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ABSTRACT

In the arid western United States, wildlife water developments, or ‘‘guzzlers,” are important water sources
for wildlife, and consist of impermeable roof structures designed to intercept precipitation and small tanks for
storing water. Guzzlers are typically installed in remote mid- to high-elevation basins, where precipitation
data are often scarce. In this study, small-game guzzlers were examined for feasibility as potential sites for
improving estimates of climatic parameters in remote Nevada catchments. Instruments measuring liquid
precipitation and water level were installed at two guzzler field sites. Although one field site was vandalized
during the study, field results indicated that water levels in the tank measured by Hobo pressure transducers
corresponded well with precipitation events measured by the Texas Electronics tipping-bucket rain gauge,
and that measured data were similar to Parameter—Elevation Regressions on Independent Slopes Model
(PRISM) estimates. Minimum temperatures from the guzzler sites were similar to PRISM; however, maxi-
mum temperatures were a few degrees higher, possibly because temperature sensors were unshielded. With
over 1600 guzzlers in Nevada and thousands more throughout the western United States, this study initiates
exploration of the feasibility of augmenting individual guzzler sites to enhance climatic monitoring at a rel-
atively low cost to improve the quality and density of climate observations, benefitting hydrologists, clima-

tologists, and wildlife managers.

1. Introduction

Guzzlers are artificial catchments designed to collect
and store precipitation, making water available to
wildlife throughout the year, with thousands located
throughout the western United States. Guzzlers can
be constructed for small or large game, and their im-
portance as a water source for wildlife has been well

* Current affiliation: Hubbard Brook Experimental Forest,
North Woodstock, New Hampshire.

Corresponding author address: Laurel Saito, Associate Pro-
fessor, Department of Natural Resources and Environmental Sci-
ence, and Director, Graduate Program of Hydrologic Sciences,
University of Nevada at Reno, Mail Stop 186, Reno, NV 89557.
E-mail: Isaito@cabnr.unr.edu

DOI: 10.1175/JTECH-D-12-00065.1

© 2013 American Meteorological Society

documented (Rosenstock et al. 1999; Bleich et al. 2006;
Dolan 2006; O’Brien et al. 2006; Lynn et al. 2006, 2008).
This study focuses on small-game guzzlers (Fig. 1),
which typically consist of an impermeable roof structure
designed to intercept precipitation, approximately 0.6—
0.9 m (2-3 ft) off the ground and slightly sloped to en-
courage runoff to flow into a gutter on the downslope
side. Water flows from the guzzler roof structure into
a partially buried cistern [~1200-L (325 gal) capacity]
that is open on one end to allow access to wildlife. The
structure is surrounded by a barbed wire fence to pre-
vent guzzler access by cattle, wild horses, and burros.
Guzzlers are constructed with relatively low-cost mate-
rials. Thousands of guzzlers exist throughout the west-
ern United States, including over 1600 in the state of
Nevada (Fig. 2). Guzzlers are typically installed in
remote mid- to high-elevation basins by the Nevada
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FIG. 1. Schematic of small-game wildlife water development “guzzler” (modified from NDOW).
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Department of Wildlife (NDOW) or volunteer conserva-
tion groups, and these organizations visit and/or maintain
most guzzlers approximately once per year.

In this study, small-game guzzlers were examined for
feasibility as potential sites for data collection to improve
estimates of climatic parameters in remote Nevada
catchments. Precipitation gauge density in the state of
Nevada is the lowest in the contiguous United States
(Dingman 2002). Because of this poor gauge coverage,
precipitation and runoff must be estimated for most
areas with hydrologic models using limited data. This
lack of available observations becomes a problem when
modeling precipitation over complex, often mountainous
terrain typical in Nevada (Daly et al. 1994, 2008). Models
such as the Parameter—Elevation Regressions on Inde-
pendent Slopes Model (PRISM) produce high-resolution,
spatially complete estimates of climatological elements
for the entire state, but reliability of these estimates de-
pends on the quality and coverage of precipitation mea-
surements (Daly 2006).

