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Abstract:

Playas are temporarily ponded, shallow, intermittent lakes found in the arid southwest United

States formed by rainfall and runoff in the wet season. Because playas are considered ‘“Waters of the United
States’> (WoUS) under Federal Regulations 33 CFR 328.3 [a], their jurisdictional extent is delineated by
either observation of ponded water or physical characteristics that represent ordinary high water marks that
remain after the water has receded. To date, no surface hydrologic studies have described the frequency and
duration of ponded water within desert playa systems to facilitate the understanding of ‘‘ordinary’’ for
delineation purposes. To establish a baseline to support further the concept of “‘ordinary,”” we used 20 years
of historical satellite imagery of playas in the western Mojave Desert, California, in combination with 59
years of precipitation records, to provide a case study of frequency and duration of ponding in playas in the
arid southwestern United States. Ponding was found to occur for at least 16 days, with a frequency of 51%
or approximately every other year. We estimated the average antecedent precipitation needed to initiate
ponding to be 8.29 cm. In years when rainfall exceeded 8.29 cm between October and March, the playas
also ponded for 16 days into the growing season (March—November). The total length of the ponding period
through the wet season ranged between 1 and 32 weeks, with a predictable relationship between length of
inundation and total rainfall during the wet season. This range of occurrence of ponded water on these arid
playas expresses the climatically unevenly distributed precipitation pattern, both spatial and temporally.
Analysis of the ponding duration and frequency from this study site acts as a baseline for further refinement
of the concept of ordinary high water and provides a basis for further development of field indicators for

delineation purposes of arid southwestern playas.
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INTRODUCTION

Playas, landforms in the arid southwest, are defined
as the flat, lower portions of an arid basin with internal
drainage that periodically flood and accumulate sedi-
ment (Neal 1975). They are covered with water less
than 25% of the time, have evaporite accumulations or
lacustrine activity (Neal 1975, Shaw and Thomas
1989), or both, and have a negative hydrologic balance
75% of the year (Briere 2000). Sparse vegetation of
the Chenopod family and saltbush communities exists
only on lake plains and sand dunes surrounding playa
lakebeds. Two major information gaps make the de-
lineation of playas in the arid southwestern United
States problematic. First, there are no data on frequen-
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cy and duration of ponding (inundation), and second,
the surficial features remaining on the playa after
ponding events that could provide data on the areal
extent of water have not been investigated or corre-
lated to ponding events. Under Federal Regulations 33
CFR 328.3 [a] of the Clean Water Act (CWA), playas
and other ‘“Waters of the United States’” (WoUS) are
delineated to their outermost extent either by observ-
ing ponded water or physical characteristics that re-
main after the water has receded that represent the Or-
dinary High Water (OHW) mark. For WoUS, ordinary
means the presence of physical features representing
the ordinary high water of ponded or flowing water.
Temporal data pertaining to the surface hydrology of
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playas have only recently been described using remote
sensing methods for climate modeling (Mishra et al.
1994), flood modeling (Verdin 1996, Bryant 1999,
Bryant and Rainey 2002), determining evaporation
rates (Prata 1990), and defining sediment transfers on
playa surfaces (Millington et al. 1987). However, these
data have not been analyzed to the extent necessary to
allow us to determine duration and frequency in sup-
port of what ordinary high water events represent or
to support the development of reliable use of physical
features to determine OHW on playas. Precise infor-
mation about the location, frequency, and duration of
ponded water is essential to determine OHW (e.g.,
Doug and Colberg 1996, Lichvar and Sprecher 1996,
Brostoff et al. 2001) and to assist us in selecting re-
liable surficial features that may be associated with it.

