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ABSTRACT
Since the Oklahoma Mesonet (the state’s automated mesoscale weather station network) was established in
1994, it has served a number of diverse groups and provided public services to foster weather preparedness,
education, and public safety, while also supporting decision-making in agricultural production and wildland
fire management.
With 121 monitoring stations across the state, the Oklahoma Mesonet has developed an array of technologies to observe a variety of atmospheric and soil variables in 5- to 30-min intervals. These consistent
observations have been especially critical for predicting and preparing for extreme weather events like
droughts, floods, ice storms, and severe convective storms as well as for development of value-added tools.
The tools, outreach programs, and mesoscale data have been widely utilized by the general public, state
decision-makers, public safety officials, K–12 community, agricultural sector, and researchers, thus generating
wide societal and economic benefits to many groups.
Based on practical application examples of weather information provided by the Oklahoma Mesonet, this
paper analyzes both benefits generated by Oklahoma Mesonet information to the public and decision-makers
and ripple effects (spreading amplified outcomes/implications) of those benefits in the short and long term.
The paper further details ongoing and anticipated Oklahoma Mesonet innovations as a response to changing
needs for weather-related information over time, especially as a result of technological developments and
weather variability.

1. Introduction: Importance of weather monitoring
for decision-making and education
Weather knowledge and monitoring has always been a
critical factor for human survival and resource (water,
food, energy) security. In recent history, hurricanes, tornadoes, dust storms (e.g., the Dust Bowl in the U.S. Great
Plains in the 1930s), and extreme and exceptional
droughts considerably impacted social and economic
welfare in many U.S. regions. Accordingly, weather
predictions, preparedness, and emergency management
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became tightly connected to weather monitoring in the
twentieth century. The paradigm of weather information
use has also changed over time. In the past, weather
monitoring was mainly utilized to better and more accurately inform about current and anticipated weather
conditions and anomalies to prevent weather-related
losses. More recently, its use has been expanded and integrated into many diverse sectors.
More importantly, timely availability of precise, accurate, and updated mesoscale weather information is critical
for decision-making and business operations in agriculture,
event management, thunderstorm prediction, establishment of early warning systems, and weather forecasting for
aviation, marine, and wildland fire management (Mueller
et al. 1993; Rao et al. 2011). Mesoscale weather monitoring
has been documented to provide critical information in
various sectors including public safety (Piercefield et al.
2011; Morris et al. 2002), public utilities (Kim et al. 2012),
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FIG. 1. Location of 121 Mesonet stations as of December 2016. Average station spacing is 29 km.

transportation [National Research Council (NRC) 2004],
aviation services and military operations (Ghirardelli and
Glahn 2010), wildfire risk and agricultural production
(Reid et al. 2010; Johansson et al. 2015; Lin et al. 2013),
engineering (Liu et al. 2007), human health (Kunkel et al.
1999), and air quality (Morris et al. 2001). These previous
studies constitute only a selection of sectors relying on
weather information for a wide range of decision-making
processes impacting economic growth and human wellbeing. Over the past decades, the need for accurate and
timely information has become increasingly important and
is anticipated to increase even more in the future, especially in times of extreme weather events.
In response to the growing demand for reliable weather
observations, the first automated weather monitoring
technologies were developed as early as the 1970s (Brock
and Govind 1977; Brock et al. 1986) and set the stage for the
establishment of regional and statewide mesoscale networks like the Oklahoma Mesonet discussed in this paper.
As of 2016, the Oklahoma Mesonet (hereinafter referred to as Mesonet) consisted of 121 stations (Fig. 1)
collecting data on air temperature, relative humidity,
pressure, wind speed, and solar radiation every 5 min as
well as soil temperature every 15 min and soil moisture
measurements every 30 min.
The data collected at each weather station are transferred to the Mesonet operations center at the National
Weather Center (NWC) via radio frequency (RF) and
cellular (Fig. 2).
The uniqueness of the Mesonet is evidenced by its
high data accuracy and quality, wide scope and range of

weather variables collected, and data consistency and
completeness. The Mesonet maintains near-complete
records (.99.5%) of data collected (Fiebrich et al.
2006b). The accuracy and reliability of Mesonet data
stem from the fact that the collected data are characterized by 1) high temporal resolution (5 min) and
2) high spatial resolution (;30 km) of observations
over a large area. The high data accuracy has also been
validated by three micronets1 operated by the Mesonet
(Basara et al. 2011; McPherson et al. 2007; Brock et al.
1995). Moreover, the Mesonet stations collect different
types of variables (e.g., atmospheric, hydrologic, agricultural), allowing for accurate comparisons of data
without a need for interpolations or assumptions, which
would otherwise be needed. Furthermore, the data are
collected at industry standard heights/depths, requiring
no vertical interpolation of the variables. Additionally,
past datasets are continually analyzed for potential issues (e.g., sensor drift), thus ensuring a constant validation of high data quality (Shafer et al. 2000).
While the importance of weather monitoring in general and the weather information provided by the
Mesonet has been emphasized in many studies (Gu et al.
2008; Swenson et al. 2008; Brotzge and Crawford
2000), a comprehensive analysis is still missing that delineates benefits and beneficiary groups of the Mesonet
from the macroeconomic perspective. This paper aims

1
Micronet is a mesogamma to microscale network of weather
stations spaced closer than a mesoscale network.
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FIG. 2. Data transfer from remote stations to the Mesonet operations center at the NWC in Norman, Oklahoma.

