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Summary:
The THP SnowEx Virtual Meeting was held online in a WebEx platform on September 11th and 14th 2020. The objective of the meeting was to share snow campaign and research results, discuss ongoing efforts towards advanced snow estimation and a future snow satellite mission and engage early-career scientists.
In this decade several potential opportunities for spaceborne snow observations are possible. Activities evaluating these concepts and their value for snow research are needed to prepare for upcoming missions or to develop proposals. In addition, several new techniques and advances are being demonstrated with existing satellites that may offer exciting improvements to current capabilities. The SnowEx Virtual Meeting provided a venue to discuss these opportunities and present the THP Snow Roadmap, , which outlines key activities, upcoming opportunities and milestones to advance global snow capabilities over the next decade and prepare for planned and potential upcoming satellite missions.
The program included one day of overview talks on the THP Snow program and development of the Roadmap, SnowEx planning for upcoming campaigns and results from past efforts, as well as presentations on upcoming satellite opportunities and mission concepts.  The second day focused on breakout group discussions of ongoing and critical science needed to support the THP Snow Roadmap. Results from ongoing research were presented as posters and blizzard talks on both days to promote awareness and collaboration between participants working in different areas.  
This report will highlight the main discussion and the action items identified during the meeting. Over 100 people attended remotely. A list of attendees and the final program can be found in Appendix 1 and 2 respectively.







DAY 1 (Friday September 11th)
The first day consisted mainly of presentations providing an overview of ongoing activities, upcoming work and potential mission opportunities.  
The morning presentations focused on the THP Snow program and efforts to develop a Snow Roadmap. Presentations gave an overview of recent activities, including modeling and field campaign efforts, and identified how activities to date have helped to fill gaps identified in the SnowEx Science Plan. Afternoon presentations focused on upcoming satellite opportunities and how they relate to snow. 
Presentations included 15 minute talks, followed by 5 minutes of questions. The meeting recording is available online. The final agenda is provided in Appendix 2.
Session 1 Dorothy Hall, moderator
10:05 – 10:20am, Perspective from NASA HQ - Jared Entin
10:20 – 10:45am, THP Snow Program Overall goals and objectives - Carrie Vuyovich 

Discussion Points: 
· The THP 2020 ROSES solicitation due date will likely be extended to January 2021.
· Improving Diversity, Equity and Inclusion, as well as developing a bias- and harassment-free environment, are goals of the THP snow community.  Recent articles highlight the lack of diversity in geosciences (https://www.nature.com/articles/s41561-018-0116-6).  Dr. Entin emphasized that we are all empowered to speak up on these issues, provide feedback and suggest ways we can support these efforts.  
· COVID-19 is impacting field campaigns.  This is a dynamic situation which requires solutions that allow flexibility, such as small scale efforts and local observers.  
· Opportunities for student and early-career participation include snow field, modeling and remote sensing schools, SnowEx Hackweek – both participating and helping to develop scripts and tutorials, joining various THP Snow working groups, and helping develop content and input to the Snow.nasa.gov website.  Anyone interested in getting more involved should reach out to C. Vuyovich, HP Marshall or any of the working group leads. 
Session 2 Kelly Gleason, moderator
11:00 – 11:20am, Mind the Gap(s): How SnowEx campaigns are contributing to snow remote sensing measurement science identified in the Science Plan - Mike Durand 
11:20 – 11:40am, The Snow Ensemble Uncertainty Project (SEUP) and recent modeling efforts in support of SnowEx - Melissa Wrzesien
11:40 – 12:00am, SnowEx2020 recap and plans for SnowEx 2021 - HP Marshall
12:00 – 12:05pm, Update on SnowEx data delivered to NSIDC - Megan Mason
Discussion Points: 
· Spatial scale is a critical issue that needs to be addressed and considered in upcoming activities (modeling, field campaigns, remote sensing observations, etc).  A meeting to discuss the role of scale and how to formally incorporate it into future efforts was proposed.
· Machine and Deep learning techniques should be evaluated in future efforts
· Model calibration for the snow OSSE was done using a genetic algorithm procedure and focused on snow parameters, including snowfall precipitation and melt.
· SEUP data is available upon request.  Contact M. Wrzeisen.
· Lidar data from SnowEx 2020 is currently being archived at NSIDC and should be available in Oct or Nov.  

Session 4, DK Kang, moderator 
2:00 – 2:20pm, Decadal Survey and Snow mission opportunities - Ed Kim
2:20 – 2:40pm, ECCC-CSA Ku-band radar mission: status and pathway(s) forward - Chris Derksen
2:40 – 3:00pm, NISAR applications to snow hydrology - Rick Forster 
3:20 – 3:40pm, Pointing ICESat-2 at SnowEx study sites - Tom Neumann
3:40 – 4:00pm, Overview of SBG activities relative to snow - McKenzie Skiles

