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Cover: Satellite imagery, airborne sensor data, and field photographs from SnowEx 2017: 28 

a) Worldview Stereo image of west Grand Mesa (Colorado) at the onset of the SnowEx 2017 29 

airborne and field campaign (1 February 2017).  30 

b) Sunset over snowy west Grand Mesa. Photo taken near TLS Site-F on 9 February 2017 31 

(courtesy: Chris Hiemstra). 32 

c) Snow depth map from the NASA Airborne Snow Observatory over the Senator Beck Basin 33 

study area (courtesy: Delwyn Moller and the ASO team). 34 

d) Ka-band mapping of snow from GLISTIN-A over Grand Mesa (courtesy: Delwyn Moller and 35 

the ASO Team) 36 

e) SnowEx survey marker, one of many deployed across the study areas  37 

f) Scientists measuring vertical snow properties in a “mega snowpit”   38 
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 39 

Executive Summary 40 

Despite snow’s unique importance to the global Earth system, no single satellite-borne sensor 41 

has been demonstrated to accurately measure all of the planet’s snow water equivalent. 42 

Seasonal snow cover is the largest single component of the cryosphere in areal extent, covering 43 

an average of 46 million km2 of Earth's surface (31% of land area) each year, and is thus an 44 

important expression of and forcing  of the Earth’s climate. In recent years, Northern 45 

Hemisphere snow cover has been declining at a rate greater than Arctic sea ice. More than one-46 

sixth of the world’s population (~1.2 billion people) relies on seasonal snowpack and glaciers for 47 

their water supply. Snowmelt-generated water supply is likely to decrease  this century. Snow is 48 

also a critical component of Earth’s cold regions ecosystems where wildlife, vegetation and 49 

snow have strongly interconnected fates.  50 

To understand the time and space variation in the snow’s energy and mass balances along with 51 

the extensive feedbacks with the Earth’s climate, water cycle, and carbon cycle, it is critical to 52 

accurately measure snowpack. The ability to measure snow cover fraction and albedo from 53 

space is a proven technology and has yielded tremendous advances into our understanding of 54 

the Earth system. Indeed, the most recent Earth Science Decadal Survey (ESDS) 55 

recommended the Surface Biology and Geology (SBG) as an imperative “Designated 56 

measurement”. SBG would include a visible through shortwave infrared imaging spectrometer 57 

and spectral thermal imager for understanding snow spectral albedo, the controls on snow 58 

albedo, and snow surface temperature. However, the great diversity in snowpack characteristics 59 

(e.g., depth, liquid water content) and cold regions environments (e.g., forests, complex terrain, 60 

barren tundra) pose a great challenge for measuring global snow water equivalent (SWE). The 61 

international snow remote sensing community has been active in responding to this challenge, 62 

and has developed a number of snow remote sensing technologies. For example, the NASA 63 

Cold Lands Processes Experiments significantly advanced microwave radar technology to 64 

estimate SWE. While airborne SWE and albedo measurement has been successfully applied at 65 

the watershed and regional scale, several spaceborne SWE missions have been proposed but 66 

ultimately were not been selected; additional missions to map SWE are currently in 67 

development globally. There are several new approaches that have been proposed, e.g., using 68 

L-band measurements from UAVSAR to measure SWE. The ESDS has recommended a Snow 69 

Depth/SWE concept based on radar, InSAR, or LiDAR as a to-be-competed Explorer 70 

measurement. Only by intercomparing the various measurement techniques will we be able to 71 

quantify their capabilities in different environments, as well as possible multi-sensor synergies in 72 

the context of modeling and data assimilation for future global SWE mapping in an integrated 73 

Earth System framework. 74 

To better characterize the performance of proposed sensors, and to identify optimum multi-75 

sensor synergies and model assimilation for mapping the critical snowpack properties in future 76 

satellite missions, the SnowEx campaign was undertaken by the NASA Terrestrial Hydrology 77 

Program (THP). The project aims to quantify and compare capabilities and limitations of 78 
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traditional and newer snow estimation techniques across a range of environmental conditions, 79 

with an emphasis on articulating satellite remote sensing strategies and requirements.  The 80 

newer technologies hold great promise but need to be tested more extensively with airborne 81 

observations alongside existing technologies for a comparison of their relative accuracy and 82 

global applicability. Advances in snow modeling and data assimilation must be further leveraged 83 

to integrate measurements from multiple sensors to estimate SWE. Remote sensing of 84 

components related to the snow surface energy balance - including albedo and surface 85 

temperature - are critical for understanding energy cycles and changes in climate and are also a 86 

significant opportunity for understanding changes in SWE as well as improved SWE estimation 87 

through assimilation. 88 

What is SnowEx? SnowEx is a five year program initiated and funded by NASA THP to 89 

address the most important gaps in snow remote sensing knowledge. It focuses on airborne 90 

campaigns and field work, and on comparing the various sensing technologies, from the mature 91 

to the more experimental, in globally-representative types of snow. The goal is to address the 92 

most important gaps in our snow remote sensing knowledge, and thus lay the groundwork for a 93 

future snow satellite mission. SnowEx was initiated in the 2016-2017 winter with a field 94 

campaign that was designed to evaluate the sensitivity of different snow remote sensing 95 

techniques to increasing forest density. In the remaining years, SnowEx campaigns will focus on 96 

the efficacy of SWE measurement and modeling techniques in up to four regions of interest: 97 

1. Mountain ranges and temperate forests of the western United States 98 

2. Boreal forests (taiga) and arctic tundra of North America 99 

3. Cold prairies in interior regions of North America, and/or  100 

4. A maritime gradient spanning the Pacific Northwest region of the United States 101 

The process for recommending these focal areas is documented further in this science plan. 102 

Science Plan and Implementation - The high variability of global snowpack conditions 103 

requires a systematic investigation of sensor capabilities and sensitivities across a range of 104 

environments and spatial and temporal scales. Identification of a robust system for mapping 105 

SWE (and related snow characteristics) with multiple remote sensing instruments and data 106 

assimilation will provide direct guidance for designing a future snow satellite mission. Such a 107 

system would in turn provide unprecedented knowledge of snowpack quantity and how it varies 108 

over seasonal and annual scales across the globe, thereby transforming watershed and 109 

ecological management and climate monitoring. A future snow satellite mission, informed by 110 

SnowEx experiments, would enable estimation of the critical snow properties on a global scale, 111 

with the greatest scientific return coming from depth/SWE measurements and coincident 112 

spectral albedo and snow surface temperature. 113 

The geographical focus of SnowEx is proposed as North America (Fig. ES1), which contains the 114 

six broad snow climate categories identified in the literature: tundra (alpine or Arctic), taiga 115 

(Boreal forest), warm (temperate) forest, maritime, prairie, and ephemeral. Additional factors 116 

that transcend these snow climates include terrain complexity (e.g., steep vs. flat terrain), and 117 

snow states like wetness. The timing and location of specific campaigns is envisioned as a 118 

combination of opportunistic as well as targeted choices, and planned to leverage 119 
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complementary or similar airborne and field efforts external to SnowEx. Specifically, SnowEx 120 

leveraged Airborne Snow Observatory (ASO) operations (2013-ongoing) in the 2016-2017 121 

northern hemisphere winter  in Colorado and will do so again in the 2018-2019 winter over a 122 

broader domain that also includes California and Idaho. In the 2019-2020 winter, SnowEx will 123 

focus on snow in boreal forests and Arctic tundra in conjunction with the NASA ABoVE 124 

campaign (2014-2024). The final field campaign is proposed to address remaining gaps: we 125 

describe two candidate sites, one in the cold prairies of the northern contiguous United States 126 

and southern Canada, which presents an opportunity to test snow remote sensing techniques in 127 

an environment that is extensive globally, and one in the maritime zone of the Pacific Northwest, 128 

which presents an opportunity to test snow remote sensing techniques in a unique environment 129 

with multiple sensing challenges (deep snow, wet snow, persistent cloud cover, and dense 130 

forests). Discussions on the focus of SnowEx 2021 are still ongoing. 131 

 

Figure ES1. Map of SnowEx study domain in western North America and snow climates 

(Liston, 2004). Shown in the inset maps are the proposed focus regions for the field 

campaigns. The 2020-2021 campaign includes notional site locations for alternative 

campaigns across a maritime gradient (e) and a cold prairie (f) 

 132 

The suite of SnowEx field campaigns will include coordinated airborne and field surveys to 133 

characterize snowpack at multiple periods during the cold season. Intensive airborne and field 134 

data collection will also occur during the snow-free season to obtain baseline surveys (e.g., 135 

snow-free elevation mapping for altimetric approaches). Ground-based remote sensing and in 136 

situ observations will be collected by members of the snow science community, and these will 137 

serve as reference datasets for assessing the quality and accuracy of airborne data and 138 

models. Application of process-based snow models and data assimilation experiments will 139 
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provide further insights into optimal strategies and concepts for monitoring global snowpack in a 140 

future mission. 141 

SnowEx Outcomes and International Engagement - SnowEx will provide key insights into 142 

optimal strategies for mapping global SWE with remote sensing and models, which will enable a 143 

competitive proposal for a Decadal Survey “Earth System Explorer” mission. The systematic 144 

assessment of methods for mapping water and energy components of seasonal snow in 145 

SnowEx is fully aligned with the objectives of the NASA Terrestrial Hydrology Program and the 146 

Earth Science Division as well as the ESDS. As any future snow satellite mission will require 147 

observations from an international collection of satellites, engagement with the international 148 

snow science community is central to the success of SnowEx. Realization of a global snow 149 

mapping program requires coordination with international partners and space agencies (e.g., 150 

Canada, Europe, China). SnowEx is directly responsive to recommendations from the 151 

international community (e.g., World Meteorological Organization) to test snow measurement 152 

techniques across vegetation gradients and climates, and to develop systems that incorporate 153 

models and remote sensing data to characterize snowpack states. 154 

  155 
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1. Motivation 212 

Seasonal snow cover is the largest single component of the cryosphere in areal extent, covering 213 

an average of 46 million km2 of Earth's surface (31% of land area) each year.  The high albedo 214 

and low thermal conductivity of snow affects global climate, and  in turn snow responds to 215 

changes in global and regional climate. The magnitude of snow accumulation and timing of 216 

snowmelt drives seasonal water cycles in many regions. More than one-sixth of the world’s 217 

population (~1.2 billion people) relies primarily on water from seasonal snowpack and glaciers. 218 

In California, e.g., more than 70 percent of water from the San Joaquin River, which originates 219 

from Sierra Nevada snowpack, is used to irrigate the Central Valley. Although only two percent 220 

of U.S. cropland is in the Central Valley, it produces about 300 varieties of crops and nearly half 221 

the nation’s fruits and nuts. The economic value of natural snow reservoirs for agriculture and 222 

water resources is estimated in the trillion dollar range in the western United States alone; the 223 

climate benefits of seasonal snow are likely even greater [Sturm et al., 2017]. The myriad 224 

important roles of snow in the Earth system was prominently recognized under multiple 225 

elements in the latest Earth Science Decadal Survey [National Academies, 2018].  These 226 

include precipitation, glaciers and ice sheets, water stored on land, surface characteristics, 227 

terrestrial vegetation/ecosystems, ice surfaces, sea level rise, and snow amounts/melt rates]. 228 

The international snow community currently lacks a comprehensive satellite-based approach for 229 

routine mapping of the global distribution of snow water equivalent (SWE), the essential snow 230 

hydrologic variable for all water-related studies and applications. SWE, the measure of total 231 

water stored in snowpacks, is changing rapidly on an annual basis as seasonal snowpacks are 232 

often accumulating later, reaching lower maximum values, and melting earlier as the climate 233 

warms. Remotely sensed snow covered extent and snow albedo provide important but indirect 234 

information about the evolution of SWE and snowmelt through time. The 2017 Decadal Survey 235 

[National Academies, 2018] has recognized the need for accurate quantification of snow 236 

spectral albedo and the physical properties controlling that albedo with measurement in the 237 

“Designated” category, as well as improved mapping of SWE and melt rates and included these 238 

in the “Explorer” category, for which three competed launch opportunities are anticipated in the 239 

mid-2020s.  Current and planned missions do not have adequate space-time sampling (e.g. 240 

GEDI and IceSat-2), are not well-configured for snow measurements (SWOT), are not high 241 

enough spatial resolution (passive microwave) or need to be further tested and validated (e.g. 242 

estimating SWE from L-band on NISAR). Considering the years of lead time required for a 243 

successful mission proposal, the preparation must be done now. While substantial advances 244 

have been made in the last five years at estimating SWE with airborne missions at the synoptic 245 

scale across mountain systems, capabilities of individual remote sensing instruments have not 246 

yet proven adequate to capture these changes from space on a global scale. Because of the 247 

spatial and temporal variation in  snow and landscape characteristics - each of which poses 248 

unique measurement challenges - it is likely that multiple sensors and model integration are 249 

needed to map SWE globally. Therefore, there is a need for focused airborne and field 250 

campaigns executed across a range of snow environments to evaluate current remote sensing 251 

capabilities and opportunities for estimating SWE globally in a future satellite mission. 252 
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The proposed SnowEx (“snow experiment”) is the critical step needed to develop a competitive 253 

mission proposal. SnowEx is a community-wide effort aimed at identifying the optimum 254 

combination of remote sensing technologies that can provide accurate spatial estimates of 255 

global snow mass in various contexts, and at sufficiently high precision. To achieve this goal, 256 

SnowEx will perform a series of field and airborne experiments across multiple kinds of snow 257 

and confounding factors, and integrate these within the context of  models, to validate remote 258 

sensing technologies. While the primary variable of interest is SWE, it is recognized that 259 

measuring components of the snow energy balance, which enable understanding of changes in 260 

the thermal state of the snowpack, is critical to understanding SWE dynamics. Indeed several 261 

years of work on “SWE reconstruction” uses remotely sensed snow cover depletion and 262 

modeled energy balance to infer SWE retrospectively [Molotch et al., 2015], while recent work 263 

illustrates that assimilation of reflectances can improve snow depth estimates [Charrois et al., 264 

2016]. In order to obtain a complete picture of snowpack dynamics and to build methodologies 265 

for leveraging more mature technologies, SnowEx also includes measurements of snow albedo 266 

(shortwave) and snow surface temperature (infrared). The data produced by SnowEx will 267 

develop and demonstrate sensor and model fusion techniques suitable for future deployment on 268 

satellites designed for measuring global SWE. 269 

Assessing techniques that are optimal for mapping global SWE requires community 270 

engagement as well as national and international partnerships. The snow community 271 

recognizes that global snow sensing is a complex challenge that requires a wide range of 272 

expertise (remote sensing, field validation, modeling and assimilation) in order to maximize the 273 

potential for success. Earth science missions proposed in the past provide ample evidence that 274 

a strong community effort is a necessary ingredient for success [e.g., Aquarius, Lagerloef et al., 275 

2008; SMAP, Entekhabi et al., 2010], and a community effort maximizes community support. 276 

We have seen that the mission selection process is rigorous [National Research Council, 2007; 277 

CoReH2O, Rott et al. 2010], and consequently, our vetting of a snow mission concept must be 278 

equally rigorous. Broad community engagement in SnowEx is therefore a necessity that will 279 

ensure a balanced and thorough approach.  Furthermore, SnowEx will seek partnerships with 280 

related efforts to identify synergies and enhance scientific opportunities, for example, the NASA 281 

Terrestrial Ecology Program Arctic-Boreal Vulnerability Experiment (ABoVE). SnowEx will also 282 

coordinate with international partners and snow-related missions.  For example, CSA is 283 

proceeding with an EE10 concept [Lemmetyinen et al., 2018] that has been submitted to ESA, 284 

and China plans to launch WCOM [Xiong et al., 2016].  It is recognized that an international 285 

approach may be the only practical way to obtain the multi-sensor observations needed to map 286 

