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Summary 

Owens Lake (Patsiata) is located at the southern end of the Owens Valley (Payahuunadü) in 
California. After water was diverted into the Los Angeles Aqueduct starting in 1913, the dry lakebed 
became one of the largest sources of airborne particulate matter in the United States, including particulate 
matter with an aerodynamic diameter of 10 micrometers or less (PM10). These small particles can 
penetrate into the lungs and cause or worsen a variety of health problems like asthma, bronchitis, chronic 
obstructive pulmonary disease, and respiratory infections. Since 2001, the Los Angeles Department of 
Water and Power (LADWP), at the direction of the Great Basin Unified Air Pollution Control District 
(which this report will refer to as “the District”), has implemented dust control measures on the lakebed. 
These on-lake sources are defined as those that lie below the 3,600-ft elevation regulatory shoreline that 
defines the Owens Lake bed (Figure S-1). The District has also implemented approximately 140 acres of 
dust control measures on off-lake areas (above the 3,600-ft regulatory shoreline) at the Keeler Dunes. 
Together, these controls have made substantial progress toward reducing the frequency and intensity of 
exceedances of the PM10 standard. However, both on-lake and off-lake sources continue to cause PM10 
exceedances that prevent the Owens Valley Planning Area (OVPA) from attaining the PM10 National 
Ambient Air Quality Standard (NAAQS). 

The National Academies of Sciences, Engineering, and Medicine’s Owens Lake Scientific 
Advisory Panel (OLSAP) was established following a 2014 stipulated judgement between the District and 
LADWP to foster understanding and collaboration on the scientific and technical approaches to dust 
control in the OVPA. OLSAP’s first task focused on the effectiveness of on-lake dust control measures, 
and they released a report on the topic in 2020 titled Effectiveness and Impacts of Dust Control Measures 
for Owens Lake. For its second task, the panel was asked to summarize the impact of off-lake sources on 
PM10 exceedances, as well as their distribution, origin, and how they might change over time. The panel 
was asked to recommend better methods for characterizing and monitoring PM10 contributions by off-lake 
sources. Additionally, the panel was asked to discuss possible dust control measures that could be applied 
to off-lake sources, as well as the applicability of the U.S. Environmental Protection Agency’s (EPA’s) 
Exceptional Events Rule for excluding air quality monitoring data from unusual or naturally occurring 
events that are not reasonably controllable. To gather the necessary information to address the statement 
of task, the panel held several information-gathering sessions, including a 2-day meeting at Owens Lake. 

The panel found that off-lake sources are, and will remain, a major source of PM10 exceedances in 
the OVPA. Local off-lake sources in the OVPA include flood deposits,1 Keeler Dunes, Olancha Dunes, 
alluvial fans, up-valley sources, and anthropogenic disturbances, among others. PM10 emissions from 
some of these sources, like certain alluvial fans and flood deposits not impacted by highway 
infrastructure, are judged with high certainty to be natural in origin. It would be reasonable to apply the 
Exceptional Events Rule to applicable high-wind events from these naturally occurring and not-
reasonably controllable sources so that these data would be excluded from regulatory decisions. 
Exceedances from other sources—Keeler Dunes, Olancha Dunes, and flood deposits influenced by 
highway infrastructure—are at least partially anthropogenic in origin and thus dust control measures may 
be required. Further monitoring and modeling would define more clearly the sources of PM10 emissions 
and their natural or anthropogenic origin. If dust control measures are required, the panel found that the 
establishment of native vegetation would be the most stable and sustainable dust control measure across 
all off-lake surfaces emitting particulate matter. On sand sheets and dunes, natural roughness features 

 
1 Following the District’s methods for source attribution, “flood deposits” in this report is defined as including 1) 
channelized flood deposits; 2) sheet/overland flow deposits; and 3) deposits from impounded flood waters. The term 
“alluvial fans,” in contrast, is used to refer to a general landscape feature and not a specific flood event. 
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such as straw bales or straw checkerboards would be necessary components of revegetation efforts. On 
small, impounded flood deposits, gravel cover could provide near-term dust control, but longer-term 
control would require improved drainage infrastructure to reduce accumulation of fine-grained sediments. 
In all cases, early engagement of local Tribal Nations in the planning and design of dust control methods 
and consideration of the resilience of these dust control methods under a changing climate are essential 
for reducing PM10 emissions in the OVPA. 
 
 

 
FIGURE S-1 The Owens Valley Planning Area (OVPA) and the 3,600-ft regulatory shoreline, which defines the 
Owens Lake bed.  
NOTES: PM10 monitoring stations in the OVPA that are operated by Great Basin Unified Air Pollution Control 
District (GBUAPCD) are indicated, as well as surrounding mountain ranges.  
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SOURCES OF PM10 EMISSIONS IN THE OWENS VALLEY PLANNING AREA 
 

Dust control measures have made substantial progress toward reducing the frequency and 
intensity of on-lake exceedances, but both on-lake and off-lake sources continue to cause PM10 
exceedances in the OVPA. The relatively consistent number of PM10 exceedances that the District has 
attributed to off-lake sources over the last 25 years, despite trends indicating a declining number of 
exceedances from on-lake sources, demonstrates the importance of these off-lake sources and suggests 
that these sources could hinder attainment with the PM10 NAAQS in the region. 
 

Conclusion 3-1: Off-lake sources currently contribute the majority of exceedances of the PM10 
NAAQS at most monitoring sites in the OVPA and are likely to remain important contributors in 
the future.  

 
Since 2017, the District has used additional information to attribute PM10 exceedances to specific 

sources within the OVPA. This information includes particulate and meteorological data, modeling, 
cameras, field observations, and media reports of dust storms. These data are compiled into the District’s 
exceedance database. Based on these data, the District classifies each exceedance as one of the following: 
1) dust—primarily on-lake sources, 2) dust—primarily local off-lake sources, 3) dust—primarily regional 
event, 4) wildfire smoke, or 5) mixed—dust and wildfire sources. Each documented exceedance includes 
detailed comments on likely source areas. The panel supports the District’s general approach to source 
apportionment and used this information to identify a few specific local off-lake sources that cause a 
disproportionate impact on the PM10 exceedances in the OVPA. These include flood deposits (including 
channelized, sheet/overland flow and impounded flood deposits), Keeler Dunes, Olancha Dunes, alluvial 
fans, up-valley sources, and anthropogenic disturbances. 
 

Conclusion 3-2: The most frequent local off-lake source of exceedances from 2017 to 2024 is 
flood deposits, followed by Olancha Dunes and Keeler Dunes. 

 
This District’s method for source attribution is useful for assessing broad trends, but the 

classifications are nonquantitative, and some uncertainties remain in the identification of specific off-lake 
source areas. For example, the current methodology does not allow for the quantification of PM10 
contributions from different sources for a single exceedance, and data are often not collected in locations 
that are ideal to capture detailed information about off-lake sources. Additional measurements and 
modeling would enable the District to more definitively identify how specific sources have contributed to 
exceedances and support future air quality management decisions. 
 

Recommendation 3-1: Given the importance of better characterizing contributing sources 
to individual exceedances from off-lake sources, the District, the California Air Resource 
Board (CARB), the U.S. Environmental Protection Agency (EPA) and land 
owners/managers should consider supporting the following measurements and modeling: 

 
- Compositional analysis (species, elements, isotopes) of PM10 material to better identify 

source areas leading or significantly contributing to exceedances; 
- Additional cameras to better attribute specific off-lake sources;  
- Portable In-Situ Wind Erosion Lab (PI-SWERL) transects to identify changes to dust 

emission potential with increased human influence, such as at the Olancha Dunes Off-
Highway Vehicle Area;  

- Temporary monitoring of PM10 to better characterize source areas of concern, 
potentially including the Olancha Dunes Off-Highway Vehicle Recreational Area and 
fallow agricultural fields and former groundwater-dependent vegetation areas to the 
north of the lake; 
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- PM10 modeling of off-lake sources, potentially using AERMOD, an EPA-recommended 
dispersion model for local-scale modeling instead of, or alongside, CALPUFF. 

 
ORIGIN AND EVOLUTION OF OFF-LAKE 

SOURCES IN OWENS VALLEY 
 

The Panel considered multiple lines of evidence to infer the origins and evolution of major PM10 
sources in the OVPA, or those that might become important sources in the future. One important process 
the panel considered was winnowing. This process suggested that PM10 material from the dry lakebed 
deposited onto off-lake landforms would be expected to decrease over time due to its resuspension and 
removal by aeolian processes. This hypothesis was based on a correlation between on- and off-lake 
exceedances at the Dirty Socks monitor between 1999 and 2012, which has not continued in more recent 
estimated emissions trends and exceedance data. Most current PM10 emissions from off-lake areas are 
likely not a result of resuspension of PM10 material originating from the lakebed that was deposited on 
off-lake landforms. Instead, the presence and common replenishment of highly emissive flood deposits 
provides ample fine particulates that can be emitted as PM10 as long as the horizontal flux of saltation-
sized particles is sufficient to emit dust from the surface. 
 

