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ABSTRACT 30 

Soil moisture is a critical land surface variable, impacting the water, energy, and carbon 31 

cycles. While in situ soil moisture monitoring networks are still developing, there is no 32 

cohesive strategy or framework to coordinate, integrate, or disseminate these diverse data 33 

sources in a synergistic way that can improve our ability to understand climate variability at 34 

the national, state, and local levels. Thus, a national strategy is needed to guide network 35 

deployment, sustainable network operation, data integration and dissemination, and user-36 

focused product development. 37 

The National Coordinated Soil Moisture Monitoring Network (NCSMMN) is a federally-38 

led, multi-institution effort that aims to address these needs by capitalizing on existing wide-39 

ranging soil moisture monitoring activities, increasing the utility of observational data, and 40 

supporting their strategic application to the full range of decision making needs. 41 

The goals of the NCSMMN are to: 42 

● Establish a national “network of networks” that effectively demonstrates data 43 

integration and operational coordination of diverse in situ networks;  44 

● Build a community of practice around soil moisture measurement, interpretation, and 45 

application - a “network of people” that links data providers, researchers, and the public; 46 

● Support research and development (R&D) on techniques to merge in situ soil 47 

moisture data with remotely-sensed and modeled hydrologic data to create user-friendly soil 48 

moisture maps and associated tools. 49 

The overarching mission of the NCSMMN is to provide coordinated high-quality, nationwide 50 

soil moisture information for the public good by supporting applications like drought and 51 

flood monitoring, water resource management, agricultural and forestry planning, and fire 52 

danger ratings. 53 

 54 

1. Introduction  55 

Soil moisture is one of the smallest components of the hydrologic cycle, yet it plays an 56 

important role as a critical land surface parameter influencing Earth’s water, energy, and 57 

carbon cycles (Figure 1). As a result, natural resources and the economic activities that 58 
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depend on them are directly impacted by soil moisture levels in unique ways that may not be 59 

fully captured by more traditional meteorological and hydrologic indicators such as 60 

precipitation, temperature, evapotranspiration, and streamflow. Soil moisture can be 61 

estimated by several methods, including in situ monitoring, remote sensing, and numerical 62 

modeling. While each is valuable, no one method for obtaining soil moisture information is 63 

perfect, as each has unique limitations relative to attributes such as accuracy, historical 64 

record, data availability, spatial distribution and latency. Yet, when used in complementary 65 

ways, these three methods of estimation have the potential to provide a comprehensive 66 

picture of soil moisture levels to support a wide range of applications. 67 

The demand for a timely, accurate, and well-coordinated soil moisture information 68 

system is seen across an array of weather-driven societal needs. Such needs include drought 69 

and flood monitoring (e.g. Chifflard et al. 2017, Otkin et al. 2016), water resource 70 

management in both snow-dominated and rainfall-dominated watersheds (e.g. Harpold et al. 71 

2017, Wyatt et al. 2020), agricultural and forestry planning (e.g., Krueger et al. 2021; 72 

Krueger et al. 2019), and fire danger ratings (e.g. Krueger et al. 2015; Sharma et al. 2020). 73 

Additionally, soil moisture patterns are expected to be significantly altered by anthropogenic 74 

climate change (USGCRP 2018). Expected soil moisture pattern changes will alter future 75 

seasonal runoff predictability and expectations (e.g. Koster et al. 2010), flooding risk (e.g. 76 

Wasko and Nathan 2019), and flash drought probabilities (e.g. Yuan et al., 2019; Christian et 77 

al. 2021). Tracking these changes would aid future disaster mitigation and planning efforts. 78 

The National Coordinated Soil Moisture Monitoring Network (NCSMMN), is a federally-led, 79 

multi-institution effort that aims to address these varied needs. 80 

 81 
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 82 
Figure 1: The importance of soil moisture is illustrated in relation to the energy, water, and 83 
carbon cycles. Soil moisture plays a role in surface energy exchange, partitioning of surface 84 
runoff and infiltration, and influences land/atmosphere soil water dynamics, affecting many 85 

surface processes such as water management and agricultural productivity. Credit: Fiona 86 
Martin, Visualizing Science. 87 

 88 

   89 

2. Overview of the National Coordinated Soil Moisture Monitoring Network 90 
(NCSMMN) 91 

Over the past two decades, there has been growing interest within both the research and 92 

practitioner/end user communities to develop a national initiative to harness and improve soil 93 

moisture information for natural resource assessment and hazards management. In 2013, the 94 

National Oceanographic and Atmospheric Administration’s (NOAA’s) National Integrated 95 
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Drought Information System (NIDIS), working in collaboration with the U.S. Department of 96 

Agriculture (USDA) and other federal, state, and academic partners, began hosting a series of 97 

regular meetings to explore the formation of such a national initiative. Between 2013 and 98 

