and STORMVEX can only go so far, however, since the STORMVEX 
deployment measured over wintertime and early springtime conditions. First and foremost, the purpose of 
STORMVEX centered around retrievals of geophysical quantities in complex terrain, while SAIL is 
focused on mountainous hydrology, and therefore focuses on different processes and observations from 
STORMVEX, leverages long-duration, distributed networks as part of the Watershed Function SFA, and 
covers all seasons. 

Specifically, the extended duration of observations as part of SAIL would capture the changes in 
precipitation amount and phase, cloud type, aerosols, and cloud-aerosol and aerosol-precipitation 
interactions during the transition from a winter mid-latitude baroclinic wave regime to a summer North 
American monsoonal regime. SAIL would also measure throughout the springtime, which generally 
include most dust events (Skiles et al. 2015). SAIL observations will enable numerous opportunities to 
establish whether these variables are modulated by aerosols and whether differences between the two 
campaigns can be explained with existing process models. 

1.2.2 NAME 

The North American Monsoon Experiment (NAME), which included extensive field observations and 
associated research activities in northern Mexico and the southwestern U.S. in 2004, started to break 
down the paradigm that monsoon precipitation is entirely moisture-driven (Higgins and Gochis 2007). 
For example, Douglas and Englehart (2007) showed that transient synoptic systems are surprisingly 
common during the monsoon season, and that their presence strongly modulates precipitation intensity. 
None of the studies associated with NAME (or any others  neither observational nor modeling  as far 
as we are aware) have sought to explicitly and quantitatively evaluate the relative importance of moisture 
versus uplift in monsoon precipitation. Furthermore, results from NAME are largely inapplicable for 
understanding the hydroclimatology of the Upper Colorado River Basin, since NAME gathered 
measurements far to the southwest of the region of interest for SAIL and only during monsoonal flows. 
Observational deployments in the NAME 2004 campaign were focused on the NAME’s “Tier 1” region, 
which is centered on northern Mexico, and so the northernmost observations in NAME 2004 were limited 
to central Arizona and New Mexico. 

Additionally, the NAME campaign largely focused on warm-season meteorology and did not include a 
robust surface hydrological observation network (e.g., soil moisture, groundwater, streamflow, and 
surface energy fluxes). While a few measurements of this type were made, they were not coordinated in 
an integrated fashion to permit quantitative analysis and modeling of catchment-to-river-basin-scale water 
fluxes, storages, and residence times. The SAIL campaign will directly address these shortcomings. 
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2.0 Scientific Questions 
The state of mountainous hydrology science and opportunities within the East River Watershed motivate 
the overarching science question for the SAIL campaign: Across a range of models from LES to 
mesoscale process to Earth system models, what level of atmospheric and land-atmosphere interaction 
process fidelity is needed to produce unbiased seasonal estimates of the surface energy and water budgets 
of mountainous watersheds in the Upper Colorado River Basin? 

This overarching science question enables the campaign to establish metrics for success. Principally, 
SAIL will succeed if the measurements that it collects enable a demonstration that a necessary and 
sufficient amount information has been collected regarding the dominant atmospheric and 
land-atmosphere interaction processes to drive hydrological models such that it can be shown that errors 
in those models are not dominated in drivers of surface energy and mass balance (from uncertainties in 
precipitation, radiation, aerosols, snow sublimation and redistribution, and evapotranspiration). 

The rationale here is that such a demonstration would provide a level of benchmarking for mountainous 
hydrological modeling that has yet to be achieved and serve as a robust observational foundation for 
model development ranging in complexity and domain from process models to Earth system models. An 
effort to develop this ambitious demonstration motivates a number of science sub-questions that, in turn, 
drive the campaign’s science objectives. The sub-questions focus on a set of intertwined processes that 
ultimately set the surface energy and mass balances. 

2.1 Precipitation Processes 

1. How do multi-scale dynamic and microphysical processes control the spatial and temporal 
distribution, phase, amount, and intensity of precipitation? 

Because SAIL focuses on hydrology, it must first focus on precipitation processes, since precipitation is 
known to exhibit first-order heterogeneity in space and time. The heterogeneity is driven by processes that 
range from the synoptic to the microphysical scale that are highly impacted by the surface, including 
terrain, and the distribution of energy and water at the surface. 

The surface water balance in mountainous terrain is strongly modulated 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 detailed characterization of precipitation in mountainous environments is extremely poor in 
comparison to less topographically-complex locations (Henn et al. 2018). Operational weather radar 
coverage in the mountainous regions of the continental United States is exceedingly sparse due to radar 
beam blockage (Maddox et al. 2002, National Research Council 2002). The actual time-varying 
precipitation amount and phase across much of the Rocky Mountains currently is estimated from a series 
of point observations, or from precipitation satellites such as the Tropical Rainfall Measuring Mission 
(TRMM) and Global Precipitation Measurement (GPM). 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 
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possibly the most important source of rainfall/runoff model errors (Moulin et al. 2009). Meanwhile, 
satellite precipitation estimates in complex terrain can also have significant biases (Prat and Barros 2010), 
particularly for winter orographic precipitation. 

During the cold season, most precipitation is orographically produced. Several key processes control 
orographic precipitation properties, as depicted in Figure 7. They evolve during a storm life cycle as 
described in Stoelinga et al. 2013 including: 

1. Precipitation growth of liquid droplets from collision/coalescence, and of ice particles from 
deposition, aggregation, riming, and secondary ice formation. 

2. Precipitation loss from sublimation and evaporation. 

3. The interaction of microphysics with orographic flows, including how microphysics varies with 
channeled flow, blocking, gravity waves, and small-scale turbulence. 

4. The seeder-feeder process for enhancing low-level orographic precipitation from high-level 
precipitation driven by larger-scale circulations. 

 
Figure 7. Info-graphic showing precipitation micro- and macro-physical processes that contribute to 

precipitation in high-altitude complex terrain. Mechanical, upslope airflow induces a wide 
range of processes as described by Stoelinga et al. 2013. 

During the warm-season, most precipitation comes from moist convection driven by thermally-driven 
upslope flow and the larger-scale North American Monsoon (NAM), which transports water vapor into 
the continental interior from the Gulf of California and Gulf of Mexico (Adams and Comrie 1997). The 

(Zhu et al. 2005) but 
influences of localized land surface conditions (e.g., soil moisture) need to be considered. Several studies 
have suggested an inverse relationship between winter snow accumulation and summer rainfall, with 
decreased snow accumulation driving reduced soil moisture such that less energy is needed to heat the 
land surface and this enhances the onset of rains (Gutzler 2000, Lo and Clark 2002, Zhu et al. 2005), 
while in contrast, a positive soil moisture and rainfall feedback has been found by others 



D Feldman et al., April 2021, DOE/SC-ARM-21-004 

18 

(e.g., Vivoni et al. 2009), and work by Carroll et al. (2020) pointed to the delicate and intertwined 
relationship between summer precipitation and winter snowfall. 

In the East River Watershed, there is widespread, though indirect, evidence of variability in the spatial 
and temporal distribution, phase, amount, and intensity of precipitation. Weather stations show a large 
range of cold-season precipitation and ASO surveys (https://nsidc.org/data/ASO_3M_SD/versions/1), as 
highlighted in Figure 8. The ASO surveys measure the snow-depth at the end of the accumulation season, 
which suggests far more precipitation in the mountains to the west of the East River Watershed, with 
Crested Butte Mountain receiving relatively far less precipitation. While the ASO surveys measure a 
quantity that is integrated over many snow processes, their SWE measurements are the single best 
predictor of water resources during the water year and the role of precipitation is dominant 
(Oaida et al. 2019). 

 
Figure 8. ASO-measured snow depth around Crested Butte, Colorado (green star denotes AMF2 

location; purple cross denotes XBPWR and AOS location) in early April, 2019. 

Dynamics from the synoptic- to the field-scale, along with microphysical processes described above may 
be influencing these patterns. SAIL seeks to develop data sets to disentangle cold- and warm-season 
precipitation processes, as they comprise the dominant hydrologic input to mountainous watersheds 
(Lundquist et al. 2018). The East River Watershed is currently very limited in terms of data on the 
spatiotemporal distribution of precipitation phase, amount, and intensity. Efforts to model precipitation 
are not able to resolve the micrometer-scale processes that control precipitation, so representations of 
those processes at the kilometer-scale are needed and are represented with bulk microphysics. Several 
different microphysics schemes seek to capture bulk microphysical state and evolution and co-evolving 
impacts in complex terrain to develop unbiased estimates of water resources. These schemes seek to 
develop a simplified description of microphysical evolution with large- and small-scale atmospheric 
conditions, though often with limited application to ice-cloud microphysics (Harrington et al. 2013). 
SAIL observations of this evolution will help reveal the strengths and deficiencies of each scheme. 

https://nsidc.org/data/ASO_3M_SD/versions/1
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In order to answer SSQ#1, SAIL will measure the spatial and temporal distribution of precipitation phase, 
amount, and intensity, as well as a number of ancillary data sets, to gain insights into the dynamic and 
microphysical processes spanning field-to-watershed scales. 

2.2 Aerosol Processes 

2. How strongly do aerosols affect the surface energy and water balance by altering clouds, 
precipitation, and surface albedo, and how do these impacts vary seasonally? 

There are numerous processes by which aerosol particles, which include secondary organic aerosol 
(SOA), inorganic particles such as dust, and light-absorbing particles comprised of brown and black 
carbon, impact the atmospheric and surface precipitation and radiative environments. Figure 9 depicts the 
long-range effects of aerosols by showing a large number of processes, some of which occur at low 
altitudes. SAIL’s interest arises because these processes impact surface energy and water at high altitudes. 

 
Figure 9. Cartoon of a range of aerosol processes that impact radiation and precipitation and, 

ultimately, hydrology. 

Absorbing particles enhance snowmelt rates by lowering surface albedo, directly in the visible 
wavelengths and indirectly in the near infrared wavelengths by enhancing snow grain growth 
(Painter et al. 2007). While this impact has been studied previously, a more holistic view of the role of 
atmospheric particles that includes radiative impacts of absorbing and scattering aerosol in the air in 
addition to particles deposited on snow surfaces is required to fully understand the role of aerosols on 
mountain hydrology. For example, as the primary absorber of visible light in the atmosphere, atmospheric 
black carbon (BC), a product of incomplete combustion, can both reduce the amount of incident 
irradiance at the snow surface when present in aerosol 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 entrained absorbing aerosols will tend to produce the 
opposite effect (Flanner et al. 2009, Hansen and Nazarenko 2004, Kaspari et al. 2011, 
Ramanathan and Carmichael 2008). Brown carbon (BrC) aerosols have been implicated as major drivers 
for cryospheric melt in high-altitude terrain, but are severely understudied (Wu et al. 2016). SOA has an 
important role to play as a precursor to BrC aerosols and in CCN formation, the latter of which is 
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discussed in detail in SO#4. Unfortunately, despite the radiative importance of atmospheric particles, both 
suspended in air as aerosols and deposited on snow surfaces, their energetic impacts are poorly 
constrained by observations and have been primarily informed to date by models (i.e., Bond et al. 2013). 

Key to understanding the impacts of aerosols on radiation at the surface or in the atmosphere is obtaining 
a comprehensive set of observations of relevant aerosol properties that provide insights into the life cycle 
(formation, growth, and removal) of aerosol particles in Colorado. For example, observations at the Storm 
Peak Laboratory (Hallar et al. 2011, Kassianov et al. 2017), which is geographically proximal to the 
proposed deployment location for SAIL, suggest that long-range transported dust particles, while 
important aerosol constituents, do not deposit enough mass to visibly darken the snow surface (Gannet 
Hallar, Pers. Comm. 2018) and therefore these events may alter the energy flux in the atmosphere but not 
at the surface. In contrast, the regional dust events from the southern Colorado Plateau/Great Basin 
clearly impact snow albedo, snow melt rates, and regional hydrology (Painter et al. 2010, 2018). 