Most of the publically available observed precipitation
data in Nevada come from the National Weather Service
(NWS) Cooperative Observer (COOP) network, which
includes 178 current and historic sites in Nevada (WRCC
2011). Most of these COOP network voluntary observers
live in populated areas, leaving many remote areas of
the state unmonitored (Fig. 2). To model precipitation in
mountainous environments, it is best to have point ob-
servations that cover a range of elevations and orographic
positions (Bales et al. 2006).

Furthermore, despite training by the NWS and access
to a handbook describing procedures for collecting data,
observational biases are common throughout the COOP
network (Daly et al. 2007). The standard NWS 8-in.

(0.2 m) nonrecording precipitation gauge employed at
COOP network sites also has systematic errors associ-
ated with wind and evaporation (Yang et al. 1998), al-
though some COOP sites also use Fischer & Porter or
Belfort Universal gauges. One solution to observer bias
would be to automate the system (Daly et al. 2007;
Fiebrich and Crawford 2009), eliminating the need for
manual measurements, while also increasing the fre-
quency at which measurements are collected.

In addition to data from COOP network sites, climate
data are publicly available from nine fully automated
Soil Climate Analysis Network (SCAN) sites and 31
Snowpack Telemetry (SNOTEL) sites operated by the
Natural Resources Conservation Service (NRCS) in the
state of Nevada. A standard SCAN site collects precipi-
tation, air temperature, relative humidity, wind speed,
wind direction, solar radiation, barometric pressure, SnOw
water content, snow depth, soil moisture, and soil tem-
perature data (NRCS 2009b). SNOTEL sites typically
include a snow pillow, snow depth sonic sensor, air tem-
perature sensor, and storage precipitation gauge. Some
sites also include instruments to measure barometric
pressure, relative humidity, soil moisture, soil temper-
ature, solar radiation, wind speed, and wind direction
(NRCS 2009a). Both SCAN and SNOTEL sites in Ne-
vada are typically installed at high elevations.

Another source of automated precipitation measure-
ments in Nevada is the Remote Automatic Weather
Stations (RAWS), with 91 current and historic sites
throughout the state. The RAWS network collects pre-
cipitation data via a tipping-bucket rain gauge. Point
observations of precipitation are also available from the
Community Collaborative Rain, Hail and Snow Net-
work (CoCoRaHS), a network of volunteer-run sites
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FIG. 2. Map showing the locations of the two guzzler field sites and other climate monitoring
sites in Nevada. AGRIMET = Pacific Northwest Cooperative Agricultural Weather Network;
ASOS = Automated Surface Observing System; AWOS = Automated Weather Observing
System; CoCoRaHS = Community Collaborative Rain, Hail and Snow Network; COOP =
Cooperative Observer Network; CRN = Climate Reference Network; RAWS = Remote
Automatic Weather Station network; SCAN = Soil Climate Analysis Network; SNOTEL =

Snow Telemetry.

similar to the COOP network in method and scale.
There are 235 CoCoRaHS sites in Nevada, most of
which are located near population centers, frequently at
lower elevations. Quantitative precipitation estimation
(QPE) radar estimates are also available, but are of poor
quality over most of Nevada because of terrain blockage

and a general lack of radar coverage. There are 15 Au-
tomated Surface Observing System (ASOS)/Automated
Weather Observing System (AWOS) sites that monitor
weather conditions at airports in Nevada in populated
areas. There are also three U.S. Climate Reference
Network (CRN) sites in Nevada. However, despite the
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seemingly large number of in situ precipitation stations
within Nevada, they exhibit low density relative to the
land area of the state, are concentrated near population
centers, and leave significant remote and mountainous
regions of the state unmonitored (Fig. 2).

Instrumenting guzzlers to collect climatic data could
be one way to automate the system of stations in Nevada
while dramatically increasing data coverage in remote
mid-elevation regions. Several studies of climate trends
in the western United States have indicated that mid-
elevation catchments have experienced significant changes
in precipitation type (i.e., snow vs rain; Das et al. 2009;
Knowles et al. 2006; McCabe et al. 2007), and this trend
may continue with climate change, so capturing climate
data in this sensitive zone is critical. Using the guzzler’s
structure, instruments can be mounted easily and remain
somewhat protected behind the barbed wire fence that
surrounds guzzler sites. A guzzler can be instrumented
to collect precipitation, air temperature, water storage,
runoff, and wildlife visitation data for less than $5000,
with installation typically taking only a few hours. Data
could be downloaded by NDOW employees or conser-
vation group volunteers who visit the sites on a regular
basis for routine maintenance, typically at least once per
year. The Western Regional Climate Center (WRCC) is
willing to archive the guzzler data and allow access
through their online data portal. Therefore, material
costs, installation time, and funds required for data re-
trieval, archival, and access would be much less than for
a typical meteorological site, offering an excellent op-
portunity to improve precipitation gauge coverage in
remote areas of Nevada in a cost-effective manner. New
sites could be instrumented, new instrument configura-
tions tested, and the spare instrument inventories es-
tablished and grown as funding allows.