Discussion Points: 
· The L-band InSAR technique uses a phase change approach to estimate SWE.  For comparisons to lidar snow depth estimates, a density measurement is needed.
· ICESat-2 data is collected worldwide, but narrow beam, so there are gaps between swaths.  Analysis is needed to relate the data over SnowEx sites to measured snow depth on the ground.  Data is available through NSIDC.
· Reflectance data collected for SnowEx to date is using an imaging spectrometer (CASI) with high signal-to-noise ratio. These data have not been processed to albedo and uploaded to NSIDC yet.
· Future efforts to support SBG mission will include participation in their planning groups.  AVIRIS-NG data collected during SnowEx will provide synthetic data for testing.
Blizzard Talks 
On both Days 1 & 2, a series of 4-minute Blizzard Talks and/or posters were given to provide an overview of recent research results and foster discussion and collaboration among the community.  Fifteen talks and/or posters were provided on each day.  These presentations are available online and listed here.
DAY 1 Blizzard Talks/Posters:
1. Katie Breen:  SnowEx Snow Depth Automation from Timelapse Cameras 
2. Roger DeRoo: Snowpack Remote Sensing using Wideband, Long-Wavelength Microwave
3. Kavya Devgun: Quality assurance and control and preliminary data analysis of 2017 and 2020 Grand Mesa SnowEx in-situ data 
4. Josh Enterkine:  Assessing canopy and wind controls on snow depths using scaling properties with the 2020 SnowEx TLS data Grand Mesa, Colorado 
5. Christopher Hiemstra: SnowEx Implementation Plan Alaska 2021-2022: Snow Water Equivalent & Depth 
6. Jeremy Johnston: Assessing small scale variability in surface snow temperature using drone-based thermal observations 
7. Ed Kim: Preliminary SnowSAR Results from SnowEx 2017 
8. Dan McGrath: Initial results from the NASA SnowEx 2020 L-Band campaign at Cameron Pass, Colorado	 
9. Anne Nolin: Measuring Snow albedo, net shortwave radiation, and energy budget across a forest density gradient 
10. Batuhan Osmanoglu: Snow Water Equivalent Synthetic Aperture Radar and Radiometer 
11. Steven Pestana: Snow temperature measurements during the SnowEx 2020 Grand Mesa IOP 
12. Manuel Salgado: UAV photogrammetry during the 2020 SnowEX campaign 
13. Paul Siqueira: Processing and features of Ku-band SAR data over Trail Valley Creek 
14. Jack Tarricone: SnowEx 2020 Field Campaign at Sagehen Creek Field Station, CA 
15. Puneeth Yogananda: Near Real-Time Enhancement to Snow Pack Data Loggers
DAY 2 Blizzard Talks/Posters:
1. Ana Barros: Dynamic Microwave Fingerprints of Land-surface Heterogeneity – Contrasting From Grand Mesa, CO to Caribou Mountains, AL	 
2. Eunsang Cho: How different are the Sierra Nevada snowpack estimates from four land surface models with three forcing datasets 
3. Michelle Hu: VHR Machine Learning Classifications and Snow Covered Area 
4. DK Kang: High resolution snowmelt modeling to the Senator Beck Basin 
5. Shriniwas Kolpuke: Improvements in the FMCW microwave snow radar 
6. Cezar Kongoli: Assimilation of in situ-satellite blended snow water equivalent into the National Water Model 
7. Tate Meehan: Multipolarization GPR from Grand Mesa IOP 2020 
8. Andrew Mullen: Comparison of Topographic Corrections on Optical Imagery and Snow Albedo Measurements Obtained from a UAV 
9. Wenge Ni-Meister: Masking Effect of Vegetation on Snow Albedo Across Different Latitudinal Regions 
10. Karl Rittger: Fusion of Landsat and MODIS for daily 30 m snow surface properties 
11. Christopher Simpson: Design of a UAS-based FMCW Microwave Radar 
12. Eric Smyth: Real Results with Simulated Data: Development of OSSE Experiments with Data Assimilation of Snow Depth at Basin Scales to Inform Mission Design 
13. Leung Tsang: Modelling of snow volume scattering at cross-polarization of C and X band for mountain snow 
14. Ryan Webb: Developments toward an Improved Snowpack Liquid Water Content Algorithm 
15. Elzbieta Wisniewski: Non-linear World - moving towards non-linear modelling of alpine snow cover
DAY 2 (Monday September 14th)