Given their regional and short-lived nature, the relative importance of atmospheric radiative forcing by 
these episodic events is not clear. Measurements of aerosols performed at mountaintop stations show 
frequent new particle formation (NPF) events, often associated with intrusions of free tropospheric air and 
its interactions with boundary-layer trace gases (Kerminen et al. 2018). In several high-altitude sites, NPF 
was found to be strongly associated with upslope valley winds bringing air from lower altitudes, plausibly 
from the boundary layer (BL) (Weber et al. 1995, Shaw 2007, Nishita et al. 2008, Venzac et al. 2008, 
Rodriguez et al. 2009, Shen et al. 2016). Those upslope winds likely provide precursors such as reduced 
nitrogen compounds that lead to the formation of secondary BrC (Nguyen et al. 2013). In addition, 
biomass burning is an important source of primary black and brown carbon (Laskin et al. 2015), which 
can change atmospheric temperature and moisture profiles and affect cloud formation. The range of these 
processes is depicted in more detail in Figure 10. 

Another key part of SSQ#2 concerns aerosol impacts on precipitation over mountainous regions. These 
impacts depend on atmospheric conditions, particularly relative humidity and cloud temperature 
(Lynn et al. 2007, Saleeby et al. 2009, Fan et al. 2014), aerosol properties (Givati and Rosenfeld 2004, 
Fan et al. 2014, 2017), and the terrain features such as mountain height and cross-mountain width 
(Mühlbauer and Lohmann 2006, 2008). There are qualitative differences in orographic precipitation 
between a low CCN and very high CCN conditions. The spillover factor of precipitation (i.e., the 
precipitation ratio over the leeward to windward side) was found to be enhanced via increases in cloud 
condensation nuclei (Mühlbauer and Lohmann 2006, Saleeby et al. 2011). Cloud phase – particularly the 
mixed-phase regime – could be very sensitive to ice-nucleating particles (INPs) such as long-range 
transported dust, leading to a large impact of aerosols on snow precipitation (Fan et al. 2017). The cloud 
microphysics feedback to dynamics through aerosol-cloud interactions was 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 black and brown carbon, through radiative effects 
aerosols can redistribute the moist static energy between the mountain and associated plain region and 
cause extreme precipitation over the mountains under a warm and moist synoptic condition over 
Southwest China (Fan et al. 2015), but suppress mountain-valley circulation and reduce the precipitation 
in a dry condition over Mt. Hua (Yang et al. 2016). 
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Figure 10. Diagram of range of atmospheric aerosol processes and their impacts. 

Over the complex terrain of Colorado, Saleeby et al. (2011) found that the spillover effect is higher in the 
high mountains like the San Juan Range where high cloud water path (CWP) and ice water path (IWP) 
co-exist and is relatively lower in central high mountains because of less supercooled liquid water 
content. The synoptic scale flow and environmental factors like humidity largely control aerosol effects 
on the orographic precipitation. Therefore, aerosol impacts on the distribution and magnitude of 
precipitation over orography may vary by season. 

Long-term records of INP concentrations in the Rocky Mountains are notably lacking, but the limited data 
that do exist, as shown in Figure 11a, are consistent with lower aerosol loadings overall in winter, and 
especially the lack of soil particle or organic and biological INP sources that may be elevated over 
higher-altitude forest regions during wet periods and summer convective storm events 
(Huffman et al. 2013, Prenni et al. 2013). Summer biomass burning may also potentially influence INPs 
in this region (McCluskey et al. 2014), as measurements during fires along the Colorado Front Range 
indicate INP concentrations exceeding ambient values near fire regions and falling near the upper bound 
of measurements in various campaigns in Figure 11b. 
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Figure 11. Annual cycles of aerosol mass concentrations of fine organic and elemental carbon, and soil 

dust, at the White River Interagency Monitoring of Protected Visual Environments 
(IMPROVE) network (Malm et al. 1994) site, located close to the proposed SAIL site, at 
3413 m MSL, 39.1536 latitude, -106.8209 longitude. (b) INP concentrations via immersion 
freezing collected by several campaigns since 2000 in the Colorado Mountains. 

In order to answer SSQ#3, SAIL will bring together observations of aerosols at the surface and in the 
atmosphere, along with measurements of clouds and precipitation for nearly two complete seasonal 
cycles. 

2.3 Snow Processes 

3. What are the contributions of radiation, turbulent fluxes of sensible and latent heat, and snow 
sublimation to the water and energy balance of the snowpack? 

Several snow processes are key to understanding the hydrology of the East River Watershed, including 
snow sublimation, downwelling and upwelling shortwave and longwave radiation, and non-radiative 
energy fluxes of sensible and latent heat, and all of these are parameterized in atmospheric and surface 
process models. 

In the wintertime, nearly continuous snow cover yields a high surface albedo and low surface upwelling 
longwave radiation, while clouds generally decrease surface downwelling shortwave radiation while 
increasing surface downwelling longwave radiation. Turbulent latent and sensible heat fluxes are 
generally smaller than radiative fluxes on seasonal time-scales (Willis et al 2002, Hock 2005), but these 
fluxes can exceed net radiation for brief periods of hours to days (Anderson et al. 2010). In the spring, the 
relative roles of radiation, the influence of clouds, and turbulent sensible and latent heat fluxes can change 
from winter and can vary spatially and temporally. The surface albedo generally becomes much more 
heterogeneous with patches of unfrozen and frozen surfaces, darker snow from melting and impurities, 
and this can induce advective heat fluxes (e.g., Liston 1995). During this season, the presence of 
persistent clouds generally produce a net negative effect (cooling) on surface radiation and can determine 
whether the surface melt energy for snow is dominated by radiation or turbulent or latent heat fluxes. 

Figure 12 shows that patterns of SWE measured by ASO from 2016 to 2018 are similar at the end of the 
accumulation season (around April 1) across the watershed, but that the SWE at higher elevations was 
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more variable. Observations in late spring showed the impact of rapid decay of the snowpack with 
increased radiation and warming temperatures in the spring. The ASO survey in late May, 2018 shows 
only isolated pockets of remaining snow compared to April, and that the snow melt occurs preferentially 
at lower elevations. The change in distributions of SWE is strongly driven by radiative processes. 

 
Figure 12. ASO Snow Water Equivalent Retrieval Comparison over the East River Watershed from 

(left) April 1, 2016, (center) March 30, 2018, and (right) May 24, 2018. 

Meanwhile, radiation and turbulent fluxes of sensible and latent heat are modulated by solar angle and 
surface and atmospheric conditions. Figure 13 shows a schematic of fluxes and how they vary 
dramatically between the winter and the spring. 

 
Figure 13. Box-whisker plots (box spans 25-75th percentile and whiskers span the 5th to 95th 

percentiles) of ASO SWE as a function of elevation bin. 

Finally, snow sublimation processes have been estimated to reduce seasonal snowpack by over 20% 
(Mott et al. 2018), but there is large uncertainty in that estimate, with some studies showing a 0.1% effect 
(Groot Zwaaftnick et al. 2013) and others showing a 25% effect (Liston and Sturm 2002). The central 
challenge for estimating sublimation is that such an estimation requires more than just measuring 
sublimation tendencies governed by atmospheric temperature and humidity, because most sublimation 
(~78%) occurs in lofted snow particles (Vionnet et al. 2014) due to the vast increase in surface area of 
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those particles. Therefore, the sublimation process depends both on winds, atmospheric thermodynamics, 
and entrainment particularly in the near-surface environment (Jennings et al. 2018). 

 
Figure 14. Cartoon of three major areas where snow sublimation occurs: Over the snowpack, in the 

canopy, and at ridgelines in blowing snow plumes. Also depicted is the latent heat associated 
with sublimation phase-change. 

While microphysical sublimation is well understood and can be modeled as a diffusive transport of water 
vapor from a snow crystal (Jambon-Puillet et al. 2018), macrophysical sublimation is much more difficult 
to constrain outside of the laboratory. Sublimation is almost exclusively calculated by, and is highly 
dependent on, unconstrained assumptions. Canopy sublimation loss estimates depend on assumptions of 
how temperature and humidity vary in the canopy along with the amount of snow intercepted by the 
canopy and within-canopy turbulent fluxes. Blowing-snow sublimation loss estimates for an individual 
plume depend on assumptions of within-plume temperature and humidity estimates and the concentration 
and size distribution of blowing snow particles, and all of these terms are unconstrained (Svoma 2016). 

Calculations of annual sublimation losses based on field observations and modeling in Germany, for 
example, indicate the dominance of blowing-snow sublimation and its preferential occurrence at higher 
elevations near ridgelines. Figure 15 shows calculations performed by the National Operational 
Hydrologic Remote Sensing Center (NOHRSC) over the Colorado Rocky Mountains and Crested Butte, 
highlighting the spatiotemporal variability of SWE and blowing-snow sublimation. While both processes 
vary spatially, SWE varies slowly with time, punctuated by storm events, though blowing-snow 
sublimation varies with winds and atmospheric thermodynamics on faster timescales. 
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Figure 15. NOHRSC estimates of (a) April 1, 2020 SWE, (b) April 1, 2019 SWE, (c) April 1, 2020 

blowing-snow sublimation and (d) April 1, 2019 blowing-snow sublimation. 

Radiation, turbulent fluxes of sensible and latent heat, and sublimation are marked by their spatial 
heterogeneity and challenges associated with making field-scale observations and extrapolating from 
sparse observations to larger domains. Given this situation, answering SSQ#3 requires the development of 
objectives that recognize the need for supporting modeling activities and use observations to address the 
largest sources of uncertainty in those activities. 

In order to answer SSQ#3, SAIL will collect direct measurements of radiation and the turbulent fluxes of 
sensible and latent heat over the time-varying snowpack across two accumulation and melt seasons. 
Observational constraints on snowpack, canopy, and blowing-snow sublimation will also be developed 
with the campaign. 

2.4 Warm-Season Processes 

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? 

During the summer, the 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 
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western orography (Figure 21). 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). 

At the local level, the details of the intensity, duration, and frequency of summertime convective events 
are of hydrologic importance. Here, the evolution of the warm boundary layer in complex terrain involves 
a wide range of meteorological processes dependent on local and regional conditions. At the local level, a 
number of qualitatively known atmospheric and surface-state quantities control the CIES. These include 
the time-varying distributions of atmospheric water vapor, clouds, soil moisture, evapotranspiration, and 
turbulent fluxes of sensible and latent heat. The complexity of atmospheric flow increases in complex 
terrain, and most of these flow regimes can be resolved locally with SAIL data. As shown in Figure 16, 
the CIES has high spatial autocorrelation on seasonal and regional scales, but at the local level there is 
spatial and temporal heterogeneity. Characterizing how these heterogeneities relax into spatially 
autocorrelated CIES will have broad applicability for modeling regional-monsoonal flows. 

 
Figure 16. Climatological June-August atmospheric column-integrated energy source, obtained by 

summing the surface sensible and latent heat flux and the column-integrated radiative flux 
convergence, as estimated from the Modern-Era Retrospective analysis for Research 
Applications, Version 2 (MERRA-2) reanalysis. 

In order to answer SSQ#4, SAIL will collect direct measurements of boundary-layer evolution, radiation, 
and the turbulent fluxes of sensible and latent heat over one warm season, along with highly detailed 
observations of the time-varying cloud and precipitation fields. 

These data can then be analyzed to identify and enumerate the processes contributing to these 
time-varying fields and whether or not the relationships between warm-season processes and 
warm-season observables are captured by atmospheric process models. 

3.0 Scientific Objectives 
In order to address SSQs#1-4, SAIL has five interrelated, achievable science objectives (SO#1-SO#5) for 
high-altitude complex terrain that use both ARM facilities and collaborative resources. The science 
objectives are discussed below. 
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3.1 Precipitation Process Characterization 

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. 