This paper describes a pilot project investigating the
feasibility of instrumenting small-game guzzlers to collect
climatic data in remote Nevada catchments. If guzzler
sites could be reliably instrumented at relatively low cost,
then it may be possible for many guzzler sites to be out-
fitted similarly, significantly augmenting precipitation
data in areas that otherwise are underrepresented in
current physical networks. Results from this study should
provide the organizations responsible for the installation
and maintenance of guzzlers with options for effectively
outfitting additional guzzlers to collect climatic and run-
off data in remote areas.

2. Methods
a. Field sites

Instruments for measuring precipitation and water
level were installed at two guzzler field sites that were
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selected based on proximity to Reno, Nevada; accessi-
bility; visibility; condition of the guzzler structure; and
location in the watershed. The first site selected, Dry
Valley Rim No. 11, is located in Dry Valley, approxi-
mately 18 km northwest of Pyramid Lake, Nevada (Fig. 2).
The site is located in the Smoke Creek Desert watershed.
The terrain is composed of gently sloping ridges and hills.
Dry Valley Rim No. 11 is about halfway up a hillslope at
1337-m (4386 ft) elevation on land managed by the U.S
Bureau of Land Management (BLM).

The second site, Petersen No. 1, is located in the
Petersen Range, approximately 19 km (11.8 mi) north-
west of Reno (Fig. 2) and is part of the Honey-Eagle
Lakes watershed. The terrain is composed of small rolling
hills, and Petersen No. 1 is near the bottom of a small
drainage at an elevation of 1619 m (5312 ft). The sur-
rounding lands are a mix of private and BLM ownership.

b. Instrumentation

There are challenges and considerations for using
guzzlers to collect hydrologic data. Because of the re-
mote location of most wildlife water developments, data
retrieval can be difficult. Some traditional methods of
remote data retrieval such as radio [very high frequency
(VHF)] and satellite are not feasible. Radio retrieval of
data requires a direct line of sight between radio towers,
as well as a dedicated frequency for communication.
Satellite data retrieval can be very expensive. Data re-
trieval can also be accomplished using cell phone signals,
but most guzzler sites receive insufficient or no cell
phone service. Therefore, data will need to be stored on-
site for downloads that may occur only once per year.
Site visitations for maintenance and data retrieval will
likely be made by people with nontechnical back-
grounds. Because sites will be powered by a solar panel/
12-V battery system, instruments with large power re-
quirements are not feasible. Thus, pressure transducers
and tipping-bucket rain gauges are considered most
appropriate for power availability, data storage, and
download requirements.

Site instrumentation will be subjected to prolonged
exposure to extreme high and low temperatures, desic-
cation, high winds, and contact with wildlife as well as
humans, so instrumentation must be able to perform in
adverse conditions. Therefore, ideal instruments for
deployment need to be robust, simple to install, easily
maintained, and affordable. Tests were performed on
potential instruments at the University of Nevada at
Reno (UNR) under extreme temperature conditions
similar to those that have been observed in Nevada
(Grant 2010). While other types of gauges were con-
sidered in the selection process, the tipping-bucket
gauges were ultimately selected for testing because of
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the relatively low maintenance, power, and cost require-
ments of these types of gauges. The Texas Electronics
(TE) TE525USW ($385 each, Campbell Scientific,
Logan, Utah) with Hobo U11-001 dataloggers ($125
each, Onset, Bourne, Massachusetts) and the RainWise
(RW) tipping-bucket gauge with RainLog datalogger
($170 each, RainWise, Bar Harbor, Maine) were tested
at UNR. Hobo U20-001-04 ($495 each, Onset, Bourne,
Massachusetts) and the Solinst 3001LT Levelogger Ju-
nior ($385 each, Solinst, Georgetown, Ontario, Canada)
pressure transducers were also tested under the same
extreme temperature conditions. Results indicated that
the TE rain gauge performed more reliably than the RW
gauge, especially under prolonged freezing conditions
when the RW gauge’s datalogger tended to malfunction
and reset to 1200:00 1 January 2000. Overall, the Solinst
pressure transducers were not as affected by prolonged
freezing conditions as Hobo pressure transducers as long
as the transducers were protected by a saline solution
(Grant 2010).