2018, a combination of national scoping meetings and pilot research activities were 99 

conducted, leading to a better understanding of what such a national initiative should entail.   100 

In 2018, Congress provided formal direction to this effort in the NIDIS Reauthorization 101 

Act of 2018 (P.L. 115-423), by calling for NIDIS to develop a “strategy for a national 102 

coordinated soil moisture monitoring network.” This was reinforced in the Agriculture 103 

Improvement Act of 2018 (P.L. 115-334) (i.e., the “Farm Bill”), which called for the USDA 104 

to coordinate with NOAA and the National Drought Mitigation Center (NDMC) to enhance 105 

the collection of soil moisture data to improve the accuracy of the U.S. Drought 106 

Monitor.  While these directives were focused on the application of soil moisture for drought 107 

early warning, there was wide recognition that any such initiative would support applications 108 

across the entire spectrum from drought to flooding/pluvial conditions. For example, based 109 

on post-event assessments of the 2011 floods in the Upper Missouri River Basin, in the Water 110 

Resources Development Act of 2014, Congress recognized the importance of soil moisture 111 

monitoring as part of flood early warning.  112 

To organize the development of a strategy for the NCSMMN, an Executive Committee 113 

was formed in 2018 that included soil moisture subject matter experts and program managers 114 

from key Federal agencies, state-affiliated academic institutions, and other interested parties, 115 

including NOAA, USDA, NDMC, the U.S. Geological Survey (USGS), the National 116 

Aeronautics and Space Administration (NASA), , South Dakota State University, Ohio State 117 

University, Oklahoma State University, and the citizen science group CoCoRaHS 118 

(Community Collaborative Rain Hail and Snow Network). This committee worked 119 

collaboratively over a 2-year period with a wide set of stakeholders to develop the strategy, 120 

culminating in the formal release of A Strategy for the NCSMMN in May 2021.  121 

As detailed in the Strategy, the overarching mission of the NCSMMN is to provide 122 

coordinated high-quality, nationwide soil moisture information for the public good. In 123 

concrete terms, this will entail the integration of soil moisture data from the wide range of 124 

existing in situ monitoring networks throughout the United States into a consistent set of data 125 

products, and the merging of these in situ data as appropriate with remotely-sensed and 126 

modeled hydrologic data for the generation of real-time, meaningful, easy-to-understand soil 127 

https://www.congress.gov/115/plaws/publ423/PLAW-115publ423.pdf
https://www.congress.gov/115/plaws/publ423/PLAW-115publ423.pdf
https://www.congress.gov/115/plaws/publ334/PLAW-115publ334.pdf
https://www.congress.gov/115/plaws/publ334/PLAW-115publ334.pdf
https://droughtmonitor.unl.edu/
https://droughtmonitor.unl.edu/
https://www.govinfo.gov/content/pkg/PLAW-113publ121/pdf/PLAW-113publ121.pdf
https://www.govinfo.gov/content/pkg/PLAW-113publ121/pdf/PLAW-113publ121.pdf
https://www.govinfo.gov/content/pkg/PLAW-113publ121/pdf/PLAW-113publ121.pdf
https://www.cocorahs.org/
https://www.drought.gov/documents/strategy-national-coordinated-soil-moisture-monitoring-network
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moisture maps, tools, and related services. These near real-time products and services are 128 

expected to reduce societal risks from hazards such as drought, flood and fire; contribute to 129 

better hazard early warning systems; improve characterization of national water budgets and 130 

climate models; inform crop production decisions, forest management, and natural system 131 

resilience; and benefit many additional natural resource applications.  132 

The NCSMMN Strategy identifies a series of nine recommendations (Appendix A) to 133 

advance this mission, all focused on supporting three essential components of the effort:  1) 134 

building a functional and flexible network of (monitoring) networks, including the technical 135 

and organizational infrastructure to allow aggregation of disparate and differently scoped data 136 

streams (e.g., with different depths, periods of record, etc.), along with their application to 137 

new products and tools; and 2) building a coordinated network of people, i.e., a community of 138 

practice, that ensures on-going and multi-directional information exchange between data 139 

providers, researchers, product developers, and practitioners and end users; and 3) supporting 140 

research and development on techniques to merge in situ soil moisture data with remotely-141 

sensed and modeled hydrologic data to capitalize on the strengths of each to create user-142 

friendly soil moisture maps and associated tools. 143 

In situ networks which form the basis of the national network of networks include federal 144 

networks such as the USDA Natural Resources Conservation Service (NRCS) Soil Climate 145 

Analysis Network (SCAN) and Snowpack Telemetry network (SNOTEL), NOAA’s U.S. 146 

Climate Reference Network (USCRN), the National Ecological Observatory Network 147 

(NEON), as well as a number of state mesonets such as the Oklahoma Mesonet, the South 148 