This science objective primarily addresses SSQ#1, and SAIL will achieve this SO#1 by establishing a 
baseline set of observations of this precipitation principally from the XBPWR. CSU will use data from 
the XBPWR to return several data products (ZH, ZDR, ZHV, V, W, HV, NCP, DP, KDP, R) and CSU 
will provide precipitation amount and hydrometeor classification retrievals at ~100-meter spatial 
resolution, 5-minute temporal resolution, with a range of 50 km where beams are not blocked. 
Precipitation retrievals will be checked against disdrometer data and are expected to achieve a nominal 
uncertainty of 15% for rainfall (Chandrasekar et al. 2018) and 30% for snowfall (von Lerber et al. 2017). 

From these datastreams, the XBPWR will provide detailed precipitation structure information that will be 
useful for observing embedded convective structures in wintertime storms (e.g., Kumjian et al. 2014), 
precipitation-type transitions, warm-season orographic convection, and transport of hydrometeors across 
mountain ridges. Doppler-derived wind fields will also provide useful information on airflow structures 
(Jackson et al. 2019) over multi-directional ridgelines surrounding the East River basin and the AMF2, 
which have been documented in other, more limited-duration X-band radar deployments in Colorado 
(e.g., Gochis et al. 2016). In addition, coordinated range height indicator (RHI) scans from the XBPWR 
with the KAZR at the AMF2 site will yield multi-wavelength polarimetric radar observations above the 
AMF2 to probe how hydrometeor microphysics and dynamics interact in the vicinity of that site. 

Figure 17 shows a summary of beam-blockage analysis for the XBPWR system for different elevation 
angles, using the closest GPM measurements in winter and summer to determine the elevations at which 
precipitation is likely to occur for those seasons and masking the range of the XBPWR accordingly. This 
figure, along with Figure 18, show that XBPWR measurements will provide excellent coverage over the 
East River Watershed and the AMF2 throughout the SAIL campaign and will provide extended coverage 
to a radius of 20 km in winter at 40 km in summer. The radar’s location on Crested Butte Mountain is 
designed to enable measurements of incoming storms and is blocked to the south and southeast because 
few precipitation events come from that direction. 

Previous work with XBPWR in high-altitude complex terrain has shown that radar observations coupled 
with flow modeling can produce a remarkable amount of insight into precipitation processes. 
Mott et al. (2014) showed that, at least for a single winter storm in Switzerland, XBPWR data and 
analysis showed that orographic effects of snow deposition effects could be largely attributed to the 
seeder-feeder process. Since ice microphysical processes such as vapor deposition, riming, and 
aggregation have observable “fingerprints” in polarimetric radar data (e.g., Schrom et al. 2015, 
Moisseev et al. 2015, Schrom and Kumjian 2016, Kumjian and Lombardo 2017), SAIL can follow the 
approach of Mott et al. (2014) to produce a much more comprehensive characterization and assessment of 
the relative importance of microphysical processes over the East River Watershed. This can be especially 
useful for understanding how vertical gradients in precipitation are more pronounced in some parts of the 
watershed as compared to others, with implications for what is being missed by the lack of radar 
observations in complex terrain. 

 



D Feldman et al., April 2021, DOE/SC-ARM-21-004 

28 

 
Figure 17. XBPWR beam-blockage analysis from the Old Teocali Lift site showing radial coverage in 

(a) winter and (b) summer. Color indicates beam height of likely measurement of 
precipitation based on nearest GPM precipitation height retrievals. Red-dashed line connects 
radar site to AMF2 site. 

 
Figure 18. Panoramic drone photo of Old Teocali Lift site looking towards Gothic, Colorado. Acquired 

February 19, 2021 by Dr. Ian Breckheimer. Horizontal line indicates approximate height of 
XBPWR antenna. 

During the warm season, convective clouds and precipitation will be measured along with radiative 
forcing to help address SSQ#4 and develop relationships between column energy sources and large-scale 
convection. The connection of precipitation processes to regional-scale atmospheric flow patterns that is 
an integral part of SSQ#1 will be achieved through integration of measurements with reanalyses and 
constrained variational analyses (e.g., Tang et al. 2016). 

3.2 Cold Snow-Season Processes 

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

Winds impact mountainous hydrology by redistributing snowpack in ways that can have significant 
hydrological consequences, including carrying snow over a mountain crest and into or out of the 
watershed of interest (Mott et al. 2018). For example, in the East River Watershed, the observed 
distribution of snowpack from the ASO, as shown in Figure 18, suggests that deposition occurs on 
windward slopes, yet winds may be redistributing snow from windward to leeward slopes. 

For this science objective, SAIL will develop observationally constrained estimates of the impacts of 
wind-redistribution and sublimation on the snowpack across the East River Watershed. While direct 
observations of these processes are not possible, observational constraints on the terms needed to 
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calculate sublimation, including the co-evolution of the spatiotemporal distribution of blowing-snow 
occurrence, thermodynamics, and radiation, can be developed with SAIL. 

The campaign will collect a series of observations to estimate the sublimation and blowing-snow 
redistribution to develop a detailed picture of (1) the atmospheric wind-field across the East River 
Watershed, (2) atmospheric temperature and humidity for sublimation tendencies, and (3) snow 
entrainment and deposition. 

A variety of datastreams will build a detailed picture of the three-dimensional distribution of wind speeds 
and directions both at the surface, throughout the boundary layer, and into the free troposphere. These 
include vertical winds from the balloon-borne sounding system (SONDE) and the radar wind profiler 
(RWP). Surface wind observations will be provided by the AMF2 surface meteorology package and will 
be supplemented by the six existing Watershed Function SFA meteorological stations, the latter of which 
are distributed across alpine, sub-alpine, and montane terrains as shown in Figure 5. Finally, SAIL will 
use the Doppler Lidar (DL) WIND Value-Added Product, which will provide horizontal wind structure 
speed and direction in the lowest 3 km of the atmosphere to a maximum horizontal range of 9.6 km from 
the AMF2 at 30-m resolution depending on signal attenuation by condensates. 

 
Figure 19. ASO survey of the northern edge of the East River Watershed from April, 2019 showing 

variability of snowpack near ridgelines. Green star indicates the location of the AMF2 for 
SAIL. 

Atmospheric temperature and humidity conditions will be measured with the surface meteorology stations 
package from the AMF2 and the Watershed Function SFA meteorology stations, vertically above the 
AMF2 with the SONDE. Higher frequency of the SONDE launches would better characterize the diurnal 
evolution of atmospheric thermodynamics. From AERI retrievals in clear-sky conditions every few 
minutes, supplemented with microwave radiometer (MWR) column water vapor constraints 
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(e.g., Blumberg et al. 2015), SAIL will leverage the marine AERI’s capabilities of scanning across zenith 
angles between 45 and 135 degrees to assess horizontal variability in temperature and humidity near the 
AMF2. 

Together, these instruments will provide continuous field measurements of the thermodynamic tendency 
of sublimation, especially from blowing snow. SAIL will establish the spatial variability in sublimation 
spatial tendencies of mountains at a scale beyond those established from previous, more limited field 
campaigns (Mott et al. 2018). Given that numerical models predict large spatiotemporal variability in 
sublimation (Strasser et al. 2008, Groot Zwaaftink et al. 2011, Vionnet et al. 2014), these observations can 
provide a new level of detail of sublimation’s impact, including when and where it occurs, on the seasonal 
snowpack by resolving blowing snow events. The DL and radar are specifically sensitive to winds in 
non-precipitating and precipitating events, respectively, and can thereby develop wind redistribution 
information by observing the location and frequency of wind erosion and deposition. 

3.3 Aerosol Regimes and Radiation 

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. 

A picture of aerosols that may be observed in SAIL can be seen in Figure 11a, which shows the annual 
cycle of some relevant particle types at a site from the IMPROVE network (Malm et al. 1994), which lies 
25 km northeast of the center of the East River Watershed (but in a different watershed). Organic carbon 
mass concentrations follow an annual cycle of winter minima and summer maxima that appear driven 
both by biogenic particle formation and episodic biomass burning events (wildfires). Soil mass 
concentrations are driven by both episodic regional (e.g., Southwest U.S.) and long-range (Asian) 
transport of mineral dust in spring (Skiles et al. 2015, Kassianov et al. 2017). Figure 20 shows the 
preferential deposition of dust at higher elevations that is consistent with long-range transport. Elevated 
dust concentrations persist through dry summers and reach minimum values from mid-November to 
mid-February. Elemental carbon has a weak annual cycle, though tending to mimic that for organic 
matter. Coarse-particle mass follows the organic matter and soil peaks (not shown). These observations 
indicate that, while there are limited atmospheric aerosol measurements within the East River Watershed, 
those collected by SAIL can be grouped into regimes. 

With this science objective, SAIL will observe and develop a better understanding of the source(s) 
(long-range transported versus formed in situ via NPF), evolution (e.g., chemical processing such as 
reactions with reduced nitrogen compounds such as ammonia that leads to secondary BrC formation), and 
loss pathways such as dry and wet deposition of aerosols in the vicinity of the East River Watershed, and 
then understand the importance of different aerosol types for the surface and atmospheric radiative 
environment. 
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Figure 20. Map of the radiative forcing by deposited aerosols in snow from the ASO flight over the East 

River Watershed in April, 2016. 

Within SO#3, the SAIL campaign will address the following scientific questions: 

1. What are the dominant regimes of seasonal aerosol transport, formation, growth, and removal 
processes in the region?  

2. Within these regimes, how do aerosol particles redistribute radiant energy, including warming the 
atmosphere and/or the surface radiative forcing? 

To address SO#3-Q1, SAIL will collect data to enable the categorization of different aerosol regimes 
sampled across the seasons, such as periods impacted by transported urban pollution (high BC and CO), 
long-range transported dust events (submicron, supermicon, light-absorbing), biomass burning, clean 
forest conditions, anthropogenically impacted periods, and stratospheric intrusions. This science objective 
requires chemical composition data from the aerosol chemical speciation monitor (ACSM) for aerosol 
composition with sulfate as a marker for long-range transport and from the Organic Aerosol Component 
Value-Added Product (OACOMP) to distinguish fresh primary organics from secondary and aged organic 
species. The single-particle soot photometer (SP2) for black carbon and the AOS carbon monoxide (CO) 
detector will enable measurements that define periods impacted by BC and BrC and urban emission 
sources as well as local impacts potentially from the town of Crested Butte. With the SP2 and AOP VAP, 
periods impacted by other absorbing species, including absorbing dust and brown carbon, can be directly 
identified and will benefit from cloud condensation nuclei (CCN) and ice-nucleating particle (INP) data.  

Here the data will enable researchers to look at measured water uptake data to understand whether bulk 
kappa data can be used from the CCN to represent aerosol water uptake properties within complex 
mountainous terrain. A higher-order goal to delve further into aerosol water uptake properties will rely 
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upon humidified tandem differential mobility analyzer (HTDMA) data to understand the impacts of 
bimodal aerosol regimes as identified by the scanning mobility particle sizer (SMPS), indicating different 
aerosol sources and chemistries. The aerodynamic particle sizer (APS) will provide additional 
information beyond the datastreams listed above by identifying periods impacted by supermicron species, 
often dominated by dust species. A broader correlative analysis of INP data versus aerosol distribution, 
hygroscopicity, and chemical composition can also be examined. 

To address SO#3-Q2, SAIL will develop a detailed characterization of atmospheric radiative properties. 
AOS observations will be critical to answer SO#3-Q2 by measuring aerosol optical properties, 
nephelometer, gas-phase CO, and ozone, to determine when the aerosols that are impacted by transported 
sources are light absorbing. By using SP2 and PSAP data, it will be possible to determine when the 
measured aerosols are dominated by BC versus other light-absorbing species, such as BrC and dust. 
These observations will enable closure studies to determine water-uptake data from the CCN and 
HTDMA to verify predicted kappas by chemical composition. If supplemented by the APS, size 
distribution measurements can also be used to help identify coarse-mode dust sources. In the absence of 
an APS, light absorption and scattering can be used from the nephelometer data and compared when 
sampling submicron-versus-supermicron data with the different impactor size cuts available within the 
AOS. 