to fill this gap. While this study does not necessarily
quantify those benefits, it provides a discussion on 1) the
variety of products and tools developed by the Mesonet,
2) direct and indirect benefits generated by the network
at the state, national, and international scales, 3) beneficiary groups, and 4) ripple effects of those benefits in
the short and long term.
Ripple effects are defined in this paper as constantly
occurring and spreading outcomes/implications of the
benefits generated by Mesonet weather information and
value-added products that are amplified on the temporal
scale and across different beneficiary groups. Ripple
effects can occur on the economic, environmental, and
social level, while they can also induce each other, thus
creating further indirect ripple effects in the mid- and
long term. While some ripple effects can be easily classified and distinguished, in many cases economic and
social ripple effects may overlap in terms of their impacts. This paper aims at identifying and specifying
ripple effects resulting from the Mesonet weather information and decision-support tools. However, it does
not intend to distinctly discuss direct and indirect ripple
effects, unless their boundaries are straightforward and
clearly identifiable.
This research and a holistic perspective on economic
and societal benefits of weather information provided by
the Mesonet will help create a scientific basis for future
quantitative evaluations of the respective Mesonet tools
and products developed for individual users, decisionmakers, and stakeholder groups.

2. History of the Mesonet in the national context
From the late seventeenth century through the midtwentieth century, weather observations across the

United States were largely collected by human observers (Fiebrich 2009). With the introduction of microprocessors in the 1970s, the development and use
of automated weather stations across the country increased rapidly. As of 2016, at least 28 U.S. states
maintained either regional or statewide networks of
automated weather stations (Mahmood et al. 2017).
The development of the Mesonet was triggered by
several factors, with the disastrous 1984 Memorial
Day flood in Tulsa as a pivotal point in this process.
This single event caused the death of 14 people and
damage of $184 million (Meo et al. 2004). The late
Kenneth Crawford, meteorologist in charge of the
National Weather Service (NWS) for Oklahoma at
the time, pinpointed the lack of real-time, countylevel observations across Oklahoma, which hindered
the forecasting process. By the late 1980s, only 14
weather stations existed across Oklahoma that reported mainly on an hourly basis. In 1989, Crawford
became the director of the Oklahoma Climatological
Survey (OCS) at the University of Oklahoma and
joined forces with Ronald Elliott, a leading agricultural engineer from Oklahoma State University, to
continue the pursuit of a statewide mesoscale network
that could serve both weather and agricultural needs.
Based on experiences of mesoscale networks in California, Nevada, Arizona, Nebraska, and Minnesota,
in 1991, Crawford and Elliott acquired funding from
the state of Oklahoma for the development of a
statewide weather network. The Mesonet was implemented during the years 1992–93 and commissioned in 1994. In a January 2009 report by the NRC,
the Mesonet was acknowledged as the ‘‘gold standard’’ for statewide mesoscale surface networks in the
country due to its high precision in data collection as
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FIG. 3. Example of a value-added product that combines Mesonet rainfall observations and rainfall estimates computed by the NWS
Arkansas-Red Basin River Forecast Center via their hydrologic rainfall analysis grid system.

well as high geographical and temporal data resolution (NRC 2009). Because of its accuracy and consistency over decades of weather data collection,
monitoring, and analyses, the Mesonet has served as a
model network for the establishment of other weather
monitoring networks across the United States and
abroad (Crawford et al. 2005; Schroeder et al. 2005;
Mahmood and Foster 2008).

3. Information and services provided by Mesonet
as a changing technological paradigm
When the Mesonet first began, its main goal was to
deliver near-real-time data from weather stations
across Oklahoma. Over time, the process of data collection and delivery has changed significantly. Currently, the Mesonet delivers 5-min data in addition to a
wide and diverse range of weather maps, graphs, and
value-added products as well as visualization software.
The value-added products include specialized decision
tools for agriculture, fire and emergency responders,
educational purposes, and the general public and are
generated by combining two or more data sources to
create new products (Fig. 3). The added value of the
Mesonet is generated through inclusion of 201 years of
historical and statistical data in many weather products. Examples of historical data include seasonal statistics of days above 37.88C (1008F) or below freezing,

total rainfall for the past 1 h to 365 days, and highest
wind gust on a particular day. All data undergo rigorous quality assurance procedures before being archived
(Fiebrich et al. 2006a). The Mesonet also stores
weather data from many external sources, such as the
National Oceanic and Atmospheric Administration
(NOAA; Doppler radar, radiosonde data, Cooperative
Observer data, and NWS forecasts and advisories)
and National Aeronautics and Space Administration
(NASA; satellite data), and uses those external datasets to generate new value-added products. With those
products, the Mesonet further enhances other agency
datasets (e.g., support for NASA satellite measurement ground truthing calibration, NWS forecasts, radar
rainfall estimates, and NWS advisories). In recent
years, the Mesonet expanded its data presentation and
delivery in the face of advancing technological developments, for instance through creation of multidimensional models to visualize annual rainfall totals
(Fig. 4).
Real-time data and products are available to the public
through the web (www.mesonet.org) and mobile applications (Android and iPhone). Automated data transfer
services are available to agencies and for-profit businesses through fee-based subscriptions. Scientists can
access and download Mesonet data files for research
purposes through online tools or, in the case of funded
grants, through special data requests handled by Mesonet
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FIG. 4. Multidimensional rain models for Oklahoma precipitation in 2014 and 2015.

staff. Metadata, including latitude, longitude, elevation,
seasonal site photos, and quality assurance reports, are
also publically available through the Mesonet website.