The surface waters on playas have not been fully
described in either space or time, and the problem of
measuring them is compounded by the ephemeral na-
ture of the lakes, by evaporation, and by ground-water
influences (Rosen 1994, Bryant 1999). Water accu-
mulates on playas from runoff, precipitation, or
ground-water discharge, but a particular playa may or
may not pond at all during a particular year or it may
remain ponded for up to 3 years (Cooke et al. 1993).
The extent to which water remains on the surface is
influenced by the current climate, playa surface con-
ditions, evaporation rate, salinity, and infiltration or
discharge of ground water. In addition, the extent of
the water cover changes rapidly, in both the short and
long terms (e.g., Kubly 1982) owing to, for example,
changing wind direction that creates waves that push
water to different parts of the playa (Saville et al.
1962, Weigel 1964). Bryant et al. (1994) and Bryant
and Rainey (2002) identified four key stages of the
ponding processes within playas that also create spatial
shifts: 1) inundation, 2) evaporation of the water body,
3) relocation of shallow brine pools that can be moved
easily by the surface action of winds, and 4) final des-
iccation of surface water. These spatial and temporal
factors hinder our ability to estimate the duration and
frequency of ponding that is required to model flood
events accurately (Dinehart and McPherson 1998) or
to determine whether certain Federal environmental
regulations apply.

Some Federal, state, and private sector personnel are
inclined to apply wetland delineation protocols to de-
lineate playas. However, there are differences in both
the rules and field characteristics for differentiating ar-
eas of wetlands and playas. For wetlands, there are
formal definitions and guidelines. Wetlands are iden-
tified on the basis of three parameters: soils, vegeta-
tion, and hydrology, as specified in the Corps of En-
gineers Wetlands Delineation Manual (Environmental
Laboratory 1987). By regulation, to be considered a

wetland, specific hydrology must be met for 5% of the
growing season or 1-2 weeks of the year, depending
on latitude and altitude (“‘frequency and duration cri-
teria,”” Office of the Chief of Engineers 1992). In con-
trast, frequency and duration criteria for playas are not
defined under the CWA or guidance from the Corps
to establish the extent of OHW. For background in-
formation about the physical characteristics of xeric
fluvial systems, U.S. Army Corps of Engineers (COE)
Districts in the southwestern United States have pro-
vided guidelines for making jurisdictional determina-
tions for WoUS, including playas. However, without
set criteria for frequency and duration of ponding,
identifying and developing field indicators for both in-
undation areas and OHW boundaries that are useful in
playa delineation remain problematic (Brostoff et al.
2001).

This paper describes a study of three playas in the
western Mojave Desert, California. Our main objec-
tives were to provide data on the occurrence of surface
hydrology to support refinement of the concept of or-
dinary high water of playas and to establish a basis for
further development of field indicators for playa delin-
eation purposes by using the surface hydrology data
and correlations of surface features remaining after
water has receded. To establish frequency and duration
of ponding without field gauging stations being avail-
able, we analyzed 59 years of precipitation data and
20 years of historical Landsat images that were cus-
tom-processed to identify surface water.

METHODS
Study Area

Three playas on Edwards Air Force Base (Edwards
AFB), Kern County, California, were used as exam-
ples of arid southwest playas. Edwards AFB is in the
western Mojave Desert northeast of Los Angeles. The
study area included the eastern portions of Rosamond
(total area 53 km?), all of Buckhorn (5 km?), and a
small southwestern portion of Rogers Dry Lakes (total
area 114 km?) (Figure 1). Our thesis of frequency and
duration as delineation indicators is based upon this
population set. The playas are contained within the
boundary of the bed of Pleistocene Lake Thompson
(Orme 2001). Following Holocene desiccation and
widespread progradation of alluvial and aeolian de-
posits, Lake Thompson developed into two significant
playas, Rosamond in the west and Rogers in the east,
separated by a suite of smaller playas, of which Buck-
horn is the largest (Orme 2001). These three remnant
playa bed surfaces within the boundary of former Lake
Thompson are located at slightly different elevation
levels: they range between 693 and 697 m. The ma-
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Figure 1. Example of visible band MTI satellite image. a. showing the study area with water ponded on Rosamond and
Buckhorn; b. image processing result for the same area showing ponded surfaces in black.

jority of the vegetation located on Lake Thompson’s
bed surrounding the unvegetated playas is on exposed
lake plains and sand dunes. These two landscape fea-
tures are dominated by members of the Chenopod fam-
ily, with several phases of saltbush plant communities,
including spinescale (Atriplex spinifera Macbr.),
shadscale (4. confertifolia (Torrey & Fremont) S. Wat-
son), and fourwing (4. canescens (Pursh) Nutt.) (Saw-
yer and Keeler-Wolf 1995).