The SAIL campaign, through collaborative resources, plans to characterize the radiative effects of 
deposited aerosols on the snow. As seen in Figure 20 and diagrammed in Figure 21, observations to date 
from the ASO suggest wind-driven spatial variability in deposited aerosol impacts on snow albedo. 
Ongoing data collected from snow pits, following Skiles and Painter (2017b) as part of the Watershed 
Function SFA, can characterize snowpack radiative forcing, because snow pit data reveal the 
time-evolution of deposition during the accumulation season (See Section 4.0 for details). Once 
completed, the result of SO#3 will be a detailed, quantitative data set of the relationships between aerosol 
regimes and their radiative forcing in the atmosphere and at the surface. 
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Figure 21. Diagram of impacts of impurities on the surface albedo of snow and associated snow-albedo 

and grain-size feedbacks. 

3.4 Aerosol-Cloud Interactions 

4. Quantify the sensitivity of cloud phase and precipitation to cloud condensation nuclei (CCN) 
and ice-nucleating particle (INP) concentrations. 

The SAIL campaign recognizes the impacts of aerosols on precipitation, as it seeks to address SSQ#2. 
This science objective pertains to characterizing and developing observational constraints for the 
processes by which CCN and INP impact cloud phase and precipitation. Figure 20 highlights the vertical 
positioning and length-scales of these processes. 

To address SO#4, SAIL will focus on addressing the following sub-questions: 

1. Do new particle formation events control the variability of aerosol hygroscopicity and CCN 
concentrations, and their subsequent impacts on precipitation? 

2. What are the contributions of biological particles, wildfires, and long-range transported dust to INP 
concentrations, do they vary seasonally, and are they linked strongly to precipitation efficiency of 
clouds? 

3. How does the aerosol-precipitation relationship vary with different aerosol regimes, and atmospheric 
dynamic and thermodynamic conditions? 

To address SO#4-Q1, aerosol size distribution from a few nanometers to a few micrometers, composition, 
hygroscopicity, and CCN concentrations will be obtained mainly from AOS measurements including the 
SMPS, UHSAS, passive cavity aerosol spectrometer (PCASP), condensation particle counter-fine 
(CPCF), HTDMA, and CCN instruments. The continuous 18-month measurements of these aerosols’ 
properties will allow us to understand the variability of aerosol regimes. 
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Figure 22. Cartoon of range of aerosol-precipitation processes with the relative vertical positioning in 

the atmosphere and their length scales. 

To address SO#4-Q2, the AOS measurements of aerosol size distribution, hygroscopicity, and CCN 
characteristics will need to be complemented by INP measurements in order to understand cloud 
properties and precipitation efficiency of orographic clouds. 

To address SO#4-Q3, besides the measurements described for SO#4-Q1 and SO#4-Q2, the measurements 
of atmospheric meteorology to classify the typical meteorological conditions are essential. It is also 
important to obtain enough samples for each typical meteorological condition. 

Cloud and precipitation measurements are essential to address all three questions above, especially 
SO#4-Q3. The vertical evolution of hydrometeors and cloud kinematics can be retrieved from the 
vertically pointing radar. The cloud phase and precipitation information can be obtained from the 
XBPWR. Surface precipitation rate and surface raindrop size distribution can be measured from rain 
gauges and disdrometers. With XBPWR data, SAIL can also conduct some process-level analysis of 
aerosol impacts on the microphysical processes such as vapor deposition, riming, and aggregation, and 
then precipitation. 

3.5 Surface Energy Balance 

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

In the high-altitude complex terrain of the East River Watershed, the surface energy balance varies 
dramatically with season. 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 regional dynamics. However, closing the 
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snow energy balance has proven challenging, even with collocated observations of shortwave and 
longwave radiation components, ground heat flux, and latent heat fluxes (Helgason and Pomeroy 2012). 

For SO#5, SAIL will develop a set of observations that can decompose and understand primary controls 
on the terms of the seasonally-varying surface energy balance (SEB). A detailed, mechanistic 
understanding of the land-surface and atmospheric factors controlling SEB enables informed interrogation 
of process models. SAIL will also evaluate the spatial variability in those factors to characterize this 
balance in the East River Watershed through the following questions: 

1. What are the contributions of clouds, aerosols, humidity, and surface reflection to shortwave and 
longwave surface radiation and are 3D effects significant? 

2. What are the controls on the turbulent fluxes of sensible and latent heat of snow cover and soil 
moisture? 

3. What are the dominant factors controlling the CIES and what are the spatial correlations of those 
factors in the warm season? 

With observations from the AMF2, SAIL can answer these questions by measuring the fluxes of 
radiation, sensible and latent heat, and the factors controlling them. Radiative fluxes will be provided by 
the surface energy balance system (SEBS), sky radiometer on stand for downwelling radiation 
(SKYRAD), and ground radiometer on stand for upwelling radiation (GNDRAD), with observations from 
the total sky imager (TSI) and AERI scanning across zenith angles from 45 to 135 degrees indicating 
horizontal heterogeneity in shortwave and longwave surface fluxes, respectively. If observations from 
cloud stereo cameras can be available in summertime, those observations will characterize the 
simultaneous heterogeneity in the cloud vertical and horizontal structure to show how cloud type and 
vertical structure impact surface radiation and other heat fluxes. 

Surface radiative fluxes will be supplemented by shortwave and longwave fluxes measured at the 
meteorological stations maintained by the Watershed Function SFA. Factors controlling these fluxes 
include atmospheric thermodynamics, clouds, aerosols, and surface albedo. Measurements of atmospheric 
temperature and humidity (from SONDE/MWR and AERI), (3) surface albedo (from SEBS), (4) the 
impact of aerosols on radiation (derived from the MFRSR and Cimel sunphotometer [CSPHOT]), and 
(5) the impact of clouds on radiation (from the micropulse lidar [MPL] and KAZR) provide estimates of 
these factors. Turbulent fluxes of latent and sensible heat will be measured by the eddy correlation flux 
measurement system (ECOR), and Co-Investigator Gochis’ guest eddy covariance tower, with the 
three-dimensional structure of boundary-layer turbulence characterized by the DL. Additionally, these 
fluxes can be estimated from net radiation, temperature, and humidity measurements distributed across 
the watershed following Sullivan et al. (2019a,b) in order to quantify the spatial heterogeneity in the 
fluxes. 

For SO#5-Q1, collocated observations of atmospheric and surface state and their spatiotemporal 
distributions will be collected. Additionally, the importance of 3D effects can be analyzed 
observationally. 

For SO#5-Q2, observations of the relationships between turbulent fluxes of sensible and latent heat and 
the distribution of snow cover and soil moisture will be collected. The former can be derived from visual 
inspections and ongoing satellite measurements such as the Moderate Resolution Imaging 
Spectroradiometer (MODIS) and the latter is derived observationally from the Watershed Function SFA’s 
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ongoing measurements of surface volumetric soil moisture at six sites across the East River Watershed. 
Through widely used parameterizations, we can establish how surface states impact these turbulent fluxes 
in complex terrain. 

For SO#5-Q3, SAIL data will develop the CIES by using observing surface radiative fluxes, turbulent 
fluxes of sensible and latent heat, and supplemental top-of-atmosphere (TOA) observations using 
3-hourly estimates of TOA shortwave and longwave fluxes from the Clouds and the Earth's Radiant 
Energy System (CERES) synoptic product. Matching the difference in scales between the surface and 
TOA data will require follow-on science activities discussed in Section 6. 

4.0 Measurement Strategies 
Instruments 

The science objectives of SAIL motivate a range of measurements and measurement strategies using the 
campaign instruments and linking SAIL observations to collocated measurements from collaborative 
resources. 

First, however, we delineate the relevance and importance of SAIL AMF2 and XBPWR measurements to 
achieving the campaign’s science objectives. This sets the priority for measurement strategies and also the 
priority to ensure continuity in data throughout the campaign. The following list details this information: 

1. ACSM: Priority: Critical; science objectives: 3, 4; rationale: Aerosol speciation measurements are 
needed to detect sulfate as a marker for long-range transport, ammonium and nitrate for aerosol 
processing, and primary and secondary organic aerosol via the OACOMP VAP. 

2. AERI: Priority: Critical; science objectives: 2, 4, 5; rationale: Vertical profiles of temperature and 
humidity and their horizontal variability are needed for sublimation rate and radiation sensitivity 
studies. 

3. AOSMET: Priority: Important; science objectives: 2, 3; rationale: Secondary surface meteorology 
conditions are important for constraining sublimation rates and ambient atmospheric conditions for 
aerosols. 

4. CCN: priority: Critical; science objectives: 3, 4; rationale: Cloud condensation nuclei are needed to 
understand relationships between observed cloud and aerosol properties. 

5. CEIL: priority: Important; science objective: 3; rationale: Ceilometer data are important for 
determining clear-sky and/or aerosol-free conditions. 

6. CO: priority: Important; science objective: 3; rationale: Carbon monoxide measurements are 
important for determining when observed aerosols may be the result of combustion. 

7. CPC: priority: Important; science objectives: 3, 4; rationale: Condensation particles observations are 
important for measuring fine and ultrafine aerosol particle modes. 

8. CSPHOT: priority: Important; science objectives: 3, 5; rationale: Aerosol optical depth 
measurements are important for constraining aerosol radiative effects. 

9. DL: priority: Critical; science objectives: 2, 5; rationale: Wind measurements are critical for 
determining snow erosion/deposition and contextualizing ECOR observations. 
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10. ECOR: priority: Critical; science objective: 5; rationale: Eddy covariance measurements are critical 
for determining turbulent fluxes of sensible and latent heat. 

11. GNDRAD: priority: Critical; science objective: 5; rationale: Surface shortwave and longwave 
radiation components are needed to understand surface energy balance. 

12. HSRL: priority: Critical; science objectives: 2, 3; rationale: These observations are needed to 
understand the scattering properties of particles including aerosols and blowing snow. 

13. HTDMA: priority: Important; science objective: 3; rationale: These observations will support a 
higher-order goal of understanding the impacts of bimodal aerosol regimes as identified by the SMPS. 

14. INP: priority: Critical; science objective: 4; rationale: These observations are needed to understand 
aerosol controls on cloud phase and the impacts on snowfall, and to differentiate aerosol sources. 

15. IRT: priority: Nice to have; science objectives: 1, 5; rationale: Surface radiative temperature can help 
constrain observed surface longwave radiation. 

16. KAZR: priority: Critical; science objectives: 1, 4; rationale: Vertical cloud properties are critical for 
constraining cloud/precipitation microphysics and cloud susceptibility to aerosols. 

17. MET: priority: Critical; science objectives: 2, 4, 5 rationale: Primary surface meteorology conditions 
are critical for constraining sublimation rates and ambient atmospheric conditions for aerosols. 

18. MFRSR: priority: Critical; science objectives: 3, 4; rationale: Ambient aerosol amount 
measurements are critical and help constrain aerosol optical depths for understanding their radiative 
impacts. 

19. MPL: priority: Critical; science objectives: 3, 5 rationale: These observations are critical for 
measuring the impact of clouds, aerosols, and surface radiation. 

20. MWR3C: priority: Important; science objectives: 2, 4, 5; rationale: Primary observations on column 
water vapor and cloud water are important for constraining water vapor profiles and cloud radar 
measurements. 

21. MWRLOS: priority: Nice to have; science objectives: 2, 5; rationale: Secondary observations of 
column water vapor and cloud water help constrain water vapor profiles and cloud radar 
measurements. 

22. NEPH: priority: Important; science objectives: 3, 4; rationale: Light absorption and scattering data 
can be compared when sampling sub- versus super-micron data with different impactor size cuts. 