4. Benefits, beneficiary groups, and ripple effects of
Mesonet information
The Mesonet provides tools and products used by a
number of groups in the state and beyond. Figure 5
displays a graphical overview of those products, generated benefits (economic, environmental, and social),
beneficiary groups, and ripple effects resulting from the
application of Mesonet information and data. There is a
continuous information exchange and cooperation between Mesonet users and the Mesonet team to provide
information to the users in a timely manner, while also
collecting feedback about needs from those groups.

a. Farmers, ranchers, and agricultural sector
Since 1890, many farmers and ranchers have been
directly involved in the Cooperative Observer Program by collecting and providing weather observations to the NWS on a voluntary basis (NOAA 2014).
Since the launch of the Mesonet, agricultural users
were among the first customers of the weather information to optimize crop and livestock production,

commercial horticulture, food and ornamental crop
production, and forestry operations. The agriculturefocused weather information and tools provided by the
Mesonet have expanded over time. Currently, they
include a wide variety of unique farm and ranch
decision-support products in addition to general
weather data (Fig. 6).
The Mesonet currently has seven main agricultural
decision-support products: 1) a cattle comfort advisor to
monitor stress levels of livestock (Mader et al. 2010) and
advise producers how to adjust handling, feeding, watering, and wind/sun exposure; 2) degree-day heat unit
calculators to help track crop progress through the
growing season; 3) a drift risk advisor to indicate ideal
times for fertilizer/pesticide applications in order to
minimize unnecessary drifts away from the targeted
crop; 4) irrigation planners to allow farmers to track
water losses from evapotranspiration and monitor soil
plant water availability; 5) plant disease pest advisors to
allow for more accurate timing of fungicide applications
to improve disease control while minimizing environmental impacts; 6) plant insect pest advisors to
indicate the need for scouting insect activity risk; and
7) a wheat first hollow stem advisor to monitor the
progression and likelihood of reaching first hollow
stem in hard red winter wheat. Several of these tools
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FIG. 5. Diagram of Mesonet products, beneficiaries, benefits, and ripple effects.

target Oklahoma agriculture commodities with high
economic importance including cattle, wheat, corn, and
cotton [U.S. Department of Agriculture (USDA)
National Agricultural Statistics Service (NASS) 2016].
Weather information and decision-support products
provided by the Mesonet have been widely utilized by
farmers and ranchers through multiple media approaches. In 2016 alone (which can serve as a typical
benchmark year), 74 039 Mesonet.org agriculture section visits were recorded, 48 weekly television segments
(also uploaded to YouTube) logged 1056 views, while 15
blog articles recorded 4186 reads, in addition to social
media posts via Facebook and Twitter. Moreover, the
Mesonet organized 16 trade show exhibits with more

than 6500 attendees, 15 educational presentations with
an estimated audience of 750, and a 2-day extension
educator in-service training.
According to Oklahoma Department of Agriculture,
Food and Forestry (ODAFF; ODAFF 2015), Oklahoma
agriculture generated $40 billion in total economic impact in 2015. With 78 000 farms, Oklahoma agriculture
provided 208 974 jobs in 2013. The total output2 in 2013
amounted to $30.1 billion, while the total added value3

2

Output: Market value of goods and services produced.
Added value: Residual value after subtracting purchased inputs
from the market value of goods/services sold.
3
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FIG. 6. The Mesonet’s farm monitor tool provides a quick overview of observed data and derived model indices based on observations
from the Mesonet station closest to the user’s farm.

equaled $9.5 billion. Given the fact that agriculture is an
important sector in Oklahoma’s economy, providing
food security and maintaining social well-being, changes
in agricultural markets create ripple effects on the sector
itself (direct effects), other economic sectors (indirect
effects), and human spending behavior and welfare
(induced effects). Those changes and implications are
magnified by high seasonal and regional weather variability in Oklahoma as well as diversity of agricultural
production in the state. Accordingly, in regard to crop
production, meteorological drought can induce hydrological and agricultural drought, causing severe reduction in the harvested crop areas, and/or impaired and
low-quality yields, which will ultimately reduce the total
market supply of agricultural crops. The same effects
occur with regard to livestock production through
compromised animal health and production output.
Given unchanged demand for crops and meat products
(and assuming no significant changes to imported
quantities), food and feed prices on regional and national markets will consequently rise (Al-Kaisi et al.
2013; Leister et al. 2015). This price increase will affect
not only farmers and their production in the years to
come, but also a wide range of consumer groups, their
welfare, and cost of living (Low et al. 2013). Thus, providing farmers and ranchers with accurate weather

information has been useful not only to mitigate negative impacts of weather at the farm/ranch level, but also
to prevent unwanted ripple effects on other sectors in
the regional and national economy.

b. Drought monitoring
Drought is often considered an unexpected weather
hazard based in the climate time scale of weeks to
months. Drought monitoring is of vital importance to
economic interests of Oklahoma, particularly in the
agricultural and wildfire sectors. For instance, droughts
of a climatic temporal scale, especially if they occur
across at least one crop cycle of wheat, can inflict damages of millions to billions of dollars in value depending
on drought duration and severity. The Mesonet
provides a unique capability for drought assessment and
prediction.
Drought monitoring at the Mesonet began during the
short but intense drought of 1995–96 that caused more
than $1 billion in damage to crops, livestock, rangelands,
and forests as well as to other sectors. This event instigated the formation of the state’s 1997 drought contingency plan and emphasized the importance of
updated weather monitoring at the state level
(Oklahoma Mesonet 2016). In addition, to respond to
public needs on climate monitoring, an online drought
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FIG. 7. Map of departure from normal rainfall (mm) accumulated over the period 1 Oct 2010 through 6 Oct 2011.