Dakota State University Mesonet, West Texas Mesonet, and the Montana Mesonet, to name a 149 

few. Figure 2 shows the distribution of currently actively monitoring networks. Over time, 150 

the NCSMMN hopes to expand partnerships to include additional academic and research 151 

networks (e.g. AmeriFlux, the U.S. Forest Service’s (USFS’s) Remote Automatic Weather 152 

Stations (RAWS), citizen science networks (e.g. CoCoRaHS), and private networks, as 153 

available.   154 

Soil moisture estimates from in situ resources can be combined with, as well as used to 155 

calibrate and validate, satellite-based remote sensing products such as NASA’s Soil Moisture 156 

Active/Passive (SMAP) satellite, the European Space Agency’s Soil Moisture and Ocean 157 

Salinity (SMOS) satellite, and others. Models are also available which can provide 158 

independent, physically-based estimates of soil moisture, and/or can be used to assimilate 159 
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real-time observations into merged products. Modeled soil moisture products are produced 160 

operationally by various modeling systems including the North American Land Data 161 

Assimilation System (NLDAS-2), the National Water Model, and others. Here too, in situ 162 

monitoring data is often used as the basis for accuracy assessments of modeling products 163 

(Montzka et al 2020). 164 

 165 

 166 
 167 

Figure 2: Federal, state, and regional networks which actively monitor soil moisture. 168 

Once integrated, these networks could provide a consistent national-scale source of soil 169 

moisture information for planning and forecasting. 170 

 171 

One goal of NCSMMN is to generate products designed to support a variety of 172 

applications such as improved drought and flood monitoring or water resource management, 173 

however, there are challenges to be addressed relative to meeting the needs of multiple 174 

applications. For example, near-surface in situ soil moisture data may be most suited for 175 

integration with remotely-sensed data, but deeper (root-zone) measurements may be most 176 

useful for drought monitoring.  NCSMMN also aims to develop resources to identify and 177 
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facilitate the use of best practices for the collection and provision of in situ soil moisture data. 178 

The approach is to effectively leverage data from the existing observational networks and to 179 

promote adoption of unified approaches for new stations and networks. Towards that end, the 180 

NCSMMN initiative includes projects to develop expert guidance for future sensor 181 

installations and soil moisture network development. 182 

Once fully established, the NCSMMN will require substantial resources for database 183 

management, quality-control of current and historic soil moisture data, support of the data 184 

interface for end users, data storage, and NCSMMN group coordination. A coordinated 185 

NCSMMN requires resolution of data ownership and resources, including funding; therefore, 186 

one of the NCSMMN strategy recommendations is to develop and maintain formal 187 

agreements with respective partners - both federal and non-federal - with several already in 188 

place between the USDA, NASA, and NOAA.  189 

Ultimately the backbone of a national monitoring strategy will be working with state and 190 

regional mesonets to maintain and operate their networks in a coordinated manner. Therefore, 191 

an important consideration for robust participation in the NCSMMN by non-federal networks 192 

is financial support to operate and maintain these networks. At any given time, a network is 193 

usually operating with ~80% of stations reporting, as in situ stations require regular 194 

maintenance, sensor replacements, communications upgrades, and licensing and rental 195 

agreements. This maintenance requires personnel who are experts in field equipment and 196 

troubleshooting, and able to work at stations often far removed from local services. To realize 197 

a fully-integrated network of networks will require addressing the cost recovery issues faced 198 

by non-federal networks.  199 

Finally, the ultimate NCSMMN objective is to develop user-friendly products and 200 

services.  Some agencies have funded projects specifically in response to NCSMMN 201 

priorities (for example, NIDIS has funded the development of the USCRN monitoring 202 

network and its associated data products specifically to support national-scale product 203 

development). However, fully developing the range of products and services envisioned will 204 

require a broader set of funding vehicles and a more established institutional home. 205 

3. Implementation of the NCSMMN: The Path Forward  206 
  207 

Over the past two years, implementation of the NCSMMN Strategy has begun in a series 208 

of key focus areas: Community Building and Outreach, Protocols Development, Network 209 
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Expansion, and Product Development.  Each of these will be reviewed in turn, with an 210 

emphasis on activities currently being undertaken. A subsequent section will review priority 211 

activities starting in 2022, and the NCSMMN Executive Committee will conclude with some 212 

brief observations about future direction. 213 

a. Community Building and Outreach 214 

A cornerstone of the NCSMMN Strategy is to build a community of experts trained in the 215 

different aspects of soil moisture monitoring, on both the research and operations side. Since 216 

2010, annual self-organized soil moisture workshops have brought together experts from 217 

across the U.S. to discuss the latest science research and technical innovations regarding soil 218 

moisture monitoring and applications. These workshops have provided the initial formation 219 

of a community of practice. Under the NCSMMN Strategy, these community-led annual 220 