To measure precipitation at the pilot sites, the TE
tipping-bucket rain gauge was selected for deployment.
Biases common to the design include wind-induced bias
and an underestimation of high rainfall intensities
(Groisman and Legates 1994; Nystuen et al. 1996; Habib
et al. 2008). While most manufacturers will calibrate
tipping-bucket gauges, it is typically performed at a low
fixed rainfall rate of a few millimeters per hour. How-
ever, this method of calibrating the volume of water
required for one “‘tip”’ of the bucket does not translate
well to high intensities, when water can be missed between
bucket tips (Habib et al. 2008). This underestimation of
precipitation at high storm intensities is a systematic bias.
It is possible to adjust the data, and a variety of correction
models exist to adjust data collected with a tipping-bucket
gauge (Sevruk 1996).

In February 2009, each guzzler was instrumented with
a TES25WS tipping-bucket rain gauge, Campbell Sci-
entific CR1000 datalogger with onboard thermistor
($1390, Campbell Scientific, Logan, Utah), and a 30-W
solar panel ($186, BP Solar, Frederick, Maryland). The
CR1000 and battery are housed in a 30.5 cm X 35.6 cm
(12 in. X 14 in.) weather resistant enclosure ($215,
Campbell Scientific, Logan, Utah). Total precipitation
and minimum, maximum, and average air temperature
were recorded each hour by the datalogger. Battery
voltage was also recorded each hour. A HOBO U20-
001-04 pressure transducer was installed in the guzzler
cistern to monitor fluctuations in water storage every
30 min throughout the year. Another HOBO U20-001-04
pressure transducer was installed on-site for barometric
compensation of the water-level data. A motion-sensor
wildlife camera ($199, Cuddeback, Green Bay, Wisconsin)
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was installed on-site to monitor wildlife visitation to the
guzzler.

The TE tipping-bucket rain gauge was installed ap-
proximately 1.22 m (4 ft) above the ground surface on
the guzzler frame to make sure it did not obstruct the
guzzler roof. The solar panel and enclosure housing the
datalogger were similarly installed using the guzzler
frame for support (Fig. 3). The wildlife camera was in-
stalled on a fence post near the guzzler, oriented toward
the tank opening to monitor wildlife visitation.

Water in the cistern is susceptible to freezing during
winter months and such freezing can supply sufficient
pressure to cause permanent damage to a pressure
transducer. Thus, the pressure transducer in the guzzler
cistern was installed in a sealed heavy-grade elongated
balloon (part 29-4522/10, ELE International, Loveland,
Colorado) filled with a saturated salt solution. The so-
lution’s freezing point is sufficiently low to act as a buffer
between the ice and the pressure transducer. The pres-
sure transducer can still read pressure fluctuations while
installed in this manner, and it remains protected when
water in the cistern freezes. In addition, the salt solution
should minimally impact wildlife should the balloon
rupture inside the cistern. For barometric pressure com-
pensation, one Hobo pressure transducer was installed
near the datalogger enclosure.

Each guzzler site was visited every few months as
weather permitted to verify that instrumentation was
functioning properly, to download data, and to relaunch
monitoring devices. Data collection at the Petersen No.
1 and Dry Valley No. 11 sites began on 24 February 2009
and 31 January 2009, respectively. Data are still being
collected, although sometime between site visits on
5 August 2009 and 22 October 2009, the Petersen No. 1
guzzler instrumentation was vandalized. Precipitation
data were not collected at the site after the vandalism
occurred until the instrumentation was replaced on
12 May 2010. However, water levels in the cistern in-
dicated that a precipitation event occurred during the
period when precipitation data were not collected.
Water levels in the cistern were not collected after
1 October 2010 and 17 September 2010 at the Dry Valley
No. 11 and Petersen No. 1 guzzlers, respectively, because
of human failure to reset the pressure transducers.