monitoring tool was developed by the Mesonet. The tool
provided rainfall statistics, such as departure from normal and percentage of normal as well as a number of
specific drought indices in real-time and historical
context.
The next significant step in drought monitoring occurred in 1999 with the advent of the U.S. Drought
Monitor (USDM)—a weekly map of drought conditions
produced jointly by NOAA, USDA, and the National
Drought Mitigation Center (NDMC) at the University
of Nebraska–Lincoln. The USDM is based on multiple
indicators combined with local impacts and expert
judgments to assess which indicators (often conflicting)
are driving the system locally. It is in this role as the
‘‘local expert’’ in which the Mesonet has become crucial
to the accurate evaluation of drought across Oklahoma.
Mesonet personnel, which are considered the primary
state contacts and contributors to the weekly Drought
Monitor process, assess local trouble areas through the
use of Mesonet data. The data are supported by local
impacts from agricultural producers and county-level
officials. In a next step, a finalized drought picture for
the state is provided to the national Drought
Monitor author.
The Drought Monitor assessments have had specific
economic benefits. For instance, the USDA’s Farm
Service Agency used the Drought Monitor to distribute
an estimated $1.64 billion through the Livestock Forage
Disaster (LFD) program from 2008 to 2011, $50 million

through the Livestock Assistance grant program in 2007,
and additional funds through the Nonfat Dry Milk
program in 2003 and 2004 (U.S. Drought Monitor 2016).
The Internal Revenue Service also uses the Drought
Monitor to determine the replacement period for livestock sold because of drought. As part of its response to
the 2012 drought, the USDA streamlined the process for
secretarial disaster declarations to drought stricken
areas, making declarations nearly automatic for a
county shown in ‘‘severe drought’’ on the Drought
Monitor map for eight consecutive weeks and in ‘‘exceptional drought’’ areas for four weeks.
Similarly, Mesonet data have been an integral part of
diagnosing Oklahoma’s drought picture since the beginning of the Drought Monitor effort. It became even
more important during the disastrous drought of 2010–15,
declared as the worst drought in the state since the 1950s
(Fig. 7). Between 2011 and 2014, the LFD program distributed over $833 million to Oklahoma livestock producers (B. Rippey 2014, personal communication). Thus,
the Mesonet weather data were once more a critical
factor for securing financial aid to agricultural producers
in the state.
The direct benefits of drought monitoring provided
by the Mesonet for agricultural and ranching operations have been emphasized by the Oklahoma Department of Emergency Management (ODEM) and
Oklahoma Water Resources Board [OWRB; ODEM/
OWRB 1997]. While drought reduces crop, rangeland,
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and forest productivity and increases livestock and
wildlife mortality rates in the short term, it has economic ripple effects causing reduced income for
farmers and agribusiness, increased consumer prices
for food and timber, and increased unemployment in
the agricultural sector and other sectors delivering
production factors to the agricultural sector (Ziolkowska
2016; Combs 2012; Kirby et al. 2014). Furthermore, reduced water supplies for municipal/industrial, agricultural, and power uses could cause a decline in the
number and quality of products and services provided by
those sectors, causing societal implications and impacting human well-being (Ding et al. 2011). Additional
economic ripple effects on the state economy include
reduced tax revenues due to curtailed consumer and
sectoral expenditures and foreclosures on bank loans to
farmers and businesses (Landon-Lane et al. 2009;
Wilhite et al. 2007). Environmental ripple effects as a
result of drought include increased wildfire hazard as
well as damage to fish and wildlife habitats, thus affecting ecosystem services (Banerjee et al. 2013; Van
Dijk et al. 2013; Schwantes et al. 2016). Societal ripple
effects include reduced tourism and recreational activities (Thomas et al. 2013, 2006), while it needs to be
emphasized that there is no sharp boundary between
economic and social benefits and ripple effects as they
tend to overlap (and are sometimes difficult to separate). The application of Mesonet drought monitoring
and prediction allows for mitigating those negative impacts in the short and long term at both the state and
local levels.

c. Climate monitoring
For over 100 years, the NOAA Cooperative Observer Program (COOP) has monitored the nation’s
climate, relying on human volunteers to manually record daily air temperature and precipitation observations. As the number of COOP observers across the
nation decreased from 14 000 in 1958 [U.S. Department
of Commerce (DOC) 1960] to 5000–6000 in the 1990s
(NRC 1998), long-term Mesonet data became increasingly valuable (Fiebrich and Crawford 2009). As
of 2016, the NWS has established ;70 Mesonet stations
as part of the official COOP network. This trend shows
the expanding utility and benefits of Mesonet data in
climate research and in calculations of climate normals
(Arguez and Vose 2011). The Mesonet delivers normals at different temporal resolutions, thus providing
more precise information compared to other studies
(IPCC 2007; Milly et al. 2008).
Climate variability can significantly impact, among
others, agricultural production (i.e., selection of cultivated crops and livestock breeding) and energy

507

demands for industrial and household use as well as
exacerbate current water scarcity problems (Shadman
et al. 2016; Bakker 2012). Those changes in resource
allocation and use (especially in the long term) could
consequently impact end consumers through increased
food and utility prices and thus negatively affect social
welfare (Wilhite et al. 2007) and potentially compromise
economic growth in the state. Through climate monitoring, the Mesonet provides an essential service and
benefit of observing and precisely detecting anthropogenic impacts on the environment and ecosystems both
at the geospatial and temporal scale in Oklahoma. Archived Mesonet data and current observations provide
consistent and high-quality information for decisionmakers and researchers, information that can be utilized
for development of research and prediction models,
improving understanding of climate variability, advancing public climate education, and supporting development of mitigation and/or adaptation measures for
local communities.