National Soil Moisture Workshops have evolved to a nationwide audience of over 100 221 

attendees annually. The workshop is hosted by different universities and agencies, though 222 

recently it has been virtual. Site visits are planned part of these workshops to explore local 223 

scientific testbeds and study sites, including the Oklahoma Mesonet, Konza Prairie in Kansas, 224 

and the Kellogg Soil Survey Laboratory in Lincoln, Nebraska.  225 

In addition to these annual National Soil Moisture Workshops, in 2021 the NCSMMN 226 

sponsored a series of other workshops and webinars to provide focused sectoral engagement, 227 

from network operators to researchers to end users. 228 

Network Operators Workshop, March 2021: To provide a forum for peer-to-peer sharing 229 

of best practices among soil moisture data providers, the NCSMMN hosted this first-in-kind 230 

workshop specifically focused on the practical considerations in installing and maintaining 231 

soil moisture monitoring stations, including station siting, soil characterization, sensor 232 

selection and calibration, site maintenance, data management and communications. One 233 

major issue network operators identified is a lack of standardized methods for collecting in 234 

situ data and of quality assurance and quality control (QA/QC) guidance for verifying data 235 

records.   236 

Soil Moisture and Wildfire Symposium, May 2021: This online research symposium 237 

highlighted the emerging application of soil moisture information to better understand and 238 

predict wildfire danger. Recent discoveries are revealing the potential for soil moisture 239 

estimates to improve fire danger predictions and to advance our understanding of fire 240 

behavior. The symposium provided an interactive forum to build connections between 241 

https://www.drought.gov/events/using-soil-moisture-information-better-understand-and-predict-wildfire-danger-symposium
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researchers and practitioners, to share relevant research in this area, and to identify ways to 242 

move forward with new research and applications. A comprehensive review paper from this 243 

symposium is currently under review. 244 

End Users Listening Sessions, July 2021:  Recognizing the importance of co-development 245 

of soil moisture products aimed at decision makers, the NCSMMN hosted two listening 246 

sessions as an opportunity for end users to share their thoughts, wish lists, and out-of-the-box 247 

ideas about what types of soil moisture products would best serve their needs. Participants 248 

included federal, regional, and state program staff; state climatologists; water resource 249 

managers; extension agents; and others interested in products derived from soil moisture 250 

data. Findings from the listening sessions are being used to direct NCSMMN research and 251 

outreach activities. 252 

Soil Moisture Webinar Series, Feb-March 2022:  As a broad educational outreach 253 

activity, the NCSMMN, in conjunction with NIDIS and the National Weather Service (NWS) 254 

recently hosted a 2-part national webinar series on soil moisture for NWS operational 255 

forecasters, other weather & climate service providers, and the general public. The first 256 

webinar, Soil Moisture 101, provided an overview of soil moisture monitoring and 257 

interpretation, including a review of the three main techniques for estimating soil moisture 258 

conditions: in situ, satellite, and land surface models, and was attended by over 750 259 

people.  The second webinar, Practical Applications of Soil Moisture Information, featured 260 

presentations from climate service professionals on how soil moisture informs their decision 261 

making.  Materials from each webinar were recorded and are available on the U.S. Drought 262 

Portal (drought.gov), the current home for the NCSMMN web presence. 263 

b. Protocols Development 264 

The NCSMMN Strategy explicitly recognizes the need for best practices documentation 265 

and standardization protocols, including (1) standards and specifications for sensor 266 

performance, validation, and data output, (2) quality-control procedures for evaluation of 267 

current and period-of-record data, (3) database management and storage protocols, including 268 

prototype metadata system architecture to capture and provide access to ancillary information 269 

such as soil type and land cover that will be an integral part of fully interpreting the soil 270 

moisture data, and (4) general technical assistance materials covering site and sensor 271 

selection, installation, maintenance, data transmission, and so forth.  There is recognition that 272 

existing observational networks may perform at a range of levels relative to NCSMMN 273 

https://www.drought.gov/webinars/soil-moisture-101-what-it-means-and-how-its-measured
https://www.drought.gov/webinars/practical-applications-soil-moisture-information
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standards; the long-term strategy is to provide technical and logistical support to networks so 274 

they can engage in a way that best fits their mission and resources, while supporting the 275 

collection of high-quality data for monitoring and prediction on a national scale. 276 

Several entities have developed their own internal documentation for soil moisture data 277 

collection and record processing. This includes the American Association of State 278 

Climatologists (AASC), SCAN, and USCRN. In addition, in 2021 the USGS began 279 

developing a comprehensive Techniques and Methods (T&M) protocol for collecting and 280 

evaluating soil moisture data, following methods similar to those utilized for more traditional 281 

in-stream sensors (e.g., Rasmussen et al. 2009), and other soil moisture guidance documents 282 