Conclusion 4-1: Winnowing is expected to play a minimal role in reduction in future off-lake PM10 
exceedances.  

 
Northeast Side of the Lake 

 
The northeastern side of Owens Lake is host to several landforms including the Keeler Dunes and 

the Slate Canyon/Keeler Alluvial Fan Complex that have undergone major changes over the last century 
and are substantial contributors to exceedances. During the 20th century, the Keeler Dunes transitioned 
from a largely vegetated dune system that was stabilized by greasewood (Sarcobatus vermiculatus) to an 
active dune field. The emergence of Keeler Dunes as an active dune field resulted in abundant saltation 
that can drive PM10 emissions from flood deposits that are continually replenished from the alluvial fan. 
Therefore, ongoing PM10 exceedances from this area are a direct result of the destabilization of the Keeler 
Dunes. The panel finds that the net transport direction, available imagery, and the evidence for 
groundwater-dependent vegetation currently present in the dunes support the conclusion that increased 
sand transport following the diversion of water from Owens Lake destabilized the Keeler Dunes. Changes 
to surface hydrology resulting from construction of berms designed to protect Highway 136 appear to 
have had an impact on upland (non-groundwater-dependent) vegetation but are unlikely to have led to the 
destabilization of groundwater-dependent vegetation in the Keeler Dunes.  
 

Conclusion 4-2: The reactivation of the Keeler Dunes was related to the additional upwind sand 
supply available from the Owens River delta following drainage of Owens Lake. 
 
Conclusion 4-3: Due to continuing aeolian activity of the Keeler Dunes and replenishment of 
flood deposits within the dunes, the system will continue to contribute material to PM10 emissions. 
Stabilization of the dunes would likely reduce PM10 emissions.  

 
Several constructed berms northeast of Highway 136 were intentionally designed to alter surface 

hydrology, directing overland flow to specific discharge points along the highways. The panel did not 
analyze each berm-related flood deposit but instead considered the berms on the Slate Canyon/Keeler 
Alluvial Fan Complex as potentially representative of similar features around Owens Lake. These berms 
have had appreciable, localized impacts on the distribution of flood deposits in the Keeler Dunes region, 
especially following impacts from the remnants of Hurricane Kay in September of 2022. Further 
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investigation would be needed to determine the impacts that these berms have, if any, on potential off-
lake PM10 emissions from flood deposits.  
 

Conclusion 4-4: The construction of berms northeast of Keeler Dunes and elsewhere modified 
sediment transport, but it is uncertain if this modification of sediment transport increased PM10 
emissions from flood deposits relative to that which would have occurred without berms.  
 
Recommendation 4-1: The District should work with the California Department of 
Transportation and other Owens Valley Planning Area landowners to determine the impact 
of berms on flood deposits and associated PM10 emissions.  

 
Southern Side of the Lake 

 
The southern side of Owens Lake is host to the Olancha Dunes and multiple alluvial systems that 

are important sources of PM10 exceedances. The scientific literature on the origin and evolution of the 
Olancha Dunes is quite sparse, but available evidence indicates that the dunes formed prior to the 
diversion of water from Owens Lake. The panel’s analysis shows that the dunes experienced a slight 
southward extension (approximately 0.3 miles) from 1944 to the current day. This southward extension 
could be the result of increased sediment supply following the diversion of water from Owens Lake or 
from other natural or anthropogenic activities. 

Olancha Dunes is also the location of an off-highway vehicle (OHV) and dispersed camping 
recreational area that makes up approximately 36 percent of the total dune area. There is little to no 
research on the impacts of decades of OHV activity on PM10 emissions at Olancha Dunes, but research 
from other sites like the Oceano Dunes State Vehicular Recreation Area and the Imperial Sand Dunes 
Recreation Area shows clear associations between OHV activity, decreasing vegetation cover, and 
increased dust emissions. Additional study using aerial photography, Portable In-Situ Wind Erosion Lab 
(PI-SWERL) dust emission potential measurements, and the Bureau of Land Management’s records of 
impacts from recreational activity could provide information on the contribution of recreational activity to 
PM10 emissions.  
 

Conclusion 4-5: The Olancha Dunes has extended southward slightly since the 1940s, but there is 
not sufficient evidence to indicate that this southward extension was influenced by drainage of the 
lake or other anthropogenic activities, such as off-highway vehicle (OHV) recreation and 
dispersed camping.  
 
Recommendation 4-2: The District should work with the Bureau of Land Management to 
determine the impacts of recreational activity on plant communities and PM10 emissions 
within the Olancha Dunes and remediate as needed.  

 
The southern side of Owens Lake also hosts multiple alluvial channel/wash systems that deliver 

and rework sediments from the neighboring Coso and Sierra Nevada ranges. These alluvial channel/wash 
systems supply sand and PM10 material, and they can only support low-density vegetation cover, which 
creates conditions ripe for high PM10 emission. While the replenishment of these alluvial systems is a 
natural process that has been occurring for millennia, anthropogenic alteration of the flowpaths through 
the constructed infrastructure may change the amount and distribution of impounded water and sediment 
and thereby change its potential to contribute to PM10 emissions. Climate change is projected to make 
extreme precipitation events more frequent and intense, which would more frequently replenish fine 
sediments in flood deposits that contribute to PM10 emissions. 

 
Conclusion 4-6: Aerial and satellite images suggest that the impounded flood deposits south of 
the lake near the Dirty Socks PM10 monitor may have been affected by the rerouting of Highway 
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190. Highway 190 infrastructure clearly impacts flood flows in other areas along the south of the 
lake, although it is unclear to what extent, if any, this infrastructure impacts overall PM10 
emissions and measured exceedances. 
 
Recommendation 4-3: The District should work with the California Department of 
Transportation to determine the impact of Highway 190 and related berms on flood 
deposits and associated PM10 emissions, with initial emphasis on the impounded flood 
deposits near the Dirty Socks PM10 monitor. 

 
Potential Sources North of the Lake 

 
Current data indicate a stable shallow groundwater table in the area around Owens Lake. 

However, there is substantial evidence that areas north of the lake have seen decreases in vegetation 
cover, which may have contributed to historical dust emission in the OVPA. A groundwater management 
plan and a number of revegetation projects were implemented in the 1990s to reduce blowing dust in 
affected areas. If this land is not managed carefully, dust emission from the area north of the lake could 
increase, especially under changing climatic conditions.  

 
Conclusion 4-7: Drought coupled with constant or increasing water extraction in the Owens 
Valley could result in prolonged lowering of the groundwater table. If groundwater drops to 
levels that severely impact the health of existing groundwater-dependent vegetation, the potential 
for PM10 emissions north of the lake would increase. 
 
Conclusion 4-8: Continued monitoring and regular updates on the advancement of revegetation 
projects on former groundwater-dependent meadows and abandoned agricultural fields will 
inform potential measures that may be necessary to reduce PM10 emission in the face of future 
climate pressures. 

 
Further Research to Establish the Origin and Evolution of OVPA Sources 

 
More chronological research may reduce uncertainties surrounding the origin and evolution of 

dune fields and flood deposits. Collecting sediment samples across dunes and flood deposits by coring or 
auguring may be the best way to collect a comprehensive set of data. These methods may illuminate 
relatively recent processes that occurred after the diversion of water from Owens Lake, construction of 
berms, and the rerouting of Highway 190.  
 

Conclusion 4-9: A coring and optically stimulated luminescence campaign targeting recent 
mobilization events (including those younger than 100 years) across Olancha Dunes, Keeler 
Dunes, and the flood deposits near the Dirty Socks monitor will reduce uncertainty on the origin 
and evolution of these deposits.  

 
UTILIZATION OF THE EXCEPTIONAL EVENTS RULE IN THE OVPA 

 
The EPA’s Exceptional Events Rule for high wind dust events can be used to exclude unusual or 

naturally occurring exceedance event data from consideration in regulatorily significant decisions, as long 
as other public health protections are met. Nevertheless, the way the Exceptional Events Rule is 
interpreted and implemented has consequences for a region’s air quality and associated health impacts. 
Based on current EPA guidance and the panel’s evaluation of the origin and evolution of off-lake sources, 
some exceedances from off-lake sources in the OVPA may be considered natural events, as human 
activity played little or no direct causal role in their occurrences.  
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Conclusion 5-1: Most exceedances from channelized flow deposits, sheet flow deposits, and 
deposits impounded behind natural features appear to fit the Exceptional Events Rule criterion of 
natural events.  