Under present climatic conditions, the surfaces of
the playas remain dry for most of the year, sometimes
for several consecutive years (Orme 2001). However,
winter rainstorms caused by cyclonic systems from the
Pacific Ocean, and summer thunderstorms caused by
monsoons from the Gulf of California and tropical Pa-
cific may sometimes inundate these playas, the dura-
tion of flooding depending on the magnitude and lo-
cation of precipitation and ambient climate. Significant
temporary flooding is also associated with El Nifio

events in the Pacific Ocean that lead to above-normal
precipitation in the Mojave Desert (Redmond 2001).

Remote Sensing

Landsat 4, 5, and 7 Thematic Mapper (TM) and
Multi-spectral Thermal Imager (MTI) satellite imagery
was used to detect and map ponded water on playa
surfaces. From these images, the following were ver-
ified: 1) that the ponding occurred for a minimum of
two satellite passes (16 days) and 2) that the ponding
happened during the growing season. The total length
of time that water remained ponded in the study area,
for the years analyzed, was extracted. A list of images
acquired for analyses is shown in Table 1.

We verified the signature of ponded water on MTI
and Landsat images by using a sequence of verification
steps between the various types of images and actual
ground positions. First, the standing water in the MTI
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Table 1. List of satellite images obtained for analysis by platform
and date.

Landsat 4 TM
Winter 1982-83: 12/10/82 12/26/82

Landsat 5 TM

Winter 1984-85: 1/8/85 1/24/85 2/25/85 3/29/85 4/14/85
5/16/85 6/1/85 6/17/85 7/3/85 8/20/85

Winter 1986-87: 1/14/87 1/30/87 3/3/87 3/19/87 4/4/87
4/20/90 5/6/87 5/22/87 6/7/87 6/23/87 7/1/87 7/9/87 7/25/87
8/10/87

Winter 1989-90: 5/14/90

Winter 1990-91: 3/30/91 4/15/91 5/17/91

Winter 1991-92; 1/12/92 2/13/92 2/29/92 3/16/92 4/17/92
5/3/92 5/19/92 6/4/92 6/20/92 7/6/92 7/22/92 8/7/92
Winter 1992-93: 11/27/92 12/13/92 1/14/93 2/15/93 3/3/93
3/19/93 4/4/93 4/20/93 5/22/93 6/23/93 7/9/93 7/25/93

Landsat 7 TM

Winter 1999-2000: 1/10/00 1/26/00 2/11/00 3/14/00 3/30/00
4/15/00 5/1/00 5/17/00 6/2/00 6/18/00 7/4/00 7/20/00
Winter 2000-01: 1/28/01

DOE MTI

Winter 2000-01: 2/3/01 2/4/01 2/20/01 2/21/01 3/8/01 3/9/01
3/25/01 3/26/01 4/12/01 4/13/01 5/2/01 5/3/01 5/23/01

image of 23 May 2001 was verified in the field by
Global Positioning System (GPS) fixes taken on 7 June
2001 of the position of the ponded water boundary for
two of the largest ponds. Second, these field positions
of ponded water were compared to identified water
signatures on the processed MTI image to verify co-
incidence between the field locations and the processed
water signatures. Third, to verify the accuracy of pond-
ed water signatures between the TM images and MTI
images and field positions, we compared a processed
TM image from 28 January 2001 to a processed MTI
image from 3 February 2001 to field positions fixed
by GPS on 11 January 2001. The processed TM image
identified and matched the same boundaries of ponded
water as did the processed MTI image, and both
matched the GPS positions. By using this ground truth,
we verified that the calibration settings used in the pro-
cessing procedure identified only ponded water and
did not include any moist or muddy surfaces.

Custom-flown MTI images over our study area were
acquired from the Department of Energy. Two se-
quential daily MTI images were taken at intervals of
approximately 16 days from February through May of
2001. By imaging on sequential days, the probability
of blockage by a cloud cover was greatly lowered; a
complete record of seven clear shots was acquired in
the early part of 2001.