23. OZONE: priority: Critical; science objective: 3; rationale: Ozone surface concentrations are needed 
for determining potential sources of transported aerosols. 

24. PARS2: priority: Critical; science objective: 1; rationale: Surface precipitating or entrained 
hydrometeor particle size and fall speed are critical for validating XBPWR retrievals, especially for 
snow. 

25. PSAP: priority: Critical; science objectives: 3, 4; rationale: These data are critical for working in 
conjunction with SP2 to determine when aerosols are dominated by BC versus other light absorbing 
species, such as BrC and dust. 

26. RWP: priority: Critical; science objectives: 2, 3, 5; rationale: Continuous vertical wind profiles are 
needed in non-precipitating conditions to resolve wind gradients in BL and free troposphere (FT). 
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27. SEBS: priority: Critical; science objective: 5; rationale: Surface energy and simultaneous soil 
moisture data are critical for interpreting products derived from ECOR data. 

28. SKYRAD: priority: Critical; science objective: 5; rationale: Downwelling shortwave and longwave 
radiation are critical for complementing GNDRAD and providing validation and heterogeneity data. 

29. SMPS: priority: Critical; science objectives: 3, 4; rationale: These data are critical to provide 
size-resolved, indirect measurements of particle composition and new particle formation and growth 
in ambient aerosols, in conjunction with HTDMA data. 

30. SONDE: priority: Critical; science objectives: 2, 4, 5; rationale: These data are critical for 
determining atmospheric thermodynamic profiles for sublimation and radiation. 

31. SP2: priority: Critical; science objective: 3; rationale: Critical for identifying BC aerosols, for 
combining with PSAP to determine dominant aerosol species, and for combining with the Aerosol 
Optical Properties (AOP) VAP to identify when absorbing aerosols are dominated by absorbing dust 
and BrC. 

32. TSI: priority: Important; science objective: 5; rationale: Hemispherically resolved cloud fraction is 
important for understanding heterogeneity in cloud radiative forcing. 

33. UHSAS: priority: Important; science objectives: 3, 4; rationale: Surface aerosol size distribution 
information is important and will complement other AOS measurements. 

34. XBPWR: priority: Critical; science objectives: 1,4; rationale: Spatial and temporal distribution of 
precipitation is necessary to characterize the topographic and microphysical drivers of precipitation 
variability. 

35. WBPLUVIO2: priority: Nice to have; science objective: 1; rationale: Surface warm-season 
precipitation observations are useful for validating XBPWR precipitation retrievals. 

Value-Added Products 

Building from the measurements, several VAPs would also advance SAIL’s science objectives. Below we 
list the VAPs that will be developed for SAIL, the science objectives they will support, and rationales for 
their inclusion. 

1. AERIOE: science objectives: 2, 5; rationale: Atmospheric thermodynamic profiles are needed to 
support SO#2-Q1, SO#2-Q2, SO#5-Q1, and SO#5-Q3. 

2. AOD: science objectives: 3, 5; rationale: Aerosol optical is needed to calculate aerosol radiative 
forcing to support SO#3-Q1. 

3. AOP: science objectives: 3; rationale: Identifies periods impacted by absorbing species besides black 
carbon, including absorbing dust and brown carbon to support SO#3-Q1. 

4. DLPROF: science objectives: 2, 5; rationale: Wind fields are needed to support SO#2-Q1, SO#2-Q2, 
and SO#5-Q2. 

5. LDQUANTS: science objective: 1; rationale: Processed laser disdrometry data will support ground 
validation efforts of radar-based precipitation estimates from SO#1-Q1. 

6. MFRSRCLDOD: science objectives: 3; rationale: Cloud optical depth is needed to calculate 
radiative effect from clouds for SO#5-Q1. 
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7. OACOMP: science objectives: 3; rationale: Distinguish between fresh primary organics from 
secondary and aged organic species to support SO#3-Q1. 

8. QCECOR: science objectives: 5; rationale: Eddy correlation corrections and additional quality 
controls need to be applied to the ECOR-derived turbulent fluxes of sensible and latent heat in 
support of SO#5-Q2. 

9. RADFLUXANAL: science objectives: 3, 5; rationale: Radiative fluxes are needed to quantify the 
contributions of aerosols and clouds to the surface energy budget to support SO#3-Q2 and SO#5-Q1. 

10. VARANAL: science objectives: 2, 5; rationale: The relationship between large-scale wind fields and 
SAIL direct observations is needed to support SO#2-Q2 and SO#5-Q2. 

Given the contributions of individual and collective SAIL measurements to the campaign’s science 
objectives, we have developed measurement strategies for:  

1. The AMF2 and XBPWR instruments during normal operations. 

2. Collaborative resources and guest instrumentation. 

3. Other ARM-deployable resources. 

4. Intensive operational periods (IOPs). 

4.1 AMF2 and XBPWR during Normal Operations 

The overarching science question of SAIL motivates comprehensive, exhaustive measurements of the 
processes that dominate the uncertainty budget in hydrological modeling, but these processes exhibit 
first-order spatial and temporal heterogeneity. Therefore, there is a direct relationship between the 
physical location of the instruments within the East River Watershed and the information that these 
instruments will be providing to help answer the science question, its sub-questions, and its science 
objectives. Careful considerations are needed to ensure that the measurements provide an unbiased 
characterization of that process heterogeneity. This motivated the selection of two locations for 
instrument deployment, motivated by the following factors:  

1. Provide mountain and valley end-members for atmospheric processes in the East River Watershed. 

2. Enable complementary, overlapping, wide-ranging coverage for remote-sensing and in situ 
instruments. 

3. Enable many studies of collocated datastreams that would be precluded with more sites. 

Figure 23 shows the two sites selected. Most of the AMF2 instruments, with the exception of those in the 
AOS (ACSM, AOSMET, CO, CCN, CPC, HTDMA, INP, O3, PSAP, SMPS, SP2, UHSAS) will be 
located in a valley location at the RMBL. This site is much closer to the higher terrain surrounding the 
upper portion of the watershed where precipitation and snowpack are significantly enhanced. The RMBL 
site enables the AMF2 instruments to capture the thermodynamic and dynamic information related to the 
processes associated with that enhancement within generally understudied mountain valley environments. 
Radiative flux, precipitation, and vertically profiling atmospheric state, cloud, and aerosol measurements 
in this location will be the most useful for characterizing atmospheric conditions that directly connect 
with pre-existing surface hydrologic measurements in the watershed. The area around RMBL is 
accessible by road in the warm season and ski/snowshoe in winter from the CBMR base. 
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Figure 23. Perspective view looking north towards East River Watershed with the watershed boundary 

in red, the location for SAIL of the XBPWR in green, and the location of the AMF2 as a red 
marker. 

The second site is on Crested Butte Mountain. This elevated, prominent location was selected to enable 
both radar and AOS measurements to sample a broader area, including beyond the East River Watershed. 
While there are tradeoffs with separating a subset instruments from AMF2, including the preclusion of 
many direct comparisons between their respective measurements, the emplacement of the AOS at Crested 
Butte Mountain advances SAIL science objectives because in situ aerosol property measurements at 
higher elevations increases the likelihood that those instruments will be collecting data on long-range 
transported aerosols along with a more detailed assessment of how aerosols interact with clouds and 
precipitation. 

4.1.1 Strategies Supporting Science Objective 1 

The achievement of SO#1 depends on developing a detailed picture of the spatial and temporal 
heterogeneity of precipitation, as well as the underlying processes that establish that heterogeneity. 
Therefore, measurement strategies for this science objective focus on maximizing the coverage of the 
XBPWR measurements. The emplacement of the XBPWR at a prominent, relatively elevated location 
with as minimal beam-blockage as possible is therefore of primary strategic interest, since it enables the 
instrument to view precipitation amount, type, and intensity at low-elevation angles, thereby capturing 
near-ground-level precipitation in wintertime and elevated precipitation in summertime at a single 
location. While logistical limitations such as the need for access and power for the XBPWR instrument 
must be considered, the site selected for the XBPWR enables nearly complete coverage of the East River 
Watershed and beyond, as shown in Figure 17. The XBPWR will be located at the southern edge of the 
East River Watershed and the northernmost edge of the watershed is less than 17 km away from the 
XBPWR, allowing that instrument to easily collect measurements across the entire watershed and beyond. 
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In fact, the XBPWR measurements will be very sensitive to detailed precipitation structures within the 
East River Watershed as well as upwind and downwind. 

With the XBPWR located on Crested Butte Mountain, another key strategic consideration is for that 
instrument to be able to simultaneously sample the same volume that is being sampled by the KAZR 
instrument and other vertically sampling instruments from the AMF2. The collection of precipitation and 
thermodynamic data within the same air volume simultaneously develops a wide range of micro- and 
macrophysical data including on hydrometeor phase, size distribution, velocity, and the time-evolving 
processes that contribute to precipitation. It would yield multi-wavelength polarimetric radar observations 
that can be used to constrain precipitation microphysics evolution within orographically forced or 
convectively forced precipitation events. 

Thermodynamic measurements from radiosondes will provide in situ sampling and insight into the 
underlying processes that contribute to precipitation vertical structure. The campaign will launch at least 
two radiosondes per day to capture different radiation regimes, but increased frequency of radiosonde 
launches to four times per day, where possible, will enable a resolution of precipitation events where 
event lengths that can be represented by a gamma distribution are often less than 24 hours long in the 
winter (Serreze et al., 2001) and only a few hours long in the summer (Gochis et al. 2003). 

A final strategic consideration is the scan strategy of the XBPWR because it has direct implications for 
achieving SAIL’s SO#1. While measurements of the XBPWR using plan-position indicator (PPI) scans 
enable surveying of precipitation across the East River Watershed and beyond to understand the 
variability across the area, there is scientific value in focusing scans in the sector where the AMF2 resides 
to better understand processes contributing to variability in the vertical structure of storms. Range-height 
indicator (RHI) scans, regularly (~15 minutes) interspersed with PPI scans, are needed during storms, in 
particular, to capture the time evolution of processes above the AMF2. 

4.1.2 Strategies Supporting Science Objective 2 

The achievement of SO#2 depends on making detailed measurements of observational constraints on the 
wind redistribution and sublimation of snow. The former term requires detailed measurements of wind 
fields and their spatial gradients, especially where there are strong gradients of suspended snow relative to 
surface stress. 

For wind redistribution of snow, the XBPWR will measure Doppler radial velocities of particles, whether 
precipitating or suspended, and its measurements will be able to characterize hotspots of wind 
redistribution, especially at ridgelines, as well as redistribution during and outside of precipitation events 
(Walter et al. 2020). Where measurements of wind fields overlap with the scanning DL, we will have 
opportunities to characterize wind redistribution statistics and wind vectors. Scan strategies for these two 
instruments can achieve a combined greater sensitivity to wind fields. 

Snow sublimation can be inferred and potentially quantified from a variety of SAIL data sources, 
including:  

1. Vertical attenuation of radar reflectivity during precipitation (Walter et al. 2020). 

2. Eddy covariance measurements of latent heat fluxes (Stigter et al. 2018). 
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3. Thermal and thermodynamic signatures of latent heat in blowing snow plumes (Taylor 1998). 

4. Mass-balance investigations using snow-making equipment (Eisel et al. 1988). 

Measurements of vertical wind structure and vertical atmospheric thermodynamic structure are central to 
characterizing snowpack and blowing-snow sublimation tendencies. The radiosonde measurements are 
key to characterizing the thermodynamic profile of temperature and humidity, and at least two radiosonde 
launches will occur daily. This will enable characterization of changes in these profiles across the day, 
while being supplemented by continuous AERI retrievals of these quantities. The AERI has 
zenith-scanning capabilities between 45 and 135 degrees, which can capture spatial variability in 
temperature and humidity and, where the instrument is able to scan towards and away from ridgelines 
with blowing snow plumes, how those quantities vary in and around those plumes. 