 
Some emissions from off-lake sources in the OVPA may be considered anthropogenically 

influenced. Since the OVPA has a State Implementation Plan that is over five years old, the Exceptional 
Events Rule requires an assessment and implementation of reasonable controls that could be applied to 
these anthropogenically influenced sources. It is beyond the charge to the panel to determine what 
controls are “reasonable” because that includes policy judgments rather than purely scientific 
assessments. 
 

Conclusion 5-2: Emissions from the Keeler Dunes, the Olancha Dunes, and the highway-
impounded flood deposit south of the Dirty Socks monitor have been affected by human activities 
resulting from draining of the lake, off-highway vehicle (OHV) recreation, and highway 
construction, respectively. Therefore, an assessment and potential implementation of reasonable 
controls would be required before an Exceptional Event demonstration is considered at these 
locations. 

 
A thorough consideration of reasonable controls would include attention to resilience of the dust 

control measure under climate change. These considerations may include accounting for more intense 
flooding and prolonged drought. 
 

Recommendation 5-1: The District, California Air Resources Board, and the 
Environmental Protection Agency should consider resilience under climate change as part 
of its assessment of reasonable controls. 

 
INFORMING DUST CONTROL DECISIONS FOR OFF-LAKE SOURCES 

 
If dust control measures are determined to be necessary and feasible for off-lake sources, 

implementation will require a systems-level landscape approach that considers cultural resources. 
Collaboration with local Tribal Nations will improve community investment in restoration efforts and 
outcomes.  
 

Conclusion 6-1: Tribal input into the evaluation of potential dust control measures, starting at 
the very initial stages of project conceptualization and design, will support collaborative 
planning, community engagement, and successful implementation. 

 
Many areas around the OVPA are extremely dynamic settings, requiring different approaches 

over space and possible re-treatment over time (e.g., in flood deposits). Nevertheless, the panel found that 
the establishment and maintenance of vegetation offers the best chance for a natural, self-sustaining 
protection of the soil surface from wind. Additional methods that will support the eventual establishment 
of vegetation are expanded upon below. 
 

Conclusion 6-2: Establishing and maintaining native vegetation is the most stable and 
sustainable dust control measure across all emitting off-lake surfaces. 

 
A number of sand sheets and dune fields (e.g., Keeler and Olancha) are distributed along the 

eastern and southern shorelines. Efforts to partially stabilize Keeler Dunes using solid natural roughness 
elements of straw bales have resulted in the successful establishment of native shrub seedlings that are 
providing seed for additional colonization of the sand. Porous naturally sourced roughness elements such 
as straw checkerboards have also been used with great success in China to protect highways, rail lines, 
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and villages from encroaching sand. These barriers are inexpensive to build and, although relatively short-
lived, may be repaired or renewed as necessary until vegetation has successfully colonized the area.  

 
Conclusion 6-3: In sand sheets and dune fields, solid naturally sourced roughness elements like 
straw bales and porous natural roughness elements like straw checkerboards are effective, 
ecologically favorable, and potentially feasible means to provide temporary surface stabilization 
until native shrub communities become well-established. 

 
Fine-grained flood deposits are scattered in topographic lows along the shoreline and within the 

sand sheets and dunes. These fine-grained deposits are extremely emissive and efforts to control these 
dust sources could reduce exceedances. Where current deposits of fine-grained material are small in size, 
they could be covered with unlined layers of gravel or cobbles. This system would allow for rapid 
infiltration of water into the flood deposits, which hold water very effectively. Such constructions would 
allow plants to find a hospitable root zone that would provide water and nutrients for growth and 
reproduction, further stabilizing the surface. Longevity of this dust control measure would depend on the 
interval between floods and would potentially need to be renewed following a major flood event barring 
changes to infrastructure or local topography. 

 
Conclusion 6-4: For near-term mitigation of the highly emissive highway-impounded flood 
deposits, a feasible dust control measure is covering fine-grained flood deposits with gravel or 
cobbles in parallel with vegetation restoration.  
 
Conclusion 6-5: The panel could not identify any long-term, cost-effective dust control measures 
that could stabilize the large-scale flood channel deposits deposited downgradient of the berm 
near Keeler Dunes by the remnants of Hurricane Kay in 2022. 

 
Flood deposits around Owens Lake have been affected by both the construction of the highway 

and a number of upgradient berms. Drainage improvements along the highway with the addition of 
culverts or the elevation of roadways would reduce future ponding of flood water and accumulation of 
material next to the highway leading to PM10 emissions. Highway berms concentrate flow toward a 
limited number of culverts under the highway, which may contribute to large deposits of fine-grained 
material after major precipitation events (e.g., the remnants of Hurricane Kay in 2022). Modification of 
the berm structures, highway culverts, and water harvesting and spreading are large, intensive dust 
management options, but they have the potential to reduce floodwater velocity and the concentration of 
fine-grained sediment while enhancing water storage for vegetation establishment. Water harvesting from 
surface runoff and water spreading from drainage features could be used to encourage shrub growth in the 
future when climate change may make rainfall less predictable. Increased infiltration along the upper 
positions of the slope might also augment groundwater elevations such that the capillary fringe might be 
contacted by established shrub roots. Such a system may also limit erosion of gullies and ravines by 
reducing the velocity of floodwater. 
 

Conclusion 6-6: Improved drainage for flood deposits impounded behind Highway 190 would 
reduce accumulation of fine-grained sediments from future flood events.  
 
Conclusion 6-7: Hydrologic modifications of the berm structures, potentially combined with 
improved highway drainage and upgradient water harvesting and spreading, could reduce the 
size of future dust sources around Owens Lake.  

 
Additionally, off-highway vehicle recreation is known to be associated with landscape changes 

that lead to PM10 exceedances. In the Owens Valley, the Bureau of Land Management manages an off-
highway vehicle recreation and primitive camping area of approximately 400 acres (1.6 km2) or 36 
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percent of the total area of the Olancha Dunes. Additionally, there have been reports of vehicle recreation 
on dry backwater lakes causing dust emissions.  

 
Conclusion 6-8: Limits to recreational use, including off-highway vehicles, is a feasible dust 
control measure for recreational areas that contribute to PM10 exceedances. 
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1 
Introduction 

Owens Lake, or Patsiata in the local Mono language, is located at the southern end of the Owens 
Valley and bordered by the Sierra Nevada Mountains to the west, the White-Inyo Mountains to the east, 
and the Coso Range to the south and east (Figure 1-1). Prior to the 20th century, the lake was a closed-
basin saline lake of approximately 100 square miles (Holder 1997; NASEM 2020). The lake was and still 
is central to the way of life for the Nüümü and Newe (Paiute and Shoshone in English, respectively) who 
live in Owens Valley, or Payahuunadü, land of the flowing water (Owens Valley Indian Water 
Commission 2024). Beginning in 1913, water was diverted from the Owens River into the Los Angeles 
Aqueduct. This diversion eventually shrank Owens Lake to one-third of its former area, leaving a brine 
pool surrounded by a dry lakebed (NASEM 2020). Once exposed, the lakebed produced large amounts of 
airborne dust under high winds. This resulted in Owens Lake being one of the largest sources of airborne 
particulate matter in the United States (EPA 2017; Ono 2006), including particulate matter with an 
aerodynamic diameter of 10 micrometers or less (PM10). These small particles can penetrate the lungs and 
can cause or worsen a variety of health problems such as asthma, bronchitis, chronic obstructive 
pulmonary disease, and respiratory infections (GBUAPCD 2016). In 1987, the U.S. Environmental 
Protection Agency (EPA) identified the southern Owens Valley (known as the Owens Valley Planning 
Area, or OVPA) as violating the health-based PM10 National Ambient Air Quality Standard (NAAQS) 
(GBUAPCD 2016). The area also has been designated by the state of California as being in nonattainment 
of the corresponding state standards, the California Ambient Air Quality Standard (CAAQS) (NASEM 
2020).1  

Over the last 25 years, the Los Angeles Department of Water and Power (LADWP), at the 
direction of the Great Basin Unified Air Pollution Control District (the District), has implemented dust 
control measures on the lakebed, defined as the land located below the regulatory shoreline, which was 
designated at an elevation of 3,600 ft (GBUAPCD 2016). These dust control methods were implemented 
with the objective of meeting the EPA NAAQS for PM10, as well as the PM10 standards set by the state of 
California. There have been four approved final State Implementation Plans (SIPs)—1998, 2003, 2008, 
2016—and an amendment in 2013, that documented how PM10 emissions would be reduced to comply 
with the NAAQS (GBUAPCD 1998, 2003, 2008, 2013, 2016). As of this publication, LADWP has spent 
approximately $2.5 billion on their dust mitigation program at Owens Lake and implemented controls on 
49.18 square miles (including 1.21 square miles of deferred areas) with a potential maximum buildout 
extent of 53.4 square miles (Figure 1-2) (LADWP 2024b). These controls will be maintained in 
perpetuity. The District has also implemented approximately 140 acres of dust control measures on off-
lake areas (above the 3,600-ft-elevation regulatory shoreline) at the Keeler Dunes following a $10 million 
public benefit contribution from LADWP and $2.6 million from District funds (GBUAPCD 2013) (Grace 
Holder, GBUAPCD, personal communication, May 2024). Together, these controls have made substantial 
progress toward reducing the frequency and intensity of exceedances of the PM10 standard, currently 
monitored at 9 locations surrounding the lakebed (Figures 1-2 and 1-3). Despite these efforts, both on-
lake and off-lake sources continue to cause PM10 exceedances.  
  