Day 2 of the SnowEx Virtual Meeting included dedicated time for working group discussions. Breakout groups were organized by existing Working Groups and tasked with identifying requirements necessary to achieve their science goals and providing feedback on the draft THP Roadmap. Each session was preceded by an overview presentation, describing the current Roadmap, the Breakout group charge and planned discussion topics in each groups.  The Breakout sessions included 30-45 minutes of group discussion, followed by summary reports from each group.  
Session 1, David Shean, moderator
10:00 – 10:15pm, THP Roadmap - Carrie Vuyovich
In the morning of Day 2, the Breakout group focus was on current science and snow estimation techniques. Questions posed to the groups were:
· Baseline assessment – what is the current state of the science?
· What are the remaining gaps that need to be addressed? Identify Targets of opportunity (e.g. proposal calls) and low hanging fruit
· What ongoing research contributes to the Roadmap? 
Notes from Breakout Group Discussions:
The following sections provide a summary of each Breakout group discussion.
1. Modeling/SEUP
Leads: Rhae Sung Kim and Melissa Wrzesien
During this breakout session, we discussed the importance of increased synergy between modeling efforts and the field campaigns. Overarching discussion points included how model estimates can be used to inform field campaigns (in observation type, campaign timing, field site location) and what observations would be most useful for improving model representation of important snow processes. Interactions between modelers and field workers could be as simple as simulations providing initial estimates of snow depth for preparing observation procedures or the use of ensemble estimates to select the location best suited for decreasing model-based uncertainty. However, the concern of current land surface models missing important processes was discussed. Implementation of new models with more advanced snow physics into LIS, such as Crocus, may help reduce these concerns.
For reducing uncertainty due to meteorological forcing data, we discussed the need for a long-term field site with a full suite of meteorological observations. Typical current methods to reduce forcing uncertainty may involve computationally expensive calibration methods or unscientific parameter tuning. Accurate and reliable meteorological observations, however, would help to constrain the models. Long-term records from a calibration/validation site would be useful for model development and evaluation purposes. Paraphrasing one breakout attendee, if we do not invest in getting the meteorology correct, we likely will not get the snowpack correct.
Our main action item is to interact more with the field campaign groups, ideally prior to when the final decisions are made on site location/campaign timing. We need to communicate the abilities and limitations of our current models, and we need to ensure that variables in the model output match what is being measured in the field. That is, we want to confirm we are comparing like processes. If not, the model group must develop new code/prototypes based on what is being collected in the field – it is possible to rerun models with new parameterizations, but we cannot redo a field campaign. Therefore, it falls on the modelers to communicate the capabilities of the models. We are also creating model liaison positions in other SnowEx interest groups in order to better facilitate the exchange of information. In the upcoming weeks, we aim to have a draft of science objectives for the modeling portion of the tundra/taiga field campaign. 

2. Microwave
Leads: Leung Tsang and Do Hyuk (DK) Kang  
Major advances have been made in X- Ku- band volume scattering method for SWE retrieval.  The technology advancement level is ready for satellite launch.  The Airborne data have been collected by of SnowSAR, UMass Amherst Ku band SAR, and SWESARR.  Ground based scatterometer backscattering measurements and ground snow pit and background measurements have also provided valuable data for calibration and validation of retrieval algorithms. The Canadian TSMM mission is in phase 0 and the plan of the Canadian team is to move forward to Phase A in 2021. 
A synergistic sensor of X and Ku band volume scattering is the recently-developed volume scattering C-band Sentinel 1 cross polarization ratio retrieval of SWE in deep snow. This C-band technique has been shown to be especially effective for SWE larger than 250mm. Another synergistic sensing technique of Ku band volume scattering would be Ku-band interferometry for observations of layering and wet snow. The possibility of Ku-band interferometry via a NASA provided companion to the TSMM mission should be investigated to find out if it is feasible within the NASA cost cap.   A team effort should also be made to investigate the pros and cons of such a concept from a proposal strategy point of view.
Improvement areas for the X- and Ku-band scattering approach include a) the incorporation of snow physical models in retrieval algorithms and b) the use of an OSSE to combine land surface models (LSMs) and microwave radiative transfer models to yield snow retrievals.
The identified gaps are: 
1. Substrate questions that include soil freeze-thaw changes and the use of L band, S band and/or C band to provide substrate properties
2. Snow Microstructure: How to inter-calibrate parameters such as grain sizes between snow physical models and radiative transfer models
3. Forest effects: To what extent can Ku band penetrate forests? Forests penetration percentages should be investigated for a) open area in forests, b) forests with gaps, and C) dense forests
Opportunities to overcome the identified gaps are:
1. SnowEx 2022-2023:  Forest: SWESARR flight to a taiga snow site is a good opportunity to validate the Volume scattering approach for forested areas 
2. NISAR: L Band and S Band radar for retrieval of substrate properties, and 
3. Canada 2021-2023 planned airborne flights with a new Canadian radar that will include a single channel at Low Ku band (13.6GHz) and L band interferometry.
A review paper is being prepared by the microwave radar volume scattering working group to describe the state of art and technology readiness. The paper is also forward looking with respect to synergism with other microwave sensors.
A key challenge is how to improve the selectability of a satellite proposal and how to mitigate risks. 