SWE in all Earth’s snow covered regions. Indeed, a global SWE mission requires global 287 

partnerships. 288 

The snow community is currently at a critical stage. The science questions have been 289 

articulated, candidate technologies are available, and ongoing community activities (e.g., 290 

International Snow Working Group Remote Sensing, iSWGR) have shown a need to 291 

demonstrate that recent developments can lead to global capabilities. At the 2014 iSWGR 292 

workshop [Sturm et al., 2014], the snow community recognized that finding optimum 293 

combinations of sensors and models in order to enable mission trade studies would require 294 

multi-sensor field and airborne observations for which data did not exist—particularly 295 
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incorporating new developments from the past several years in remote sensing, our 296 

understanding of snow/radiative transfer physics, and modeling/assimilation. In fact, the last 297 

preceding major multi-sensor snow campaign, CLPX-1 in 2002-3, was fifteen years ago. Field 298 

experiments in the U.S., Canada, and Europe over the past fifteen years have provided crucial 299 

groundwork, and preliminary evaluation of some of the technologies. Over this period, the 300 

community has grown and learned a tremendous amount, and there have been many new 301 

technological developments and modeling advances. SnowEx will build on these recent 302 

experiments and will produce a proposed sensor and model fusion approach, with both 303 

theoretical and experimental  scientific rationale, for a future snow mission.  304 

2. Relevance 305 

SnowEx will support the snow component of at least two missions in the National Academies’ 306 

2017 Decadal Survey: (1) the “Earth System Explorer” specifically targeted at measuring global 307 

snow depth and snow water equivalent, and (2) the the hyperspectral imager selected as a 308 

“Designated Mission” targeted at “Surface Biology and Geology.” The overarching question of 309 

SnowEx is aligned with multiple Earth Science/Application objectives in the 2017 Decadal 310 

Survey, including H-1b “Quantifying rates of precipitation and its phase...” and H-1c “Quantifying 311 

rates of snow accumulation, snowmelt, ice melt, and sublimation from snow and ice worldwide 312 

at scales driven by topographic variability.” Both of these objectives were rated as “most 313 

important” for science and applications. SnowEx directly addresses these objectives through 314 

identification of the optimal suite of remote sensing modeling approaches for quantifying SWE 315 

and the snowmelt energy balance across landscapes with variable topography and forest cover. 316 

The objectives of SnowEx support the NASA Terrestrial Hydrology Program’s objective “to 317 

develop new observational basis for water resources management”. The recent success of the 318 

NASA Airborne Snow Observatory has demonstrated the demand for more detailed snow 319 

information from the integration of remote sensing and modeling and the potential for 320 

applications in water resources management. SnowEx will provide quantitative guidance for the 321 

optimal combination of snow remote sensing instruments and models, which in turn has 322 

potential to provide a new observational basis for water management across a broad 323 

geographic domain. This helps address the top recommendation of the Decadal Survey’s Water 324 

Panel:  “an integrated earth system framework using satellite observations and models”, 325 

spanning all parts of the water cycle. 326 

As a space agency and as a research agency, NASA’s motivation for any Earth Science 327 

satellite mission must consider both science questions to be answered for the sake of science 328 

as well as providing data to demonstrate specific societal applications (operational applications 329 

are the job of operational agencies).  NASA has yet to launch a mission focused on seasonal 330 

snow, arguably because (1) demonstration of snow sensing techniques has been limited; and 331 

(2) as a community, we have lacked a focused community effort to determine  the optimal 332 

sensor strategy for spaceborne monitoring of snow, across a range of climates and snow 333 

conditions.  With seasonal snow as a major Explorer observable within the Decadal Survey, we 334 
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require field and airborne experiments to demonstrate sensor and model fusion approaches, to 335 

prepare us to design a seasonal snow spaceborne mission within the next 5 years. 336 

The SnowEx approach to focus on gradients of confounding factors such as forest cover, and 337 

topography addresses recommendations made by the World Meteorological Organization 338 

(WMO) Integrated Global Observing Strategy (IGOS) report on the cryosphere [IGOS, 2007].  339 

The focus of SnowEx on SWE across a gradient of forested regions meets the recommendation 340 

“Priority should be given to research and development of algorithms and new sensors to 341 

measure SWE, under a wide range of vegetation conditions.” The strategy for targeting multiple 342 

environments and variables related to SWE evolution are also captured in SnowEx and address 343 

the IGOS recommendation “Targeted field projects should be conducted to deal directly with the 344 

measurement of snow in multiple environments. These should seek to advance coordinated 345 

remote sensing of snow albedo and surface temperature (i.e. optical measurements) together 346 

with SWE and snow depth (i.e. microwave measurements).” Finally, SnowEx aims to leverage 347 

remote sensing data with snow models through data assimilation supports the IGOS charge 348 

“Integrated multi-sensor data fusion and global analysis systems that blend snow observations 349 

from all sources must be improved. The ideal global snow observing system will use 350 

observations from all relevant sources in coherent, consistent high-resolution analyses of (at a 351 

minimum): the extent of snow cover, snow depth, SWE, snow wetness, and albedo.” 352 

3. Prioritizing SnowEx Activities  353 

The goal of this section is to review the current state of the science of remote sensing of snow 354 

as a basis for defining priorities for SnowEx. We focus this review using the SnowEx 355 

overarching science questions identified through a rigorous process based on focused 356 

exercises at multiple community workshops, and consensus rankings by the SnowEx Steering 357 

team. This led to the overarching question: “What is the distribution of snow-water 358 

equivalent (SWE), and the snow energy balance, in different canopy types and densities, 359 

and terrain?”.  360 

The prevailing technological understanding is that different remote sensing techniques will work 361 

better for different snow types.  For instance, deep mountain snow (complex terrain), which is 362 

important for water resources, though limited in areal extent globally, requires high resolution 363 

measurements, but can be largely characterized via its depth (e.g. lidar or other ranging 364 

techniques with ~10 cm accuracy is adequate). While shallower high-latitude snow, which is 365 

spatially extensive and important for global climate, can use an integrated measurement over a 366 

large footprint but needs precision in that mean variable (i.e. a 10 cm error is a large fraction of 367 

the total depth).  Additionally, different techniques will work better/worse at different points in the 368 

annual snow cycle (see Figure 1), when physical processes impact the accuracy of the 369 

measurements. We need to invest in modeling and data-assimilation systems that are smart 370 

enough to ingest multiple data sources at different points in this cycle. We can capitalize on 371 

satellites launched for various other purposes to get energy balance data, but we need to have 372 

the modeling sophistication to ingest this data to get the evolution of snow correct. This section 373 

develops these ideas with specific reference to types of snow, instruments available to 374 
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characterize them, and places where SnowEx can advance the community towards readiness 375 

for a spaceborne snow mission by filling in critical gaps in our understanding of snow remote 376 

sensing.  377 

 

Figure 1. (top) Time evolution of snow mass (as represented with total snow depth) and snow 

energy (snow temperature, colors), and relevant existing spaceborne remote sensing 

platforms and spatial resolutions. (bottom) Snow climates from the Sturm et al. (1995) 

classification, with photos showing differences in snow depth in tundra and maritime snow. 

Figure courtesy of Jessica Lundquist. 

 378 

In this section, we first detail recent progress in this field (§3.1). We then present a list of seven 379 

high-priority “gaps” in our knowledge of remote sensing of snow: these are areas where we 380 

believe focused airborne and in situ efforts could lead to improvement in our understanding of 381 

snow remote sensing, and ultimately support a spaceborne snow mission (§3.2). Finally we 382 

make recommendations for prioritizing SnowEx activities  (§3.3). 383 
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3.1. Historical and recent progress on remote sensing of snow 384 

Since the 1970s, much of Earth has been mapped for extent of snow cover (also known as 385 

snow-covered area, SCA or snow-covered fraction) largely based on instruments that work in 386 

the optical wavelengths. These data have led to tremendous discoveries about global-scale 387 

snow processes. For example, global snow cover mapping have revealed a sharp decline in 388 

June snow cover extent in recent years, and this rivals the late summer decline in Arctic sea ice 389 

extent [Derksen and Brown, 2012].  390 

To date, only two global, space-based approaches for measuring SWE exist: passive 391 

microwaves and gravity. Gravity sensing, however, cannot meet our spatial resolution or SWE 392 

accuracy [TBC] needs, so we do not consider it further.  Space-based passive microwave 393 

observations have been available for four  decades, providing a long historical record, and 394 

empirical and semi-empirical methods have been developed to produce SWE estimates  395 

(Tedesco et al., 2006; Kelly, 2009; Chang et al, 1987).  Alternatively, microwave emission 396 

models (e.g. Tan et al., 2015; Wiesmann and Matzler, 1999; Pulliainen et al., 1999) use 397 

physics-based approaches to simulate the effect of a snowpack on attenuation of the microwave 398 

radiation (Brucker et al., 2011; Durand and Liu, 2012; Kwon et al., 2015).   Heritage passive 399 

microwave sensor footprint size was originally fairly coarse (dozens of  km) and affected by 400 

multiple factors, including deep snow, liquid water content and vegetation (Ramage et al., 2007; 401 

Derksen et al., 2010), which significantly impact the accuracy of the snow estimation, 402 

particularly in regions with complex terrain.  However, footprint size has steadily improved, and 403 

current state-of-the-art for snow channels is 10-15 km.  Hardware-based technology for 5 km 404 

passive microwave footprints has existed for some time.  And, recent software-based 405 

technology (Long and Brodzik, 2016) offers tools for resolution enhancement in post-processing 406 

beyond hardware technology limits; evaluating the accuracy of this should be an objective of 407 

future SnowExs. 408 

Sensors and approaches for remote sensing of snow have been reviewed multiple times in 409 

recent years. Nolin (2010) reviewed methods for measuring snow cover, albedo, SWE. She 410 

highlighted that multi-sensor approaches are appealing for snow for overcoming limitations of 411 

individual sensors, and the challenging effects of forest canopies across all sensor types. Dietz 412 

et al. (2012) concurred with this assessment.  Lettenmaier et al. (2015) included a section on 413 

snow in the review of remote sensing of hydrology. They highlighted the problem of direct 414 

measurement of mountain SWE from spaceborne platforms. All three review papers share a 415 

common consensus: mature technologies exist for mapping snow cover fraction, albedo, and 416 

surface temperature, but no existing technology has been proven as a candidate for global 417 

remote sensing of SWE that meets scientific requirements.  418 

Here, we first review several recent spaceborne mission proposals based on rather more 419 

mature technologies, and then provide a survey of thirteen technologies for remote sensing of 420 

snow. These technologies span the TRL gamut from experimental to well-established methods.  421 
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3.1.1. Recent proposed SWE spaceborne missions 422 

The societal benefits of a snow satellite mission are recognized as excellent and necessary.  423 

However the algorithm maturity in recent proposed missions has not been sufficiently rigorously 424 

demonstrated.  The Cold Lands Processes Pathfinder (CLPP) mission was a NASA synthetic 425 

aperture radar (SAR) and passive microwave concept submitted to the 2007 Decadal Survey.  It 426 

was recommended by the 2007 Decadal Survey. However, due to limited SAR algorithm 427 

maturity and other issues, it was listed as a  so-called “third-tier” mission.  428 

The Cold Regions Hydrology High-Resolution Observatory (CoReH2O, Rott et al., 2014) was a 429 

proposed European Space Agency snow SAR mission (Rott et al., 2010). This mission 430 

advanced to the “stage-of-three” downselect decision, where it competed (unsuccessfully) with 431 

missions to measure vegetation and atmosphere. The “no go” decision was based in part on the 432 

limitation that SWE could be reliably retrieved only where forest cover was less than 20%. The 433 

SWE retrieval algorithm also required high-precision a priori estimates of snow grain size.  434 

Thus, the SAR algorithm limitations remain an issue. 435 

A dual frequency Ku-band radar mission entered phase 0 at the Canadian Space Agency in 436 

summer 2018. This technical concept provides 250-m resolution measurements at 13.5 and 437 

17.2 GHz across a 500 km swath, with a stripmap mode (narrower swath) with 10 m resolution. 438 

Scientific activities, field campaigns, radar technology development, and programmatic options 439 

(including international partnerships) will be pursued during the next two years. This has been 440 

proposed to the European Space Agency under the Earth Explorer 10 mission call. 441 

Water Cycle Observation Mission (WCOM) is an upcoming Chinese mission that will focus on 442 

soil moisture and sea salinity, SWE and soil freeze/thaw, plus precipitation/water vapor and 443 

ocean evaporation (Xiong et al., 2016; Shi, 2017).  WCOM will include three instrument 444 

payloads: an interferometric radiometer (passive) operating at L, S, & C bands; a dual-445 

frequency scatterometer (active) operating at X & Ku bands, and a real-aperture microwave 446 

radiometer (passive) operating at C/X/Ku/K/Ka/W bands (6-89 GHz).  Reductions in mission 447 

scope  are likely.  For snow purposes, the scatterometer and the real-aperture radiometer are of 448 

interest.  The scatterometer is expected to be wide swath (>1000 km), with 2-3 day repeat, and 449 

2-5 km spatial resolution after processing.  The choice of the 2nd frequency (14 or 17 GHz) is to 450 

be determined.  Launch is anticipated in the mid-2020s. 451 

The 2017 Decadal Survey to guide NASA missions through 2027 featured snow prominently. 452 

Specifically, the SBG VSWIR imaging spectrometer targets snow spectral albedo and its 453 

controls as one of its 5 Most Important measurements along with those from ecology and 454 

geology. Additionally, the Snow Depth/SWE  “Earth System Explorer” concept  to measure 455 

snow depth and snow water equivalent was also included in the Decadal Survey; radar and lidar 456 

were listed as possible technologies for this mission. The overriding top recommendation of the 457 

Water Panel is actually for an integrated earth system framework using satellite observations 458 

and models, spanning all parts of the water cycle, not just snow [National Academies, 2018].  In 459 

order to help achieve this integrated earth system framework with respect to snow, a global 460 

snow observation strategy is required. The Water Panel’s recommended target observables 461 

include surface characteristics (albedo, temperature), SWE & snow depth, soil moisture, 462 
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precipitation & clouds, terrestrial ecosystem structure, planetary boundary layer , aquatic 463 

biogeochemistry, surface deformation, and ice elevation.  Although the Decadal Survey’s Water 464 

Panel section lists snow observation requirements and suggests multiple potential 465 

measurement techniques (e.g., a GPM-style dual band Ka/Ku non-InSAR radar altimeter, or Ka 466 

band InSAR radar or lidar altimeter), the panel did not specify a single approach. Quantitative 467 

performance under different conditions is unknown, and this fact remains a mission proposal 468 

risk, and a strong argument for SnowEx’s gap filling strategy to quantify the  tradeoffs 469 

scientifically and rigorously.  This will take time, and there will be pressure to jump to a specific 470 

solution to “save time,” but we recognize that more scientific rigor is the best remedy to avoid a 471 

repeat of proposal immaturity.  Parallel to this broad rigorous mapping of our “mission 472 

tradespace,” focused efforts to evaluate the viability of specific concepts can be undertaken in 473 

response to specific mission Announcements of Opportunity. 474 

3.1.2. Recent progress in airborne measurements of snow 475 

In the past ten years, i.e., since the last decadal survey, progress on remote sensing of snow 476 

has proceeded for several technologies. Legacy techniques such as passive microwave have 477 

continued to advance, with numerous papers following on from the Canadian International Polar 478 