 
1 Attainment of the National Ambient Air Quality Standard (NAAQS) has precedence over attainment of the 
California Ambient Air Quality Standard (CAAQS). Unlike NAAQS, CAAQS does not require that standards be 
met by specified dates. Instead, the law requires incremental progress toward attainment (CARB 2024). 
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FIGURE 1-1 Map of the Owens Valley Planning Area, showing major landowners, PM10 monitoring stations, and 
mountain ranges.  
NOTES: Hatch-markings delineate the area within 3 km of the 3,600-ft-elevation regulatory shoreline that defines 
the Owens Lake bed. Three kilometers are shown here based on the panel’s statement of task, which states, “the 
majority of the local off-lake sources fall within 2–3 km from the shoreline….” 
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FIGURE 1-2 Dust control measures construction phase designations on on-lake sources.  
NOTES: Only the original dust control phases are included and several of the dust control areas have been 
transitioned to other types of dust control or have been rebuilt/redesigned. Changes to acreages caused by redesigns 
are not shown or included in the acreage calculation. 
SOURCE: Arrash Agahi, LADWP, personal communication, January 2025. 
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FIGURE 1-3 Calculated annual on-lake and off-lake exceedances for all monitoring sites based on consistent 
metrics over time divided by the number of active monitors for a given year.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. This plot takes into account the fact that monitors have been added over time, 
and some monitors were temporarily removed. For example, the Lizard Tail and North Beach monitors were not 
installed until 2008–2009. The Flat Rock PM10 monitor, which was in place from 2001 to 2011, was replaced by the 
Mill monitor in 2010. The Mill and North Beach monitors were temporarily removed from December 2012 through 
August 2014, and the Dirty Socks monitor was removed from December 2012 through December 2014. Exceedance 
counts and on- and off-lake attribution are based on screened wind direction and a threshold of 150 µg/m3 for 
exceedances. For all years, on- and off-lake exceedance counts were purely classified by screened wind directions 
and may have included wildfire smoke events and regional events. For all hours without data when the wind was 
coming from an opposite direction (on- or off-lake), a background concentration of 20 µg/m3 was assumed. Many 
years have incomplete data and are not a true indication of annual exceedance counts, especially in years in which a 
monitor was installed or removed. A statistically significant decreasing trend in the number of exceedances per 
monitor was determined for on-lake emissions (p-value<0.01) but the trend for off-lake exceedances was not as 
significant (p-value=0.03) using the non-parametric Mann-Kendall statistical test. However, if the first two years of 
data (2001–2002) are removed, the off-lake trend is no longer significant (p=0.15).  
SOURCE: Generated by the panel. Data from Chris Howard, GBUAPCD, personal communication, March 2024. 
 
 

STATEMENT OF TASK AND APPROACH 
 

The Owens Lake Scientific Advisory Panel (OLSAP) was established following the 2014 
stipulated judgement between the District and LADWP. The goal of the panel is to foster understanding 
and collaboration on the scientific and technical approaches to dust control. The panel’s first report 
(NASEM 2020) focused on the effectiveness of alternative dust control methods for on-lake sources of 
PM10. Since that report, the OVPA has seen continued exceedances that have prevented attainment with 
the PM10 NAAQS, which requires no more than one expected exceedance per year at each monitor, 
averaged over three years (40 C.F.R. § 50.6[a] 2023) (see also Chapter 3). As shown in Figure 1-3, these 
continued exceedances are increasingly dominated by off-lake sources. In 2022, the District sent a letter 
to LADWP and the National Academies of Sciences, Engineering, and Medicine requesting that OLSAP 
examine and evaluate PM10 emissions from off-lake sources. The full statement of task is found in Box 1-1.  
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BOX 1-1 
Statement of Task 

 
The Owens Lake Scientific Advisory Panel (OLSAP) of the National Academies of Sciences, Engineering, 

and Medicine will evaluate off-lake sources of airborne dust in Owens Valley, California. Off-lake dust sources 
are those that are located at elevations above the 3,600 ft regulatory shoreline of Owens Lake. OLSAP will focus 
on those sources for which available data indicate they are potentially significant contributors to high PM10 
concentrations in the Owens Valley Planning Area (OVPA). (PM10 refers to airborne particulate matter with an 
aerodynamic diameter of 10 micrometers or smaller.) 

As part of its assessment, and to the extent sufficient data are available, OLSAP will summarize the overall 
nature and character of off-lake sources. The majority of the local off-lake sources fall within 2–3 km from the 
shoreline as used in the air modeling conducted for the 2016 State Implementation Plan (SIP) for achieving and 
maintaining the National Ambient Air Quality Standards (NAAQS) in the OVPA. In addition, the panel will 
address the following aspects with respect to off-lake dust sources:  
 

• Develop a summary of previous research, studies, and available information on off-lake dust sources in 
the OVPA that synthesizes the overall character of off-lake dust sources, including (but not limited to): 

A. Physical setting and other characteristics, such as geomorphological features. 
B. Extent and distribution of off-lake sources. 
C. PM10 impacts of off-lake sources, with impacts defined as causing or significantly contributing 

to exceedances of the PM10 NAAQS in the OVPA. 
D. Past and expected future changes in off-lake dust sources over time. Consideration of changes 

may include emissivity, number, extent, and distribution of off-lake sources. 
• Describe the origin of regulatorily significant off-lake dust sources and how they developed over time. 
• Describe potential options and recommendations to better characterize, monitor, and track changes in the 

PM10 contributions of off-lake sources to exceedances of the PM10 NAAQS in the OVPA. 
• Describe possible dust control measures that could be applied to significant off-lake sources, with 

consideration of feasibility. 
• If appropriate, discuss the applicability of U.S. EPA’s Exceptional Events Policy for excluding air 

quality monitoring data affected by dust emissions from off-lake sources from use in determinations of 
whether the OVPA was in compliance with the NAAQS. 

 
 

Given the focus of the statement of task on the PM10 NAAQS and not the California Ambient Air 
Quality Standard (CAAQS), the panel focused much of its analysis on attainment of the NAAQS. 
However, the panel recognizes that attainment of the CAAQS is an eventual goal. Additionally, while 
both on-lake and off-lake sources can and do contribute to varying degrees to PM10 exceedances on 
individual monitored exceedance days, the statement of task solely focuses on off-lake sources (i.e., those 
that are above the 3,600-ft-elevation regulatory shoreline). Although the District emphasized that the 
primary focus of the statement of task is local off-lake sources that are primarily within 2–3 km of Owens 
Lake (Table 1-1),2 the panel also considered other sources in the Owens Valley Planning Area “for which 
available data indicate [as] potentially significant contributors to high PM10 concentrations in the Owens 
Valley Planning Area (OVPA).” Additionally, the panel considered potential future sources as the task 
mandates that the panel consider “changes in off-lake dust sources over time” (Box 1-1). The District also 
noted that windblown sources of dust are the focus of the task, not local permitted sources of air pollution 
(e.g., landfills, mines) nor other local sources of dust from mechanical and combustion processes (e.g., 
woodburning devices, transportation, unpaved roads, paved road dust, tailpipe emissions, prescribed 

 
2 The focus on 2–3 km from the regulatory shoreline follows the 2016 State Implementation Plan (GBUAPCD 2016) 
that was based on an analysis by the Maricopa Association of Governments, which found source impacts decay by 
about a factor of “10 between 0 and 500 meters, between 500 and 2,800 meters, and between 2,800 and 30,000 
meters.” This analysis is likely valid for smaller source areas, but may not be for more disperse sources, or when 
those emissions are channeled down the valley.  
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burning) (Table 1-1). Similarly, regional dust events originating from outside of the OVPA and wildfire 
smoke events are not the main focus of the task, although these ancillary sources of PM10 may be relevant 
to the discussion, as they can contribute to exceedances in the OVPA (Table 1-1). Finally, as suggested by 
the statement of task, the panel only considered the potential application of Exceptional Events Rule (40 
C.F.R. § 50.14) to high wind dust events and not for wildfire smoke events.  
 