d. Public safety
Since 1996, the Mesonet has developed weather
data products and tools specifically for Oklahoma’s
public safety community through its Oklahoma’s
First-Response Information Resource System using
Telecommunications (OK-First) program (Morris
et al. 2001, 2002). Recognized with the prestigious
Harvard University Innovations in American Government Award in 2001, OK-First provides free
classes to public safety officials on the use of Mesonetdeveloped products and tools in emergency preparedness and response. Beneficiaries of the training
include, but are not limited to, 1) local, municipal,
state, regional, tribal, or federal government agencies;
2) schools (K–12 and universities); and 3) nonprofit
disaster relief agencies. Since 1997, more than 260
classes have been offered by the Mesonet at 49 different locations with more than 1250 public safety
officials successfully completing OK-First certification or assistant certification training.
The Mesonet provides two primary information tools
for public safety officials, including 1) a decision-support
web page (Fig. 8) for use during a variety of natural disasters (tornado outbreaks, ice storms, wildfires, flooding, etc.) as well as manmade disasters (the Oklahoma
City bombing in 1995, the I-40 bridge collapse in 2002,
etc.) and 2) a software package called RadarFirst, which
was developed as a value-added tool to address users’
need for reliable, fast, and simple radar visualization
(Fig. 9). The direct benefits provided by OK-First
through tools and classes create ripple effects by increasing the safety of local communities, raising public
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FIG. 8. The Mesonet’s OK-First weather briefing web page during a severe weather event at 0406 UTC 10 Apr 2016. Displayed products
include (top left) NWS radar base reflectivity and Weather Decision Technologies lightning data, (top right) NWS advisories, (bottom
left) Mesonet maximum wind gusts, and (bottom right) NWS infrared satellite data.

awareness, and most importantly saving lives (Morris
et al. 2002).

e. Wildland fire management
A number of various fire weather, fire danger, and
smoke management tools and models have been developed since the launch of the Mesonet. The Mesonet’s
decision-support system dedicated to wildland fire
management, formally known as OK-FIRE, was introduced in 2006.
The OK-FIRE program allows fire managers to assess
past and current conditions in addition to predictions
based on an 84-h numerical forecast model (Joint Fire
Science Program 2011). It features important fire weather
variables (e.g., relative humidity, wind speed and direction) as well as fire danger variables (e.g., burning index, spread rates) and critical dead fuel moisture
conditions (Carlson and Burgan 2003; Carlson et al.
2007). In addition, smoke dispersion conditions are calculated via a dispersion model (Carlson and Arndt 2008).
OK-FIRE benefits fire managers through providing
access to a comprehensive suite of real-time products

(Fig. 10) as well as training and customer support. Applications include wildfire suppression, prescribed
burning, and smoke management. Current users
comprise a variety of federal agencies (U.S. Forest
Service, Bureau of Indian Affairs, U.S. Fish and Wildlife
Service, National Park Service, U.S. Army Corps of
Engineers, and Natural Resources Conservation Service), Oklahoma Forestry Services, Oklahoma Department of Wildlife Conservation, The Nature
Conservancy, fire departments, emergency managers,
cooperative extension educators, and private landowners. To date, the Mesonet’s OK-FIRE program has
trained over 1000 users through formal workshops.
The relevance of the Mesonet’s value-added fire
products is substantiated by the fact that more than half
of Oklahoma’s land consists of wildlands. About 2 million
acres of wildlands are typically burned in Oklahoma every year: 10% by wildfire and 90% by prescribed fire
(Carlson and Bidwell 2008). During severe fire seasons,
however, wildfires can consume many more acres, causing property, animal, and human loss, such as during the
November 2005 through September 2006 period when
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FIG. 9. The Mesonet’s RadarFirst software for displaying NWS radar base reflectivity (left pane), NWS radar storm relative velocity
(right pane), and NWS tornado warnings (red polygons) at 2012 UTC on 20 May 2013.

over 16 000 wildfires burned almost 1.5 million acres
(Carlson and Bidwell 2008).
While the benefits provided by the Mesonet’s fire
products are rather straightforward in the short term,
the ripple effects might be generational in scale and
extent. Through increased use of prescribed fire, agricultural and other use areas and forests are sustainably
managed, which supports biodiversity maintenance in
those ecosystems (Yoder et al. 2004; Russell et al. 1999).
An additional ripple effect is that wildfires can cause
significant long-term losses to forest habitats, thus reducing the forest’s natural absorbing capacity (Hurteau
and North 2009). As a result, industrial and manmade
greenhouse gas emissions can increase pollution and
generate negative externalities, ultimately impacting
human well-being (Engel 2013; Butry and Donovan
2008). Thus, through fostering prescribed fire and aiding
in wildfire suppression, OK-FIRE creates benefits to
prevent economic losses in natural ecosystems, while
also contributing to social well-being and welfare.

f. Nowcasting
Because of the climatological maxima for significant
tornados, large hail, and damaging winds, Oklahoma

presents significant challenges to weather forecasters.
Given the life-threatening nature of convective storms
in the region, situational awareness regarding the expected location of convective initiation can provide
decision-makers with the ability to implement emergency plans proactively.
The Mesonet has served as the primary tool to provide
support in this area through nowcasting: accurate and
timely weather predictions based on current weather
conditions. Mesonet data are queried to identify the
surface ingredients necessary and the likely location for
storms to occur. The NOAA Storm Prediction Center
(SPC), which is charged with forecasting storms and
providing a continuum of products from convective outlooks to mesoscale discussions to severe thunderstorm
and tornado watches, utilizes Mesonet data directly.
The Mesonet creates a myriad of products that serve
as critical tools in the assessment of weather risks.
Mesonet data and products help identify regions of
moisture convergence and the potential for convective
storms, evaluate equivalent potential temperature, determine wind gusts, among others, all of which enhance
forecasters’ ability to provide accurate guidance for
decision-makers statewide.
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FIG. 10. OK-FIRE module used by wildfire managers in Oklahoma. The landing page gives a regional snapshot of current weather and fire
conditions centered on the user’s location.