Year (e.g., Langlois et al., 2011) focusing specifically on the dominant role that forest cover 479 

plays in determining the passive microwave signal. 480 

Significant progress has been made on the multi-frequency scatterometry approach, with 481 

significant datasets collected in 2006, 2007, and 2008 as part of the CLPX-2 campaign (Xu et 482 

al., 2010) and between 2007-2012 during airborne campaigns (e.g., SARAlps2007, NoSREx) in 483 

support the CoReH2O SAR concept. Rott et al. (2008) explored backscatter from radar data for 484 

mountain snow from a helicopter.  Rott et al. (2014) collected scatterometry data in the Austrian 485 

Alps in the winter of 2012 and 2013. Radar measurements of tundra snow in Trail Valley Creek 486 

began in winter 2013 and 2014; more data will be collected in winter 2019. 487 

In the past decade, lidar has emerged as an unprecedented means of accurately mapping snow 488 

depth (typically leveraged to estimate SWE) in mountain regions (Deems et al., 2013).  Notably, 489 

this technique has been demonstrated since 2013 in select mountainous watersheds of the 490 

western United States through the NASA Airborne Snow Observatory (ASO), which measures 491 

snow depth from airborne lidar and snow albedo with an imaging spectrometer for integration 492 

into a snow model to map SWE for water cycle science as well as watershed operations and 493 

management. In a 2017 commentary, Lettenmaier (2017) highlighted the observational 494 

breakthroughs for hydrologic science along with drought monitoring. 495 

3.1.3. iSWGR Survey of Snow Estimation Techniques : Quad Charts 496 

As noted above, SnowEx activities will include a series of field and airborne experiments across 497 

multiple kinds of snow. While the primary variable of interest is SWE, we recognize the 498 

importance of measuring snow energy balance (viz. albedo, snow cover fraction and surface 499 

temperature), which enable understanding of changes in the thermal state of the snowpack. We 500 

also recognize that models and data assimilation for dataset merger is critical. 501 
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In 2014, the various techniques for estimating SWE, albedo, snow cover, and surface 502 

temperature were described in a series of quad charts developed by the iSWGR group that list 503 

the strengths and tradeoffs for each approach.  These quad charts were presented and further 504 

developed at an iSWGR/SnowEx workshop in Longmont, CO in August 2017 (Appendix C) 505 

Categories for techniques are those that measure SWE via altimetry, via volume scattering, or 506 

via “volume-interometry” (where phase measurements are made from a radar signal that 507 

penetrates to the snow-soil interface) , and those that measure energy balance. Models are 508 

listed as a separate category. 509 

We note here that while spaceborne gravimetry from GRACE can be used to infer total storage, 510 

it cannot directly parse out the individual mass balance components. Future versions of this 511 

document will review efforts to infer snow mass from GRACE. 512 

 513 

SWE Retrieval via Snow Depth 514 

● Differential Lidar Altimetry - Geodetic calculation of snow depth at high resolution in 515 

complex terrain and under forest canopies; SWE retrieval in combination with snow 516 

density modeling 517 

● Ka-band Interferometric SAR altimetry– Differential repeat-pass interferometric phase 518 

measurements provide estimates of snow depth for dry to wet snow conditions; SWE 519 

retrieval in combination with snow density modeling 520 

● Stereo Photogrammetry –Snow depth retrieval by differencing repeat high-res DEMs 521 

derived from satellite stereo imagery; structure from motion (SfM) is a form of stereo 522 

photogrammetry, appropriate for airborne applications; SWE retrieval in combination 523 

with snow density modeling 524 

● Wideband Autocorrelation Radiometry – Passively measure microwave propagation 525 

time through a snowpack yields a direct measure of snow depth 526 

SWE Retrieval via Volume Scattering 527 

● Multi-Frequency Ku-Band Radar Backscatter - Measures volume scattering response 528 

of snow to retrieve snow water equivalent in dry snow conditions. Various combinations 529 

of bands are possible (e.g., dual K, X and Ku). 530 

● Multi-Frequency Passive Microwave – Measures natural microwave emissions and 531 

volume scattering response in presence of snow; uses difference at multiple frequencies 532 

to retrieve snow water equivalent in dry snow conditions 533 

SWE Retrieval via Volume-Interferometry 534 

● L-band interferometric SAR – Differential repeat-pass interferometric phase 535 

measurements provide estimates of snow water equivalent (SWE) for dry to lightly wet 536 

(~6%) snow conditions 537 

● Signals of Opportunity (SoOp)- Using reflected transmissions from sources such as 538 

GNSS and XM Radio waves to measure snow depth (for wet snow) and SWE (for dry 539 

snow).  540 

 541 
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We note here that the Decadal Survey proposed exploration of a new technology not in our 542 

quad charts or Tables: dual-band Ku/Ka non-SAR altimetry. 543 

 544 

SWE Retrieval Confined to Airborne or Ground-based Platforms 545 

● Frequency Modulated Continuous Wave Radar – Measurement of travel-time in snow 546 

gives estimates of SWE, snow depth, and stratigraphy 547 

● Gamma – Differential gamma attenuation to map snow water equivalent over 548 

unvegetated surfaces 549 

Snow Energy Balance and Extent Retrieval 550 

● Multispectral/Hyperspectral Imaging Spectrometry - Hyperspectral measurement of 551 

reflected light to retrieve snow covered area, snow albedo, snow surface temperature, 552 

surface grain size, absorption by dust/soot/biological particulates, and surface liquid 553 

water content 554 

Modeling 555 

● Physically-based Modeling – Using physically-based principles and parameterizations 556 

to simulate snow accumulation, energy exchange, and melt; and wildlife-relevant 557 

properties such as depth and surface hardness.  558 

● Radiative Transfer Modeling - Using electromagnetic theory and parameterizations to 559 

represent snow microstructure and represent scattering, extinction, and emission of 560 

microwave radiation 561 

● Data-driven Modeling - Using statistical prediction models (e.g., regressions) or 562 

machine-learning algorithms to estimate SWE based on data collected from remote 563 

sensing and/or ground-based observations 564 

Tables 1-3 are an attempt to map the techniques for estimating SWE, snow cover, /albedo, and 565 

surface temperature, described in the quad charts to identified gaps in snow estimation 566 

capabilities based on the strengths and challenges associated with each. In the tables, green 567 

indicates a demonstrated capability, which may not work in all conditions but uncertainty is fairly 568 

well understood. Yellow indicates a development opportunity, where a potential capability has 569 

been identified and validated in multiple studies, but uncertainty is not well quantified.  Orange 570 

represents a new research area where a potential capability has been identified, but not well 571 

validated, and red represents a hard limitation for a particular technique that is unlikely to be 572 

overcome.   573 
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3.1.4. Potential multi-sensor synergies, tradeoffs, and data 577 

assimilation 578 

Based on the literature, prior airborne/field campaigns, and expert guidance, there are multiple 579 

opportunities for a multi-sensor approach that could permit mapping of SWE with global 580 

capabilities. A non-exhaustive review of potential synergies and tradeoffs follows. These 581 

approaches (among others) should be assessed in the design of SnowEx field campaigns. 582 

One approach would include a sensor that measures snow depth (e.g., via altimetry) and 583 

combines that with modeled snow density to map SWE. This concept has been demonstrated in 584 

recent airborne campaigns, such as ASO (Painter et al., 2016). If only a single high-resolution 585 

sensor were selected, there is an apparent tradeoff in capability with respect to clouds (which 586 

restrict lidar and stereo photogrammetry) and forests (which respect application of Ka-band 587 

InSAR and dual band Ku/Ka), as seen in Table 1. Pairing two of these sensors could enable 588 

complementary mapping of snow depth in a range of locations as long as forests and cloud 589 

cover (long-standing challenges to snow remote sensing) are not simultaneously present. It is 590 

possible to map snow depth with single sensors that are insensitive to clouds (e.g., dual band 591 

Ku/Ka and wideband radiometry), but the SWE retrievals may be limited for shallow snow, and 592 

snow in complex terrain and moderate-to-high density forests. Wideband radiometery may have 593 

additional limitations in areas with deep snow and may not yield high resolution information. 594 

Validated physically-based snow models could provide the estimated snow density to support 595 

mapping of SWE with any of these snow depth sensors, and could be further supported through 596 

assimilation of snow density estimates, which may be possible under dry snow conditions with 597 

L-band radars (e.g., Shi and Dozier, 2000). 598 

Another multi-instrument approach is including one sensor for mapping snow in complex terrain  599 

at a higher resolution and a second sensor for mapping snow in areas where such fine 600 

resolution is not as important. This could be crucial for achieving global coverage as swath 601 

width tends to be inversely proportional to resolution. In this case, the high-resolution capacity 602 

might be supported by sensors such as lidar, dual-band Ku/Ka, or stereo photogrammetry, while 603 

the coarser-resolution capacity might be supported by sensors such as a wideband radiometer 604 

or a traditional passive microwave sensor (Table 1). Snow density would still be required to map 605 

SWE with the high resolution sensor, which could come from modeling, a third sensor (L-band), 606 

or possibly from the coarser-resolution sensor (e.g., passive microwave). This multi-sensor 607 

approach would be similar in concept to the Chinese WCOM mission, which proposes a dual 608 

band (Ku and X) SAR at moderate resolution (2-5 km), a multi-band passive microwave 609 

instrument at moderate-to-coarse resolution (4-50 km), and an interferometric radiometer (L-610 

band passive) which could provide an independent retrieval of snow density. The multi-611 

frequency capability of radars could also be leveraged to provide high-resolution and coarser 612 

resolution mapping of snow; this strategy is being pursued in the dual Ku-band proposal to the 613 

Canadian Space Agency. 614 

A final specific example of a multi-scale, multi-sensor approach is one that combines a 615 

radiometer (passive) with a radar (active), similar to past mission concepts for snow (e.g., 616 

SCLP) and soil moisture (e.g., SMAP). Alternatively, a SAR sensor (e.g., multi-band Ku) could 617 
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be used to downscale or evaluate SWE retrievals from existing spaceborne passive microwave 618 

radiometers, and map areas of wet and dry snow, all capabilities identified in the CoReH2O 619 

proposal (Rott et al., 2010), and essentially the approach used by the Soil Moisture Active 620 

Passive (SMAP) mission. Multi-band Ku SAR and passive radiometers have similar capabilities 621 

and limitations in terms of SWE mapping, and hence this approach would have difficulty 622 

overcoming certain confounding factors (e.g., SWE retrievals in wet snow or deep snow) but in 623 

other environments (e.g., shallow snow) could yield unique data to improve understanding of 624 

scaling relationships in SWE. 625 

Assimilation of variables related to snow extent and the surface energy balance provides 626 

additional synergy between remote sensing observations. Snow extent mapping from an 627 

imaging spectrometer provides useful context for retrieving SWE with passive radiometers. 628 

Assimilation of remotely sensed snow extent, albedo, snow surface temperature, and snow 629 

depth, into physically-based snow models may in turn improve estimation of critical variables 630 

required for SWE retrieval (i.e., snow density) and predictions of snowmelt (i.e., decreases in 631 

SWE). 632 

3.2. Outstanding gaps 633 

One of the goals of this document is to identify “gaps” in snow science and in our understanding 634 

of snow remote sensing. We are fundamentally motivated by gaps in snow science to address 635 

the most important unanswered snow science questions: most saliently, what is the global SWE 636 

throughout the season, how does snow contribute to the global energy balance, and how is 637 

global snow changing over time? At a more immediate level, we are motivated by gaps in 638 

measurement science as it applies to snow remote sensing--i.e., what are the most important 639 

unanswered questions in how our various sensors can measure SWE? How can we use 640 

established measurement sensors that provide snow cover, albedo and surface temperature 641 

with SWE measurements and models to better constrain SWE evolution? How can we measure 642 

and model snowpack characteristics at scales that are relevant to terrestrial ecology and wildlife 643 

management? The snow science and measurement science questions are interdependent. In 644 

this section, we prioritize exploration of measurement techniques that have the greatest 645 

potential to advance snow science. Furthermore, to align ourselves with the scope of the 646 

SnowEx activities, we additionally focus on those topics that can be addressed with a focused 647 

airborne and in situ field campaign. 648 

 649 

The community consensus is that there is no “universal” solution for mapping global SWE —i.e, 650 

no single sensor measures SWE adequately across the large range of global snow conditions. 651 

However, by dividing the world’s snow covers into different types, we can match the appropriate 652 

tools to each snow type and confounding factor. The vast area of snow can be subdivided into 653 

snow on sea ice (e.g. Sturm and Massom, 2010), perennial snow on glaciers and ice sheets 654 

(e.g. Benson, 1969; Cuffey and Paterson, 2010), and seasonal terrestrial snow, which has been 655 

further subdivided into 6 classes by Sturm et al. (1995) and Liston (2004). The various snow 656 

classes take into account the wind, precipitation, and temperature regimes these snow covers 657 

evolve within, and that depth, density, number of layers, grain characteristics, metamorphic 658 
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trajectories and melt sequences differ across these various types of snow. Each snow type 659 

contributes in an important way to the hydrology and climatology of the Earth. Additionally, the 660 

societal significance of snow cover is different in the various classes.  For example, mountain 661 

snow cover is a major contributor to water resources in many areas of the world; winter 662 

recreation and tourism is also important in alpine areas.  Prairie snow cover is important for 663 

crops and animals (grazing, etc.), while ephemeral snow cover often severely impacts 664 

transportation and thus safety.  Tundra and taiga snow, while having a less obvious and direct 665 

influence on humans, greatly influence weather due to their spatial extent,  higher albedo and 666 

lower thermal conductivity. Our challenge is to bring to mature remote sensing of snow to these 667 

snow climate classes. Considering two extremes, dry tundra snow covers 16.5 million km2 but is 668 

only 0.3-0.5 m deep, while wet maritime snow covers only 3.6 million km2 but is much deeper 669 

(1.5-2.0 m). These very different snow types, which require very different sensing approaches, 670 

contain a similar geometric volume of total snow (~5,000-8,000 km3) and are both critical to 671 

global energy balance and water supplies.  Independent technologies exist for both of these 672 

regions, but they transfer between regions poorly. 673 

 674 

We identify seven gaps that represent breaks in the continuity of our knowledge of 675 

seasonal terrestrial SWE remote sensing techniques that have great relevance for 676 

advancing global snow science and, if addressed, could ultimately lead to a spaceborne 677 

snow mission concept. In addition, techniques found to improve seasonal terrestrial snow 678 

estimation have the potential to advance estimation of snow on sea ice, and perennial snow on 679 

glaciers and ice sheets. These gaps, that could be filled with a focused airborne and field 680 

campaign, are:  681 

1. Forest snow  682 

2. Mountain snow 683 

3. Tundra snow 684 

4. Prairie snow  685 

5. Maritime snow 686 

6. Snow surface energetics 687 

7. Wet snow  688 

 689 

Forest Snow: An estimated area of four million km2 of forest in the mid-latitudes and 11 million 690 

km2 of boreal forest (i.e. higher latitudes) is impacted by seasonal snow, which plays a crucial 691 

role in global biogeochemical and ecological cycles. Our ability to measure snow in forests has 692 

been limited because existing remote sensing technologies cannot fully see snow through tree 693 

canopies and masking effects of tall vegetation makes it difficult to quantify the albedo and 694 

surface temperatures. Newer sensing techniques have unquantified accuracy under forest 695 

conditions. 696 

 697 

Mountain Snow: Mountain snow acts as a natural reservoir where water during the cold season 698 

is retained and later released as snowmelt. Mountainous areas provide disproportionately more 699 

streamflow than corresponding lowland areas downstream [Viviroli et al., 2007], and in many 700 

mountain ranges globally the majority of precipitation falls as snow. The primary challenges of 701 
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measuring snow in mountains include deep snow, high spatial variability, and topographic 702 

shading. Physical processes that govern snowpack mass and energy balance in mountains can 703 

vary over multiple length scales, depending on gradients in elevation, slope, and aspect. In that 704 

sense, mountains may be considered a special subset of topographic complexity. 705 