3. Lidar/Stereo 
Leads: Nancy Glenn and David Shean   
The Lidar/Stereo working group (WG) is a new effort to bring together people interested in advancing the use of lidar, stereo, and the fusion of these technologies for snow studies. The group met for the first time during the SnowEx meeting and established the purpose, discussed relevant topics, and identified several topics for further discussion and collaboration. 
The purpose of the Lidar/Stereo WG is to: 
· Assess lidar, stereo and combined lidar+stereo technology for snow (airborne campaigns and future satellite mission concepts)
· Bring together a community interested in collaborating, and leveraging existing activities with lidar, stereo, and combined lidar+stereo

The WG identified several areas of recent focus by the group contributors. These included:
· Continued assessment of currently available on-orbit satellite resources for snow; leverage coincident airborne/field data
· Assessment of new and existing lidar (independently and for fusion/validation), including: ICESat-2, GEDI, airborne, UAS
· VHR Stereo: WorldView, SkySat, Pleiades
· Considering airborne options for 2021 and 2022 campaigns
Additional discussion topics that were discussed were:
· The value of combined lidar+stereo for both terrain modeling, snow depth, and vegetation-snow relationships
· Surface Topography and Vegetation (STV) Mission workshop, and the potential to partner with STV efforts
· Airborne campaigns including experiment campaigns, balancing operational snow science vs. tests for future missions
· Uncertainty for different environments and ecosystems
· How best to gap fill in narrow swath / missing data areas where in especially stereo data there are clouds and/or dense vegetation. 
The summary of the WG breakout discussion includes considerations of Lidar/Stereo in the larger perspective of NASA and existing efforts, including:
· Lidar is key observable for many top priority science questions in Decadal Survey
· There are current campaigns for ICESat-2 and airborne lidar in ABoVE including LVIS and G-LiHT
· Fusion research ongoing for airborne lidar and RGB, as well as spectroscopy, emphasize the importance (note: Surface Biology and Geology opportunities)
· Need for more standardization in Structure from Motion (SfM) collection and processing; this comment is more broadly applicable to lidar/stereo, including with opensource tools

4. Albedo 
Leads: Charles Gatebe and Anne Nolin, Rapporteur: Kelly Gleason 
Participants: Anne Nolin, Charles Gatebe, Liz Burakowski, Jeff Dozier, Karl Rittger, Kelly Gleason, Peter Griffith, Randy Martin, Yongong Yi (10 participants)
We need to know the change in albedo over time, space, scales, and uncertainties, as well as the albedo decay functions or other parameterizations.
Measurements we need are: spectral albedo across a forest gradient, light absorbing impurities, and BRDF. Because of the existing relationship with the SBG mission. We already know the accuracy, the precision, and the radiometric requirements for snow albedo measurements according to the SBG mission. We hope to fly multiple heights over overlapping swath widths to capture data across multiples scales.
Sites: Bonanza Creek by Fairbanks (Boreal Forest), Trail Valley Creek near Inuvik in Canada (Taiga to Tundra transition), Elson Lagoon near Utqiagvik (formerly Barrow) (Tundra) - would be a snow on ice site, but not particularly a tundra only site., Barrow Environmental Sites is more distinctly a tundra site.
We aim to take a watershed-based approach where we coordinate with existing work and modeling efforts to broaden the impact in space and time. We will utilize existing long-term data available in these sites and coordinate with other missions including LTER, NEON, and ABOVE. Around Fairbanks, the Tanana River Basin is an important site where we can consider a watershed approach
In terms of accuracy, we need to think about accuracy of absorption not accuracy of albedo, because that is what impacts the energy balance. It is a function of irradiance, and in AK before the equinox there is a major shift from no irradiance to a lot of irradiance. And there is major temporal shift occurring in insolation and hence absorption.
Important questions: What is melting the snow? Is it the air temperature and sensible heat flux or is it shortwave radiation and albedo? Characterizing forest structure and determining the influence of forests on the snowpack energy balance, and loss of snowpack.
Important factor is the integral of net radiation total, when that becomes positive. Winter time have negative EB, and spring have positive EB. In the forests, the sensible isn’t so high, but longwave radiation becomes really important. In terms of sensing what is going on in the trees, the diffuse radiation has a different spectrum is very important to retrieve the overall snow EB and properties. In the open, the shade is in the blue part of the spectrum, while in the forests, the shade is tilted toward the near infrared.
In our upcoming field campaign efforts, we need to coordinate a more intensive field campaign over a shorter period of time. Huge shift in the irradiance over a very short period of time in AK, really important to capture the profound shift in EB components over a short period of time, but extended over a broad spatial extent. We need to leverage the existing data sets, to look at the timing of measurements and EB components, particularly in LTER type sites, as well as by reviewing the SEUP data to inform the best measurement strategy. Also, we need to go into detail what is already done within these existing sites, and can we build on this to magnify the understanding developed and impacts of our work in AK.