(IAEA 2008; AASC 2019; Caldwell et al. 2019; Montzka et al. 2020). In 2022, the USGS 283 

will be completing an NCSMMN project to synthesize these independent resources into an 284 

inter-agency installation and maintenance guide and video training. 285 

c. Network Expansion 286 

In addition to efforts to standardize and integrate soil moisture data from existing 287 

monitoring networks, the NCSMMN has also identified the need for a strategic and 288 

coordinated increase of in situ soil moisture monitoring stations nationally. Currently, the 289 

spatial distribution of monitoring stations across the U.S. is uneven, with large areas having 290 

either no soil moisture monitoring stations or an inadequate density and/or distribution of 291 

stations (Figure 2). The estimated 2,106 (as of March 2022) active soil moisture monitoring 292 

stations in the U.S. today will need to be increased by 50% to reach the National Research 293 

Council’s target of approximately 3,000 stations (National Research Council, 2009). 294 

Furthermore, the unequal distribution of existing stations implies that the actual number of 295 

stations needed may be substantially higher than that target.  296 

Three major NCSMMN-affiliated network expansions that address this deficit are 297 

currently underway. 298 

USACE Upper Missouri River Basin project:  In the Upper Missouri River Basin, the 299 

U.S. Army Corps of Engineers (USACE) is sponsoring a major soil moisture and snowpack 300 

monitoring project to support improved monitoring of flood and drought conditions in the 301 

region, along with other related applications. Over the next several years, the USACE will be 302 

funding a major build-out of 500+ monitoring stations by partnering with state mesonets in 303 

Montana, North Dakota, South Dakota, Wyoming, and Nebraska. These stations will be 304 

configured to collect a full set of atmospheric and ground-based conditions, including year-305 

https://www.nwo.usace.army.mil/Media/News-Releases/Article/2369091/contracts-awarded-for-establishment-of-upper-missouri-basin-monitoring-network/
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round precipitation (rainfall and liquid equivalent of snowfall), snow depth, soil moisture and 306 

temperature at five depths, 5, 10 20, 50 100cm, frost/thaw depth, along with atmospheric 307 

variables to support the determination of total water cycles (air temperature, humidity, solar 308 

radiation, wind). In addition, the stations have cameras that will inform quality control efforts 309 

and provide land status characterization.  Once implemented, this network will provide a 310 

proof-of-concept for total water monitoring.  311 

Southeast Region: The Universities of Alabama-Huntsville, Florida and Georgia are 312 

collaborating on a NOAA-funded NCSMMN project to enhance the soil moisture monitoring 313 

network in the Southeastern U.S. and to improve the application of soil moisture data to 314 

decision making in the region. The project involves a series of interrelated activities, 315 

including: test-bed calibration and evaluation of low-cost soil moisture sensors, subsequent 316 

expansion of the regional network using viable low-cost sensors identified, development of a 317 

series of crop-support tools from the soil moisture data stream, and research on validation of 318 

remote sensing-derived root-zone soil moisture. Results from the project will not only 319 

enhance regional hydro-hazard monitoring, but also will inform national objectives such as 320 

better standardization of sensor performance and improved validation of national models. 321 

USDA Forest Service Soil Moisture Monitoring Network: Expansion of soil moisture 322 

monitoring is also needed to address various major land cover types across the U.S. that are 323 

currently under-served, particularly forests and rangelands. Few, if any, of the stations in 324 

existing long-term monitoring networks are located under forest canopies, outside of the 325 

NEON network. Furthermore, it is much more difficult to obtain accurate remotely-sensed 326 

retrievals over forests due to forest canopy cover, thick layers of duff, and widely varying 327 

slope aspects.   328 

In coordination with the NCSMMN, the USFS is leading an agency-wide effort to 329 

develop a national forest soil moisture monitoring network to meet the needs of forest 330 

managers for timely, location-based soil moisture. This effort is intended to equip forest 331 

managers to better plan and manage forest operations, anticipate fire risks, and address other 332 

challenges for forest management. The effort involves four core elements: (1) expanding 333 

existing monitoring networks such as the RAWS network (which currently includes 17 334 

stations equipped for soil moisture monitoring), (2) building the knowledge base within the 335 

USFS and across other forest management agencies, (3) developing forest observation 336 

systems and protocols to help link shifts in soil moisture to broader changes in forest 337 

https://www.drought.gov/drought-research/southeastern-us-soil-moisture-network-build-out-and-applications-development
https://raws.nifc.gov/
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conditions, and (4) creating a centralized data repository for easy national access. As a key 338 

first step in this effort, the USFS is partnering with NIDIS on a series of pilot studies in 339 

Kentucky, Montana, New York, and North Carolina to address the complexities of 340 

forest/rangeland soil moisture monitoring, such as the often-complex forest topography.   341 

But even with all the above efforts, it is clear that distribution of in situ stations will 342 

continue to lag optimal levels needed for reliable national conditions monitoring.  A 343 

preliminary analysis by the USACE of an adequate station density within the Upper Missouri 344 