Measurements from tethered balloon systems (TBS) can provide important constraints on snow processes. 
With the imaging configuration of that platform, which contains visible and thermal imaging capabilities, 
observations of the snow extent and temperature can be collected. These data can provide an important 
time-series of spatiotemporal snow evolution across the East River Watershed and fill the gap between 
continuous station observations that have limited or no spatial coverage at all and aerial snow surveys 
such as from ASO that provide highly spatially detailed snow depth measurements but with no temporal 
resolution. 

4.1.3 Strategies Supporting Science Objective 3 

The standard data collection approaches for the AOS are highly supportive of SO#3. That being said, the 
primary strategic decision to enable the achievement of SO#3 is its emplacement at an elevated location. 
While the AOS is typically collocated with other AMF2 instruments, SAIL will separate the AOS from 
the other AMF2 instruments and locate it with the XBPWR instrument. Reasons for this decision include: 

1. To obtain aerosol (and trace gas) measurements representative of the region, SAIL needs a location 
with minimal local contamination sources. These local sources, including from the dirt road near 
RMBL during the summer and inversions in the winter, would skew observations and not be relevant 
for assessing aerosol impacts on clouds from a more regional standpoint. 

2. The location of the AOS and XBPWR instruments on Crested Butte Mountain at the Old Teocali Lift 
site does not see significant ski or foot traffic. It is therefore less likely to be influenced by local 
mountain operations such as from snow cats and snow guns. 

3. The location has a more open footprint, meaning less localized obstructions such as from trees that 
could impact the measurements (e.g., AOS wind speed). 

The TBS measurements can provide important constraints on aerosol processes. The TBS has an aerosol 
concentration configuration that includes a printed optical particle spectrometer (POPS) and a 
condensation particle counter (CPC). These instruments should be used to measure aerosol size 
distribution and total aerosol concentration, respectively, during a range of aerosol loadings across 
seasons, which can be assessed with AOS measurements, principally, to characterize vertical profiles of 
aerosols to better understand regimes and radiation. 



D Feldman et al., April 2021, DOE/SC-ARM-21-004 

43 

4.1.4 Strategies Supporting Science Objective 4 

The primary strategic consideration for SO#4 is to ensure that direct measurements of aerosol properties 
and precipitation are collocated in space and time. The collocation of the XBPWR and the AOS 
instrument package ensures that AOS measurements are sampling air masses relevant to precipitation on 
elevated terrain. 

While the AOS instruments provide highly detailed surface measurements, they do not provide aerosol 
profile measurements to characterize the relationship between ground-based measurements and those 
experienced in clouds. Therefore, aerosol profile measurements to obtain aerosol properties near cloud 
bases are important, and can be achieved with TBS measurements, so that platform represents an 
important aspect of the measurement strategy supporting science objective 4. The TBS measurements 
therefore should extend from the surface to an altitude that can sufficiently characterize aerosol-cloud and 
aerosol-precipitation interactions. Measurements at least 1 km above ground level (AGL), and preferably 
closer to 1.5 km AGL, can likely capture much of the boundary layer, even though the height of the 
boundary layer across seasons in this area is not known. The TBS has an aerosol composition 
configuration that includes a size- and time-resolved aerosol counter (STAC) and a POPS that should be 
used during a range of aerosol loadings across seasons, which can be assessed with AOS measurements, 
principally, to measure the range of aerosol-cloud and aerosol-precipitation interactions. 

4.1.5 Strategies Supporting Science Objective 5 

The primary strategic consideration for SO#5 is to collect surface radiative fluxes and turbulent fluxes of 
sensible and latent heat at end-members that support the unbiased estimation of these quantities across the 
East River Watershed. Previous measurements at an energy-limited end-member in a riparian zone of the 
East River (near the Pumphouse) can be contrasted against a shrub environment that alternates between 
water and energy limitations for turbulent fluxes of sensible and latent heat. Surface radiation 
measurements will capture the effects of the atmosphere, including gaseous constituents and condensates, 
and the effects of terrain on surface radiation. 

The key strategic consideration for the radiation, sensible, and latent heat measurements is to ensure that 
the measurements sample the range of atmospheric and terrain effects. While the impacts of terrain on 
both shortwave and longwave radiation are understood and amenable to modeling (Lee at el. 2015, 
Plüss and Ohmura 1997), the intersection of impacts between terrain-induced radiative effects and 
associated changes in sensible and latent heat in complex terrain is just starting to be explored 
(Everard et al. 2020). 

While a single ECOR instrument will be deployed with the AMF2, there is an option for an additional 
instrument at a location south of the AMF2 in Gothic. The Kettle Ponds site is 2 km south and represents 
an open rangeland environment that will be a distinct end-member from the AMF2 and other surface flux 
measurement locations. The Pumphouse location is 4 km south and represents a riparian habitat. It is an 
energy-limited end-member, where observations will set an upper bound on the evapotranspiration (ET) 
of the entire watershed. 
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4.2 Collaborative Resources and Guest Instrumentation 

In addition to the wide range of collaborative resources associated with the WFSFA listed in Section 1.1, 
several additional resources impact SAIL measurement strategies. 

First, there is potential for the deployment of an AmeriFlux Rapid Response surface flux measurement 
system to measure fluxes over a forested site. Such measurements would provide a forested end-member 
for understanding ET, and sensible and latent heat fluxes over deciduous or coniferous sites. Decisions 
and logistics support for that system are pending, as of this writing. If selected, that system will contribute 
directly to SO#5. 

Second, NOAA will be deploying a wide range of atmospheric and surface measurements associated with 
the Study of Precipitation and Lower-Atmospheric impacts on Streamflow and Hydrology (SPLASH), led 
by Dr. Gijs de Boer of the Physical Sciences Laboratory. This campaign will start in September of 2021 
and extend for one year. 

It will provide one or more of the following instruments: 

1. Atmospheric Surface Flux Station (ASFS) 

2. Disdrometer 

3. Atmospheric Boundary Layer (ABL) Profiler 

4. Vertically Pointing Snow-Level Radar (SLR) 

5. Mobile Surface Radiation Network (SURFRAD) station 

6. Radiometer suite (RADSYS) 

7. Surface energy balance tower 

8. Collaborative Lower Atmospheric Mobile Profiling System (CLAMPS) with the following: 

a. Doppler lidar 

b. AERI 

c. Microwave radiometer 

The SPLASH instrumentation will be located within the East River Watershed at locations separate from, 
and complementary to, the SAIL locations. (1) at Avery Picnic ~2 km north of the RMBL in Gothic, 
(2) at Kettle Ponds ~2km south of RMBL, (3) at the Pumphouse ~4 km south of RMBL, and (4) at Brush 
Creek ~ 10 km south of RMBL, adjacent to the south side of Crested Butte Mountain. Given the breadth 
and depth of the SPLASH instrumentation, the SPLASH campaign will advance all SAIL science 
objectives. 

SAIL may also benefit from additional guest instrumentation. Co-Investigator Skiles will loan an 
additional SP2 instrument to complement SAIL’s SP2. This will provide measurements at AMF2 to 
capture spatial gradients in BC, and advance SO#3 and SO#4. 
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Snow pits will also be a key collaborative resource. Snow pit observation and sampling will occur in the 
following order: (1) collect spectral snow albedo over the pit site; (2) excavate pit, record snow depth, and 
collect 10-cm temperature profile along shaded pit wall, noting visual snow and dust stratigraphy; 
(3) measure snow density in 10-cm increments using a density cutter and field scale; and (4) gravimetric 
sampling for dust/aerosol stratigraphy in 3-cm increments in the top 30 cm of the snow column. Spectral 
snow albedo and surface effective grain size will be retrieved with an Analytical Spectral Devices field 
spectroradiometer (i.e., spectrometer; FieldSpec4). 

Snow samples will be kept frozen until analysis in Skiles’ lab at the University of Utah, at which point 
they will be melted, weighed, a 50-mL aliquot drawn off for black carbon analysis, and then filtered and 
dried for deposited aerosol mass and concentration, which is typically strongly dominated by dust. 

sing laser light diffraction 
(Malvern Instruments; Mastersizer 2000E) from a subset of snow samples containing dust layers 
introduced directly using a wet dispersion system. The reflectance of filtered aerosols, when optically 
thick, will be measured with the same field spectrometer mentioned above coupled to an Analytical 
Spectral Devices (ASD) RTS-3ZC integrating sphere. The 50-mL aliquots will be analyzed for BC using 
the same SP2 deployed in the field, which will return to the lab in the summer, by coupling the instrument 
with an ultrasonic nebulizer (A5000T; Cetac). Sample analysis procedure for dust and BC in snow is 
described in detail in Skiles and Painter (2017); we will follow the same methodology. 

For additional logistical support for guest instrumentation, there is an established process by which users 
can submit ARM field campaign requests. 

4.3 Other ARM Resources 

In addition to the AMF2 instrumentation, there may be opportunities to deploy TBS during SAIL. This 
platform provides visible and thermal imaging instrumentation, atmospheric profiling of temperature, 
water vapor, and winds along the tether, and cloud and aerosol properties, as well as allowing for hosting 
guest instrument payloads, where applicable. 

The TBS can provide unique, aerial information that is highly complementary to other SAIL data sets. It 
makes measurements on a regular basis and can capture the evolution of the surface and atmospheric 
environments during its deployment windows. The science value of TBS deployment depends on the 
season during which it is deployed, but generally enables the following: 

During winter, TBS instrumentation can characterize the spatial distribution and evolution of snow cover 
and the spatial distribution of the thermal environment, as well as provide information on cloud and 
aerosol properties. Making measurements before and after storms, if they happen, would constrain 
precipitation rain/snow transitions and wind scouring, processes that occur during storms. 

During spring, regular measurements at the start and end of the snow melt-out would enable the tracking 
of the evolution of snow cover and the thermal conditions on the ground, and the aerosol measurements 
would provide critical information on the vertical distribution of dust-on-snow events. Making 
measurements pre- and post- rain-on-snow events, if they happen, would characterize the response of the 
snowpack to more rapid melt events. 

 

https://arm.gov/research/campaigns
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Figure 24. Three potential sites for TBS deployment: (1) RMBL Gothic Townsite in red, Kettle Ponds in 

yellow, and Mt. Crested Butte Boneyard in yellow. 

During summer, the TBS would be able to characterize the conditions that favor or disfavor the 
development of convective events locally, including how regional flow patterns impact the evolution of 
the boundary layer during the summer. 

During fall, the TBS would be able to characterize the change in snow cover at the onset of the 
accumulation season and associated impacts on the thermal environment. 

Another key organizing activity will be to focus research and data collection activities in IOPs, which can 
augment the scope of the science that SAIL can achieve. In particular, IOPs can help advance efforts to 
address SAIL’s overarching science question by developing numerous datastreams at an even higher level 
of process detail. Collaborative activities that can serve as the focal points for IOPs include, but are not 
limited to: 

1. Snow survey flights 

2. TBS deployments 

3. WFSFA, SPLASH, NGWOS, or SnowEx intensive data-collection periods. 

Here are some examples for potential IOP activities. In the cold season, IOPs provide opportunities to 
study the connection between precipitation, aerosols, snow atmospheric and snowpack processes, and 
radiation with focused experiments to track the change in snow before, during, and after storms. During 
the spring, IOPs provide opportunities to track aerosols from the atmosphere to the snowpack and their 
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subsequent impact on snowpack energetics, while also targeting how the emergence of snow-free areas 
change local atmospheric dynamics. Finally, IOPs provide opportunities to study boundary-layer 
evolution, the development of convection, and its impact on the land surface moisture and energetics. 

In addition to any potential guest instrumentation for an IOP, IOPs can include additional radiosonde 
launches. These activities enable a greater, detailed resolution of the diurnal development of atmospheric 
thermodynamics in mountain valleys. For programmable instruments such as the XBPWR and DL, 
careful considerations and dynamic adaptive scan strategies are needed to sample the evolution of 
precipitation and winds where they are occurring. 