 
TABLE 1-1 The Off-Lake Source Categories Relevant to this Task 
PM10 Source Categories Details Comments Relationship to Task  
Off-Lake Local 

(within 
the 
OVPA) 

Local off-lake 
sources  

Sources of dust emissions 
above 3,600 ft, adjacent or 
near Owens Lake, 
primarily located within 
2–3 km of the shoreline.  

The District has identified 
that areas adjacent to 
Owens Lake are causing 
and/or significantly 
contributing to PM10 
exceedances. These 
sources include local 
dunes, sand sheets, flash 
flood deposits, and other 
open areas. 

These are the focus of the 
District’s request to 
OLSAP. 

Permitted 
stationary 
sources 

Local sources of air 
pollution permitted by the 
District (e.g., Mines, 
engines, landfills) 

District has permits and 
enforcement for these 
sources. 

These are not the focus of 
the District’s request to the 
OLSAP. However, the 
emissions of these sources 
may be relevant to the 
discussion. 

“Other” local 
sources 

This a large group of 
sources grouped together 
here for efficiency. 
Woodburning devices 
(fireplaces and stoves), 
transportation, unpaved 
roads, paved road dust, 
tailpipe emissions, 
prescribed and agricultural 
burning. 

These are local sources 
that exist but have not 
been identified by the 
District as causing or 
significantly contributing 
to PM10 exceedances in 
the OVPA.  

These are not the focus of 
the District’s request, but 
discussion of these events 
may be relevant to the 
discussion to establish 
they are not contributing 
significantly to PM10 
emissions. 

Regional 
(outside 
the 
OVPA) 

Regional dust 
events 

Dust events from outside 
the OVPA. 

These events are typically 
mixed-source events, with 
additional contributions 
from local sources. 

These are not the primary 
focus of the District’s 
request, but discussion of 
these events, the sources, 
and the PM10 contributions 
to monitors in the OVPA 
are relevant to the 
discussion. 

Wildfire 
smoke events 

Smoke from wildfire 
events. 

Typically regional but 
could be caused from a 
local wildfire within the 
OVPA. Also, as has 
happened in rare 
occasions, event could be 
on-lake if it occurs below 
3,600 ft. 

These are not the focus of 
the District’s request to the 
OLSAP. 

NOTES: Some PM10 exceedances are caused by primarily one of the above categories; others may be caused by any 
number of combinations of the above sources. 
SOURCE: Phillip Kidoo, GBUAPCD, personal communication, May 9, 2024. 
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OLSAP used numerous resources, including published literature, regulatory documents, 
presentations, and public comments in its information gathering. The panel held several information-
gathering meetings, including a 2-day open session at Owens Lake May 29–30, 2024, where several 
science and policy experts, Tribal representatives, and environmental organizations presented to the panel. 
Another open information gathering session occurred in Los Angeles on July 30, which included 
presentations from experts on the hydrology, climatology, and emissions of Owens Valley. Another open 
information gathering session occurred on October 7 and focused on exceptional events in Imperial 
County, Clark County, and the South Coast Air Quality Management District. Virtual open sessions were 
held on July 12, July 26, September 6, and December 16, 2024, to investigate air quality data, strategies 
for engaging with Tribal communities, and dispersion modeling results in more detail. 

In a few cases, the panel completed original data analyses. The results of these analyses were 
replicated by fellow panel members to verify accuracy. This involved multiple panel members and project 
staff replicating the classification of data in the District’s exceedance database, and the panel also 
performed a comparative analysis of emission fluxes, including derivation of equations and code, shown 
in Appendix A.  
 

OUTLINE OF REPORT 
 

The report is organized into six chapters. Chapter 2 discusses the system-level context for off-lake 
PM10 sources. Chapter 3 explores the sources of PM10 exceedances in the OVPA and provides 
recommendations on how to improve monitoring and modeling. Chapter 4 provides several conclusions 
on the origin and evolution of off-lake sources and recommendations for how to advance this research. 
Chapter 5 discusses the applicability of the Exceptional Events Rule to exceedances from off-lake 
sources, and Chapter 6 is a solution-focused exploration of potential dust control options that could be 
applied, if deemed necessary. 
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2 
A Systems-Level Understanding for 

Off-Lake PM10 Sources 

Effective management of dust emissions is supported by a systems-level understanding of the 
many factors involved in particulate matter emissions. The distribution of potentially emissive particles 
and their movement depend on multiple processes (e.g., geology, climate, hydrology, ecology) that vary 
across spatial and temporal scales, and the interaction of multiple landscape features (e.g., rivers, lakes, 
playas, alluvial fans, sand dunes). This chapter discusses the factors and processes influencing PM10 
emissions in the Owens Valley Planning Area (OVPA) followed by important context associated with key 
elements of the system, including geology, climatology, meteorology, hydrology, vegetation, and 
communities. 
 

OVERVIEW OF CONTROLS OVER OWENS VALLEY PM10 EMISSIONS 
 

In the OVPA, multiple factors affect PM10 emissions over space and time, including geology, 
climatology, meteorology, hydrology, and vegetation (Figures 2-1, 2-2, and 2-3). Humans are also an 
important part of this landscape because Tribal and other local communities depend on the local 
ecosystem for food and water, along with recreational, economic, and cultural resources; as such, these 
anthropogenic influences can affect PM10 emissions. The valley also has a long history of pre-colonial 
Tribal water distribution and ecosystem stewardship in addition to water diversions from the Owens 
Valley over the last century.  

Broadly, Owens Valley reflects millions of years of evolution in the geological, climatological, 
hydrological, geomorphic, and ecological sub-systems in the region, with interconnected and often 
interdependent landscapes and features. For these reasons, land use and natural resource managers 
continue to face steep challenges when tasked with restoring landforms or ecological sub-components 
within broader, dynamic landscapes, particularly in the context of climate change. 
 

GEOLOGICAL CONTEXT 
 

The landscape of the Owens Valley is a basin-and-range valley similar in some ways to other 
settings in the southwestern United States with broad valleys bounded by near parallel, north-south 
oriented mountain ranges. This type of landscape is the product of crustal extension over millions of years 
to produce faults and blocks of the Earth’s crust that shift in orientation (tilting) and relief (elevation) 
relative to one another over relatively short distances (Eaton 1982). The Owens Valley is a fault-bounded 
depression, or graben, flanked by uplifted and tilted crust of the southcentral Sierra Nevada Mountains to 
the west, the White-Inyo Range to the east, and the Coso Range to the south and east.  

In terms of overall relief, the Owens Valley is among the deepest valleys in the United States, 
with an elevation difference of roughly 10,500 ft (3.2 km) between the valley floor and Mount Whitney, 
the tallest peak on the west side, which stands at 14,500 ft (4,420 m). Thus, drainage basins that connect 
water and sediment flows from the mountains to the valley floor are typically very energetic and have 
been for millions of years. Even prior to water diversion, Owens Lake had been relatively shallow due to 
high rates of sedimentation from erosion of nearby mountain ranges and sediment delivery from the 
Owens River. Because of its shallow nature, the effects of climatological changes are amplified at the 
lake. 
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FIGURE 2-1 Processes and controls that influence PM10 emissions in the OVPA. 
 
 

 
FIGURE 2-2 Controls and processes (in bold) leading to PM10 emissions in the Owens Valley.  
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FIGURE 2-3 Conceptual model of the OVPA showing major landscape features and sources of dust emission (e.g., 
flood deposits impounded behind natural ridges, sand dunes, sand sheets, and alluvial fan complexes).  
 