5. L-Band InSAR Snow Water Equivalent Estimation
Leads: Eli Deeb and Jewell Lund
Participants: HP Marshall, Rick Forster, Shadi Oveisgharan, Dan McGrath, Tate Meehan, Kelly Elder, Randall Bonnell, and Jack Tarricone.
The UAVSAR acquisitions during SnowEx 2017 and SnowEx2020 provide a baseline assessment of this time-series approach using L-Band interferometric synthetic aperture radar (InSAR) toward the estimation of snow water equivalent (SWE). In theory, the difference in phase between two SAR acquisitions of the same geographic location separated in time is related to the change in SWE over that same time period. SnowEx 2017, Grand Mesa was challenging because of relatively small changes in snow depth (e.g. about 10 cm) during the campaign. However, there are correlated comparisons between UAVSAR InSAR phase changes during SnowEx 2017 and overall snow depth estimated from Airborne Snow Observatory (ASO) lidar. There are more convincing results from UAVSAR L-Band InSAR during SnowEx 2020, Grand Mesa showing high correlation when comparing changes in lidar snow depth (from Quantum) and InSAR phase changes over the same time period (i.e. early February 2020). Other preliminary SnowEx 2020 comparisons of UAVSAR L-Band InSAR phase changes and in-situ GPR acquisitions at time-series study locations are also promising. Several manuscripts are in stages of preparation and publication to disseminate this information to the community.
L-Band InSAR SWE estimation is a time-series technique where multiple acquisitions over time are required to build the history of snow change (e.g. accumulation or redistribution). Sufficient coherence (e.g. stability of scattering characteristics) between each acquisition pair must be maintained to have useful and meaningful change in phase. The following knowledge gaps continue to be addressed by the working group: sensitivity to repeat cycle; changes in soil conditions, snow wetness or melt-freeze cycles between acquisitions; accumulation greater than phase ambiguity over time period; extreme differences in snow microstructure at each acquisition; and general radar challenges in steep terrain and vegetation. The existing L-Band InSAR working group plans to continue collaboration with the broader microwave RS working group and invite any additional interested members to participate in exploring these topics.
Preparation for Alaska SnowEx campaign and the role that a UAVSAR L-Band time series could play was discussed. The working group has already begun discussing options with Chris Hiemstra and Mike Durand. Discussion also included appropriate acquisition repeats: 6- or 12-day to be aligned with Sentinel-1 overpasses or the planned NISAR acquisition strategy. There are differing characteristics in the tundra/taiga that need to be considered with respect to the impact on this time-series technique: shallow snowpack, typically frozen soil or discontinuous/continuous permafrost, air gaps between ground and bottom of snowpack. There are areas from the SnowEx 2020 time-series study locations (e.g. Niwot Ridge, Upper Rockies) that could be analyzed to better understand how some of these impact coherence and phase.
There are many possibilities for future L-band InSAR including the scheduled launch of the NISAR mission. Members of the working group are part of the NISAR Science Team and have measured interest in L-Band InSAR snow hydrology applications from that community as well as international partners (e.g. ISRO). Further dissemination of these results will continue in hopes to garner a broader interest toward enabling a NISAR workshop with a focus on snow hydrology applications. L-Band InSAR capabilities are also already under consideration for ROSE-L (i.e. ESA Sentinel mission) as well as NASA’s Surface Deformation and Change (SDC) and Surface Topography and Vegetation (STV) mission concepts.  The working group feels that SnowEx is a compelling stage to support Explorer missions, and it is very likely that we would have multiple L-Band InSAR platforms available during the 2027-2030 timeframe, allowing this technique to be an important part of a broader snow mission concept.

6. Science and Applications
Leads: Ryan Webb and Kate Hale
Who is using the data? Government agencies/state agencies and everyone else
· USDA-ARS: real-time simulations in Sierra Nevada, LiDAR data from ASO to update the state of snow depth, keep the model in check, volume of SWE, ensure proper snowmelt
- Working with University of Utah to use remote sensing datasets and ingest albedo information
· NOAA: remote sensing used for flood forecasting but limited to the quality of the needed SWE product (they currently deal with a lot of over and under production)
· Everybody else: Notable group (Decartes Lab) in NM takes MODIS datasets, post-processes them, and provides the end product to water managers in an accessible way
What do we need? We need global SWE data – we need to know how much water is in the snow in order to address most people’s concerns. We can currently get this in certain areas for certain amounts of time, but we need it all the time, everywhere.
What are the hurdles in ensuring the data are as useful/accessible as possible?
· Files types: HDF files are inaccessible to many folks (non-remote sensing specialists)
- Making the data more accessible: University of Washington works with open source computing experts, hosts hack weeks to create tools for the public
ACTION ITEM: Streamline this process where data are made publicly available in a simpler format (What do the raw data look like? How much QA/QC is involved? Who would be responsible for this?)
ACTION ITEM: Providing the data at no cost (How feasible is this? How much does access cost at the moment?)
· Improved/broader communication: ensure that a larger audience is aware of the available data
ACTION ITEM: Reach out to targeted groups (interdisciplinary/trans-disciplinary groups), by first creating a broader, compiled list of these groups (pick the brains of everyone involved in SnowEx?)
· Questions to consider here: How to engage with these groups? Simple swapping of ideas/needs? Conference venue (Western Snow Conference)? Field experience? How quickly do these groups need data?

Session 2, Manny Salgado, moderator
11:30 – 11:45, Breakout group summary discussion

Discussion Points: 
· The modeling group has begun to think about field observations that would be useful for validation of the models.  More coordination is needed between the campaign planning groups and modelers.
· Microwave techniques struggle in forests and complex terrain.  How do we fill these gaps?  One potential solution is to use additional frequencies (e.g. Ka-/C-band) to help characterize these other factors that are influencing the signal.  More work is needed in this area.  Can we coordinate with modelers focused on snow-vegetation interaction processes?
· Stereophotogrammetry opportunities to collaborate with industry and DoD partners to operationalize imagery acquisition.  For example, NASA PIs can now access Planet data.  Especially in the Arctic domain there are ongoing efforts to map landscapes.  We should be looking to partner with these operational vendors.  
· Despite the large amount of commercial satellite-based stereoimagery coming available, there is still great value in having airborne data collected during campaigns for validation.  This is a very mature airborne technique and there is potential to operationalize airborne collections for snow depth data.
· Several working groups are working on review papers (e.g. microwave, modeling).  These papers are critical for supporting future satellite proposals.  Other groups may want to consider this. 