Two types of Landsat TM images were obtained
from the USGS archive at the EROS Data Center in
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Figure 2. Pond size range showing that enough ponds were
above Landsat TM resolution for proof that frequency and
duration can be delineation indicators (USGS Earthexplorer,
Victorville, CA vector hydrology coverage, 1982).

Sioux Falls, South Dakota: full resolution and reduced
resolution browse imagery. The interval of the Landsat
is every 16 days, with only one image per interval
taken, regardless of cloud cover. We searched the TM
archive, starting in 1982, up to and including January
2001 (Table 1). When available, images were obtained
that represented dry periods prior to ponding, the
ponding sequence, and dry periods following ponding.
However, we were unable to obtain complete sets of
images for many years because of a lack of consecu-
tive archived records, clouds, and poor image quality.

The pixel size and radiometric accuracies of the TM
and MTI sensors are suitable for detection of ponds of
average size and above on Buckhorn playa. Landsat 4
and 5 TM have a 30-m Ground Sample Distance
(GSD) in their reflective bands, and Landsat 7 is sim-
ilar to its predecessors but has an extra 15-m pan band.
Their radiometric accuracy is specified as being be-
tween 3 and 5%. Because the detection algorithm takes
the ratio of two bands, the accuracy of the result may
vary from 0 to 10%, depending on whether individual
band accuracies track each other or diverge. The use
of the mid-range IR band of 30 m for the resampled
MTI images and 30 m for the TM images in the de-
tection algorithm identified ponded water areas within
a minimum size of 60 m on edge. The general size
range of the ponded water on Buckhorn Playa is
shown on Figure 2. Out of a total of 298 ponds, there
are 129 that are above the resolution of the Landsat
TM pixel size. This size is determined from the po-
tential of having ponded and non-ponded mixed pixels
at the edge. The minimum size equates to 0.36 ha in
comparison with the size range of the playa ponds on
Buckhorn that are from .008 up to 460 ha. Statistics
from the USGS hydrology vector coverage of 1982
show that the average size of ponds on Buckhorn playa
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is 3.6 ha (Figure 2). In certain years, the acquisition
of complete sequences of full resolution TM images
was not justified or available, so the winter sequence
of images was supplemented with reduced resolution
TM browse images from the Landsat 5 and 7 archives.
The reduced resolution TM browse images with a 480-
m GSD were found to be useful for establishing du-
ration on the large playas once ponding had begun.

A spectral separation scheme was used to create the
algorithm that detected water versus the rest of the
imagery. Water is separated out based on it having a
high reflectance relative to its surroundings in the vis-
ible green band (Landsat band 2) and a low reflectance
relative to its surroundings in the short-wave reflective
infrared band (Landsat band 5). When the ratio of band
5 to band 2 is taken, high values indicate reflectances
other than water and low values indicate water. Each
full resolution TM and MTI image scene was classified
by the ratio of equivalent Landsat band 5 to band 2.
This produced a gray level image made up of floating
point numbers ranging from 0 to 4 or 5. A ratio thresh-
old, determined using the pooled areas from ground
truth determined for the MTI scene of 23 May 2001,
was set halfway between two normal histogram distri-
butions at a level of 1 that accurately separated pooled
water from everything else in the imagery (Rees 2001).
Every value above 1 was driven into saturation, or to
display as white, and every value below 1 was driven
to zero, or to display as black, indicating water (Figure
1). Co-registered pooled water maps were developed
using the same technique with the same projection as
the imagery maps. Even though the transmissions
through the atmospheric and water media are not quite
the same at band 2 as at band 5, they are close enough
to consider this ratio as an invariant indicator over
time. Reduced resolution TM previews were analyzed
for water qualitatively by using standard aerial pho-
tography interpretation techniques of observing the
presence of color, texture, size, location, and other
physical attributes that indicate water.

Precipitation Data

We developed an average antecedent precipitation
level necessary for ponding by using precipitation data
from years that had Landsat imagery that showed
ponding. The average antecedent precipitation level
was calculated by summing recorded precipitation
events from 1 October to the date at which ponding
was first visible (and this ponding had to last for at
least two consecutive satellite images). Archived
weather data, containing daily total precipitation at the
main base area from January 1942 to the present, were
obtained from the 412" Operations Support Squadron,
Weather Flight office (OSS/OSW), Edwards Air Force
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Figure 3. Winter precipitation since 1942 by year in chro-
nological order where, for example, the 1945 bar means 1
Oct 1944 to 31 March 1945; highlighted bars show years
analyzed for frequency and duration from the imagery.