3. Results

Precipitation data collected at each site (Fig. 4) were
not corrected for gauge undercatch, as corrections typ-
ically require local wind speed, which was not available
for these sites. Monthly precipitation totals were calcu-
lated for both field sites and compared to PRISM esti-
mates for each site (Fig. 5). PRISM estimates of monthly
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FIG. 3. Rain gauge, datalogger, and solar panel installation at Dry Valley No. 11 guzzler site.

precipitation and temperature are available in 4-km
(2.5 mi) grid cells (http://prism.oregonstate.edu). Both
guzzler field sites fell close to the western border of
their corresponding PRISM grid cells.

In addition, monthly maximum and minimum tem-
peratures measured at the Dry Valley and Petersen sites
were compared to PRISM estimates for monthly maxi-
mum and minimum temperatures (Fig. 6). Monthly
temperature averages were calculated by determining
daily maximum and minimum temperatures and aver-
aging those values for each month. For the period of
record, PRISM estimates of precipitation were approx-
imately 1% lower than measured at the Dry Valley site
and approximately 5% higher than measured at the
Petersen site. Mean daily maximum and minimum mea-
sured temperatures at the Dry Valley site were, on av-
erage, 2.5°C higher and 0.7°C lower, respectively, than
the PRISM estimate for each month of record. Mean
daily maximum and minimum measured temperatures
at the Petersen site averaged 4.2°C higher and 0.04°C
lower, respectively, than the PRISM estimate for each
month of record.

4. Discussion and implications

Cumulative precipitation, as measured by the TE
gauge, and guzzler storage changes, as measured by the
pressure transducer, followed each other well at both
sites. For each increase in cumulative precipitation, there
was a corresponding increase in water level in the cistern.

Measurements collected in the Petersen guzzler cistern
exhibited abrupt increases in depth followed by equally
abrupt decreases during winter months (Fig. 4). This can
be attributed to the increases in pressure associated with
water freezing around the transducer (Solinst 2009).
These spikes do not correspond to precipitation events
and would normally be removed in the data analysis
process. They are displayed here to demonstrate the
effectiveness of the balloon buffer system. Pressures
increased during freezing conditions, but the highest
pressures observed, corresponding to 0.8 m (2.6 ft)
of water column depth, remained well below the 4 m
(13.1 ft) that the Hobo U20-001-04 model transducer
is designed to withstand.

Comparison of measured monthly precipitation values
to estimated PRISM values at both sites returned in-
teresting results. For the period of record at the Dry
Valley site (35 months), although PRISM-estimated total
precipitation was approximately 1% lower than the
values measured at the guzzler, there were month-to-
month variations of up to 12 mm when comparing in-
dividual months to PRISM estimates (Fig. SA). There
were also month-to-month variations for the Petersen
site, although it had only 26 months of record. Some of
the differences between measured values and PRISM
estimates could be due to undercatch by unshielded
gauges; the use of tipping-bucket rain gauges, which
may not adequately measure precipitation in freezing
conditions; and the lack of nearby observations for the
PRISM estimates. Because of the open landscape of
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FIG. 4. Plots showing cumulative precipitation in relation to water levels in the guzzler cistern
over time at (a) Dry Valley No. 11 and (b) Petersen No. 1 guzzler sites. Precipitation at Petersen
No. 1 was not measured from 5 Aug 2009 to 12 May 2010 because of vandalism. Water levels in
the cistern were not measured after 1 Oct 2010 and 17 Sep 2010 at the Dry Valley No. 11 and
Petersen No. 1 guzzlers, respectively, because of the failure to reset the pressure transducers.

most Nevada guzzler sites, including the two sites we have
instrumented, it is unlikely that nearby vegetation or
obstacles affected gauge catch. The highest vegetation at
most sites is no taller than the guzzler infrastructure and
the gauge is mounted above it. However, such open
conditions increase the likelihood of high wind speeds
during storms, which can increase gauge undercatch of
precipitation.