Session 4, Shadi Oveisgharan, moderator
1:45 – 2:00pm, Future Planning for Global Snow – HP Marshall
In the afternoon of Day 2, the Breakout group focus was on planning for future global snow capabilities. Questions posed to the groups were:
· What activities are missing/essential from the Roadmap?
· How does the timeline match with upcoming deadlines?
· What partnerships or other opportunities should we be aware of?
Notes from Breakout Group Discussions:
The following sections provide a summary of each Breakout group discussion:
1. Strategic Planning and future innovations
Leads: Paul Houser and Ana Barros
The Snow Strategic Planning (SSP) breakout discussion was organized by four questions formulated in the context of the Snow Mission Vision Draft, including Science, Application, and Satellite Mission Goals presented in the central meeting.  A successful satellite mission proposal will meet science and application targets by implementing a technically feasible measurement strategy under required cost caps. Besides high TRL (technology readiness level), success is predicated upon a collaborative interdisciplinary framework and deliberate engagement of international partners toward optimizing the use of resources and outcomes.   Breakout participants were asked to consider in particular observation gaps, specifically Snow Water equivalent (SWE) change, measurement temporal and spatial scale, frequency, and the timeline for the development of the satellite snow mission proposal.  
Q1) What are the research, reviews, and answers that must be ready by proposal time?
The group agreed on prioritizing a peer-reviewed paper to outline the importance of global observations that includes all key regions and snow classes linking science and applications (e.g., prairie snow – agriculture; west mountain snow – water resources) and highlights interdisciplinary reach (e.g., snow ecology).  There was discussion regarding the need to involve potential national interests stakeholders (USFS, USACE, etc.) in helping define needs and metrics of success, and the potential benefits of a User-oriented workshop as a listening exercise to generate mission “advocates” early on and aiming toward the formation Early-Adopter Team upon mission selection.
Q2) How do we prioritize research, roadmap tasks, etc. (with a limited time and budget)? 
	The group agreed that a decision-making framework must prioritize retrieval algorithm maturity and demonstrate global capability.  It is essential to define the regions where successful measurements will be made globally, and where and when this is not the case, and justify why this is so and it does not handicap the mission’s vision.  In particular, there was discussion regarding the need to clearly distinguish between a global snow product from a “constellation” perspective that leverages international partnerships and existing and planned satellite assets, and the specific and unique (unprecedented) value-added by this specific proposed mission.
Q3) How do we focus and motivate the snow community towards a mission? 
	The group emphasized the need for critical mass and technical capacity for mission development and the need to continue reaching out to different communities to achieve a broad buy-in across the Earth Sciences. Organizing Working Groups including applications, and possibly a group of international Early Adopters in the future.  
Q4) How do we strategically position our community for success?
	The group stressed the need to bring the community together including international partners, and to strengthen the technical team to meet the requirements articulated in Q2.    Specific recommendations include:  
· Organization of virtual meetings with wide broadcasting;
· Proactive diversity/equity and inclusion  (e.g., students from URM serving institutions)
· Encouraging joint interdisciplinary proposals among new teams of PIs, including funding small grants to support cross-disciplinary fieldwork in upcoming campaigns