Base. Making sure that the ponding was seen in two
consecutive images ensured a duration greater than 16
days, as Landsat images are taken every 16 days. This
is a conservative approach because ponding visible for
only one image could correspond to duration of up to
31 days: 15 days before, 15 days after, and the day
the image was captured.

Using the average antecedent precipitation level for
ponding, we analyzed the frequency of occurrence for
the 59 years of precipitation record. We determined
the frequency of ponding by reviewing the historical
climate record from 1942 to 2001 to find the number
of years that equaled or exceeded the average anteced-
ent precipitation between 1 October and 31 March.
This time represents a period of maximum precipita-
tion level and minimal evapotranspiration (Figure 3).
Frequency of inundation was calculated as the number
of years equaling or exceeding the average antecedent
level, divided by the 59 years of historical record an-
alyzed.

We analyzed the duration of ponding on playa sur-
faces in three ways. First, we verified that all available
Landsat, reduced resolution TM, and MTI images had
two consecutive images showing ponding. Thus, for
all years analyzed, the study area had at least some
ponding for a minimum of 16 days. Second, once we
verified the minimum ponding duration, we analyzed
all available images for the period after 3 March to
determine if ponding was present for at least 14 con-
secutive days or 5% of the growing season, following
guidance set by the COE for wetland hydrology cri-
teria (Office of the Chief of Engineers 1992). The start
date for the growing season was obtained from the
table of probabilities of growing season dates in the
local USDA Soil Survey (1997) for the—2.2°C date,
which was 3 March (Office of the Chief of Engineers
1992). Third, to analyze duration, we determined the
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Table 2. Antecendent precipitation level data and bracketing
dates.

Table 3. Winter precipitation by years and weeks of inundation.

Precipitation
Precipitation Level (cm) Weeks
(cm) Dates Oct—Mar Years Inundated
6.07 10/01/82-12/10/82 2.64 1989-90* 0
12.17 10/01/84-01/08/85 5.74 199900 6
13.34 10/01/90-03/30/91 12.55 1984-85* 14
5.77 10/01/91-01/12/92 14.22 2000-01 16
9.53 10/01/92-12/13/92 22.00 1991-92%* 25
5.74 10/01/99-03/14/00 33.15 1992-93 32
5.44 10/01/00-01/11/01 * Used USGS Earthexplorer browse image to verify inundation.
8.29 Average
3.37 Standard Deviation

total length of time in weeks that at least some water
remained on the playa surface by looking at consec-
utive dates of imagery for each year analyzed. Because
the archival record of full resolution imagery was in-
complete, we increased the sample size by using re-
duced resolution TM browse images to track playa
ponding and drying. These were visually compared to
the processed images using aerial photo interpretation
techniques to determine water signatures and to delin-
eate pond boundaries. When these images were used,
only conservative estimates of duration were made.

Verification of ponding via satellite imagery was
limited to seven years ('82, ‘84, '90, '91,'92, '99, and
'00) for frequency and six ('85, ‘90, '92, '93, 00, '01)
for duration, owing to an incomplete image archival
record and cloudy conditions. To verify a lack of
ponded water in years that fell below the average an-
tecedent precipitation level with no winter or spring
precipitation, a series of images was obtained and pro-
cessed to confirm the lack of ponding. To verify lack
of spring ponding, March through April, an image
from 14 May 1990 was obtained and used as a baseline
to establish dry spring conditions. To establish a base-
line for non-ponded surfaces for an entire winter, a
series of reduced resolution TM browse images from
1989 to 1990 were used for verification.

RESULTS

Using precipitation data from 1942 to 2001, includ-
ing drought years, we estimate that playas in our study
area ponded with a frequency of 0.51 (Figure 3), or
every other year, based on an average antecedent pre-
cipitation level of 8.29 cm (Table 2). Our antecedent
precipitation level method, which used ponded water
signatures on satellite images in combination with pre-
cipitation records, produced a range from 5.44 to 13.34
cm, with a standard deviation of 3.37, until ponding
occurred (Table 2). The range would likely have been
much smaller if more images in shorter time incre-

ments had been available. Winter precipitation totals
by year (weeks of inundation) are shown in Table 3.