 

For about 2.6 million years, Earth’s climate has been oscillating between warm and dry 
interglacial periods and cooler and wetter glacial periods due to changes in Earth’s orbit and axis 
(Milankovitch 1941). The Sierra Nevada was largely glaciated during the cooler and wetter periods 
(Basagic and Fountain 2011), which led to increased runoff and high water levels that would periodically 
overflow into neighboring chains of lakes (Bacon et al. 2020; Gale 1914). Overflow water from the paleo-
Owens Lake likely stopped 11,000 to 12,000 years ago (Rosenthal et al. 2017), when it became a terminal 
lake (Bacon et al. 2006; Bacon et al. 2018; Benson et al. 2002; Li et al. 2000; Smith and Bischoff 1997; 
Smoot et al. 2000). Between 1872 and 1878, Owens Lake was a closed basin lake spanning more than 
108 square miles (280 km2) with a water depth of 48.9 ft (14.9 m) (Gale 1914; Lee 1915). Major water 
diversions began in 1913 after the construction of the Los Angeles Aqueduct system. By 1931, Owens 
Lake had largely evaporated, leaving a remnant brine pool and the playa environment known today 
(Smith, Bischoff, and Bradbury 1997). The result of this geologic history is a complex and continually 
evolving spatial mosaic of different landforms in the valley fill deposits that were produced and are 
reworked by slope (colluvial), riverine (fluvial and alluvial), wind (aeolian), and glacial actions. In one 
location there may exist layers of deposits that vary in particle size, composition, and depositional 
structure based on differences in their origin. Thus, the Owens Valley landscape is composed of a mosaic 
of different surface types with differing potential to produce dust.  
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Dust Emission Processes 
 

Dust emission occurs when the shear force exerted on a particle exceeds the forces attaching the 
particle to the surface (such as gravitational or electrostatic forces). Sand-sized particles from 63 to 100 
micrometers have the lowest threshold shear speeds, and therefore, if they are present, these “efficient 
saltators” are the first to move, undergoing “saltation,” or movement in arc-shaped hops within a few 
centimeters of the surface (Figure 2-4) (Bagnold 1941; Gillette et al. 1997). These particles can be single 
clasts or aggregates of smaller particles. Saltators ejected from the surface follow ballistic trajectories 
before falling back to the surface, where they strike other particles and/or disaggregate into finer particles. 
The impacted particles, if similarly sized or larger, can “creep” or roll along the surface, whereas smaller 
particles (including PM10) may be ejected either from within the surface sediment matrix or as fragments 
from colliding particles. These finer particles can be entrained into the turbulent air stream in 
“suspension” (i.e., “dust” or “emitted PM10”; Figure 2-4; Bagnold 1941). Thus, if particles capable of 
saltation and emission as PM10 are present, dust emission can occur on any surface, including natural 
surfaces around the lake. The amount of dust emission flux (Fd) from a surface is proportionate to the 
saltation flux (Q), both of which are a function of the wind shear velocity (u*) at the surface. Generally, 
the volume of fine dust particles emitted from a surface by saltation takes the form, 𝐹ௗ ∝ 𝑢∗௜ , where i = 3 
for harder crusted surfaces and i = 4 for soft, loose sand or soil surfaces (Lu and Shao 1999; Sweeney 
2022). Dust emission is a natural process in semiarid landscapes with competent winds and sufficient 
particles for saltation and suspension. Although direct aerodynamic entrainment of dust-sized particles 
without saltating sand is possible, it is believed to be relatively rare on natural surfaces with varying 
roughness elements (e.g., plants, mixed sediments, dunes) and soil moisture conditions (Sweeney 2022). 
 
 

 
FIGURE 2-4 Wind-induced particle movements. 
NOTES: The arrows on the left represent the logarithmic decrease of wind speed towards the bed surface. Larger 
particles move in creep mode; fine and medium sand-sized particles move by saltation mode, and smaller particles 
enter suspension where they are transported away. Image is not to scale. 
SOURCE: Zobeck and Van Pelt (2011). 
  

https://nap.nationalacademies.org/catalog/27958?s=z1120


Off-Lake Sources of Airborne Dust in Owens Valley, California

Copyright National Academy of Sciences. All rights reserved.

A Systems-Level Understanding for Off-Lake PM10 Sources  21 

Prepublication Copy 

Potentially Emissive Landforms  
 

Surface water has the potential to move both fine dust-sized particles and larger sand- and gravel-
sized particles. This is particularly true in overland and channelized flood waters moving from the 
mountain front down toward the bottom of the valley. During higher energy flood events, particles of all 
sizes (including boulders) can be transported by water, with larger particles deposited on the upper 
alluvial fans and finer particles moved to more distal reaches of alluvial fans and onto the valley floor. 
Thus, the distal edges of alluvial fans tend to be finer grained than areas closer to the mountain fronts, and 
fans generally tend to be composed of clasts too large to be moved by wind. In lower energy situations, 
such as during small flow events or during the waning stages of higher magnitude floods when the flow 
slows, finer particles carried by the water will settle out. This can happen in the channel or in localized 
depressions behind natural or anthropogenic impoundments where water pools and deposits fine material 
capable of producing dust once the area dries. Thus, although alluvial fans are typically made of clasts too 
large for wind to move, channels inset in fans and distal areas of fans often contain a mix of particle sizes, 
including those moveable by wind through saltation and suspension, creating areas within the fan that 
may experience considerable aeolian transport and PM10 emission. 

 Fine, dust-sized particles (i.e., clay and silt) may also be transported to lower energy 
environments, like standing water and lakes. These fine-grained lacustrine sediments can be quite 
cohesive, with little ability to produce dust without a disturbance to break up the soil crust. This is 
particularly true if binding agents (such as salts or clays) or biological crusts are present (see review and 
citations in Sweeney 2022). In cases where a mixture of dust- and sand-sized particles were deposited 
(e.g., where channelized flow empties into the lake), removal (i.e., winnowing) of fines by aeolian 
transport can produce a coarse sandy lag deposit with reduced ability to produce dust. This appears to be 
the case throughout much of the valley bottom, although areas still exist that are clearly capable of 
producing dust under strong winds. Similarly, most of the beach deposits found around the paleo-Lake 
Owens would likely have been comprised of sand- to cobble-sized clasts. However, in the millennia since 
the deposition of these beach deposits, the strong winds of the Owens Valley have largely removed sand-
sized particles, leaving behind larger clasts immovable by wind. Nonetheless, beach ridges can produce 
localized depressions landward of the shoreline that are well suited as depositional basins for impounded 
floodwaters and other processes that deposit dust-producing sediments.  

Sand dunes are typically produced from aeolian reworking of sand deposits that were initially 
delivered by fluvial or lacustrine processes. In the case of the Owens Valley, this process of dune 
formation can include sand delivery to the lakebed and channel floodplains by the Owens River and in-
lake, wave-driven littoral currents that create sandy beaches, that are then re-mobilized by wind and re-
deposited into dune forms downwind. Through saltation (Figure 2-4), winds competent to transport sands 
are also capable of mobilizing and producing finer silt- and clay-sized particles, which become deposited 
within dunes and associated vegetation communities. Thus, dune ecosystems are naturally capable of both 
storing and providing fines capable of emission as dust (Bullard and Baddock 2019; Sweeney 2022; 
Sweeney, Lacey, and Forman 2023). Depending on the wind regime, sand supply, and vegetation cover 
and type, aeolian sands can be deposited as unanchored “free” dunes (e.g., barchans, transverse dunes) or 
as “anchored” dunes associated with shrubby vegetation, such as parabolic dunes (Goudie 2011) or 
nebkhas (also called “coppice dunes”; Hesp and Smyth 2019; Lancaster and Bacon 2012). Vegetated 
dunes are typically poor dust producers because the vegetation reduces the mobility of saltators by 
reducing wind shear at the surface. However, vegetated dunes also serve as sinks for dust-sized particles 
over time either through direct capture of suspended fines by plant canopies, atmospheric (wet or dry) 
deposition, fluvial or pluvial deposition of fines within interdune depressions, or in situ production of 
fines (Bullard and Baddock 2019; Sweeney 2022). Saltating particles can sandblast vegetation, damaging 
or even killing it, and the loss of fines associated with dust emission can reduce important soil resources 
including cation exchange capacity, water holding capacity, soil nutrients, and plant seeds (Okin, Gillette, 
and Herrick 2006). These impacts can destabilize vegetated dunes causing re-mobilization of the 
underlying sand dunes, which not only liberates saltators but also exposes dust-sized particles in the 
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newly mobilized dune field to sandblasting and emission. In the case where large amounts of fines were 
deposited within the dune field while it was stabilized, the dunes could become significant sources of dust 
indefinitely.  

Sandy surface soils are not always formed into sand dunes by wind; they can also form extensive 
sand sheets. Active sand sheets differ from sandy soils mainly by their limited organic content and 
presence of ripples, which reflect frequent transport of sand grains by wind. Sand sheets tend to form not 
only where there is a significant source of sand, but also in areas where either wind power or sand supply 
is too low to create dunes. In addition, Kocurek and Nielson (1986) indicate other local factors that are 
often associated with sand-sheet development, including: a high water table, surface cementation or 
binding, periodic flooding, significant coarse-grained sandy sediment supply, and vegetation cover. For 
example, the sand sheet above Keeler Dunes that is moving up the Slate Canyon fan appears to exist 
under conditions of relatively low sand supply (mostly coarser-grained sands), periodic flooding, and 
sparse vegetation cover. This results in a thin layer of sand over the modern, coarser (gravel-cobble 
dominated) alluvial fan. Alternatively, a sand sheet might be a transient landform caused by recent 
exposure of considerable sand without sufficient time for transport into an organized dune field and/or 
other constraints that would limit the development of dunes. The northern sand sheet on the Owens Lake 
bed northwest of the Keeler Dunes appears to be such a landform. This area, rich in sand, forms a part of 
the Owens River delta in Owens Lake and the morphology of sand deposits here reflect conditions 
imposed by a high water table in the valley bottom, periodic flooding, availability of coarser sands 
(alluvial deposits of the Owens River), and the presence of binding salts. The relatively recent exposure of 
this deposit following diversion of water from the lake provided a sudden increase in the abundance of 
sand available for transport prior to dust control efforts. 
 