River Basin project was estimated at one station per 500 square miles (USACE, 2021). If this 345 

were extended across the Contiguous U.S. (CONUS), it would be approximately equivalent 346 

to one station per the remote sensing Equal Area Scalable-Earth 2 (EASE2) 36 km grid 347 

(Brodzik et al., 2014). Figure 3 shows this grid distribution along with the current number of 348 

stations found within each grid. For the national networks, only 5% of the grid cells have a 349 

soil moisture station. When including both national and state mesonets, only 20% of the grid 350 

cells have at least one soil moisture station. It is clear that while near-term expansions of 351 

several regional networks will improve this situation, there will continue to be a need to 352 

extend the coverage (both in CONUS and beyond), along with efforts to refine the use of 353 

remote-sensing and modeled outputs to complement in situ data collection. 354 

 355 

 356 
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 357 
 358 

Figure 3: The number of soil moisture stations available per 36 km EASE2 grid cell. Analysis 359 
suggests a minimum of at least 1 station per 36 km EASE2 grid cell to provide adequate 360 

density. Credit: Alex White. 361 
 362 

d. Product Development: 363 

There are a number of potential NCSMMN products envisioned, including: (1) national 364 

maps generated from high-resolution, gridded data showing variables such as volumetric 365 

water content (VWC), VWC percentiles relative to climactic records, VWC anomalies, and 366 

VWC anomaly percentiles designed to correspond with U.S. Drought Monitor categories 367 

(which indicate drought status), (2) linked downloadable data for a range of spatial and 368 

temporal scales, including time series graphs of soil moisture for different regions, (3) plain-369 

language summaries of current conditions, (4) contextual information for current soil 370 

moisture levels, such as soil physical and hydraulic properties, and data related to other soil 371 

moisture variables (percent normal, percent saturation, soil water deficit, plant available 372 

water, and fraction of available water capacity), and (5) interactive visualization tools and 373 

other resources to support decision making.  374 
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Many of these products depend on resolving issues related to how best to blend, 375 

assimilate, synchronize and standardize disparate, heterogeneous, and variable-period data 376 

sources, and how best to represent information for different user groups. A number of 377 

research efforts are underway to provide proof-of-concept solutions for these issues. At the 378 

same time, researchers are continuing to refine and improve existing soil moisture products. 379 

The following provide a sample of these efforts.   380 

NationalSoilMoisture.com:  This research-based website is a signature project of the 381 

NCSMMN, and provides near-real-time soil moisture products from a first-in-kind blending 382 

of in situ data, satellite remote sensing data, and land surface model output. A key initial 383 

component of the research was to assess the fidelity of various satellite remote sensing and 384 

model-based soil moisture products for drought monitoring (Ford and Quiring 2019), to 385 

perform a systematic review of the quality of available federal and state in situ data 386 

measurements (Ford et al. 2020). Through these quality control assessments, the researchers 387 

determined that NLDAS-2 models and SMAP L3 remote sensing products outperformed the 388 

other model and satellite soil moisture products tested. They also demonstrated that the vast 389 

majority of in situ stations (~90%) provided usable data that was consistent with satellite 390 

remote sensing and land surface model soil moisture datasets. From the in situ datasets, the 391 

research team developed the first U.S.-wide gridded dataset of in situ soil moisture values 392 

(Zhao et al. 2020), as well as a series of blended soil moisture products that combined the in 393 

situ data with satellite and model-derived soil moisture (Zhang et al. 2021). All of the gridded 394 

soil moisture products display soil moisture in percentiles so that they can be readily 395 

compared to the U.S. Drought Monitor maps. These data are served through a map interface, 396 

with maps available from 2018 to present, as well as through a historical database (2000 to 397 

present) to support retrospective analysis by climatologists and modelers. 398 

NASA SPoRT-LIS: The Short-term Prediction and Transition Center – Land Information 399 

System (SPoRT-LIS) is a NASA product that provides real-time high-resolution gridded soil 400 

moisture data to support regional and local modeling and improve situational awareness. The 401 

SPoRT-LIS is a long-term run of the Unified Noah land surface model (Ek et al. 2003) over 402 

CONUS that is updated every 6 hours. SPoRT-LIS provides soil moisture estimates at 3-km grid 403 

resolution over a 2-meter deep soil column. The basis of SPoRT-LIS is a 33-year soil moisture 404 

climatology simulation spanning 1981–2013 and extended to the present time, forced by 405 

atmospheric analyses from NLDAS-2. Another unique feature of SPoRT-LIS is the 406 

http://nationalsoilmoisture.com/
https://weather.msfc.nasa.gov/sport/case_studies/lis_CONUS.html
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incorporation since 2012 of daily, real-time satellite retrievals of vegetative “greenness,” 407 

derived from the Visible Infrared Imaging Radiometer Suite (VIIRS) satellite instrument 408 