Nowcasting users include the NWS forecast offices in
Amarillo, Texas; Norman, Oklahoma; Shreveport,
Louisiana; and Tulsa, Oklahoma; as well as firms belonging to the nation’s private weather enterprise
charged with forecasting for customers with customized
needs (wind energy, public utilities, water resources and
management, agriculture, public safety, venue and athletic events, outdoor carnivals and fairs, transportation,
etc.). Ripple effects of nowcasting include improved
public safety, emergency preparedness for outdoor activities, optimized resource use in the process of wind
and conventional energy generation, protection of agricultural plantations and livestock, which all help avoid
or minimize social and economic weather-related losses
(Liu et al. 1996).
Figure 11 depicts a surface mesoscale weather analysis
using Mesonet data at 1600 UTC 20 May 2013. The
gradient of equivalent potential temperature (8K) and
wind speed vectors is plotted. A dryline bulge (Schaefer
1986a,b; Hane et al. 1997) is clearly evident in southwest
Oklahoma. On this day, forecasters at the NWS forecast
office in Norman used Mesonet data to identify this
feature and produced the graphicast shown in Fig. 12.
The information provided to forecasters from the

Mesonet, combined with other information, allowed for
the severe weather threat to be communicated to
Oklahoma decision-makers and the public nearly 4 h
before tornadic storms developed along and ahead of
this feature. Hane et al. (1997) noted that forecasting the
location of thunderstorm development along the dryline
is very difficult using traditional synoptic-scale surface
analysis tools. In their study of severe convection on
26 May 1991, the authors accurately hypothesized that
‘‘the current Oklahoma Mesonetwork (Brock et al.
1995) likely would have resolved it had it occurred over
Oklahoma’’ (Hane et al. 1997, p. 250).

g. State and federal agencies
Representatives from several state and federal
agencies were part of the planning of the Mesonet in the
early 1990s (Shafer et al. 2000). Accordingly, state and
federal users of the data have been a core constituency
of the Mesonet data consumer base. The primary state
agency beneficiaries include the transportation sector
and water resource entities, aside from the public safety
agencies described in section 4d. The primary federal
agency beneficiaries include the National Weather Service, the Army Corps of Engineers, the National
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FIG. 11. Map of equivalent potential temperature (Theta-E, 8K) at 1600 UTC on 20 May 2013. Vector-averaged winds are shown
with arrows.

Aeronautics and Space Administration, the U.S. Department of Agriculture, and the Department of
Energy.
Specific applications of Mesonet observations by state
agencies include road treatment decisions for snow and
ice (by analyzing Mesonet air temperature data),

predictions of vehicle stability danger (by monitoring
Mesonet wind speed data), and road maintenance and
management procedures. Mesonet reporting of high
rain rates can indicate poor visibility for drivers, loss of
pavement friction, and potential flooded roadways.
Given that 1 258 978 weather-related crashes were

FIG. 12. Graphicast produced by the Norman NWS at 1608 UTC (1108 CDT) on 20 May 2013.
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reported by the Federal Highway Administration during
the 2005–14 period [U.S. Department of Transportation
(DOT) 2015], mesoscale weather information can have
an invaluable importance in state and federal decisions,
saving human lives. Also, the OWRB partnered with the
Mesonet to install two additional hydrologic measurements: stream height and groundwater depth in addition
to the Mesonet’s soil moisture data. To supplement
the Mesonet’s standard observations, Mesonet staff
installed a network of stream gauges in some of Oklahoma’s most flood-prone streams in 1995. Additionally,
nine Mesonet sites were supplemented with sensors that
track real-time groundwater levels, and thus determine
the effects of climatic variability on groundwater recharge and storage.
Furthermore, the Mesonet provides a direct feed of
data to the NWS offices across the state, including
both the River Forecast Center and the local forecast
offices. Mesonet rainfall observations are used as input into hydrologic forecast models and decisionmaking systems for various hydrology monitoring
purposes, including river forecasting and flood warning (Kitzmiller et al. 2013). Radar estimates of rainfall
have been corrected in many instances using the
Mesonet gauge data (Zhang et al. 2011). For instance,
the Arkansas Red-Basin River Forecast Center ingests the Mesonet’s rainfall observations into their
Multisensor Precipitation Estimator to adjust radar
estimates of rainfall. The Norman NWS found that
nearly one-third of all storm data severe wind reports
archived between September 2012 and September
2015 were recorded by Mesonet stations (Andra
2016). Thus, a ripple benefit of the Mesonet observations is that they have improved the archives of severe
weather conditions.

h. Residential and public users
Mesonet data are distributed to the public and residential users via television, the Mesonet’s public website, social media, and newspapers on a daily basis. All
major television networks in Oklahoma City and Tulsa
subscribe to the Mesonet data feed, and through their
subscription have the right to redistribute the data to
their viewing audience. Additionally, since 2008, the
Mesonet has filmed a segment on the weekly television
show SUNUP (http://sunup.okstate.edu/) that focuses
on the past week’s Mesonet observations and the upcoming week’s forecasts. The Mesonet also publishes
event-driven and monthly press releases, resulting in
Mesonet data appearing in the state’s two largest
newspapers over 100 times each quarter.
The primary benefits to residential and public users of
Mesonet data are in accessing local observations to
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answer questions about daily rainfall, wind conditions,
and temperature. According to Nielsen data (Nielsen
2013), the Oklahoma City television market reached
730 020 homes in 2014 and 526 580 homes in Tulsa. According to Google Analytics data, the Mesonet’s public
website recorded over 685 000 users during the calendar
year 2015. The average number of monthly users accessing the website was 57 000, while it peaked at 160 000
during statewide severe weather (storms and flooding)
in May 2015. The Mesonet also supports a mobile
website, an iOS application, and an Android application
to deliver data to the general public. Downloads of the
two smartphone applications currently exceed 90 000,
which shows the degree of public interest in timely, reliable, and accurate weather information.
Social media and print media have also been important avenues for the public and residential users to access the Mesonet data and information. As of 2016, the
Mesonet regularly reached 5000–10 000 people through
Facebook posts. On occasion, the Mesonet’s Facebook
reach exceeds 400 000 readers during significant
weather events.
Direct benefits and ripple effects of Mesonet information for the public include increased awareness
about upcoming weather events, which can also result
in enhanced public safety and improved individual
weather decision-making (Golden and Adams 2000;
Riebsame et al. 1986), which further leads to amplified
social welfare.