5.0 Project Management and Execution 
Given the scope of SAIL, including as the first integrated field laboratory (IFL), organization of the 
campaign is central to the resulting science. At a high level, SAIL has and will continue to reach out to 
key scientific partners within BER including, but not limited to, the Atmospheric System Research 
(ASR), Environmental System Science (ESS), Earth and Environmental System Modeling (EESM), 
Regional & Global Model Analysis (RGMA), and Subsurface Biogeochemical Research (SBR) programs. 
The campaign also has and will continue to reach out to key agency partners with USGS, primarily 
through its Next-Generation Water Observing System (NGWOS); NOAA, primarily through the 
SPLASH campaign; NASA, primarily through the SnowEx mission; and the National Center for 
Atmospheric Research (NCAR), primarily through the Research Applications Laboratory. State and local 
scientific partners are invaluable to the scientific success of SAIL and include, but are not limited to, 
RMBL, Western Colorado University, and the Upper Gunnison Water Conservancy District. Other, more 
detailed aspects of SAIL management and execution are listed below. 

IFL: SAIL necessarily requires active communication between the points of contact for the ARM 
facilities being requested and the large number of existing collaborative resources in the East River 
Watershed, many of which are associated with the Watershed Function SFA. The SAIL PI team regularly 
meets and Co-Investigators Carroll, Gochis, Raleigh, Skiles, and Williams contribute substantially to that 
SFA and provide needed links to those WFSFA resources. The data from these collaborative resources 
will be publicly available and are described in the Data Management Plan. 

Website: SAIL has a website (https://sail.lbl.gov) to centralize logistics for the deployment along with 
planning information for project participants. SAIL also has an ARM-hosted Campaign Website that 
describes the campaign at a high level, including associated official publications and activities. It will 
provide evergreen links to the location of the SAIL data that will be hosted on ARM Data Discovery. It 
will also provide evergreen links to the locations of WFSFA data so that researchers can find 
atmosphere-through-bedrock observations at a centralized location. 

Reviews and Reporting: In coordination with the AMF personnel, SAIL will produce periodic status 
reports in the preparation, execution, and conclusion of the campaign to ensure SAIL is planned, 
managed, and executed to meet its science objectives. The campaign expects that external investigators 
will seek to develop IOPs in conjunction with the deployment, and will work with IOP proposers to 
ensure maximum science benefit. At the conclusion of the campaign, the SAIL science team will conduct 
post-project reviews at the ARM/ASR Science Team meetings. 

https://sail.lbl.gov/
https://www.arm.gov/research/campaigns/amf2021sail
https://adc.arm.gov/discovery/
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6.0 Science 
This section presents some science opportunities that SAIL data enable. Merely a subset of opportunities 
that the campaign seeks to enable through broad community-wide participation, it should be considered a 
starting set of activities. 

6.1 Precipitation Process Science 

Over the upper Colorado River watershed, it has been shown that cloud-system-resolving WRF 
simulations produce 20-30% more cold-season precipitation than reanalyses with biases that increase with 
elevation (Wrzesien et al. 2018) and are highly sensitive to the choice of cloud microphysics 
(Liu et al. 2011). Further, owing to a lack of observational or laboratory constraints, most existing cloud 
microphysics schemes have substantial deficiencies in their representations of ice processes 
(e.g., Harrington et al. 2013). Figure 25 shows a comparison of WRF simulations with the PRISM 
reanalysis (Daly et al. 2008) over southwestern Colorado, with very different precipitation bias patterns 
between summer and winter, and generally an overprediction of precipitation by WRF in both means and 
extremes. Resolving the differences between WRF and PRISM requires a close inspection of the physical 
processes that contribute to these biases. 

 
Figure 25. (a) Topographic map of a 400x400-km domain surrounding the East River Watershed 

(outlined in black). (b) Domain-wide comparison of wintertime WRF simulations with 
PRISM for calendar year 2017. (c) Same as (b) but showing wintertime domain bias 
(WRF-Prism), (d) Same as (c) but showing summertime bias. 
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This motivates the following questions: 

1. What roles do terrain features have in generating winter precipitation within different stability, flow, 
temperature, humidity, and large-scale vertical motion conditions? 

2. What cloud and sub-cloud processes control phase and accumulation at the surface? 

3. How does sublimation/evaporation in the lee of terrain features and topographic height influence 
surface accumulation? 

4. How do meteorological conditions impact ice habit, amount, aggregation, breakup, and riming, and 
how does this impact surface accumulation? 

5. How do topographically affected winds and turbulence affect transport of hydrometeors and 
precipitation accumulation? 

Each of these questions can be addressed using SAIL data, in conjunction with reanalysis information on 
the synoptic flows through this environment. 

With detailed XBPWR, KAZR, and SONDE data, process models can be evaluated following the 
framework suggested by Lundquist et al. (2019). SAIL data form the basis both for developing gridded 
precipitation products directly and for evaluating the errors produced in the creation of gridded data from 
point gauge network observations. 

The SAIL data will also enable the creation of fingerprints of liquid, ice, and mixed-phase precipitation 
processes such as aggregation, riming, and seeder feeder from a combination of radar, satellite, surface, 
and profiling observations with the aid of measurement simulators applied to cloud-scale models. After 
controlling for possible meteorological errors, these fingerprints can then be linked to periods and 
locations with model errors to determine which processes will be targeted for further parameterization 
sensitivity testing with the goal of improving parameterizations and prediction of precipitation. All of 
these analyses will collectively characterize the ability of state-of-the-art multi-scale models and 
parameterizations to predict a variety of precipitation processes in mountainous terrain that strongly 
impact local and regional hydrology. 

6.2 Snow Sublimation and Wind Redistribution Science 

Many SAIL datastreams impose observational constraints on the terms for snow sublimation. The 
XBPWR, DL, RWP, SONDE, and MET will measure wind fields and snow redistribution, while 
SONDES will measure atmospheric temperature and humidity. 

Together, these measurements will directly quantify the thermodynamic tendency for snow sublimation 
and where and when this tendency overlaps with blowing snow events during precipitating and 
non-precipitating conditions. SAIL can use these measurements to build bottom-up observationally based 
estimates of sublimation by quantifying the contributions of sublimation from the snowpack surface and 
sublimation from blowing snow to the loss of snowpack across the accumulation and melt seasons. 

These measurements will also help quantify the spatial distribution of the wind redistribution of snow 
during and outside of precipitating events, including where wind erosion and deposition occur and the 
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relative importance of this redistribution in precipitating and non-precipitating events and how that 
relationship varies with antecedent snow conditions. 

Finally, the combination of precipitation, sublimation tendency, and wind redistribution observations help 
develop a snow process closure experiment. This experiment is diagrammed in Figure 26 and will create a 
multi-pronged set of constraints for snow processes that most impact the snowpack at the mesoscale. 
SAIL data can be assimilated into a wind-downscaling solution at the mesoscale, while targeted snow 
surveys can be assimilated into snow dynamics models. These two combined approaches would 
assimilate data at the small spatial scales of relevance to snow accumulation and redistribution process 
models and the large spatial scales of relevance to atmospheric process models to develop an optimal 
solution for snowpack evolution at the mesoscale that is cognizant of snow processes at the scale of tens 
of meters. Furthermore, this two-pronged assimilation approach can produce an optimal solution with 
uncertainty estimates. 

 
Figure 26. Two-pronged data assimilation to achieve snow process closure at the mesoscale. 

SAIL will observe radiative properties of aerosols in the atmosphere and other atmospheric state variables 
(thermodynamics and clouds) as inputs to well-established radiative transfer routines to calculate the 
radiative forcing of these quantifiers and their variability by aerosol regime. 

These provide information to inform surface radiative calculations. To determine the unique and 
combined impacts of dust and BC, relative and total concentrations will be used as inputs for individual 
runs of the Snow-Ice and Aerosol Radiative Transfer (SNICAR) model. This addresses one of the largest 
uncertainties in the assessment of the role of light absorbing aerosols in snow, as studies have typically 
focused on one aerosol type (i.e., BC; Bond et al. 2013). Such a data set can be used to directly uncover 
model errors in aerosol radiative forcing (e.g., Jones et al. 2017). 
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6.3 Aerosol Precipitation Interaction Science 

To address SO#4-Q1, SAIL will collect data to identify the significant new-particle nucleation events and 
examine the associated environmental conditions. Data on the aerosol characteristics (e.g., size 
distribution, composition, and hygroscopicity) and their relationship with CCN under different aerosol 
scenarios will be collected. These will enable studies of how new-particle growth affects CCN 
concentrations, cloud droplet number concentration, ice microphysical processes such as vapor 
deposition, riming and aggregation, and precipitation. 

For SO#4-Q2, SAIL data will enable investigations of how different aerosol sources such as wildfires, 
long-range transported dust, and biological particles contribute to INP concentrations. This is particularly 
important where INP data can be correlated with aerosol composition, cloud microphysics properties such 
as ice water content, cloud phase, and hydrometeor type, and snow precipitation under different 
meteorological conditions. SAIL data also enable the quantification of INP-precipitation efficiency based 
on meteorological conditions and aerosol scenarios, motivated by previous studies showing that 
temperature and moisture exert a large control of aerosol effects on the orographic precipitation 
(Fan et al. 2017, Saleeby et al. 2011). 

 
Figure 27. Example of determination of biological INPs based on thermal treatment of unamended 

aliquots of particles, and distinguishing total organic contributions of INPs through H2O2 
digestion. It is not unusual for biological INPs to be expressed at temperatures > -20 °C, and 
for organic INPs to dominate to quite low temperatures in certain environments. These data 
are from the Measurements of Aerosols, Radiation, and Clouds over the Southern Ocean 
(MARCUS) deployment, emphasizing biological and organic INPs present in oceanic 
emissions from sea spray. 

To address SO#4-Q3, SAIL data will enable the identification of typical aerosol and meteorological 
scenarios. SAIL will allow researchers to identify relationships between aerosol characteristics, including 
both CCN and INP, and cloud properties such as CWP, IWP, cloud phase, and precipitation for each 
scenario. Associated modeling studies can focus on the most common aerosol scenarios. For each 
scenario, hypotheses about the major mechanisms leading to observed relationships can be posed, then 
real-case WRF model simulations with bin microphysics at the LES scale can be conducted to test the 
hypotheses. 
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For example, in case of wildfires, the emitted black and brown carbon may change the local circulation 
through aerosol radiative effect, which would impact orographic clouds and precipitation more 
dramatically compared with CCN effects. In the case of hygroscopic aerosols (CCN effect), literature 
shows inconsistent results: Borys et al. (2003) showed that increasing CCN suppresses riming and lead to 
reduced snowfall rate, but opposite results were seen in Saleeby et al. (2011) and Fan et al. (2017). The 
inconsistency might be due to different mountain width and height, and different meteorological 
conditions. Since the meteorological conditions vary strongly with seasons over this region, this analysis 
will be conducted for different seasons, and aerosol impacts on snowfall is of particular interest. 

6.4 Surface Energy Balance Science 

For SO#5-Q1, the observational data will form inputs to radiative transfer models. They will enable the 
development of radiative closure studies (e.g., Mlawer et al. 2002, 2003, McFarlane et al. 2011, 2016) to 
systematically quantify contributions to the observed shortwave and longwave upwelling and 
downwelling radiation. These studies will specifically isolate the roles of humidity, clouds, and aerosols 
in contributing to the surface energy balance. 