 706 

Tundra Snow: Tundra is the most representative biome of arctic land regions underlain by 707 

permafrost, covering ~8 million square km (~5.4% of the land surface of the earth vs. 7% for 708 

boreal forest). Warming promotes thawing of permafrost which affects the hydrology of the 709 

arctic through a deeper active layer (the upper portion of the tundra and permafrost which thaws 710 

during the summer), increased soil moisture storage, warmer soil temperatures, increased 711 

evaporation, and release of long-sequestered carbon. Tundra snow also affects iconic wildlife 712 

such as caribou and Dall sheep who depend on adequate winter forageable area and shallow 713 

snow for migration. The snow measurement challenge in tundra areas is tied to the relatively 714 

thin snowpack (<1m depth, and 0.35m is typical), huge metamorphic changes inside the pack 715 

over the winter (due to thermal gradients >100K/m) cause large contrasts in snow 716 

microstructure, and a rapid melt (e.g, 1 week). 717 

 718 

Prairie Snow: Prairie and tundra cover over 16 million square kilometers, or about 10 percent of 719 

the land surface area of the planet. Prairie snowpack is generally shallow, and microwave 720 

observations have shown promise. However the subsurface characteristics (e.g. soil moisture, 721 

vegetation) can significantly impact the signal.  As this snow climate is generally mid-latitude, 722 

lower elevation, and generally warmer, wet snow is also an issue, especially in fall and spring. 723 

 724 

Maritime Snow: Maritime snow covers over 3.6 million square kilometers, and provides a 725 

significant source of water to coastline areas. Snow in these regions is generally deep, and 726 

often wet due to rain-on-snow and warmer convective events.  Remote sensing techniques are 727 

also affected by vegetation and the common occurrence of cloud cover in these areas.  In part 728 

due to the challenge of wet snow and maturity of techniques, maritime snow has received less 729 

attention during previous snow remote sensing efforts. 730 

 731 

Snow Surface Energetics: Understanding changes in SWE over short (hourly-seasonal) and 732 

long (annual-decadal) time scales requires accurate assessment of the snowmelt energy 733 

balance. Remote sensing can provide insights into the thermal state (via snow surface 734 

temperature from IR sensing) and melt state (via albedo from spectral imaging spectrometry) of 735 

snowpack. In some regions (e.g., very cold snow zones), it is possible that climate warming may 736 

be manifested in changes in the snow surface energetics years or decades before changes can 737 

be detected in the form of declining SWE. The snow surface temperature and albedo are 738 

physically linked, as temperature is one factor controlling snow grain growth, and reduced 739 

albedo increases snow temperature (or can cause snowmelt once at the melting point). 740 

Reductions to land surface albedo - due to loss of seasonal snow and/or decay of snow albedo - 741 

has important consequences to global climate through albedo feedback. Air temperature 742 

projections using the current global circulation models are challenging especially in forested and 743 

mountainous regions due to large uncertainties associated with snow albedo feedback. There is 744 

a pressing need to obtain high quality observations of snow surface albedo in these regions, but 745 
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landscape heterogeneity complicates our efforts. There are also challenges associated with 746 

representativeness of either ground-based, airborne or satellite albedo measurements (Román 747 

et al., 2009; 2011; Wang et al., 2014), with the angular dependence of both sun and sensor 748 

further challenging accurate retrievals. 749 

 750 

Wet Snow: The spring snowmelt period is a critical time for monitoring snow for both water 751 

resources and flood forecasting. An accurate estimate of the snowmelt magnitude and the 752 

timing of melt runoff is important for water management, however many remote sensing 753 

techniques cannot “see” through wet snow.  Furthermore, altimetry and differencing methods 754 

require an estimate of snow density to convert depth to SWE often obtained from models, 755 

however the spring melt period is also when most model uncertainty is high (Essery et al. 2013).  756 

These measurement challenges are further exacerbated in maritime snow and snow in 757 

transitional zones which can experience wet snow throughout the winter season due to rain on 758 

snow or melt events. 759 

3.3. Defining Priorities for SnowEx Activities 760 

In §3.1 and §3.2, we reviewed the science of remote sensing of snow, ongoing efforts at a snow 761 

mission, and quad charts (Appendix C)  of technologies for snow remote sensing and estimation  762 

(§3.1). We have then detailed seven scientifically-relevant gaps in our knowledge of snow 763 

remote sensing (§3.2). The aim of all of this has been to prioritize SnowEx activities. In this 764 

subsection we propose prioritization of SnowEx activities, and provide a preliminary a strategy 765 

to address the identified gaps. 766 

Objectively prioritizing these gaps is challenging. Each of the seven gaps has global 767 

importance. What criteria should be used for prioritization? One option is to assess the long-768 

term average maximum global spatial extent of each of these types or conditions of snowpack; 769 

this is possible for most gaps with the Sturm et al. (1995) classification. Under this framework, 770 

one might consider the type of snow that covers the most area to be most important. A second 771 

option would be to assess the long-term average maximum global volume (i.e. the spatial 772 

integral of long-term average maximum SWE over its extent) of each type; this is far more 773 

problematic, however, due to large uncertainties e.g. in mountain snow in existing global 774 

datasets (e.g. Wrzesien et al., 2018). Indeed, there is a bit of a catch-22 or a “chicken-or-egg” 775 

problem here. We want to motivate spaceborne mission to study global snow using accurate 776 

estimates of how much global snow is stored in each snow type; but we cannot estimate how 777 

much snow volume is stored in each snow type without the global snow mission. Additionally, 778 

algorithm and technological readiness (both current and anticipated near-term) is a valid 779 

criterion  for prioritizing SnowEx activities. Field campaigns are key to  validating algorithms and 780 

improving our understanding of temporal and spatial mission requirements, all of which play a 781 

role in readiness decisions for SnowEx activities.rA final set of possible criteria is the socio-782 

economic, socio-cultural, and ecological, values of snow. Determining how to objectively weight 783 

these criteria is yet another challenge.. Here we take a pragmatic, while admittedly somewhat 784 

subjective approach, and point the way to future activities to make such prioritizations more 785 

objective. 786 
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3.3.1. Addressing gaps with SnowEx field campaigns 787 

As a start towards selecting potential campaign sites and prioritizing the SnowEx activities, we 788 

recognize that there is overlap among the gaps, in that many exist concurrently and could be 789 

addressed simultaneously.  For instance, a field campaign in the mid-latitude mountains would 790 

likely address deep snow in complex terrain and potentially the impacts of forests as well.  791 

Similarly, another in a high-latitude low topography region may address shallow snow 792 

challenges that impact tundra and prairie measurement capabilities. Before we describe 793 

potential future campaigns, we asked what gaps have already been partly addressed by 794 

SnowEx 2017, and what might be addressed by the planned SnowEx 2019 campaign, and the 795 

proposed 2020 campaign collaborating with ABoVE. While the motivation underlying the “forest” 796 

gap is certainly still relevant, the 2017 dataset is still being explored and analyzed. We propose 797 

that while future campaigns will likely focus on other remote sensing gaps, the ability to sense 798 

SWE under forest canopies is still of great concern; note the lack of techniques with 799 

demonstrated capabilities in forests in Table 1. Thus, we recommend that future SnowEx 800 

campaigns should (to the extent possible) make measurements that span gradients in forest 801 

cover, towards addressing their goals, e.g. Mission Objective 1 for the SnowEx 2019  campaign 802 

is Quantify snow mass and physical properties across topographic and vegetation gradients in 803 

different snow environments, and the 2019 fundamental question is: “What are the physical 804 

controls and dynamics of accumulation and melt of seasonal snow (SWE) across topographic 805 

gradients?”  Vegetation remains big piece of this puzzle, especially below treeline in montane 806 

environments and in the Arctic boreal region; indeed, trees are still very much in view. 807 

SnowEx 2019:  A major focus of the proposed SnowEx 2019 is mountain snow, during both the 808 

accumulation and melt periods, and therefore experiments will target gaps 2,3, and 7, as these 809 

observations will include the mountain, maritime, and wet snow climates (SnowEx 2019 810 

Implementation Plan). Because SnowEx 2019 may be the only campaign with the opportunity to 811 

investigate SWE retrievals for maritime snow, the science plan recommends that campaign 812 

design and implementation provide due consideration to this specific snow zone, in addition to 813 

mountains and wet snow. This may necessitate reprioritization  to consider study areas on the 814 

west slope of the central or northern Sierra Nevada.  Prairie, warm forest, and taiga snow 815 

climates are also within the three Regional Study Areas (RSAs) that are currently under 816 

consideration by the Implementation Team.  These RSAs include well-instrumented and gauged 817 

hydrologic basins, comprehensive snow mass and energy balance observations, and contain 818 

locations of currently planned 2018-19 airborne activities.  The three RSAs are located in 819 

California, Colorado, and Idaho; specific locations of field operations and flight lines are still 820 

TBD, and will be guided by preliminary results from the ongoing Observing System Simulation 821 

Experiment (OSSE).  The OSSE is aimed at highlighting priority areas of snow estimation 822 

uncertainty and analyzing snowfall frequency to help determine temporal resolution of the 823 

airborne and field based experiments.  Exact locations of focus areas within these RSAs will be 824 

determined based on available resources, and by leveraging existing and planned remote 825 

sensing data. During 2019, Environment Canada, funded by the Canadian Space Agency, will 826 

be making field and airborne measurements of tundra snow in Trail Valley Creek, Canada. An 827 

airborne Ku-band SAR will fly this site approximately monthly, starting in October, and there will 828 

be a field team of 12 scientists performing calibration / validation observations in March 2019.  829 
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NASA will likely contribute to this effort by including an overflight by the Operation IceBridge P-3 830 

instrument suite. See the SnowEx 2019 Implementation Plan for more details. 831 

SnowEx 2020: A third campaign is centered on measuring snow at high-latitudes, including 832 

boreal forests and arctic tundra. A campaign for this snow type has great potential for synergy 833 

with ongoing NASA Arctic Boreal Vulnerability Experiment (ABoVE) activities , based on the 834 

Field Campaign Notes document (link). Gaps related to forest snow, snow energetics, (e.g., 835 

snow albedo feedback, and tundra (gaps 1, 5, and 6) are important in  high-latitude regions. 836 

This focus on snow in the Arctic boreal region will provide an opportunity to assess whether 837 

results over temperate coniferous forests in the prior campaigns (2017, 2019) are valid in higher 838 

latitude cold forests, where forest structure and surface processes are different. Given the 839 

similarity between tundra and cold prairies (e.g., shallow snow over flat, unforested terrain), the 840 

science plan recommends particular attention be given to whether SWE retrievals over tundra 841 

are transferable to prairies. This may require expansion of the study domain beyond the ABoVE 842 

study area. While prairie snow may be a great distance from the ABoVE study area (Figure 1), 843 

an innovative implementation might consider airborne surveys over cold prairies while in transit 844 

to the ABoVE study sites.  The science plan also notes that the ABoVE domain may offer 845 

opportunities to obtain airborne microwave data (radar volume scattering approach and passive 846 

microwave) that were not well represented in the SnowEx 2017 airborne dataset. 847 

SnowEx 2021: A fourth potential campaign will focus on the remaining outstanding gaps. By the 848 

end of SnowEx 2020, we project that due attention will have been given to forests (SnowEx 849 

2017, 2019, 2020), mountains (SnowEx 2017, 2019), tundra (SnowEx 2020), snow energetics 850 

(SnowEx 2017, 2020), and wet snow through a time series campaign (SnowEx 2019). The 851 

remaining gaps that are candidates for a final campaign in 2021 are prairie snow and maritime 852 

snow. There may be opportunities to make progress on these gaps in SnowEx 2019 (maritime 853 

snow in the Sierra Nevada) and SnowEx 2020 (shallow snow), however the expectation is that 854 

these are secondary foci (to mountains in 2019 and to boreal snow in 2020). The science plan 855 

suggests two possible focus  areas for a campaign in 2021 (below), and recommends ongoing 856 

discussion with the implementation team of that campaign to weigh the results from prior 857 

SnowEx campaigns and other community efforts when designing the 2021 campaign. 858 

● A prairie snow focus - A campaign focusing primarily on prairies would address a 859 

globally extensive snow zone that has notable climate importance and huge importance 860 

to global agriculture, flooding, etc, thereby making for a more strongly motivated 861 

proposal for a future spaceborne snow mission. The lack of a concentrated effort over 862 

prairies may be a proposal risk, and therefore it is important to quantify SWE retrieval 863 

accuracy in this zone. It is unclear whether the uncertainty in snow retrievals over 864 

shallow snow over other snow climates (e.g., tundra) is representative of snow retrievals 865 

over shallow snow in prairies. For microwave techniques in particular, an important 866 

consideration is differences in substrate (e.g., soil minerals, organic matter, permafrost) 867 

and water content, and these may vary between prairies and tundra. There are a small 868 

handful of  accuracy assessments of passive microwave retrievals at the footprint scale 869 

from Derksen et al (2003, 2004) and Goodison et al (1984), and CLPX-1, but it is not 870 

known how the accuracy of other techniques (e.g., SWE from snow depth from altimetry) 871 
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compare to passive microwave sensing in prairies. A notional study area for a prairie 872 

SnowEx campaign in 2021 is the region in the vicinity of the Red River of the North (Fig. 873 

ES1f), which has a history of snowmelt generated floods. 874 

● A maritime gradient spanning a range of conditions - A campaign focusing on a 875 

gradient of maritime influence at mid-latitudes would address a snow zone that provides 876 

water to many population centers worldwide. The maritime snow zone is characterized 877 

by a different energy balance regime (e.g., more prominent longwave radiation), 878 

persistent clouds, wet snow, deep snow, and (in some regions) dense forests. The latter 879 

factors are well-known issues for snow remote sensing. The inclusion of multiple 880 

confounding factors in a maritime climate would be a departure from the SnowEx 881 

general strategy of isolating confounding factors (see §4.2), but at the same time this 882 

might reveal the upper error limit for sensors in what may be the most challenging snow 883 

remote sensing environment. The SnowEx strategy for varying a confounding factor 884 

could still be preserved by choosing airborne routes and field studies in a transect 885 

perpendicular to the nearest ocean. A notional study area for such a maritime campaign 886 

is the Pacific Northwest (Fig. ES1e), where a longitudinal transect would capture snow in 887 

two maritime mountain ranges (the Olympics and Cascades), ephemeral snow in 888 

between, and prairie snow on the Columbia Plateau (east of the Cascades). This 889 

particular study area could leverage data collected from the NASA OLYMPEX campaign 890 

(2015-2016), which included airborne lidar surveys from ASO. 891 

3.3.2. A Proposal for Prioritizing SnowEx Activities 892 

Given the available sensors, existing gaps, and tentative mapping of gaps onto field campaigns, 893 

this section makes a proposal for prioritizing SnowEx activities. We define “activities” as testing 894 

a particular snow estimation technique or sensor (detailed in §3.1.2) in a particular gap (detailed 895 

in §3.2). Given our objective to support a global SWE measuring mission, we prioritized testing 896 

sensors with a path to space (see Table 1). Given the Decadal Survey promotion of the SBG 897 

mission, and the need to constrain snow energy along with mass balance, and the need to 898 

combine information across sensors, we prioritize snow cover, albedo, and TIR measurements, 899 

along with modeling and data assimilation. Activities break down into four qualitative categories: 900 

mission critical, crucial, important, and beneficial. Note that field campaigns to validate these 901 

measurements are mission critical. We want to stress that if resources are available, all sensors 902 

ought to be flown in all campaigns, including legacy and newer sensors. The snow community 903 

has not yet settled on a particular sensor or combination of sensors, so having them all is ideal. 904 