i. Energy users
Mesonet observations benefit the energy industry in
three distinct ways, as they help to 1) predict electrical
load (based on local, real-time weather observations),
2) predict potential for wind and solar energy production, and 3) identify locations where transmission
lines may be impacted by freezing rain. Tribble (2003)
documented the significance of Mesonet data for determining the relationships between weather and electric load demand as well as for evaluating the impact of
local weather on the consumption of electricity by different customers. The author found local temperatures
to be the best predictor of load consumption. Moreover,
observations of Mesonet solar radiation revealed strong
correlations with power load during the fall season for
residential consumers.
Furthermore, Hughes et al. (2002) documented the
application and use of the Mesonet wind dataset to
develop a wind energy resource assessment. The high
spatial resolution of Mesonet data enabled the creation
of a high-resolution map as well as the estimation of
wind power density at many locations across the state
(Fig. 13).
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FIG. 13. Wind power density map for Oklahoma generated via the incorporation of Mesonet wind observations.

Mesonet observations of solar radiation can allow similar assessments for solar energy potential across Oklahoma. The mesoscale observations of solar radiation can
be used to describe the spatial and temporal distribution
and variation of irradiation across the state, which are essential for the design, site selection, and performance efficiency of solar power systems. Residential solar installers
often use the Mesonet’s daily solar radiation maps to inform their customers how many kilowatt-hours of solar
potential are available for their location on any given day.
The majority of Oklahoma’s electric transmission lines
are above ground and susceptible to ice loading during
freezing rain. Mesonet observations of temperature and
rainfall are used to identify areas of the state where icing
may occur. Once icing occurs, Mesonet wind observations
are used to pinpoint locations most likely to suffer damage
to overhead utility systems (McManus et al. 2008).
Ripple effects of Mesonet observations for energy
users include public preparedness for blackouts, which
might be critical for survival of the infirm at homes or in
hospitals (Yan et al. 2016; Prezant et al. 2005). As renewables become more integrated in the state energy
portfolio (as well as across the United States), Mesonet
information can help improve efficiency of energy generation (Sharma et al. 2011; Yang et al. 2003). This ultimately contributes to an improved resource allocation
and economic growth in the long term.

j. Education and STEM outreach
Mesonet data have provided a unique resource to
the K–12 community across Oklahoma. As such, the

Mesonet has actively led training and educational Science, Technology, Engineering, and Mathematics
(STEM) outreach through a series of teacher workshops,
science fairs, and student camps. The Mesonet teacher
workshops originated in 1992 with a National Science
Foundation (NSF)-supported EarthStorm workshop
(1992–2011) offered to middle school science (and other
discipline) teachers with the aim to provide computersupported meteorology training (McPherson and
Crawford 1996). In addition to the EarthStorm workshops, many new STEM-focused workshops were offered
by the Mesonet, where 398 teachers and 59 emergency
managers from across 28 states participated in professional development and became strong advocates for
the Mesonet system in Oklahoma.
In addition to workshops, the Mesonet hosted science
fairs between 1993 and 2009, which showcased 1007
projects from 1401 students from 55 schools. The Mesonet Weather Camp was held between 2011 and 2015 for
sixth to eighth graders across the United States, with 111
students from 21 states and 59 students from Oklahoma
participating in this week-long event. Similarly, the
Oklahoma Regents for Higher Education sponsored the
Mesonet’s Summer Academy in 2013–16 for 114 high
school students from Oklahoma. In total, nine camps
were organized within 6 years, with 217 student participants. In addition to educating the younger generation,
the Mesonet has provided seminars for the Osher Lifelong Learning Institutes at the University of Oklahoma
and Oklahoma State University for audiences in the age
group of 55 years and older.
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Knowledge generated by the Mesonet has both shortand long-term ripple effects on the entire society. While
it helps with increasing awareness about weather events
and public safety issues in the short and midterm, it also
adds a primary intellectual value and educational benefits for the younger generation. A further ripple benefit
is noted by the fact that seven teachers that were part of
the Mesonet’s EarthStorm training won Presidential
Awards for Excellence in Science Teaching, two
teachers received the National Weather Association
Education Award, and several teachers acquired new
grants based on the weather programs they developed
utilizing their skills from the Mesonet workshops.