Analysis of images starting on 3 March verified that
for the six years analyzed for duration, some part of
the playa surface was inundated for at least 5% or
more of the growing season. Analysis of the precipi-
tation records for the six years of image records used
to establish the duration (Table 3) best fit a second
order polynomial (Figure 4). This curve allows for pre-
diction of potential duration of ponding during future
events.

DISCUSSION

The portions of the playa surface that were inun-
dated and subsequently dried during the study period
showed distinct signatures of wet soils and mud as the
standing water and soil moisture receded; non-ponded
areas lacked such a signature. The smaller pixel size
of MTI and TM (5 to 30 m), compared with that of
Advanced Very High Resolution Radiometer
(AVHRR) [1.1-km pixel size], as used in other remote
sensing efforts on playa surface hydrology (Drake and
Bryant 1994, Bryant and Rainey 2002), was an im-
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Figure 4. Plot of data shown in Table 3 with second-order
polynomial trend line (y = b + ¢;x + c,x> where b =
2.74cm, ¢, = 0.4448cm/week and c, = 0.0152 cm/week
squared with an RMS fit error of 0.977648).
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portant step in establishing frequency and duration of
ponded water. The smaller pixel size of MTI and TM
images provided the capability of distinguishing the
areal extent and gradation between ponded water from
wet soil and mud, which is critical for delineation pur-
poses.

While fluctuations in the temporal and spatial pat-
terns of ponded water were apparent in the images, we
did not analyze them in detail here. However, the spa-
tiotemporal pattern of ponded water is fundamental to
understanding the concept and manifestation of ‘‘or-
dinary’’ on playas. Unfortunately, we were limited in
our ability to interpret in detail the temporal and spatial
patterns of surface hydrology during several El Nifio
years. Images were lacking or degraded by cloud cover
during 3 of the 20 years we analyzed. However, future
efforts to analyze and understand the influences from
temporal or spatial responses of surface fluctuations
and ponding, including the wettest periods of El Nifio
years, would further the refinement of the concept of
“‘ordinary’’ on playas.

The data we collected from these playas at Edwards
AFB meet the hydrology criteria for a wetland (En-
vironmental Laboratory 1987, Office of Chief Engi-
neers 1992). The hydrology criteria used for wetland
delineation best fit the eastern humid regions in the
U.S., where the inter- and intra-annual patterns of rain-
fall have a more statistically normal distribution than
the apparently chaotic patterns of the arid southwest
(Graf 1988). However, even with extremes in climatic
conditions of three El Nifio and seven drought years
occurring during our study period, ponding still oc-
curred at least every other year on our study playas.
Even with an every-other-year probability of occur-
rence, this study shows that occurrences need to be
determined over longer time periods versus shorter or
annual time frames. Therefore, to refine future regional
hydrology criteria for playas, baseline surface-hydrol-
ogy data need to be developed for other playas systems
in the arid southwest to fully capture the degree of
inter-annual precipitation associated with ponded wa-
ter on playas typical of this region.

The algorithm we determined relating rainfall to ar-
eal extent of inundation could be useful for predicting
seasonal ponding duration and future development of
field indicators across the arid southwest. The rela-
tionship between the amount of rain and total weeks
the playa remains ponded that fits a second-order poly-
nomial may be helpful in supporting decisions regard-
ing the presence of hydrology at a site and determining
if it meets hydrology criteria for delineation purposes.
Also, this relationship may be useful in supporting the
development of field indicators and their reliability if
precipitation for the winter is known.

By developing a quantitative method for document-

ing the frequency and duration of ponded water, this
study provides a basis for future development of field
indicators useful for delineation throughout the region.
In their report, Brostoff et al. (2001) discussed differ-
ences in indicators for inundation and ordinary high
water marks in the field. Using the methodology we
present here, it may be possible to develop field in-
dicators for delineation by establishing the time each
spot on a playa is inundated and then correlating the
boundaries of those ponded zones to surface features
on the playas.
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