Understanding that resources are not infinite, the priorities here provide a starting point for the 905 

implementation team in decision-making and planning campaigns. 906 

We do not list all field observations needed to validate each sensor; this is left to the 907 

implementation team. In most cases, we list gaps that may be partially filled with the SnowEx 908 

2017 data (details presented in Appendix B); we will leave to the implementation team whether 909 

new data are needed or not. We find that the following are the mission-critical SnowEx 910 

activities to address gaps in our knowledge of remote sensing, as relates to developing a future 911 

spaceborne mission: 912 
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● The most important gap in maturing multi-frequency Ku-band radar retrievals (volume 913 

scattering approach) are related to the ability to deal properly with the background, i.e. 914 

soils and submerged vegetation. This is documented in the writeups on the tundra and 915 

prairie snow gaps, in Appendix A.  This is the focus of one THP17 project (P.I. Kang, et 916 

al) as well as in the international community: SnowEx efforts must dovetail with ongoing 917 

efforts by Canadians, Europeans and others to advance radar algorithms, to ensure that 918 

work is complementary, not duplicative. While these are challenging contexts, there is 919 

reason to believe that datasets may yield useful information (see Appendix A). Note that 920 

the input data for the background adjustment comes from passive microwave.  So, 921 

passive microwave becomes a required measurement to make this radar retrieval work 922 

(which would inherently elevate the prioritization for passive microwave). 923 

● The fundamental gaps related to the L-band InSAR technique are related to phase 924 

ambiguities and decorrelation, which affect all interferometric observations. These relate 925 

to all types of snow, and thus are relevant for all gaps. Top priority issues include the 926 

need to understand L-band in the context of forest cover: it is possible to penetrate forest 927 

cover at L-band, but it is not known how forest density leads to decorrelation, and 928 

ultimately how SWE retrieval accuracy is impacted. Understanding L-band performance 929 

in mountainous terrain is an important stress test for the ability to perform phase 930 

unwrapping. Field data appear to indicate that L-band still achieves penetration of wet 931 

snow in the presence of liquid water, but this must be further demonstrated using 932 

airborne data.  933 

● Key areas for exploring the Ka-band InSAR technique are the challenge of unwrapping 934 

in steep terrain, interaction with vegetation and forest cover, and penetration depth. 935 

Previous airborne measurements have demonstrated robust performance in steep, 936 

mountainous terrain, but analysis of the performance with respect to topographic relief 937 

and viewing aspect should be further characterized. It is not expected to be able to 938 

measure snow depth beneath forest cover. The Ka-band InSAR technique is intended to 939 

be a surface measurement and penetration into the snow is considered a bias. 940 

Preliminary models for penetration depth should be calibrated and validated under 941 

SnowEx for varying conditions.  For example, microwave models as well as passive 942 

microwave experience predict up to 1 m penetration in dry snow. 943 

● We must include efforts to advance snow modeling and data assimilation activities as 944 

part of SnowEx, so that we can continue to explore how integrated use of these 945 

observations together, rather than in isolation, can help to address snow observation 946 

challenges. Gaps that need to be addressed include an assessment of uncertainty in 947 

modeled physical processes, spatial gap-filling capabilities for narrow-swath sensors (all 948 

our radar and lidar techniques), and advancement of assimilation techniques that take 949 

advantage of multi-scale remote sensing and in situ observations to characterize snow.  950 

● Given the currently ability of airborne LiDAR to measure snow depth (and our only 951 

technique proven to work in forests, Table 1), it is crucial that these observations are 952 

part of SnowEx activities. This is all the more so, with the near-future launches of GEDI 953 

and IceSat-2. We have listed it here as “mission critical” as it is most likely going to be 954 

needed for validating the other sensors.  Plus--as with all our high-resolution/narrow 955 
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swath techniques--spaceborne lidar  in conjunction with models to provide spatial gap-956 

filling is part of our candidate toolkit to map global SWE. 957 

It is increasingly clear that single-sensor techniques in isolation are not likely adequate to 958 

understand global snow processes. It is crucial that the performance of these techniques be 959 

well-quantified  through SnowEx activities as well so that we can begin to explore how using 960 

these datastreams (which would most likely be available during a future global snow satellite 961 

mission) can be used with the other techniques including modeling and data assimilation. 962 

● Passive microwave sensors are legacy instruments that have shown sensitivity to snow 963 

mass and can help interpret newer measurements.  These measurements are required 964 

to help understand the multi-frequency Ku-band radar volume scattering data: Many (but 965 

not all) of the physics are the same, but passive is better understood. Only limited 966 

footprint-scale accuracy assessments exist for passive microwave SWE retrieval, 967 

despite it being the only existing spaceborne approach for mapping SWE with near daily 968 

global coverage. It is crucial to have this as part of the SnowEx suite. When used 969 

successfully in combination with other critical measurements (e.g., multi-frequency Ku-970 

band radar), and as a constraint for models, the importance of passive microwave data 971 

may become more elevated. 972 

● Given the likelihood of the Decadal Survey hyperspectral imaging mission (SBG), and 973 

the importance of albedo to understanding snow processes, it is crucial that these 974 

observations be made as part of ongoing SnowEx activities. Albedo measurements 975 

provide valuable information about snowmelt, and thus have high potential to improve 976 

SWE monitoring and forecasting in models via assimilation. In turn, mapping of snow 977 

depth has potential to add context to the hyperspectral imaging mission, as relative 978 

contributions of snow and the underlying substrate to surface albedo can vary with snow 979 

depth (e.g., the substrate has greater influence on surface albedo in areas with shallow 980 

snowpack vs. deeper snowpack).  981 

● Similarly, thermal-IR imaging of surface temperature is a mature technology with great 982 

value for characterizing snowpack energy state, and will be measured by SBG; TIR is 983 

especially crucial in maritime snow that is often close to the melting point. 984 

It is important to include some instruments with less history of snow-specific measurements; 985 

however, we have only included them in this category if they have some history of airborne or 986 

spaceborne deployment.  987 

● Photogrammetric methods have potential to be transformative technology. While 988 

estimates of elevations from platforms such as WorldView are of a high maturity, 989 

application to snow depth is non-trivial, and is thus a bit outside the acceptable maturity 990 

level. However, it is important to include these because of their immense possible value. 991 

● Airborne FMCW measurements allow for inference of snowpack stratigraphy, and are 992 

thus important as well, even if no path to space currently exists.  993 

It would be beneficial to include the additional technologies from §3.3.1 as resources are 994 

available. 995 
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● It is not clear that gamma sensing would provide a unique piece of information helpful for 996 

validating or understanding the mission critical observations, and it does not have a path 997 

to space. However, gamma does have a long record of operational use in NOAA’s 998 

National Operational Hydrologic Remote Sensing Center’s (NOHRSC) airborne survey 999 

program, and they have expressed interest in participating in SnowEx activities.  1000 

● SoOP sensors measure reflected signals from existing spaceborne missions have not 1001 

(to our knowledge) been deployed on aircraft. It would be beneficial to include this, 1002 

though it is still relatively low TRL. 1003 

● The autocorrelation radiometer has thus far been tested only in situ (to our knowledge). 1004 

It would be beneficial to include this, though the technological readiness level (TRL) 1005 

remains low. 1006 

● Snow density retrieval has been demonstrated by Lemmetyinen et al. (2016) and 1007 

Naderpour et al. (2017) using ground-based L-band passive microwave measurements.  1008 

Since this sensor type may continue to be available in space, and since density is 1009 

required for SWE retrievals based on altimetry approaches, an airborne test would be 1010 

beneficial. Note: This technology is not included in our quad charts, but will be added in 1011 

the future. 1012 

3.3.3. Future work: Using the Snow Ensemble Uncertainty Project to 1013 

work towards a more objective prioritization 1014 

The Snow Ensemble Uncertainty Project (SEUP) is a modeling exercise aimed at identifying 1015 

regions of uncertainty in snow estimation based on the current state of modeling snow and cold 1016 

season processes.  The objective of this exercise is to support NASA's SnowEx by helping to 1017 

select potential field campaign locations in regions where our current sensing capabilities could 1018 

be improved.  In addition, this project aims to begin quantifying snow estimation uncertainty 1019 

across a range of snow classes, terrain and vegetation types.  An initial analysis produced an 1020 

ensemble of land surface model results over a North American domain at a 5 km resolution 1021 

during the time period, 2010-2017, to focus on addressing the following science questions: 1022 

● What areas have higher SWE uncertainty across the ensemble? 1023 

● What areas have higher spatial and temporal SWE variability? 1024 

● Which landscapes have the largest snow mass and energy implications? 1025 

● What percentage of the water cycle involves snow? 1026 

● What is the distribution of SWE in different vegetation and terrain types? 1027 

● How does the uncertainty in the snow fields contribute to the uncertainty in snow melt 1028 

and river runoff?  1029 

A future analysis will include high-resolution observing system simulation experiments (OSSE) 1030 

over smaller sub-domains, aimed at quantifying the ability of various sensing technologies, 1031 

model physics and assimilation techniques to improve snow estimation capabilities.  This 1032 

exercise will help test a framework for snow estimation that includes a combination of models 1033 

and remotely sensed observations, as well as test techniques to merge data from multiple 1034 

platforms and scales.  This analysis could also help further prioritize SnowEx activities for future 1035 
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campaigns and will provide quantifications on the utility of future remote sensing snow 1036 

observations to applications of water availability. 1037 

4. Science Plan 1038 

4.1. SnowEx Science Traceability Matrix 1039 

The science traceability matrix (STM) developed for SnowEx identifies mission objectives and 1040 

ancillary questions, mission requirements, and data deliverables that will help address the 1041 

overarching and fundamental questions. The STM was developed after the 2016-2017 SnowEx 1042 

campaign and was based on science questions and requirements articulated by the wider 1043 

community at prior workshops (e.g., SnowEx, iSWGR) and in the recent Decadal Survey, as 1044 

well as motivating questions and outcomes of the first SnowEx campaign. A catalog of 1045 

community-identified questions was compiled and rated by the NASA THP-16 investigators in 1046 

regards to perceived importance to SnowEx. This was the basis for the overarching and 1047 

fundamental questions in the STM. The set of four Mission Objectives/Ancillary Questions 1048 

(column 1 in STM) derive from the two fundamental questions, and include subcomponents to 1049 

address gaps in our knowledge of state variables, fluxes, physical processes, and measurement 1050 

techniques. The measurement requirements, instrument functional requirements, investigation 1051 

functional requirements, and data deliverables (columns 2-4 in STM) were originally articulated 1052 

in the SnowEx 2016-2017 STM and maintain relevance to the multi-year campaign. The intent 1053 

of the developed STM is to provide fundamental science questions and associated mission 1054 

objectives and ancillary questions that are specific and granular enough to support campaign-1055 

scale planning, yet also have sufficient scope and diversity to enable multiple years of SnowEx 1056 

scoping and implementation, depending on resource availability, PI participation, and instrument 1057 

development and application, among other factors. 1058 

SnowEx Overarching Question: What is the distribution of snow-water equivalent (SWE), and the snow energy balance, in different canopy 

types and densities, and terrain? 

Fundamental 

Questions 

Q1 – What are the physical controls and dynamics of accumulation and melt of seasonal snow (SWE) across 

topographic gradients?   

Q2 – What are the patterns of snow accumulation and melt in boreal vs. temperate forests, and what is the resulting 

hydrologic partitioning of snowmelt in these areas? 

Mission Objective and 

Associated Ancillary 

Questions 

Measurement 

Requirements 

Instrument Functional 

Requirements 

Investigation Functional 

Requirements 

Data Deliverables 

1) Quantify snow mass and 

physical properties across 

topographic and vegetation 

gradients in different snow 

environments (e.g. temperate and 

Arctic) and across the snow 

accumulation and ablation 

seasons. (Pursuant to Q1 & Q2) 

● Capture accumulation 
and melt events 

● Measure states and 
fluxes of mass and 
energy components: 

Precipitation 

Wind Redistribution 

TRL6 or higher required for 
answering all Mission 
Objective questions 
(except 3A, 3B, 3C) 

Lidar 

● Full-waveform LiDAR 
system with <1.0 m 
horizontal resolution and 
<0.10 m vertical accuracy 

● Field locations representing 
combinations of topographic, 
vegetation, and latitude 
gradients 

Range of forest from open 
to closed 

Range of vegetation types 

Ground Obs. Data 

● Ground observation 
logs and data records 

● Instrument metadata 
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A. What is the spatial variability of 
snow mass and physical 
properties across topographic 
and vegetation gradients in 
different snow climates? 

B. What factors control variability 
in snow mass and physical 
properties across topographic 
and vegetation gradients?  

C. How do the spatial variabilities 
of snow mass and physical 
properties evolve through the 
accumulation and melt 
seasons? 

D. What factors control variability 
in snow mass and physical 
properties at different times in 
the accumulation and melt 
seasons? 

SWE change 

In/Out Solar 

In/Out Longwave 

Turbulent fluxes 

● Multi-sensor airborne 
measurements at a 
spatial scale <200 m to 
measure: 

Snow water equivalent 

 Snow depth 

 Snow density 

Spectral & Broadband 

Albedo 

Hyperspectral VIS/SWIR 

reflected radiance 

Snow areal extent  

 VIS/NIR imagery (multi- 
or hyperspectral) 

 High-res digital 
photography 

● Assimilation model to 
simulate spatial and 
temporal evolution of 
snowpack in 
accumulation and melt 
seasons 

● Concurrent in situ ground 
truth measurements of 
micro- and macro-snow 
& forest properties  

 Depth, density, SWE 

 Grain size & morphology, 

 Snow surface roughness 

 Snow stratigraphy 

 Snow temperature profile  

 Forest litter content in 
the snow surface layer 

 Forest structure metrics 
including tree height, 
crown radius, and forest 
density. 

 Soil moisture, roughness 

 Short vegetation  

 Calibration for certain 
airborne observation 

 In situ tower radiation 
and energy balance. 
Four component 
radiation (SW, in and 
out, LW in and out) 

 Wind speed and 
direction 

 Relative humidity 

 Air temperature 

 Snow & soil temperature 
profiles 

 Barometric pressure 

 Spectral albedo 

 Interception 

Vis/IR/SWIR  

● VIS/NIR/SWIR imaging 

radiometer/spectrometer 

(FOV ≤80°, spectral 

range 300-2200 nm, 

iFOV < 1deg.) 
● albedo accuracy <5% 
● Imaging IR sensor and 

remote thermometer( 
accuracy ±1K) 

● High res digital RGB 
imagery from multiple 
platforms (incl. small 
drones) 

L-band and Ka-band InSAR 

● L-Band  and Ka-band 
frequency (~ 1 and 25 
GHz) 

● Dual-polarized or quad 
polarized 

● <10° phase sensitivity 
● <5 m horizontal resolution 
Active microwave 

● Dual-pol radar (10 & 17 
GHz) with spatial 
resolution of <10 m and a 
swath width of >100 m, 
Backscatter sigma 0 to -
20 dB 

Passive microwave 

● Dual-polarized 
microwave radiometer 
(minimum bands: 10, 18, 
& 37 GHz); spatial 
resolution <200 m, TB  
accuracy of ±2K 

Ground Observations 

● SWE accuracy: 2cm 
(SWE <20cm), 10% 
(SWE >20cm) 

● Snow density accuracy: 
20 kg/m^3 or 2% 

● Snow depth accuracy: 3 
cm 

● Snow temperature: 1°C. 
● Snow grain size: 0.2 mm 

(<1 mm), 1 mm (1-15 
mm) 

● Snow liquid water content 
(quantitative observations 
required; dielectric in-situ 
probes, not hand wetness 
test) 

● Field spectroscopy 
VSWIR of spectral 
radiance, spectral 
irradiance, and spectral 
albedo 

● Broadband and spectral in 
situ albedos 

Range of terrain to capture 
topographic-scale and 
wind redistribution 
processes 

● Field sites with accessibility 
for field crews to operate 
efficiently and safely 

● Field sites with historical 
meteorological data from in-
situ weather stations, 
previous field campaigns, 
and streamflow monitoring 

● Airborne platform(s) with 
flexible range and altitude 
capabilities matching 
optimum sensing altitudes 
(e.g.,1000-6000 ft AGL), with 
capacity for multiple 
instruments and flight 
profiles  

● Fully coordinated airborne 
and in-situ snow surveys at 
nested scales during the field 
season 

● Temporal resolution — daily 
ground observations during 
airborne observations (at 
least 2 8hr-flights per week) 
at least two weeks in winter 
and one week in spring. 