CLIMATOLOGY AND HYDROLOGY 
 

High winds and precipitation affect dust emissions in the OVPA. In the Owens Valley, high winds 
are frequently aligned with the axis of Owens Valley and are either from south-southeasterly or north-
northwesterly directions (Zhong et al. 2008). About 40 percent of wind events over 7 m/s (16 mph) occur 
in the spring (March–May), about 24 percent in fall (September–November), and less than 20 percent in 
winter (December–February) or summer (June–August; Zhong et al. 2008). Extreme high wind events 
over 18 m/s (40 mph) tend to occur only a few times a year (Zhong et al. 2008). Cross-valley westerly 
high wind events occur less frequently but are the strongest wind events with the longest duration of 
sustained winds and are related to some strong dust events (Jiang, Liu, and Doyle 2011; Serafin, Strauss, 
and Grubišić 2017). 

The crest of the Sierra Nevada in the Owens Valley region receives more than 30 inches/year 
(in/yr) of precipitation, with the majority occurring from October to April and small amounts falling 
during summer thunderstorms (Danskin 1998). The Sierra Nevada Mountains produce a rain shadow 
effect that results in the Owens Valley being substantially drier than the western side of the Sierras, so that 
the Inyo and White mountains only receive 7–14 in/yr of precipitation. The annual precipitation on the 
Owens Valley floor varies from 6 in/yr in the north end of the OVPA to approximately 4 in/yr around 
Owens Lake. Precipitation also varies with elevation, with higher elevations receiving substantially more 
rain than lower areas (Danskin 1998). Although precipitation is generally low in the Owens Valley, water 
flow from the Sierra Nevada due to snowmelt can be substantial (Hollett et al. 1991). Higher rainfall 
years can enhance vegetation cover and reduce dust generation, while drought can decrease vegetation 
cover and increase dust generation (Elmore et al. 2008). Precipitation patterns also can influence soil 
moisture, with drier surfaces being more emissive (Sehmel 1980). 

Alluvial transport of sediments is frequently associated with extreme precipitation events that 
cause flooding, creating new emissive surfaces (Elmore et al. 2008). In the Owens Valley, such flooding 
can occur due to high and rapid snowmelt from the Sierra Nevada, or from infrequent, but intense 
precipitation from thunderstorms, atmospheric rivers, or tropical storms (Kim and Lowe 2004; Sahagun 
2024). For example, the remnants of Tropical Storm Kay brought flash flooding during a brief but high-
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intensity event that impacted Owens Valley in September 2022. Recorded rainfall totals ranged from 0.22 
to 1.06 inches in the immediate area around Owens Lake (National Centers for Environmental 
Information 2025). However, due to the observed spotty nature of rainfall and the sparce network of rain 
gauges in this area, higher amounts of rainfall than recorded at the gauges could have been possible. In 
August 2023 during Tropical Storm Hilary, weather stations around Owens Lake recorded 24-hour 
precipitation totals ranging from 2.25 to 5.39 inches (GBUAPCD 2023). To put these into perspective, the 
average annual rainfall at Bishop Airport is 5.13 inches (National Centers for Environmental Information 
2025).  

Groundwater also has strong effects on dust emission potential by altering soil moisture, soil 
chemistry, soil fertility, and the type and extent of vegetation cover (Elmore et al. 2008), (Goedhart and 
Pataki 2011). Groundwater is particularly important in the lower Owens Valley, where most streams are 
now diverted into the Los Angeles (LA) Aqueduct, and do not directly flow into the valley (Danskin 
1998). Nearly all groundwater in Owens Valley is stored in the saturated valley fill because the bedrock 
that surrounds and underlies the valley fill is virtually impermeable (Hollett et al. 1991, 1989). Given the 
low rainfall on the valley floor itself, nearly all the recharge to the aquifer system is from infiltration of 
runoff from snowmelt and rainfall on the Sierra Nevada. Groundwater flows from the margins of the 
valley towards the center and then to the south from the Bishop basin (outside the OVPA) to the Owens 
Lake basin (Hollett et al. 1991).  

Groundwater use in Owens Valley to the north of Owens Lake has changed over the decades 
(Danskin 1998). Prior to 1913, groundwater tables in Owens Valley were generally high and supported 
dense vegetation, and canals were used to decrease water levels in some areas to allow for agriculture. 
Between 1913 and 1969, the extensive surface water export through the LA Aqueduct led to severe water 
limitations in Owens Valley, causing many farms and ranches to cease operations, but groundwater was 
only occasionally pumped. In the early 1970s, groundwater levels and the acreage of native vegetation it 
supported were estimated to be similar to 1912–1921 values (Griepentrog and Groeneveld 1981). The 
opening of the second LA Aqueduct in 1970 increased export capacity from the Owens Valley by 60 
percent and led to a 5-fold increase in groundwater pumping from the valley floor (Danskin 1998; 
Elmore, Mustard, and Manning 2003), resulting in a 35 percent reduction in native plant 
evapotranspiration and near elimination of some spring discharges. Large, more widespread changes in 
depth to groundwater were seen during the droughts of the 1980s and 1990s (LADWP and County of Inyo 
1990a) with groundwater extraction peaking in 1987 and 1988 at approximately 240,000 m3/yr (or 190 
acre-feet per year; Elmore, Mustard, and Manning 2003).  Decreases in spring flow and 
evapotranspiration served to buffer declining groundwater levels along the Owens Valley floor, but larger 
groundwater table declines occurred along the western alluvial fans and near well fields  (Danskin 
1998).From 1986 to 1992, 41 of the 171 piezometers in Owens Valley from Lone Pine to Bishop showed 
a decline in the water table from 3.3 to 6.6 ft (1 to 2 m); 31 wells declined from 6.6 to 13.1 ft (2 to 4 m); 
12 wells declined >13.1 ft (4 m), with the greatest decreases in groundwater levels occurring near the 
areas of greatest pumping (Figure 2-5; Elmore, Mustard, and Manning 2003).   

In 1990, a groundwater management plan—the Long-term Water Agreement or “Green Book”—
was implemented following a series of disputes surrounding alleged environmental harm from water 
diversion from the valley (LADWP and County of Inyo 1990a). Since this agreement was reached, 
groundwater withdrawals have been managed to minimize vegetation impacts, and groundwater levels 
have fluctuated without a long-term directional trend (Figure 2-6), although modeling by Danskin (1998) 
suggests that full recovery to pre-1970 groundwater levels in the OVPA north of Owens Lake has not 
been reached. During the 2012–2016 drought because the Long-term Water Agreement limited 
groundwater pumping, groundwater levels did not drop as steeply as during the 1986–1992 drought, and 
groundwater levels were able to recover after a few years in most wells (Owens Valley Groundwater 
Authority 2021). In 2022, 46 percent of groundwater extraction was used for irrigated agriculture in 
Owens Valley; 33 percent for managed vegetation and wetlands; 14 percent for municipal and domestic 
uses; and 7 percent for Tribal use and unspecified LADWP uses (Owens Valley Groundwater Authority 
2024).  
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FIGURE 2-5 A) Changes in depth to groundwater (DTW) for wells in the Owens Valley; B) vegetation 
classifications from a vegetation survey dated 1984–1987, by which time considerable pumping had already 
occurred; C) 13 vegetation response classes from a remote sensing analysis in 1998 with red indicating areas with 
the largest change due to groundwater level decline (see details in the graphs in the upper right).  
NOTES: The graphs in the upper right are the annual average percentage of live cover for each change classification 
in C). DTW, Precip, and NoChg designate change classes representing depth to water dependent changes, 
precipitation dependent changes, and static vegetation conditions, respectively.  
SOURCE: Elmore, Mustard, and Manning (2003). 
 
 

In contrast to the changes up the valley, the vicinity of the lake has seen lower levels of groundwater 
pumping (Owens Valley Groundwater Authority 2021). Perennial and seasonal springs and seeps continue 
to ring the regulatory shoreline of Owens Lake (Figure 2-7), with measured water table depths varying 
seasonally by 0 to 5 ft (0 to 1.5 m; LADWP 2012; Victor Harris personal communication, July 30, 2024), 
and by as much as 15 ft across years (Figure 2-8). This and other evidence (Meyers et al. 2021) indicate 
generally stable groundwater levels near the Owens Lake regulatory shoreline despite the diversion of the 
Owens River and the groundwater pumping occurring up-valley.  
 