2. Prairie snow
Leads: Sam Tuttle and Eunsang Cho
Participants: Chris Derksen, D.K. Kang, Dorothy Hall, Eric Sproles, Mike Cosh, Randall Bonnell 
Sam provided an overview of the plans for the winter 2020-2021 SnowEx Prairie campaign.  Details are provided in the slides, but generally the plan is for activities to target a 1 km by 1 km area at the Central Agricultural Research Center (CARC) in Moccasin, Montana.  The main goals are to assess the spatial distribution of snow properties in a prairie environment, evaluate the impact of shallow snow and soil properties on L-band InSAR, and gain insight into the instrumentation & measurement requirements for long-term remote sensing calibration/validation in the prairie. Plans include a central weather station and four (or more) satellite stations to measure snow depth, soil moisture & temperature, and infrared surface temperature, as well as periodic drone flights for LiDAR snow depth, albedo, and surface temperature, and approximately 4 UAVSAR flights.
Participants were asked if the instrumentation & observation plan was sufficient to address the research goals.  
· Questions were asked about what ground snow sensor(s) will be used.  Current plans are for a snow pillow, heated precipitation gauge, a snow depth sensor and snow stakes monitored by automatic cameras, and infrared snow surface temperature sensors. 
· Participants asked about depths of the soil moisture measurements. Current plans are for 3 depths, possibly 5, 20, and 50 cm, but this was still being decided.
· Participants were also curious about the typical snow depth at the CARC, which Eric S. Estimated at 10 cm but highly variable, potentially 4-5 sizable snow events per winter. 
· Interest was also expressed in streamflow observations, so that the contribution of snowmelt could be assessed.  Eric S. noted that researchers at the CARC are very interested in water quality (especially nitrogen) runoff into streams, and snow is an undetermined contributor, so this would be of interest to CARC researchers.
· Participants expressed that it would be good to have similar campaigns focusing on the border between Canada and US, to leverage possible collaborations.    
· Participants were also curious about a role of soil temperature conditions in snowmelt process. 
· It was asked whether ground-based radars would be used to observe wet snow. Unfortunately, this is not part of the current plan for 2021, unless someone volunteers an instrument. 
Participants were asked about any possible collaboration opportunities that might be worth pursuing, or current work going on in the prairies. The University of Saskatchewan was mentioned as an area where snow research is ongoing that might present a collaboration opportunity.  A location outside of Winnipeg that was used for a SMAPVEX field campaign was also suggested. Chris Derksen was confident that Canadian researchers would be interested to collaborate in the future.
Participants were asked what they thought of the value of passive microwave (PM) data, given its long history of use in the prairies. The general consensus was that PM shows some value, but it is complicated by land surface conditions, heterogeneity, wet snow, etc. and thus ongoing efforts are needed to understand PM observations. It was emphasized that northern prairie areas are very interesting for snowmelt impacts on soil moisture and groundwater recharge.
Participants were asked about modeling snow in the prairies, and what they thought the priorities should be for modeling observations. Participants indicated that wind redistribution is a major factor.  Accurate estimates of vegetation stubble height were identified as a priority.  A spatial resolution of the size of an agricultural field is important (given heterogeneity between different crops & management types), and 100 m was identified as an approximate target spatial resolution.

3. Tundra/Taiga snow
Leads: Mike Durand and Chris Hiemstra
The Tundra/Taiga breakout focused on discussion of the proposed boreal and Arctic SnowEx Alaska field campaign for 2021-2022. Specifically, we reviewed the science questions proposed in the writeups for the snow depth / SWE campaign drafted by Chris Hiemstra and Mike Durand, with the snow albedo campaign drafted by the Albedo Group (Nolin and Gatebe).  
There was some discussion on how long lidar datasets are applicable, and how much and where bare-earth surfaces and vegetation are actually changing and the application of Structure from Motion (SfM) in measuring snow depths in forested locations. We discussed a suggestion to analyze the Snow Ensemble Uncertainty Project (SEUP) data to explore spatiotemporal patterns and melt timing at higher latitudes. We agreed that one prerequisite to this activity is to evaluate SEUP melt timing in Alaska using MODIS. We agreed that having regular telecons on the campaign would be wise. However, such an activity should wait until there is some information on the campaign scope that we should address. 
Most of the discussion centered on spatial scales. The group felt that multiscale and cross-scale approaches to the questions is crucial considering remote sensing approaches and field measurements in these high latitude environments. We need to do a better job of defining the scales at which relevant processes occur: one example discussed was suggestions to better define understanding of the spatial scales at which snow grain size varies. This has relevance to SWESARR, and the proposed Canadian TSMM. We also discussed ways that ABoVE datasets and knowledge could be leveraged to understand the scale question.

4. Maritime snow
Leads: Mark Raleigh and Liz Burakowski
At this time, there are currently no dedicated Maritime region SnowEx efforts. Remotely sensing and observing snow in maritime regions is complicated by variable precipitation type (rain vs. snow), complex terrain, combined with dense forest cover, and more persistent cloud cover, the latter two of which present big challenges specifically for optical remote sensing methods. Furthermore, maritime snowpacks tend to be warm, wet, shallow (but can be very deep in maritime mountains), patchy and/or ephemeral and thus require higher temporal and spatial sampling for accurate detection and tracking. Detection of wet snow with microwave remote sensing will require exploratory research with additional frequency bands. Signals of Opportunity (SoOP) may be another viable path forward for improving remote sensing in maritime regions, but estimates of liquid water content are necessary. The P-band signal also has the potential to penetrate dense forest cover, but more research is needed. Additionally, NASA conducted the OlympEX campaign in the Olympic Mountains of Washington, which have data that may be leveraged as we seek to improve our understanding of maritime snow.
The importance of improving understanding of maritime snowpacks is highlighted in the SEUP ensemble, which show the largest uncertainties in maritime regions. The eastern US in particular has a severe dearth of high quality, automated ground based observations of both SWE and snow depth compared to the western US. Modeling challenges include large divergence in representation of forest-snow interactions, such as canopy interception and riming (not really considered in current models). In addition, the measurements that would be necessary to constrain the modeled mass and energy balance with respect to forest-snow interactions are very difficult to obtain. Modeling challenges in wet maritime regions are also hampered by the forcing datasets, which show a large divergence in the amount and/or phase precipitation. Detection and quantification of rain-snow partitioning along elevational gradients (mPING citizen science?) could help to improve this deficiency in forcing datasets, but current precipitation gauges are not optimal for measuring wet, sticky snow that can form stable caps over the gauge during snowfall events, then dump into the gauge in a single melt event. Other ground-based observations that could help improve modeling of maritime snowpacks could include snowpack liquid water content, SSA, and porosity with A2 photonic sensors (e.g., WISe, IceCube).  Additionally, the group discussed the importance of partnerships with the atmospheric science community, as Numerical Weather Prediction models may be a pathway for improving representation of precipitation across maritime regions, with an acknowledgement of the importance of downscaling.
Lastly, the maritime group discussed whether all maritime snow regions are equal. The repeatable meteorology of the PNW and Alaska (i.e., atmospheric rivers) lends itself to more accurate statistical downscaling from global climate models, whereas the scattershot meteorology of the eastern US (e.g., Miller “Type A” Nor’easters, Miller “Type B” Nor’easters, Alberta clippers, lake effect snow, squall lines) pose greater challenges to statistical downscaling in that region. Differences in forest type (coniferous in western US, deciduous in eastern US) and species distribution also distinguish maritime regions, with implications on canopy interception, shading, and related impacts on mass and energy balance. Mediterranean regions have recently emerged as a potential third type of maritime snow region, more similar to the southern Sierra Nevada. 