Timing to capture 
precipitation, redistribution, 
and melt events 

Continuous in situ 
observations of snow 
depth and/or SWE at 
multiple locations through 
full snow season 

● Physical, empirical, and/or 
statistical snow distribution 
models to scale ground 
measurements to airborne 
and satellite remote sensing 
scales  
● Spatial scaling models 
● Radiative transfer and 

scattering (Forward) 
models 

● Snowpack physical 
models including snow 
redistribution and 
interception components 

● Snow physical models 
● SWE retrieval algorithms 
● Atmospheric models for 

assimilating ground 
station data and 
providing forcing data for 
snow models 

● Raw observations, and 
catalogued and 
corrected 
observations, 
measurement, and 
calibrations 

● Filtered forest litter 
snow samples 

● Local meteorological 
and radiation 
observations  

● Local hydrological data 
● QA/QC’d in-situ data 

produced while still in 
the field. 

Airborne Data 

● Level 0 raw instrument 
and engineering data 
stream for each flight 

● Level 1 radiometric 
and geometric 
corrected data (i.e., 
brightness 
temperature, TB, 
backscatter, surface 
directional reflectance), 
InSAR phase and 
coherence, Lidar 
surface elevation 
models 

● Level 2 geophysical 
parameter data (SWE, 
albedo, BRDF, BRF,  
HCRF …) 

● Level 3 gridded data 
integrating airborne 
and ground 
measurements for 
select locations (e.g. 
SWE values and 
evolution over the 
season, albedo vs 
SWE relationships) 

● Level 4 results from 
models incorporating 
L3 data 

● Ancillary satellite data 
collected during field 
campaigns 

Ground-based RS 

● Level 0 raw instrument 
and engineering data 
stream 

● Level 1 radiometric 
and geometric 
corrected data (i.e., 
brightness 
temperature, TB, 
backscatter) 

● Level 2 geophysical 
parameter data 

Models Data  

2) Quantify snow mass and 

physical properties in boreal and 

temperate forests, covering a 

range of canopy densities and 

latitudes, to improve 

understanding of the surface 

hydrology response to snowmelt  

(Pursuant to Q2) 

A. What is the spatial and 
temporal variability of snow 
mass and physical properties 
across a latitudinal gradient of 
forested areas including boreal 
and temperate forests,? 

B. How does canopy density and 
other factors control variability 
in snow mass and physical 
properties,surface energy 
balance, and the timing of 
snowmelt, in boreal and 
temperate forests? 

C. What factors (for example 
subsurface properties such as 
freeze/thaw soil state) control 
the relative contribution of 
snowmelt to each annual water 
balance component in boreal vs 
temperate forests?  What are 
the uncertainties in estimates of 
each component? 

3) What is the sensitivity & 

accuracy of different sensors in 

measuring snow mass and 

physical properties (or their 

components)? (Pursuant to Q1 & 

Q2) 

A. At different times in the 
accumulation and melt 
seasons? 

B. In different vegetation cover 
conditions? 

C. In varying topographic 
complexity? 

D. In varying atmospheric or cloud 
cover conditions? 
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4) What are the optimal spatial and 
temporal observation scales to 
capture variation in snow mass 
and physical properties? 
(Pursuant to Q1 & Q2) 
A. Driving mass and accumulation 

dynamics? 
B. Driving energy balance and 

melt dynamics?  

● Ground-based RS to 
provide time series prior 
and between airborne 
RS obs  

● Measurements of 
other hydrologic 
variables (streamflow, 
evapotranspiration) 

● Aerosol total column 
optical depth, aerosol size 
distribution, columnar 
water  vapor, etc. 

● 3-D Terrestrial Laser 
Scanner (TLS) to 
characterize stand scale 
forest structure 
characteristics within a 
300-m diameter area.  

● Portable VIS-NIR field 
spectrometer 

● Hemispherical photos 
using a digital camera 
such as Nikon Coolpix 
995 with a levelled fish 
eye lens, at 50-m intervals 
and analyzed using Gap 
Light Analyzer 2.0 

● Snow samples for 
filtration to determine 
forest litter content.  

● Streamflow accuracy 10% 
● ET accuracy 20% 
● Ground-based microwave 

radar for profiling snow 
depth/ SWE/snow 
density/LWC, and for 
simulating airborne radars 

● Full energy-balance 
automatic weather 
stations 

● SnowMicroPenetrometer 
for stratigraphy, 
microstructure 

● IceCube SSA observation 
● cm-level GPS surveying 

of field observations 

● Algorithms for process 
and ingest of SnowEx 
data into hydrologic 
and radiative transfer 
models 

● Data documenting 
Improvement of hydro 
models using SnowEx 
results 

● Model 
setup/initialization files, 
forcing data used, 
model output of 
snow/soil states.. 

 1059 

 1060 

 1061 

4.2. Overarching strategy 1062 

SnowEx is a multi-sensor, multi-year snow campaign that will investigate the distribution of 1063 

snow water equivalent and the surface energy balance in different forest types and densities 1064 

and terrain. The overarching strategy is to conduct airborne snow remote sensing using multiple 1065 

sensors while implementing coincident in situ field observations and ground-based remote 1066 

sensing. More specifically, SnowEx will use a unique combination of sensors, including LiDAR, 1067 

active and passive microwave, an imaging spectrometer and infrared sensors to determine the 1068 

sensitivity and accuracy of different remote sensing techniques for measurement of SWE and 1069 

constraining the energy balance at the snow surface. Cross-sensor comparisons and 1070 

comparisons to the ground-based instruments and snow field measurements will enable 1071 

quantification of relative sensor uncertainties, influence of physiographic variables (e.g., 1072 

increasing forest density) on remote sensing accuracy/capability, and detailed analyses of 1073 

physical processes and scaling through coordinated modeling experiments. A suite of airborne, 1074 

ground/in-situ, and modeling data are required to address the science questions of SnowEx. 1075 

The general strategy of a SnowEx field campaign is to investigate how the spatial gradient of a 1076 

confounding physiographic factor influences the accuracy of snow remote sensing, while 1077 



34 

simultaneously addressing one or more gaps in snow science (see section 2). As much as 1078 

possible, the gradient of interest should be free of additional varying factors in order to provide a 1079 

more controlled environment to test the influence of that physiographic gradient on snow remote 1080 

sensing. Another important element of the SnowEx strategy is to assess how snow remote 1081 

sensing uncertainty evolves through the course of a snow season, as the measurement 1082 

uncertainty quantified during one part of the snow season (e.g., mid-winter with drier, colder 1083 

snow) may not be representative in other parts of the snow season (e.g., spring melt season 1084 

with wetter, warmer snow).  This suggests a time-series experiment, which is a major focus of 1085 

SnowEx 2019. 1086 

4.3. Research Phases and Timeline 1087 

SnowEx is a ~5 year mission designed to address the science questions and objectives 1088 

articulated by the community (see STM). The program spans over 2016-2021, a period that 1089 

overlaps with other relevant NASA missions (e.g., IceBridge, ICESat-2, Airborne Snow 1090 

Observatory, and ABoVE) that offer opportunities for leveraged activities. SnowEx has three 1091 

phases: initial field campaign, community synthesis, and outyear field campaigns. 1092 

Phase I (2016-2017) includes the initial field campaign that targeted the impact of increasing 1093 

forest density on both snow remote sensing uncertainty and on snowpack processes. This field 1094 

campaign was executed in Colorado, with intensive airborne remote sensing and ground-based 1095 

observations in Grand Mesa, Senator Beck Basin, and the Fraser Experimental Forest. 1096 

Phase II (2017-2018) is a one-year synthesis period intended to allow the community to assess 1097 

observational and modeling results from Phase I, to build consensus on research priorities in 1098 

Phase III (and beyond), and to create implementation plans for future campaigns. 1099 

Phase III (2018-2021) will implement multiple winter field campaigns with paired airborne 1100 

remotes sensing and ground-based observations to address the science questions and 1101 

objectives of SnowEx. Based on the recommendations from the gap prioritization (§3), the 1102 

proposed study domains and regional characteristics include: 1103 

● 2018-2019: mountain ranges and time variations of snow in the western United 1104 

States. Field campaigns in three Regional Study Areas - Colorado, California, and Idaho 1105 

will permit testing of SnowEx science questions in several gaps: forest snow, maritime 1106 

(deep/wet) snow, mountain (steep) snow, prairie snow, and wet snow. Opportunities 1107 

exist during this time frame and these locations to leverage ASO operations and lidar 1108 

mapping by FEMA over Idaho. 1109 

● 2019-2020:  Arctic tundra and boreal forests (taiga) of North America. SnowEx and 1110 

ABoVE leadership are in discussions about the potential for coordinated observations. 1111 

● 2020-2021: either a focused prairie snow campaign or a maritime gradient 1112 

campaign that might also include prairies. The selection of this campaign is 1113 

contingent on results from the prior SnowEx campaigns. Flexibility is planned to allow for 1114 

addressing the most major outstanding questions at the end of SnowEx.  1115 
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4.4. Remote Sensing: Requirements and Risk Management 1117 

Global and regional seasonal snow covers are changing rapidly, and our understanding of these 1118 

changes are best understood through the integration of remote sensing, modeling, and field 1119 

investigations. Snow-covered extent has dropped markedly in the past 30 years, and this snow 1120 

cover reduction rivals that of Arctic sea ice. Other studies provide strong indications that the 1121 

prevalence of rain-on-snow is also increasing, from which we can infer that the partitioning of 1122 

liquid vs. solid precipitation is changing in favor of less snow. The rapid changes listed above 1123 

are worrisome because they imply that the most important metric, the amount of snow, is also 1124 

changing rapidly. We have only the poorest knowledge of this metric, and that knowledge deficit 1125 

extends across a wide range of scales. Not knowing the current amount of snow on Earth, 1126 

clearly we also do not know how that amount is changing. At present snow remote sensing 1127 

efforts deliver, at best, relatively poor quality and low resolution information. 1128 

SnowEx aims to identify the most robust snow remote sensing approaches which will enable 1129 

measuring and quantifying current snow amounts and snowmelt, and future trends of SWE. 1130 

Therefore, SnowEx will test a suite of remote sensing instruments (see section 2.1.2) which 1131 

provide information relevant to SWE or the surface energy balance from different measurement 1132 

principles. SnowEx will require remotely sensed observations of snow water equivalent, snow 1133 

depth, areal snow cover extent, and radiometric properties (albedo and VIS/SWIR reflectance, 1134 

surface temperature, brightness temperature) to address the questions in the STM. 1135 

By design, SnowEx will provide quantitative insights into the risk management of a suite of 1136 

remote sensing instruments with respect to specific confounding factors introduced by the 1137 

landscape (e.g., forest gradients, liquid water content, deep snow). In lay terminology, SnowEx 1138 

aims to find the “breaking point” of different technologies and the conditions and scales at which 1139 

the remote sensing technology is most reliable. Beyond these “breaking points” there will exist 1140 

additional limitations (e.g., cloud cover, wet snow) that are unique to each sensor. These risks 1141 

will be specifically managed and mitigated on a sensor-by-sensor basis with expert knowledge 1142 

and logistical flexibility. A specific interest of SnowEx is to examine how multiple remote sensing 1143 

instruments may be used in concert to overcome limitations and optimize information content of 1144 

snow states. 1145 

4.5. Role of Models Data Assimilation in SnowEx 1146 

Models provide a key supporting role for synthesising and interpreting data collected from snow 1147 

remote sensing instruments in SnowEx. Models and remote sensing will have a synergistic 1148 

relationship in SnowEx, where snow remote sensing data can provide evidence of model 1149 

strengths and limitations and in turn models can help identify areas of high uncertainty and 1150 

additional needs for intensive field and remote sensing observations. Furthermore, models are 1151 

essential for filling gaps in remote sensing data, which may occur in space (e.g., when a 1152 

confounding factor like forest cover overwhelms the remote sensing signal) or in time (e.g., 1153 

between data acquisitions from an airborne or spaceborne platform). Understanding the 1154 

tradespace of different remote sensing techniques and configurations is not possible without 1155 

considering modeling capabilities and accuracy in tandem. The integrative application of snow 1156 
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remote sensing data into models via formal data assimilation methodologies has the potential to 1157 

provide the most comprehensive picture of snow cover characteristics in space and time; 1158 

indeed, there are conditions and resolutions that no sensor strategy can overcome. Therefore, 1159 

models and data assimilation will enhance the experiments and data of SnowEx through 1160 

applications before, during, and after field campaigns.  SnowEx field and airborne experiments 1161 

must consider forcing data available for models, as well as field observations designed to test 1162 

both remote sensing retrievals directly, as well as integrated quantities such as stream flow that 1163 

can be used to test results of combined model and remote sensing approaches. 1164 

4.6. Anticipated Outcomes 1165 

SnowEx offers multiple benefits to the snow science community. SnowEx will enhance 1166 

collaborations between researchers across international borders and between subfields within 1167 

snow science (e.g., mountain snow and high latitude snow researchers). The program will also 1168 

help develop the next generation of snow scientists, which is especially important when 1169 

considering the water-related challenges of the 21st century. Quantifying snow distributions and 1170 

energy dynamics is becoming ever important with declining snow cover due to global change 1171 

and increasing regional water demand. SnowEx will equip the community with tools to better 1172 

quantify snow amounts and their changes in time. 1173 
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Appendices 1381 

Appendix A: Gaps Writeups 1382 

A.1 Forest Snow 1383 

Scientific Importance 1384 

“The boreal forest (taiga) is Earth’s largest terrestrial ecosystem, covering about eleven million 1385 

square kilometers (7% of the global land surface area) with snow cover that lasts six to nine 1386 

months a year. An estimated four million square kilometers of forest in the mid-latitudes have 1387 

related snow properties. These forest snow covers play a crucial role in global biogeochemical 1388 
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and ecological cycles. Studies have linked snow accumulation in mid-latitude forests to forest 1389 

health. Throughout forests, rising temperatures and earlier spring snowmelt have increased the 1390 

frequency of forest fires.”  adapted from Got Snow (Sturm et al., 2016). 1391 

In addition, surface albedo of boreal forests in the presence of snow contributes to a large 1392 

intermodel spread in simulated surface albedo in the Coupled Model Intercomparison Project 1393 