In addition, traditional methods of snow measure-
ment presented a problem due to the scale, power re-
quirements, and cost associated with these methods. To
determine the timing of snowfall or the ratio of snow to
rain at these sites, new instrumentation will need to be
investigated, and perhaps developed to be a feasible
option for prolonged remote deployment at guzzler
field sites. Although the wildlife camera can be ori-
ented to observe snow depth measurements, we have
found that the camera does not function well at low
temperatures and therefore may not reliably function

when snow is present. We are currently experimenting
with a sonar snow sensor that has been installed at each
guzzler site to monitor snow depth. Unfortunately, the
sensor was installed in fall 2011 but the winter of 2011/
12 had very little snow precipitation at each site, so
insufficient data were collected to evaluate the snow
sensor performance.

Another source of the differences between measured
and PRISM precipitation is that monthly PRISM esti-
mates are based on stations with daily observation times
that vary from station to station. This can result in pre-
cipitation occurring at the beginning and end of a month
being attributed to adjacent months in different ways for
different stations. When this occurs, a ‘‘seesaw” effect
may be seen, where PRISM estimates for one month are
too low and the next too high (or vice versa) compared
to measurements at a particular site (for the guzzler mea-
surements in this analysis, a day was defined as midnight
to midnight local standard time).
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11 and (b) Petersen No. 1 monthly precipitation

measurements to PRISM monthly precipitation estimates for February 2009-December 2011.

Petersen observed data for February 2009 are
due to vandalism.

PRISM estimates of monthly minimum air tempera-
tures were very similar to those measured at each site,
but site observations of maximum air temperatures were
several degrees higher than PRISM estimates, except
during the low-sun winter months. This was likely due to
the temperature sensor being located inside the data-
logger box, where ventilation is lacking. The sensor will
be repositioned outside the box, and fitted with a Gill-
style radiation shield, which costs approximately $150.

Unfortunately, we were unable to document wildlife
visitation at the guzzler sites for the entire period of the
study mainly due to vandalism, dead batteries, and
malfunctioning cameras. Nonetheless, when the cam-
eras were functioning properly, the guzzlers that were
selected for instrumentation were frequently visited and
used by wildlife. This documented visitation, along with

for a partial month. Missing data at Petersen are

water-level data collected from the cisterns, confirms
that wildlife visiting these guzzlers would have water
available to them for most of the year. Many of the
photos of wildlife contained images of both adults and
juveniles, suggesting that guzzlers may be an important
source of water for wildlife raising young.

The results of our preliminary study are promising,
and with additional research, guzzlers present a unique
opportunity to add to available observational data in
remote Nevada catchments in a cost-effective manner.
They are typically installed in areas where data are
lacking, and their design allows for easy installation of
hydrometeorological instrumentation. Precipitation, air
temperature, water storage, and runoff data can be
collected at guzzler sites for less than $5000 apiece (even
with the addition of the radiation shield), much less than
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FIG. 6. Comparison of average measured monthly maximum and minimum temperatures vs
the PRISM estimates for February 2009-December 2011 at (a) Dry Valley No. 11 and
(b) Petersen No. 1 field sites. Petersen observed data for February 2009 are for a partial month.

a standard weather station ($10,000 or more). While
periodic maintenance (e.g., replacing malfunctioning
components) would bear additional cost, the low cost of
the instrumentation and regular approximately annual
maintenance schedule of the guzzlers would mean
a relatively lower maintenance expense than equivalent
maintenance on a standard automated station. Instru-
menting guzzlers does include challenges, including data
retrieval, instrument maintenance, and the chance of
vandalism. Although this study demonstrates that guzzler
sites can be augmented with climatic instrumentation at a
relatively low cost and produce useful climate data,
maximum temperature and winter precipitation mea-
surements need to be improved before more guzzlers
can be retrofitted with instrumentation. Further, obser-
vations from the retrofitted sites should be monitored and
evaluated regarding whether improvements in spatial

analyses are evident, which would benefit hydrologists,
climatologists, and wildlife managers. With over 1600
guzzlers in Nevada, nearly 10 times the current number
of COOP sites, and thousands more throughout the
western United States, instrumented guzzlers have the
potential for making significant improvements to spa-
tial hydroclimatic analyses, such as those produced by
PRISM.
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