For SO#5-Q2, modeling support needs to be coupled to SAIL data to understand turbulent fluxes of 
sensible and latent heat across the East River Watershed. Since these fluxes are generally difficult to 
measure across terrain, they have been parameterized, typically with a bulk aerodynamic model 
(e.g., Anderson et al. (2010). However, Schlögl et al. (2017) showed that this is inappropriate in complex 
terrain due to the violation of the mandatory assumptions of stationarity and horizontal homogeneity. 
SAIL expects that these fluxes may vary with snow cover, soil moisture, and vegetation type and density 
and heterogeneities thereof (Wu et al. 2015, Gevaert et al. 2018, Meng et al. 2014). With SAIL, as the 
melt season progresses, we will measure these fluxes and their variation with wind speed and surface 
temperature, snow, and soil moisture changes throughout the East River Watershed and directly quantify 
bulk aerodynamic model parameterization errors and how they vary with surface conditions. Because 
bulk aerodynamic models are widely used, SAIL data can quantify how appropriate this model is, and 
critically when and where it is biased, for parameterizing the role of sensible and latent heat fluxes for 
contributing to surface-melt and warm-season fluxes. For these cases, WFSFA’s network of soil moisture 
measurements, and meter-scale mapping of vegetation across the East River Watershed 
(Carroll et al. 2018, Hubbard et al. 2018), will be leveraged. 

From SO#5-Q3, SAIL will build up a climatology of the controls on CIES. These can be compared 
against convection-permitting, data-constrained simulations of the region to quantitatively position the 
atmospheric states realized over East River Watershed in the broader distribution of states achieved over 
the Rockies, with NOAA’s High-Resolution Rapid Refresh (HRRR) model provides an hourly, 3-km 
horizontal resolution atmospheric state estimate over the continental United States (CONUS). 

6.5 Integrated Field Laboratory Science 

The collocation of atmospheric, surface, and sub-surface field activities in the East River Watershed is 
specifically designed to enable science activities that are driven by questions with answers that require 
simultaneous, overlapping measurements, as part of an IFL. 
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In addition to the science questions and objectives specific to SAIL, this campaign may yield other 
co-benefits due to its detailed observations of both land and atmosphere that can be used by these two 
communities. For the atmospheric science community, scientific opportunities are enabled by existing 
data sets associated with the WFSFA. First, the network of existing meteorological observations, 
including SNOTEL, can be used to directly calibrate the relationships between precipitation radar 
measurements and precipitation phase and amount, since these relationships depend on microphysics and 
can thus vary both spatially and temporally. Second, the distributed network of ongoing field 
measurements, as shown in Figure 4, can at the very least provide spatial and temporal context to those 
data collected at the AMF2 central facility as part of SAIL. There are four Snow Telemetry (SNOTEL) 
sites that have collected data between 9 and 38 years, and 25 additional stations that have been collecting 
temperature, humidity, barometric pressure, and wind speed data, with select stations also collecting solar 
and infrared radiation, snow depth, precipitation, soil moisture and soil temperature, and the EPA Clean 
Air Status and Trends Network (CASTNET) collecting wet and dry deposition. These data can be used to 
characterize elevation gradients and variability on synoptic-to-interannual timescales in these observed 
variables. Furthermore, measurements of the snowpack chemistry can provide information about the 
spatial and elevational dependence of, in particular, aerosol deposition and can establish the 
representativeness of the detailed aerosol measurements at the AMF2 in complex terrain. 

For the existing WFSFA, the uncertainties in the spatiotemporal distribution of (1) precipitation and 
phase, (2) temperature, and (3) radiative fluxes greatly complicate surface and subsurface hydrologic 
model development efforts, since their inputs are characterized by sparse meteorological station inputs 
that may not be capturing relevant spatiotemporal and/or elevational gradients. Precipitation amount and 
phase observations would therefore greatly advance SBR-funded research, and would extend BER’s 
investments in bedrock-through-canopy infrastructure to address significant gaps in atmospheric inputs. 

6.6 Modeling Activities Science 

SAIL campaign data can support a wide range of modeling activities. For process models, SAIL 
observational data sets are necessary to allow benchmark evaluation of integrated process model skill in 
mountainous terrain when simulated in a free-running state bounded (or periodically updated), using 
SAIL-like observations as constraints, and, finally, in a degraded state whereby more complicated 
parameterizations in the integrated process model are swapped and validated with those more commonly 
used in Earth system models. Thus, integrated process models allow for a framework in which one can 
assess and isolate the direct effect of swapping model parameterization sophistication (e.g., rain-snow 
partitioning, boundary-layer scheme, microphysics, etc.) and the sensitivities to horizontal, vertical, and 
time-step resolution. 

This framework of a hierarchy of integrated process model experiments can then be used to interrogate 
important process-level choices in modeling mountainous environments such as: 

1) Precipitation phase-partitioning – land-surface models in most Earth system models crudely assume 
that precipitation phase and snow density are only dictated by a distinct range of surface 
temperatures. Jennings et al. (2018) have shown that due to the hydrometeor energy balance theory, 
where low ambient relative humidity promotes evaporative cooling via exchanges in latent heat, 

environments. This therefore highlights the need to update these parameterizations to account for not 
only surface temperature, but, at least, relative humidity as well. 
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2) Boundary-layer processes – the implications of boundary-layer scheme bulk-parameterization choice 
(e.g., aerodynamic roughness length) has been a longstanding topic in land-surface and snowpack 
model literature because the choice of how these processes are generalized can lead to a decoupling 
of the atmosphere-land interface and a rapid cooling effect that may lead to large biases in surface 
temperature, particularly in the winter season (Slater et al. 2001). 

3) Snowpack bulk-density and snow cover (from satellites and Watershed Function SFA surveys) 
parameterizations – akin to precipitation phase-partitioning, the snow model components of Earth 
system models often assume that the density of snowpack is dictated by a distinct set of temperature 
ranges (e.g., >2 C, 0 C to -15 C, and <-15 C) and, until recently, had not accounted for the importance 
of wind redistribution (van Kampenhout et al. 2017). This is important because snow cover affects 
albedo and surface energy. This is an often underestimated and poorly observed process that can lead 
to much different late-winter to early-spring distributions of snowpack in mountainous regions. In 
addition, grid-cell-based snow cover parameterizations in Earth system models are often represented 
by hyperbolic tangent functions that relate snowpack bulk characteristics such as the density of new 
snow, the momentum roughness length, and a tuning coefficient (e.g., Oleson et al. 2013), which may 
not be sufficient in representing the true snowline, particularly during the melt season. 

4) Shortwave and longwave feedbacks in complex terrain – neither the atmospheric dynamical core nor 
the land-surface models in most Earth system models account for the influences of terrain on 
shortwave and longwave energy exchange. The interaction of complex terrain, particularly shortwave 
shading due to cliff faces and variability (i.e., slope) and mountain range orientation (i.e., aspect) have 
a profound impact on the spatial heterogeneity and lifetime of snowpack pockets into late-spring and 
early summer. The addition of these two processes appear to be a low-hanging fruit and relatively 
easy subgrid-scale parameterization to implement into Earth system models. 

5) Microphysics in complex terrain – the spatiotemporal distribution of precipitation amount and phase 
has been poorly explored to date because spatially continuous observations of both have been sorely 
lacking for decades in mountainous environments (Bales et al. 2006, Kinar and Pomeroy 2015). This 
has led to a recent collision course between convection-permitting climate modeling 
(Currier et al. 2017, Prein et al. 2015) and geospatial statistics (Daly et al. 2008) as both attempt to 
convince the mountain research communities that they can provide better spatiotemporal estimates of 
mountain precipitation. Given that radar measurements are proven means to estimate the 
spatiotemporal evolution of precipitation (Lundquist et al. 2008, Mott et al. 2014), SAIL provides a 
middle ground in which the added value of microphysics schemes commonly used in climate models 
can be juxtaposed with the methods employed by reanalysis product generation (e.g., the Mountain 
Climate Simulator [MT-CLIM] used in Livneh – http://www.ntsg.umt.edu/project/mt-clim.php). 

Data from SAIL can be used in Earth system model development. Earth system model representation of 
mountain snowpack has largely been hampered by the distinct scale mismatch between common Earth 
system model resolutions (~100km) and snow models (~10m-1km) (Frei et al. 2005, Rutter et al. 2009, 
Essery et al. 2009, Chen et al. 2014, Wu et al. 2017, Rhoades et al. 2016, 2018). The path forward may be 
the use of intermediate scale (~1-10km) integrated process models (e.g., WRF fully coupled with a snow 
model). This is because integrated process models are more tractable as they are computationally less 
expensive, can more realistically represent important model lower boundary features (e.g., topography 
and land-surface cover) and can be more easily bounded (or periodically updated) by observations. 

http://www.ntsg.umt.edu/project/mt-clim.php


D Feldman et al., April 2021, DOE/SC-ARM-21-004 

55 

This list is not exhaustive, yet provides a sampling of the possible process representation exploration that 
can be enabled by both the establishment of an integrated process model coupled with a SAIL 
observational campaign and their combined potential to abate longstanding Earth system model modes of 
failure, particularly in mountainous regions (Rhoades et al. 2016, 2018). A secondary benefit of this work 
is that after the integrated process model has been optimized (or can be bounded by periodic 
observations), it can then provide a more physics-based means to spatially interpolate between 
intermittent observations in both space and time. 

7.0 Relevancy to the DOE Mission 
The SAIL deployment of the AMF2 is highly relevant to, and specifically supports, the BER Earth and 
Environmental Systems Sciences Division (EESSD) mission. First, the 2019 Workshop Report for the 
ARM Mobile Facility (U.S. DOE 2019) indicates that mountainous and complex terrain regions “were 
identified by the workshop organizers as the highest priority for discussion.” Within complex terrain, the 
report notes that: “Observations could support studies to improve the significant understanding gaps in 
the areas of convection, extreme precipitation and weather, and interactions between atmospheric 
circulation, radiation, and land-surface conditions.” The report further identifies clouds and precipitation, 
aerosols, and land-atmosphere interactions as key science topics. By measuring clouds, precipitation, 
aerosols, and land-atmosphere interactions using ARM observations and existing surface observations 
from the Watershed Function SFA within the context of an integrated field laboratory, the SAIL 
campaign is directly responsive to the science needs identified in that report. 

The Workshop Report also highlighted potential collaborations with other DOE programs with the 
following language: “Mountains provide an organizing theme for studying atmospheric and terrestrial 
processes, so the deployment of the AMF in mountains may foster collaborations between ARM/ASR and 
Terrestrial Ecosystem Science (TES) and SBR programs to improve understanding and modeling of earth 
system processes.” Finally, SAIL may be able to complement the upcoming deployment of the AMF3 to 
the Southeastern U.S. by providing upstream data on aerosols and eastward-propagating atmospheric 
phenomena. 

SAIL will contribute to EESSD’s Strategic Plan Goal 2, Supporting Objective 6 by addressing the 
couplings between water and energy in a mountainous watershed and thus will “advance understanding 
and process representation of the couplings involving energy and water cycles, and improve dynamical 
representations of these cycles to better represent climate forcings at the interfaces of terrestrial, aquatic, 
and urban systems.” 

By involving the ARM user facility in an Integrated Field Laboratory and by responding to BERAC’s 
recommendation for an IFL and the repeated requests by the mountain hydrometeorology community for 
integrated surface and atmospheric observations, the SAIL deployment would directly advance EESSD’s 
Strategic Plan Goal 4, supporting Objective 4 of “advanc[ing] capabilities and aggressively exploit[ing] 
the unique DOE facilities that provide critical detailed observations necessary to understand cloud, 
aerosol, and radiative properties over land, sea, and ice.” 

With respect to the ARM Decadal Vision, SAIL observations will provide a clear path towards advancing 
the scientific understanding and Earth system model representation in regions of complex topography 
wherein models are consistently problematic and uncertain in their representation of processes 
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contributing to precipitation and snowmelt. SAIL further supports the ARM Decadal Vision that 
identifies “regions influenced by significant orography” as priorities for using the AMF to advance DOE 
high-priority science. Finally, the SAIL deployment, when coupled to ongoing terrestrial science 
observations as part of the Watershed Function SFA, support the strategic goals for the next-generation 
ARM facility by “strengthen[ing] interactions with the user community” and “enhanc[ing] data products 
and processes.” 
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