(Vargas et al. 2015). This enables a more complete depiction of sub-county conditions in 409 

space and time, including accounting for vegetation/crop health. SPoRT-LIS has been used 410 

both for drought (e.g., Case and Zavodsky 2018), and for pluvial conditions (e.g., Case et al. 411 

2021). 412 

Crop-CASMA: An important soil moisture user group is the USDA National Agricultural 413 

Statistics Service (NASS), which conducts weekly national top and root-zone soil moisture 414 

surveys and publishes weekly cropland soil moisture statistics at the state level in the Crop 415 

Progress and Condition Report, and the Crop Weather Report. Currently, the assessment is 416 

conducted manually by visual observation and tactile sensing without instrumentation, and 417 

the assessments are qualitatively classified into four categories of very short, short, adequate, 418 

and surplus for both top and root-zone soil moisture.  419 

To improve this assessment process, USDA NASS and NASA, working in collaboration 420 

with George Mason University, recently released Crop-CASMA (Crop Condition and Soil 421 

Moisture Analytics). Crop-CASMA is a web-based geospatial application that provides 422 

access to high-resolution data from NASA SMAP and MODIS missions to map surface soil 423 

moisture and crop vegetation conditions across the U.S. The tool is designed to help farmers, 424 

researchers, and others with spring planting, track damage after natural disasters, and monitor 425 

crop health.  426 

NOAA USCRN Soil Water Analysis Model Product (SWAMP):  This unique 427 

experimental 4-km gridded soil moisture product utilizes soil moisture measurements from 428 

the U. S. Climate Reference Network to create the initial conditions from which future soil 429 

moisture levels are estimated using daily analyses of precipitation and evapotranspiration 430 

(ET). The 4-km resolution Parameter-elevation Relationships on Independent Slopes Model 431 

(PRISM) is used as the precipitation field, and the Atmosphere-Land Exchange Inverse 432 

(ALEXI) model is used as the evapotranspiration (ET) field (Buban et al. 2020). These 433 

precipitation and ET fields are used along with the statistical relationships from the USCRN 434 

soil moisture measurements, soil type, and vegetation to produce a daily 4-km gridded soil 435 

moisture analysis for each grid cell for the upper 25 cm of soil. This depth was chosen to help 436 

inform drought analysis, as it represents a soil zone that reacts on the daily to weekly time 437 

scale. 438 

https://cloud.csiss.gmu.edu/Crop-CASMA/
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SWAMP is currently in development but is planned for dissemination in near-real time 439 

via Climate Engine, an innovative cloud computing platform where users can quickly and 440 

easily process satellite and climate data, and create custom maps and time series graphs 441 

viewable in a web browser.   442 

4. Upcoming Priorities for the NCSMMN  443 

The NCSMMN Executive Committee recently conducted a program review of activities 444 

and experience from the past few years, and identified a revised set of near-term priorities to 445 

guide NCSMMN efforts. These priorities can be grouped into three main areas: Data 446 

Generation, Data Delivery and Application, and Community Building and Engagement. 447 

a. Data Generation 448 

In Data Generation, a priority will be on continuing to deliver technical assistance to data 449 

providers, including completion of the “Installation Protocol for In Situ Soil Moisture Data 450 

Collection” previously mentioned, along with new activities, including:  1) coordination and 451 

documentation of soil moisture testbed activities, to facilitate community-based information 452 

sharing on sensor performance; and 2) developing a Soil Moisture School, intended as an 453 

opportunity for students of all types (potentially including potentially citizen science 454 

observers) to have a “hands in the dirt” experience with in situ soil moisture monitoring.  455 

There will be continuing efforts to increase monitoring in underserved areas, particularly 456 

in forests/rangelands and on tribal lands. As mentioned previously, the USFS has an active 457 

effort to increase forest monitoring, which will continue to be a priority for the NCSMMN. In 458 

addition, soil moisture (and other weather and climate) monitoring on tribal lands is sparse, 459 

despite the significant land area these lands represent. Therefore, the NCSMMN will focus on 460 

identifying opportunities to build capacity for monitoring on tribal lands. This will include 461 

both supporting expansion of federal monitoring programs, as well as providing information 462 

and technical assistance to interested tribal and/or state entities. From 2017 to 2021, USDA 463 

NRCS, in partnership with the Bureau of Indian Affairs and others, operated a soil moisture 464 

and climate information network on Tribal lands. The Tribal Soil Climate Analysis Network, 465 

also known as Tribal SCAN (TSCAN), supported natural resource assessments and 466 

conservation activities through a network of over 20 automated climate monitoring and data 467 

collection sites primarily in Tribal agricultural areas. These stations monitor soil moisture, 468 

soil temperature and climatic conditions in support of agricultural operations and STEM 469 

http://climateengine.org/
https://www.nrcs.usda.gov/wps/portal/wcc/home/snowClimateMonitoring/soilClimateConditions/tribalSoilClimateAnalysisNetwork/
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(science, technology, engineering and math) education for Tribal communities. This 470 

successful program provides for a starting point for developing a longer-term plan to engage 471 

tribal communities and support their agricultural and conservation needs. 472 

b. Data Delivery and Application 473 

The NCSMMN will focus on three key priorities in the area of Data Delivery and 474 