5. Snow Observing System Simulation Experiments (OSSE)
Leads: Bart Forman, and Sujay Kumar
The Snow OSSE discussion focused around the key components of the OSSE system, which includes the orbital simulator (space-time subsampler), observation simulator, observation operator, land surface models, end-use applications, and approaches for OSSE evaluation. There is a significant need to specify the spatio-temporal scales of the anticipated instruments and the expected error levels from these sensors. These specifications are critical inputs for the successful development of OSSEs. There is also a significant need to identify and coordinate the relevant observation operators for each planned instrument and sensor. 
The group also discussed several spatially distributed datasets that should be included in OSSE development and evaluation efforts. In addition to products such as SNODAS and University of Arizona, datasets from SCA reconstruction (e.g. Margulis) and regional high-res model simulations (e.g. Flores, Durand) must also be considered. A combination of these products is necessary for the development of a high-resolution, reliable Nature run, which can be used to simulate various types of snow observations. 
A critical gap in the OSSE environment is the ability to work with the raw satellite measurements, which requires appropriate radiative transfer models. There is an added level of uncertainty related to the conceptual formulations and parameterizations of these models. Given the large suite of instruments and technologies being considered, the use of machine learning methods to understand the sensitivities of retrieval methods should also be a priority.  

Session 5, Carrie Vuyovich, moderator
3:15 – 3:30, Breakout group summary discussion

Discussion Points: 
· The Maritime region is particularly tricky.  Lidar and other altimetry techniques likely have the most potential.  Lower microwave frequencies (e.g. C-band) need to be evaluated in these regions as well.  Can start to evaluate available satellite data (ICESat-2 and Sentinel-1) in these areas.
· A comprehensive plan for addressing spatial scaling in our field campaigns is needed. Needs to be considered ahead of time and should include people across different working groups to develop this plan.  Modeling groups and Hackweek could conduct studies on existing data to identify the gaps.  Previous campaigns have focused on some scaling questions. During CLPX, several spatial scaling studies were conducted.  More opportunities and advanced technology are available now, but we can look to the design strategy from the past to identify gaps between satellite observations and variability of snowpacks on the ground. The soil moisture community has done work in this area and may be a good community to look to for examples.  We should also continue work evaluating spatial patterning and deliberately plan how to test it in respective domains for future campaigns.
· To improve diversity and promote participation from under-represented groups, a fellows program was proposed.  In a tundra/taiga campaign, it will be important to include native populations.  ABoVE has some experience working with these groups.  MAIANSE is a group looking to promote STEM activities in US tribal colleges.  Another group promoting STEM activities is SACNAS
· Gaps in trees of interest to albedo, microwave and modeling groups. One of the gap size indicators is 2H to 5H (H=average height of trees), which is one metric we might consider. We need a gradient of tree distribution patterns as well as gap sizes and species specific.

3:30 – 4:00, Virtual Meeting Wrap-up Discussion and Action items
Discussion: 
· Identify opportunities for increasing participation, especially for early career and under-represented groups:
· Snow field schools 
· Hackweek – developing tutorials and scripts
· Citizen science – Community snow obs
· Joining working groups. [link]
· Participation in field campaigns
· Developing and contributing web content (NASA website, Twitter, Instagram, etc)
· Virtual meeting focused on results from early-career scientists
· Snow modeling and remote sensing schools are of interest, but need someone to lead the charge in organizing.
· Work ongoing to develop plan for long-term calibration/validation sites.  Important that Cal/Val sites should be watershed focused.  
· Interest in more communication between working groups. Ideas for cross-calibration
· Liaisons between groups
· Have joint meetings
· Invite members for presentations/discussions
· Feedback greatly appreciated on the Roadmap and plan for upcoming campaigns.  Please send any additional input or comments to C. Vuyovich or planning leads.
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