Phase 5 (CMIP5). Some studies (e.g. Qu and Hall, 2013), have shown that this spread is largely 1394 

responsible for uncertainties in simulated snow-albedo feedback strength which accounts for 1395 

much of the spread in simulated 21st century warming at northern high latitudes. The 1396 

quantification of snow albedo and separately vegetation albedo with VSWIR imaging 1397 

spectroscopy is critical to reduce these modeling uncertainties.  1398 

Also, understanding the effect of forest canopy on snow metamorphic rates is necessary to 1399 

mathematically represent the physics of snow evolution under forest canopies (see Molotch et 1400 

al. 2016). 1401 

Measurement Challenges 1402 

“Our ability to measure snow in forests has been limited because existing remote sensing 1403 

technologies cannot fully see snow through tree canopies.” adapted from Got Snow. Forest 1404 

canopies significantly reduce passive microwave sensitivity to snow depth/ SWE at Ka- and Ku-1405 

band. Forests also reduce scatterometry signal  sensitivity to SWE; the CoreH2O proposal only 1406 

claimed to be able to estimate SWE where forest fraction was <20%. Recent work has shown 1407 

that when you have gaps in forest canopies, it is possible that snow under the forest canopy is 1408 

observable by Ku. Traditional radiative transfer models do not represent this correctly, but this 1409 

behavior is underconstrained by observational datasets. Forests pose less of a problem for 1410 

LiDAR as laser returns come not only from the canopy but also the substrate surface; however, 1411 

it is expected very dense canopies will affect  LiDAR-retrieved snow depth accuracy.   At L-1412 

Band frequencies, radar applications have leveraged the ability to penetrate some vegetation 1413 

and forest cover; however, with the presence of snow, it is not well understood whether L-Band 1414 

interferometric coherence is maintained and whether changes in phase can be modeled to 1415 

represent changes in SWE underneath forest canopy and within some vegetation.  1416 

● We need measurements of canopies and radar. 1417 

Campaign Objectives 1418 

Pulled directly from SnowEx Experiment Plan v6.  1419 

 1420 

1. Quantify SWE in open and forested areas for different canopy densities and terrain to 1421 

address the following questions: 1422 

a. What is the spatial variability of SWE in open and forested areas? 1423 

b. What factors control snow variability in open and forested areas in different 1424 

terrain? 1425 

c. What is the sensitivity & accuracy of different sensors to measure SWE at 1426 

different scales and under different canopy densities? 1427 



44 

2. Quantify snow albedo in open and forested areas for different canopy densities & snow 1428 

conditions. Specifically, we will address the following questions: 1429 

a. What is the spatial variability of snow albedo in open and forested areas? 1430 

b. How does the average albedo of an area scale as we move from point to plot to 1431 

hectare to stand and domain? 1432 

c. What is the sensitivity & accuracy of different sensors to snow albedo at different 1433 

scales? 1434 

Expected Outcome 1435 

Pulled directly from SnowEx Experiment Plan v6.  1436 

The result will be a major leap forward in our ability to estimate global SWE and albedo and 1437 

toward defining a new snow space mission concept. 1438 

 1439 

Addressing the ‘forest gap’ will quantify the accuracy of SWE retrieval in a major land cover 1440 

category, and help set appropriate limits on when/where we can expect to get retrievals at what 1441 

accuracy.  This, in turn, will help define a future snow satellite mission concept. 1442 

 1443 

A.2 Mountain Snow 1444 

Scientific Importance 1445 

“Mountain snow tends to be deep, up to thirty meters in maritime ranges, and thus often 1446 

exceeds the saturation limit for microwave-based methods for determining SWE. Steep slopes, 1447 

widely varying exposure, and substrate ranging from rock to organic soil also confound 1448 

microwave signals. Airborne lidar and photogrammetric techniques, with their high resolution, 1449 

show promise but the trade-off is limited spatial coverage, precluding measurement over large 1450 

areas. In mountain snow, measuring both the SWE and albedo is critical so as to understand 1451 

how the timing of melt is changing.” from Got Snow. For regional water resources, mountain 1452 

snow is a natural reservoir where water during the cold season is retained and later released 1453 

during the warm season as snowmelt when water demand is higher. Mountainous areas provide 1454 

more streamflow than corresponding lowland areas downstream [Viviroli et al., 2007], and in 1455 

many mountain ranges globally the majority of precipitation falls as snow. Beyond water supply, 1456 

mountain snow has important implications for ecological functioning, hydropower production, 1457 

and natural hazards (avalanches and transportation corridors in mountains). The quantity of 1458 

mountain snowpack is changing, as long-term observations show declining mountain snowpack 1459 

in over 90% of locations in the western United States (Mote et al., 2018). 1460 

Measurement Challenges 1461 

The amount and characteristics of mountain snowpack can vary considerably inter- and intra- 1462 

annual, between mountain ranges, and across mountain ranges. Snow depth and SWE exhibit 1463 

complex multi-scale patterns [Deems et al., 2006] with different processes acting at different 1464 

scales. Snow drifting and vegetation can control local scale (100 to 103 m) patterns while 1465 
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orographic precipitation, freezing levels, and melt energy dominate watershed scale patterns in 1466 

mountain snow [Clark et al., 2011]. A mountain watershed can have wetter, denser snow at 1467 

lower elevations and drier, lower-density snow at upper elevations, resulting in a unique 1468 

measurement challenge. 1469 

  1470 

Passive microwave remote sensing has had limited success in mountain snow due to the 1471 

variable depth and liquid water conditions acting across areas with complex terrain and 1472 

vegetation [Nolin 2010]. Active microwave (e.g., SAR) has shown promise for providing more 1473 

resolved maps of SWE (~100 to 102 m resolution). Recent work has used a priori information 1474 

(e.g. snow hydrologic models) to resolve the dependence of Ku-band radar on SWE for deep 1475 

snow, up to potentially 300 cm in depth. Timeseries approaches can be used to infer snow 1476 

accumulation even when most of the microwave signal does not penetrate the entire snowpack, 1477 

similar to passive microwave [Li et al., 2017]. Mapping SWE using lidar altimetry and a snow 1478 

density model has shown success [Painter et al., 2016] across large mountain basins, and has 1479 

fewer limitations in forests than SAR. However, lidar approaches are challenged by clouds. 1480 

Space-borne photogrammetric approaches (e.g., structure-from-motion) can resolve snow depth 1481 

at fine scales with less precision than lidar, but are also challenged by clouds. For 1482 

interferometric methods, a change in SWE that results in a phase change greater than 2π 1483 

radians results in an  ambiguous interferometric product. Deep snow accumulation is thus an 1484 

issue for L-band, and needs to be further explored. 1485 

  1486 

Campaign Objectives 1487 

1. Quantify the distribution of SWE over mountains and assess optimal approaches for 1488 

mapping SWE. 1489 

2. Quantify how the surface energy balance varies in complex terrain and through the snow 1490 

season. 1491 

Expected Outcome 1492 

Pulled directly from SnowEx Experiment Plan v6. 1493 

The result will be a major leap forward in ability to map snow water equivalent from remote 1494 

sensing observations. 1495 

  1496 

Addressing the ‘mountain snow gap’ will provide information in a hydrologically significant area 1497 

that has had no reliable remotely sensed SWE in the past. 1498 

 1499 
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A.3 Tundra Snow 1500 

Scientific Importance 1501 

Tundra is the most representative biome of arctic land regions underlain by permafrost, covering 1502 
~8 million square km (~5.4% of the land surface of the earth vs. 7% for boreal forest).  The 1503 
largest observed climate changes (warming) have been observed in arctic areas [ref].  The 1504 
retreat or advance of permafrost areas serves as a good indicator of long term regional and 1505 
global warming or cooling trends because permafrost temperatures reflect the integrated effect 1506 
of years and decades of surface temperature conditions.  (adapted from Kim 1998). 1507 
 1508 

Warming promotes thawing of permafrost which affects the hydrology of the arctic through a 1509 
deeper active layer (the upper portion of the tundra and permafrost which thaws during the 1510 
summer), increased soil moisture storage, warmer soil temperatures, increased evaporation, 1511 
and release of long-sequestered carbon.  The heat & water inputs & losses in and out of the 1512 
active layer are modulated by the snowpack—which often exists for 9 months per year.  i.e., 1513 
tundra snowpack characteristics (insulating power, albedo, SWE) are key drivers of the surface 1514 
thermal & hydrologic regimes.  Snow depth affects the ability of grazing fauna to feed (therefore 1515 
affecting migration patterns), and the timing of overland transportation for subsistence and 1516 
industrial activities. (adapted from Kim 1998). 1517 
 1518 
Many tundra areas are technically classified as deserts on the basis of low annual precipitation, 1519 
and the generally flat terrain might suggest a hydrologically unimportant area.  However, 1520 
decades of research shows that the presence of impermeable permafrost and saturated soils 1521 
lead to tundra hydrology being very sensitive to small changes--which are then multiplied by 1522 
large areas.  For example, slight variations in microtopography control slight changes in water 1523 
levels which then control whether the active layer biochemical processes are primarily aerobic 1524 
or anaerobic—the latter being a source of the potent greenhouse gas methane.  1525 

Measurement Challenges 1526 

The snow measurement challenge in tundra areas is tied to the relatively thin snowpack (<1m 1527 

depth, and 0.35m is not unusual), huge metamorphic changes inside the pack over the winter 1528 

(due to thermal gradients >100K/m), and a rapid melt (e.g, 1 week).  In terms of spatial 1529 

resolution, while there is certainly spatial variability at scales down to decimeters, mean depth 1530 

and SWE are more spatially uniform than in areas of complex terrain. 1531 

 1532 

Measurement techniques that require solar illumination will not work during the polar winter, and 1533 

even when the sun is above the horizon, solar angles will be low.  Microwave techniques will not 1534 

experience issues.  Lidar and photogrammetric approaches (e.g., structure-from-motion) will 1535 

have to contend with cloudiness.  Polar-orbiting sensors will provide more observations per day 1536 

near the poles vs. mid-latitudes. Multi-frequency Ku-band approaches are hampered by the 1537 

difficulty in separating the radar backscatter originating from substrate from the snow volume 1538 

scattering, as well as the exceptionally large grain size and significant density stratification. At 1539 

Ku-band, it is likely that the radar signal penetrates the organic soils, thus further complicating 1540 

the retrieval problem.  C-band measurements are being explored to help better resolve this 1541 

dynamic. 1542 
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Campaign Objectives 1543 

Pulled directly from SnowEx Experiment Plan v6.  1544 

 1545 

1. Quantify SWE in tundra areas to address the following questions: 1546 

a. What is the spatial variability of SWE & depth over tundra areas? 1547 

b. What factors control SWE & depth variability in tundra areas? 1548 

c. What are the sensitivity & accuracy of different sensors to measure SWE at 1549 

different scales in tundra areas? 1550 

2. Quantify snow albedo in tundra areas. Specifically, we will address the following 1551 

questions: 1552 

a. What is the spatial variability of snow albedo in tundra areas? 1553 

b. How does the average albedo of an area scale as we move from plot scale to 1554 

passive microwave footprint scale (10km)? 1555 

c. What is the sensitivity & accuracy of different sensors to snow albedo at different 1556 

scales? 1557 

Expected Outcome 1558 

Pulled directly from SnowEx Experiment Plan v6.  1559 

The result will be a major leap forward in our ability to estimate global SWE and toward defining 1560 

a new snow space mission concept. 1561 

 1562 

Addressing the ‘tundra gap’ will quantify the accuracy of SWE retrieval in a major land cover 1563 

category (by areal extent), and help set appropriate limits on when/where we can expect to get 1564 

retrievals at what accuracy.  This, in turn, will help define a future snow satellite mission 1565 

concept. 1566 

A.4 Prairie Snow 1567 

Scientific Importance 1568 

“Prairie and tundra cover over 32 million square kilometers, or about 21 percent of the land 1569 

surface area of the planet. The generally thin (20 to 60 cm) snow cover in these areas lasts 1570 

weeks to as much as nine months of the year. With current technology, we are unable to 1571 

determine whether the dramatic decrease in June snow extent (see graph page 12) is due to 1572 

earlier melt because of less SWE, due to higher spring temperatures, or a combination of both.” 1573 

from Got Snow. Prairie and tundra snow are roughly equal in their spatial extent, with prairie 1574 

snow dominating for latitudes <50°. Note that snow cover in the midlatitude  (where prairie snow 1575 

dominates) is changing faster than for tundra, taiga or alpine snow [Mudryk et al., 2017].  1576 

Measurement Challenges 1577 

Snowpack is generally shallow, and thus can be analyzed with microwave observations. As 1578 

snow is mid-latitude, and generally warmer, wet snow is an issue, especially in shoulder 1579 
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seasons. In shallow snow, recent work increasingly highlights the importance of soil type,  1580 

moisture, and freeze-thaw state. The impact of shrubs and other vegetation is also crucial. 1581 

 1582 

Current radar retrieval algorithms rely on differencing the backscatter measurement from 1583 

autumn from the mid-winter observation. It is not clear that this strategy will work in prairie snow, 1584 

as the freeze-thaw state will also be changing in time. Radar algorithms are generally not highly 1585 

sensitive to snow density. The new retrieval algorithms use a priori data, almost as a 1586 

classification of snow type. Active areas of research include 1) how to subtract the background 1587 

from the radar signal, and 2) better “classification” e.g. based on grain size, and other “hidden” 1588 

or nuisance variables such as the soil permittivity (which may be changing through time). 1589 

Various approaches use other datasets such as passive microwave, RadarSat (C-band) and 1590 

TerraSAR-X.  Ice lensing and melt-refreeze events will make retrieval complicated in some 1591 

cases; lower latitudes will be more likely to experience warmer mid-winter temperatures leading 1592 

to sporadic events. Lidar methods precision of 10 cm is potentially inadequate in areas with very 1593 

shallow depths. 1594 

Campaign Objectives 1595 

1. Quantify SWE over a range of soil type, soil moisture, freeze-thaw states, and vegetation 1596 

types. [Need to articulate sub-questions.] 1597 

2. Quantify snow albedo over a range of soil type, soil moisture, freeze-thaw states, and 1598 

vegetation types. [Need to talk to others about this.] 1599 

Expected Outcome 1600 

Pulled directly from SnowEx Experiment Plan v6.  1601 

The result will be a major leap forward in ability to map snow water equivalent from remote 1602 

sensing observations. 1603 

 1604 

Addressing the ‘prairie gap’ will quantify the accuracy of SWE retrieval in a major land cover 1605 

category.  This, in turn, will help define a future snow satellite mission concept. 1606 

A.5 Maritime Snow 1607 

Scientific Importance 1608 

Maritime snow covers over 3.6 million square kilometers [Sturm et al. 1995], or about 2% 1609 

percent of the land surface area of the planet. The generally deep snow cover (1.5 to greater 1610 

than 30 m) in these areas lasts on the order of weeks in the lower elevations to as much as nine 1611 

months of the year in the higher elevations. With current spaceborne technologies, we are 1612 

unable to determine the degree to which the decrease in maximum annual SWE observed over 1613 

the past several decades is due to increased snowmelt or due to decreases in the fraction of 1614 

total precipitation that falls as snow. 1615 
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Measurement Challenges 1616 

Snowpack is generally deep, and thus cannot be effectively measured with passive microwave 1617 

observations.  Observations of snow depth using LIDAR are accurate to within 10 cm across 1618 

mountain landscapes, in open and forested areas, independent of the absolute snow depth. 1619 

SWE observations using active microwave techniques have had limited success but are 1620 

theoretically possible. As snow is mid-latitude, and generally warmer, wet snow is often an 1621 

issue, even in winter, but especially at lower elevations and during the shoulder seasons. In 1622 

deep snow, recent work on volume scattering techniques increasingly highlights the importance 1623 

of snowpack stratigraphy, snow grain size and grain shape with regard to backscatter behavior. 1624 