k. Research applications
In addition to weather data and tools for specific field
applications, the consistency, accuracy, and completeness of the Mesonet dataset has generated significant
benefits to the scientific community to answer urgent
research questions in Oklahoma and beyond state
boundaries. Mesonet data have also been widely used to
verify and validate other studies addressing soil moisture mapping, satellite ground truthing, and model
output verification.
Through 2016, the Mesonet had been utilized and
documented in over 700 research studies and peerreviewed publications and nearly 200 theses and dissertations (Martens et al. 2017). Research studies
utilizing Mesonet data cover a wide range of disciplines,
including meteorology, agriculture, biology, public
health, wildland fire, engineering, and political science.
For instance, Haugland and Crawford (2005) and
McPherson and Stensrud (2005) used Mesonet data to
analyze the impact of Oklahoma’s winter wheat belt on
the overlying atmosphere (Lee et al. 2013). Illston et al.
(2004) quantified soil moisture variability across Oklahoma at a variety of temporal scales, while Shellberg
(1994) and Brotzge and Richardson (2003) investigated
the temporal correlation of atmospheric and soil variables. Basara and Crawford (2002) used Mesonet data to
quantify the relationship between soil moisture and atmospheric variables throughout the planetary boundary
layer. Brotzge (2004) studied the differences in the energy and water budgets across Oklahoma, while Illston
and Basara (2003) examined the relationship between
short-term droughts and soil moisture conditions in
Oklahoma (Swenson et al. 2008).
Mesonet data have also been applied to develop or
enhance new technologies and products to validate and
improve land surface models used in numerical weather
prediction (Sridhar et al. 2002; Marshall et al. 2003;
Robock et al. 2003; Nemunaitis et al. 2004), satellite
technologies and products (Czajkowski et al. 2000;
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Anderson et al. 2004; Sun et al. 2004), and radar-derived
products (Lu et al. 1996; Pereira Fo. et al. 1998; Young
et al. 2000). In addition, studies utilizing Mesonet data
helped improve fire prediction capabilities (Carlson
et al. 2002, 2007; Krueger et al. 2016) and the characterization of downwelling longwave radiation (Sridhar
and Elliott 2002).
Furthermore, Mesonet observations have been used
for international field campaigns including Global Energy and Water Exchanges project (GEWEX), Southern Great Plains (SGP)/Soil Moisture Experiments
Project (SMEX), the Fall Water Vapor Intensive Observation Period sponsored by the Department of Energy (Richardson et al. 2000), the SGP experiments of
1997 and 1999 sponsored by NASA (Jackson et al.
1999), the International H2O Project sponsored by the
National Science Foundation (Weckwerth et al. 2004),
the Soil Moisture Experiment of 2003 sponsored by
NASA (Cosh et al. 2003), the Joint Urban 2003 sponsored by the Departments of Defense and Homeland
Security (Allwine et al. 2004), the Plains Elevated
Convection at Night (PECAN) field project (Geerts
et al. 2017), and NASA’s Soil Moisture Active-Passive
(SMAP) satellite (Piepmeier et al. 2017). The entire
archive of Mesonet data has also served research programs of the U.S. Department of Energy and USDA.
Benefits of the Mesonet for research purposes provide
an intrinsic contribution and value to improved intellectual property of the entire society. New developments and inventions based on Mesonet data can
thus support a broader regional and national societal
growth and welfare.

5. Current limitations and future extensions
For years, the Mesonet has been evolving with its
products in research, teaching, and outreach to better
serve society in the face of increasing weather variability
and severity of weather events. Limitations faced by the
Mesonet throughout the life span of its operation have
been identified based on feedback provided by Mesonet
data users and resulted, for the most part, in technological developments. Moreover, generational transition and an emerging need for access to advanced and
user-friendly interfaces have determined the approach
taken to address the existing limitations. While the
Mesonet currently supports a mobile website and two
applications for mobile devices, it will increasingly
support mobile website design and data delivery. Other
anticipated advancements include mirroring data centers and delivery of data and processing into the cloud
that will increase uptime and reliability. Also, social
media will be utilized to a greater extent to provide
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younger users with updated weather information and to
educate them about the importance of weather monitoring for their personal welfare as well as the economic
growth in Oklahoma.
Mesonet weather products will be embedded with
georeference in the future, thus allowing for geooriented weather representation on all Mesonet applications and all other geocomputer appliances. This will
allow users to follow weather changes and patterns in
their specific locations, while the Mesonet weather data
can be incorporated into existing software and hardware
that supports geolocated data, such as mapping software, geographic information systems, and GPS micro
devices. Those services will likely be autointegrated into
common devices in our homes and cars with functions to
provide visual and auditory queues when weather
becomes severe.
One of the current limitations of Mesonet’s observations is that they extend only up to 10 m above the
ground surface. To mitigate this limitation, in the future Mesonet will expand its measurements into the
lower atmosphere, likely through the use of unmanned
aerial systems (UAS). UAS have the potential to provide observations of the planetary boundary layer
(PBL) up to heights of several kilometers. The NRC
(2009) reported that the lack of PBL measurements is a
major source of uncertainty in current forecast models.
Thus, these new measurements have the potential to
impact every sector that benefits from improved
weather forecasts.
Furthermore, the application of virtual reality for
weather data will become more pronounced in the future, as it is already in use for analyzing radar data.
Future advancements in this field will help end users
better understand complex weather systems by using 3D
interactive visuals.

6. Conclusions
Since 1994, the Mesonet has provided timely and
updated weather data and products to support many
sectors across the state. This paper delineated products
and tools provided by the Mesonet, while it also identified the beneficiaries of this information and the
resulting ripple effects for each group as well as the state
economy. By means of applied examples, this paper
outlined economic, social, and environmental benefits of
weather information provided by the Mesonet. It highlighted the contribution of the Mesonet to filling the
information gap identified by Thomson et al. (2011) in
which stakeholders oftentimes struggle to access the
weather data they need for research and decisionmaking activities.

The availability of timely and high-quality data provided by the Mesonet also creates opportunities for
educated and effective decision-making processes and
policy design. The application of early warning systems
based on information from the Mesonet offers policy
makers a cost-effective and efficient means to identify
potential risks in advance and enables them to take
critical steps to reduce impacts related to severe
weather. The identification of high-risk areas enables
resources to be mobilized in advance with the aim to
mitigate negative impacts and bolster response efforts in
the event an impact occurs (Ceccato et al. 2014). While
there are many beneficiaries of weather information and
products delivered by the Mesonet, the extent of the
benefits cannot always be measured with purely economic values, especially with regard to social benefits
(e.g., number of lives saved by early warning systems).
The information provided in this paper can be used
for future quantitative studies of economic, environmental, and social benefits resulting from application of
Mesonet data in the identified sectors and groups
discussed here.
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