Application. The first priority is addressing the soil moisture & wildfire nexus; that is, 475 

exploiting the emerging opportunity to use soil moisture information to help natural resource 476 

managers anticipate and manage wildfire risks. Among other components, the NCSMMN 477 

executive committee will be supporting efforts to include soil moisture information in USFS 478 

National Fire Danger Ratings. Beyond that, we will be supporting and promoting research 479 

that explores how best to apply soil moisture information to land management decisions 480 

related to wildfire, on both forested and other ecosystems. 481 

Second, the NCSMMN will be working to develop a curated ”kiosk” for soil moisture 482 

products. There are multiple soil moisture products currently available and in 483 

development. Through the NCSMMN listening sessions, we have heard from the user 484 

community that a better way to navigate through these products is needed; for example, a 485 

central location where details on latency, coverage, methodology and other metadata 486 

information is documented, and user-friendly software interface tutorials are provided. 487 

Ultimately the aim is to also include peer-reviewed product validation and comparison 488 

studies. 489 

A third key priority in the Data Applications area is working to address the needs of U.S 490 

Drought Monitor (USDM) authors. The USDM is a highly referenced national drought alert 491 

system that provides maps of drought location and severity on a weekly basis, and there is 492 

widespread recognition that the use soil moisture information could provide a higher level of 493 

confidence in determining drought status. This will entail both the development of specific 494 

soil moisture products tuned to USDM author requirements as well as increasing the use of in 495 

situ data to help ground truth and better train land surface models and to calibrate/validate 496 

remotely-sensed soil moisture products. 497 

c. Community Building and Engagement 498 

Finally, the NCSMMN will continue to prioritize robust Community Building and 499 

Engagement, including continued support for the annual National Soil Moisture Workshop as 500 
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well as sector-based and regional workshops, research seminars, national educational 501 

webinars, and other such outreach opportunities. The development of an active network of 502 

people ensures that NCSMMN efforts in data generation, delivery, and application will best 503 

meet the needs of the entire community. 504 

5. Conclusion  505 

The NCSMMN is intended to be both a network of networks and a network of people 506 

who can advance the science of soil moisture estimation, monitoring, and forecasting. 507 

Developing near real-time and easy-to-understand soil moisture products that support 508 

decision making is the ultimate goal of the NCSMMN initiative. With an improved 509 

understanding of soil moisture, we can reduce societal risks from hazards such as drought, 510 

flood, and fire. In addition to enhanced hazards early warning, these products can help to 511 

improve the characterization of water, energy, and carbon cycles, improve weather and 512 

climate models, validate remote sensing-based soil moisture products, boost crop production 513 

and ecological resilience, and benefit additional natural resource applications. Building this 514 

capacity within the U.S. will also support the development of new modeled and remote 515 

sensing-based soil moisture resources and increase the utility of all soil moisture-related data, 516 

tools, and value-added products. 517 

 518 

APPENDIX A 519 

Key Recommendations from the NCSMMN Strategy, May 2021 520 

The following nine recommendations were detailed in the National Coordinated Soil 521 

Moisture Monitoring Network (NCSMMN) Strategy and are intended to provide actionable 522 

guidelines to ensure successful NCSMMN implementation. 523 

1.  Determine Permanent Home Agency – i.e., an institutional home for the 524 

NCSMMN 525 

2.  Emphasize Communication & Outreach - including the annual national meeting 526 

along with targeted workshops, webinars, and other activities. 527 

3.  Formalize Partnerships with Existing Mesonets - to secure in situ soil moisture 528 

data from existing monitoring networks in a mutually beneficial way 529 
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4.  Develop Data-quality Criteria - to support data comparability via a series of 530 

tiered categories 531 

5.  Support Research on Data Integration and Analysis - address research issues 532 

related to integration of disparate data sets, quantifying uncertainty, etc. 533 

6.  Increase In Situ Soil Moisture Monitoring Nationwide - especially for 534 

underrepresented areas, such as in forests and tribal lands 535 

7.  Explore Increasing Partnerships with the Private Sector - to expand 536 

monitoring data and to share expertise 537 

8.  Engage with the Citizen Science Community - to explore community soil 538 

moisture monitoring as well as build public support for such monitoring 539 

9.  Develop, Release, and Promote NCSMMN Products - to meet the needs of 540 

diverse end-user groups for the full range of natural resource applications 541 
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