The impact of shrubs and other vegetation is also crucial. 1625 

 1626 

Current radar retrieval algorithms rely on differencing the backscatter measurement from 1627 

autumn from the mid-winter observation. It is not clear that this strategy will work in maritime 1628 

snow, given the prevalence of wet snow and relatively complex snowpack stratigraphy 1629 

associated, for example, with relatively common development of ice lenses within the 1630 

snowpack.  1631 

 1632 

Another challenge in more temperate regions is the common occurrence of cloud cover which 1633 

limits the applicability of LiDAR and optical remote sensing. 1634 

Campaign Objectives 1635 

1. Quantify SWE over a range of soil type, soil moisture, freeze-thaw states, and vegetation 1636 

types.  1637 

2. Quantify snow albedo and its controls across  a range of vegetation and soil types, with 1638 

additional exploration of sensitivities to soil moisture and freeze-thaw states.  1639 

Expected Outcome 1640 

Pulled directly from SnowEx Experiment Plan v6.  1641 

The result will be a major leap forward in ability to map SWE and albedo from remote sensing 1642 

observations. 1643 

A.6 Snow Surface Energetics 1644 

Scientific Importance 1645 

Projections of air temperature over the Northern Hemisphere (NH) landmass using the current 1646 

global circulation models is challenging especially in forested and mountainous regions due to 1647 

large uncertainties associated with snow albedo feedback.  1648 

 1649 

The snow albedo feedback (SAF) is defined as the reinforcement of melting from (a) decrease 1650 

of snow covered area from an energy or mass forcing, (b) associated decrease of surface 1651 

albedo, (c) associated increased absorption of solar radiation and surface heating, (d) 1652 
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atmospheric heating from longwave and turbulent heating, and (e) further reduction of snow 1653 

covered area from this enhanced energy and/or mass forcing. The SAF  is known to enhance 1654 

sensitivity to climate change in Northern Hemisphere (NH) extratropical global circulation model 1655 

simulations. However, different global climate models show a large spread in the strength of the 1656 

SAF, which is mostly attributable to a correspondingly large spread in mean effective snow 1657 

albedo (e.g. Wang et al., 2016). 1658 

 1659 

Models without explicit treatment of the vegetation canopy in their surface-albedo calculations 1660 

typically have high effective snow albedos and strong SAF, often stronger than observed, where 1661 

effective snow albedo corresponds roughly with the type of surface-albedo parameterization 1662 

used. Models with explicit canopy treatment tend to have lower albedo for surfaces that are 1663 

completely snow-covered, and a weaker SAF. Hence, in such models either snow albedo or 1664 

canopy albedo is too low when snow is present, or vegetation shields snow-covered surfaces 1665 

excessively.  So this leads to uncertainties that are largely attributable to uncertainties in the 1666 

specification of vegetation characteristics in models especially in mountainous areas, where 1667 

challenges are posed by vegetation, snow spatial heterogeneity, and deep snow. These 1668 

uncertainties accounts for much of the spread in the simulated 21st century warming at northern 1669 

high latitudes (Wang et al., 2016; Qu and Hall, 2013).  1670 

Measurement Challenges 1671 

There is a pressing need to obtain high quality observations of snow surface albedo in forested 1672 

regions, but landscape heterogeneity complicates our effort to obtain accurate albedo values. 1673 

Forest clumping, canopy structure and gaps in the forest canopy significantly alters the surface 1674 

albedo. These geometric optical effects cause surfaces to appear darker when the source of 1675 

illumination is opposite to the sensor viewing (forward scattering) or brighter when the source of 1676 

illumination is behind the sensor (back- scattering), significantly impacting the retrieval of 1677 

accurate snow- covered forest albedo. A higher bidirectional reflectance distribution function 1678 

(BRDF) could be expected in the viewing direction of forests with wider canopy gaps, where 1679 

more underlying snowpack would be revealed. It is these shadowing effects that also drive the 1680 

retention and melt of snow underlying canopy. 1681 

 1682 

There are also challenges associated with representativeness of either ground-based, airborne 1683 

or satellite albedo measurements (Román et al., 2009; 2011; Wang et al., 2014). So scaling up 1684 

these datasets to understand entire regions over time has remained a considerable challenge.  1685 

Both data interpretation and model application become difficult due to these scale issues.  1686 

Campaign Objectives 1687 

Pulled directly from SnowEx Experiment Plan v6.  1688 

 1689 

 1690 

1. Quantify SWE in open and forested areas for different canopy densities and terrain to 1691 

address the following questions: 1692 

a. What is the spatial variability of SWE in open and forested areas? 1693 
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b. What factors control snow variability in open and forested areas in different 1694 

terrain? 1695 

c. What is the sensitivity & accuracy of different sensors to measure SWE at 1696 

different scales and under different canopy densities? 1697 

2. Quantify snow albedo in open and forested areas for different canopy densities & snow 1698 

conditions. Specifically, we will address the following questions: 1699 

a. What is the spatial variability of snow albedo in open and forested areas? 1700 

b. How does the average albedo of an area scale as we move from point to plot to 1701 

hectare to stand and domain? 1702 

c. What is the sensitivity & accuracy of different sensors to snow albedo at different 1703 

scales? 1704 

Expected Outcome 1705 

Pulled directly from SnowEx Experiment Plan v6.  1706 

The result will be a major leap forward in our ability to estimate global albedo and its feedbacks 1707 

in the climate system, in turn improving our knowledge of climate forcings on SWE and toward 1708 

defining a new snow space mission concept. 1709 

 1710 

Addressing the ‘forest gap’ will quantify the accuracy of SWE retrieval in a major land cover 1711 

category, and help set appropriate limits on when/where we can expect to get retrievals at what 1712 

accuracy.  This, in turn, will help define a future snow satellite mission concept. 1713 

 1714 

A. 7 Wet Snow 1715 

Scientific Importance 1716 

Melting snow provides an essential source of water in many regions of the world and can also 1717 
contribute to wide-scale flooding, particularly when combined with rainfall. An accurate estimate 1718 
of the magnitude of snowmelt and the timing of melt runoff is important for water management.  1719 
The presence of liquid water in the snowpack can be an indicator of snowpack ripening and the 1720 
onset of spring runoff.  Additionally, an accurate estimate of the spatial distribution of snow melt 1721 
is essential for correctly predicting the runoff response (Lundquist and Dettinger 2005), and will 1722 
also provide insight into important ecological and biogeochemical processes (Bales et al. 2006). 1723 

Also, in many areas the largest energy source for melting snow is due to the absorption of 1724 

shortwave radiation (under most atmospheric conditions),which is dependent on both 1725 

the incident radiation and the surface albedo and highly variable in space and time.  1726 

Despite the strong influence of snow albedo on climate, surface energy balance, and 1727 

melt rates, there is little consensus on which albedo parameterizations are most 1728 

appropriate for large‐scale modeling. 1729 
 1730 
Therefore, the use of satellite remote sensing in the identification of wet snow is of great 1731 
importance to monitoring of snow-melt process, local climate studies, snow disaster 1732 
assessment, and water resources management.  1733 
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Measurement Challenges 1734 

Wet snow is radiometrically “opaque” in the microwave frequencies, making measurements of 1735 

SWE difficult when liquid water exists in the snowpack due to rain-on-snow or snowmelt (e.g. 1736 

due to shortware radiation absorption). Spring is an important time for monitoring snowmelt 1737 

runoff, but remote sensing instruments able to offer SWE values (i.e., microwave platforms) 1738 

cannot “see” through wet snow. So when remote sensing tools are most needed, many space-1739 

based sensing technologies for observing snow mass no longer work (adapted from Got Snow).  1740 

While SWE estimation is limited by the presence of liquid water in the snow, the sensitivity of 1741 
many signals shows promise in detecting the timing and spatial distribution of melt.  The VSWIR 1742 
imaging spectrometer can straightforwardly quantify surface liquid water content in snow (Green 1743 
et al 2006).   Microwave measurements are highly sensitive to the snowpack electromagnetic 1744 
properties as the snow transitions from dry to wet (Mätzler et al. 1980).  Ground-based FMCW 1745 
radar does show some skill in estimating SWE in wet snow (Marshall and Koh 2007), though 1746 
additional research is needed to assess the signal during the transition period. Altimetric 1747 
techniques (e.g., Lidar, Ka-band InSAR) are insensitive to the presence of liquid water in snow. 1748 
Hence, snow depth mapping with these methods is not negatively affected by wet snow. Both of 1749 
these techniques have return intensities that are sensitive to liquid water content in the snow 1750 
surface but these have not been quantified or codified yet for algorithm implementations. It is 1751 
possible that some versions of the multi-frequency SAR hardware could be run in a sort of 1752 
“interferometric mode”. This should be further validated from airborne platforms. 1753 

Campaign Objectives 1754 

 1755 
1. Quantify SWE and wet snow extent over the course of an ablation season. Specifically, 1756 

we will address the following questions: 1757 
a. What is the spatial variability of wet snow over a watershed during the melt 1758 

period? 1759 
b. What is the sensitivity & accuracy of different sensors to wet snow at different 1760 

scales? 1761 

Expected Outcome 1762 

Pulled directly from SnowEx Experiment Plan v6.  1763 
The result will be a major leap forward in our ability to estimate global SWE and toward defining 1764 
a new snow space mission concept. 1765 

 1766 
Addressing the ‘wet snow gap’ will quantify the accuracy of SWE retrieval during the snow melt 1767 
season, help identify sensing technologies that can estimate SWE during this critical period, and 1768 
help set appropriate limits on when/where we can expect to get retrievals at what 1769 
accuracy.  This, in turn, will help define a future snow satellite mission concept. 1770 
 1771 

Appendix B: SnowEx 2017 1772 

NASA’s Terrestrial Hydrology Program responded to this urgent need for new observations with 1773 

the SnowEx mission. The primary goal of NASA’s five-year SnowEx effort is to provide 1774 
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algorithm development and risk reduction opportunities for multiple snow remote sensing and 1775 

modeling approaches, and generally to lay the groundwork for a future snow satellite mission.  1776 

An expected feature of a future snow mission is the leveraging of sensors on other satellites, 1777 

both to enhance coverage and accuracy as well as to minimize cost.  Since the mix of available 1778 

sensors-of-opportunity is dynamic, the need for a multi-sensor baseline field dataset, with high-1779 

quality ground truth and available forcing data for models, is essential for quantifying the 1780 

performance of global snow retrieval in various scenarios of sensor combinations with models. 1781 

The Overarching SnowEx/Snow Science Questions for SnowEx 2017 were: How much water is 1782 

stored in Earth's terrestrial snow-covered regions? And how & why is it changing? 1783 

The SnowEx Year 1 Fundamental Questions were: Q1 – What is the distribution of snow-water 1784 

equivalent (SWE), and the snow energy balance, in different canopy types and densities, and 1785 

terrain? Q2 – What is the sensitivity and accuracy of different SWE sensing techniques for 1786 

different canopy types, canopy density, and terrain? 1787 

Forested areas have always represented a challenge for snow remote sensing.  At peak 1788 

coverage, as much as half of snow-covered terrestrial areas involve forested areas, so 1789 

quantifying the challenge represented by forests is an important part of characterizing the 1790 

expected performance of any future satellite snow mission. 1791 

Thus, SnowEx Year 1 campaign (2016-17, but hereinafter referred to as “SnowEx-2017”) 1792 

focused on the distribution of snow-water equivalent (SWE) and the snow energy balance in a 1793 

forested environment.  Specifically, a variety of sensing techniques (passive and active 1794 

microwave, and passive and active optical, thermal IR) were challenged by a range of forest 1795 

densities and SWE values in order to understand the strengths and limitations of the techniques 1796 

for potential use in a snow mission.  The SnowEx-2017 sites were Grand Mesa and the Senator 1797 

Beck Basin, both in Colorado, USA.  Nine sensors flew on five aircraft.  Dozens more sensors 1798 

were deployed on trucks, towers, snowmobiles, skis, and on foot as part of a complementary 1799 

ground-based remote sensing (GBRS) strategy.  Nearly 100 participants from North America 1800 

and Europe collected ground truth during February, 2017. 1801 

A broad suite of sensors, including active and passive microwave, and active and passive 1802 

optical/infrared instruments, were deployed on aircraft. A list of core airborne sensors is as 1803 

follows.  All were from NASA unless otherwise noted. 1804 

● Radar (volume scattering): European Space Agency’s SnowSAR, operated by 1805 

MetaSensing 1806 

● Lidar & hyperspectral imager: Airborne Snow Observatory (ASO) 1807 

● Bi-directional Reflectance Function (BRDF): the Cloud Absorption Radiometer (CAR) 1808 

● Thermal Infrared imager (QWIP) 1809 

● Thermal infrared radiometer (KT15) from U. Washington 1810 

● Video camera 1811 

The ASO suite flew on a King Air, and the other sensors flew on a Navy P-3. In addition, two 1812 

NASA radars flew on G-III aircraft to test more experimental retrieval techniques with proven 1813 
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InSAR sensor packages at two frequencies, and a combined active/passive microwave 1814 

instrument flew on a twin otter: 1815 

● InSAR (altimetry): Glacier and Ice Surface Topography Interferometer (GLISTIN-A) 1816 

● InSAR (phase delay): Uninhabited Aerial Vehicle Synthetic Aperture (UAVSAR) 1817 

● Radar and Passive microwave: Wideband Instrument for Snow Measurements (WISM)  1818 

The primary Grand Mesa site included a natural gradient of SWE increasing from west to east 1819 

as well as natural variation in forest cover.  The mostly-flat terrain allowed SnowEx-2017 to 1820 

focus on one confounding factor (forest) without the added complication of another (complex 1821 

terrain).  To address certain hydrologic questions, requiring a gauged basin, the secondary site 1822 

at Senator Beck Basin, Colorado was added.  Although complex terrain was not required to 1823 

achieve SnowEx-2017’s forest objectives, it was a focus of study at the secondary site, since 1824 

there is little variability in slope and aspect at the primary site. 1825 

Five meteorological stations operated in Grand Mesa and two in Senator Beck, providing 1826 

supporting information on conditions and forcing data for modeling 1827 

The main winter campaign took place February 5—26, 2017.  Snow-free background 1828 

observations for the lidar and InSAR altimetry techniques were acquired in late September 2016 1829 

using ASO and GLISTIN-A, respectively. 1830 

Extensive detailed in situ ground truth measurements were collected, including both traditional 1831 

techniques as well as newer “high-tech” techniques.  A partial list of measurements include 1832 

snow depth, density, temperature, and grain size/type profiles, snow casts, stratigraphy, 1833 

spectral radiance profiles, active and passive microwave signatures, precipitation (including 1834 

high-speed movies), specific surface area, micropentrometer measurements, terrestrial lidar 1835 

scans, solar photometry, tree motion, and time-lapse cameras. 1836 

Data collected from SnowEx-2017 are currently under analysis by a variety of investigators. The 1837 

forthcoming results of these studies will inform planning for future SnowEx field campaigns and 1838 

provide quantitative information on uncertainties in remotely sensing snow characteristics in 1839 

forested environments. 1840 

 1841 

Appendix C: iSWGR Quad Charts 1842 

Quad charts on different snow sensors or estimation techniques were presented at the August 1843 

2017 iSWGR/SnowEx meeting in Longmont, Colorado. These charts were leveraged to 1844 

describe the measurement concept and characterize the current capabilities and limitations of 1845 

each approach (see §3). The quad charts are reproduced below in the same order as they were 1846 

presented in Tables 1-3. 1847 
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