VEGETATION DYNAMICS  
 

Vegetation impacts dust emission and deposition. For example, vegetation increases the surface 
roughness, thereby reducing wind shear speed at the soil surface, which in turn reduces dust emission 
(Okin, Gillette, and Herrick 2006). Vegetation can also entrap dust and sediment from the air (Raupach et 
al. 2001). If changing conditions lead to lower vegetation cover, previously vegetated soils have the 
potential to be considerable sources of airborne dust, and decomposing organic matter can form dust- 
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FIGURE 2-6 Groundwater levels for wells north of the lake that have long-term records.  
NOTES: V016GB is near Fish Springs; T001 is near Independence; V257 is south of Independence; T362 is north 
of Lone Pine. See map in OVGA 2021. “Trusted” measurements refer to measured water table elevations considered 
reliable and accurate, in contrast to elevations that were measured when the monitoring well was dry. Most locations 
show fluctuating groundwater levels without a long-term directional trend. As noted by the text, major increases in 
groundwater pumping from the valley floor occurred in 1970, prior to these data. At the bottom of the graphs, 
orange bars denote dry years, and blue denote wet years.  
SOURCE: Owens Valley Groundwater Authority (2021).  
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FIGURE 2-7 Wetlands, springs, and seeps that ring Owens Lake.  
SOURCE: LADWP (2012). 
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FIGURE 2-8 Trends in groundwater levels at wells near Owens Lake. 
NOTES: Most locations show fluctuating groundwater levels without a long-term directional trend. The top site 
represents water levels for a single well screen from 30 to 40 ft below the ground surface, and the others denote data 
from shallow piezometers screening between 3 to10 feet below the ground surface. T588 and DELTA W(3)10 are 
north of the lake; I10(7)4 is east of the lake; and O6(5)_4 is south of the lake (see map in Owens Valley 
Groundwater Authority 2021). At the bottom of the graphs, orange bars denote dry years, and blue denote wet years.  
SOURCE: Owens Valley Groundwater Authority (2021). 
 
 
sized particles that are relatively easy to suspend in the airflow due to their low density. Additionally, the 
incursion of invasive species can impact the local ecology and in some cases may lead to reduced 
vegetation cover or increased disturbance to the ground. For example, Russian thistle (Salsola sp.) is 
reported to be commonly found in ditches, roadsides, and cattle grazing areas east of Owens River. 
Because it is an annual plant, it does not contribute to sustained stabilization of the landscape, and 
concerns have been raised that tumbleweeds from this thistle disturb the ground, leading to increase dust 
emissions (Mel Joseph, Lone Pine Paiute Shoshone Tribe, personal communication, 2024). 

Soil salinization has the potential to control vegetation cover, but soil in Owens Valley is 
generally not saline enough to limit the existing vegetation, except in unique topographic situations that 
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allowed for high deposition and low resuspension of dust (Quick and Chadwick 2011; Reheis 1997). 
Instead, water availability is the key driver of vegetation composition and management in the Owens 
Valley (LADWP and Ecosystem Sciences 2010). Access to groundwater can be especially important in 
Owens Valley, where evapotranspiration from the valley floor is 3- to 6-fold greater than precipitation 
(Hollett et al. 1991). Upland plant communities, such as dryland/xeric scrub, are dependent on 
precipitation because their roots lack access to deep groundwater and tend to have low percent cover 
(median = 6 percent) and high variability from year to year. These areas with deep groundwater are 
dependent upon precipitation and horizontal redistribution of water by hillslope hydrologic processes, 
making them susceptible to drought (Elmore, Mustard, and Manning 2003). In contrast, areas with high 
groundwater levels near seeps and springs support wetland vegetation and areas with groundwater depths 
of up to 16 ft can support deep-rooted plants, termed phreatophytes, which can access groundwater 
directly (Cooper et al. 2006). These groundwater-supported plant communities, such as high-groundwater 
alkali scrub and alkali meadows, have higher and more stable plant cover (Richards et al. 2022). The 
varying groundwater depths in the Owens Valley gives rise to different ecological communities (Figure 2-
9), which impacts dust emission because groundwater-dependent vegetation has a higher percent cover 
than upland vegetation types (Richards et al. 2022). For example, one study showed approximately 30 
percent cover in shrub communities with >6.5 ft (2 m) depth to groundwater, versus >50 percent cover in 
grass-dominated communities with <3.2 to 7.5 feet (1 to 2 m) depth to groundwater (Goedhart and Pataki 
2011). 

The most common groundwater-dependent vegetation type in the Owens Lake area is greasewood 
(Sarcobatus vermiculatus), making up 22.9 percent of the vegetation in the mapped groundwater-
dependent vegetation areas (Stillwater Sciences 2021). Suaeda nigra (bush seepweed) and Atriplex parryi 
(Parry’s saltbush) are also common in areas where the groundwater is less than 16 ft (5 m) from the 
surface. Saltgrass (Distichlis spicata) can grow with these shrubs in stable areas, and shrubs transition to 
saltgrass meadows where there is shallower groundwater. In the upland community (where groundwater is 
deeper than 16 ft [5 m]), vegetation is dominated by three saltbush species (Atriplex confertifolia, Atriplex 
parryi, Atriplex hymenelytra) and can also include creosote bush (Larrea tridentata) and sometimes 
Sarcobatus baileyi and Suaeda nigra (Richards et al. 2022). 
 
 

 
FIGURE 2-9 Plant communities in Owens Valley vary based on depth to groundwater. 
SOURCE: Elmore, Mustard, and Manning (2003). 
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While the type and extent of vegetation around much of Owens Lake has likely remained 
relatively consistent given the stable groundwater conditions, major changes in vegetation have occurred 
to the north of the lake in Owens Valley. These up-valley areas had been covered by “swampy lowlands” 
as recently as the early 1900s, (Steward 1933) and they were dominated by large alkali meadows (Benson 
et al. 2002), requiring canals to drain areas to allow for cultivation (Danskin 1998). By 1920, almost 40 
square miles (or 10,000 hectares) of the Owens Valley were cultivated, with 80 percent of those lands 
abandoned by 1935 due to insufficient water with additional abandonment occurring in the decades that 
followed (McLendon, Naumburg, and Martin 2012). In the early 1970s, the acreage of phreatophytic 
plants was similar to that observed between 1912 and 1921 (Griepentrog and Groeneveld 1981). 
However, once extensive groundwater pumping started in the 1970s, 26,000 acres of the Owens Valley 
showed a 20–100 percent loss in vegetation cover by 1981 (Griepentrog and Groeneveld 1981). Changes 
in vegetation associated with changes in depth to groundwater by the combined impacts of precipitation 
deficits and groundwater pumping were documented in the Owens Valley between 1980s and the early 
2000s (Figure 2-10). These studies showed both decreased live plant cover and replacement of grasslands 
by shrubs in Owens Valley (Elmore, Mustard, and Manning 2003; Griepentrog and Groeneveld 1981; 
Manning, 1997). Groundwater-dependent meadow communities exhibited considerably greater impact 
due to changes in depth to groundwater than shrub communities (Figure 2-10; Elmore, Mustard, and 
Manning 2003). In areas adjacent to wellfields, the cover of perennial plants decreased, and grass was 
replaced by shrubs, while this did not occur in control areas that were not pumped (Jabis 2011; Manning 
1999). At present, the dominant vegetation type in the OVPA is characterized as arid or semiarid scrub 
(LADWP and County of Inyo 1990a). 

With the 1990 Long-term Water Agreement, also called the Green Book, LADWP agreed to 
manage water resources to avoid environmental impacts, such as decreases in vegetation cover and 
changes in vegetation type (LADWP and County of Inyo 1990a). The baseline vegetation types and cover 
guiding these actions were those documented between 1984 and 1987, even though substantial  

 
 
 

 
FIGURE 2-10 Landsat-derived percent live cover for meadow and shrub communities correlated with change in 
depth to water.  
NOTES: Correlations were statistically significant (p <0.05). Error estimates are shown in the lower right of each 
graph. Y-axis should read “Change in vegetation cover between 1986 and 1992.” 
SOURCE: Elmore, Mustard, and Manning (2003). 
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groundwater withdrawal had led to large changes in vegetation type and coverage by this time, and many 
of these baseline habitats were substantially degraded (Borgias 2024; Danskin 1998). A main tenet of the 
Long-term Water Agreement is that the extent of five classes of vegetation be maintained or improved to 
prevent conversion to more water-limited vegetation types. Even with the limits on groundwater 
pumping, vegetation recovery has been slow, and vegetation has converted to more water-limited types 
(Borgias 2024; Jabis 2011; Manning 1999). As part of the Long-term Water Agreement, LADWP is 
required to mitigate some areas of vegetation loss, through efforts such as planting and/or irrigation. Of 
the 66 required environmental mitigation projects, 9 are complete, 51 are implemented and ongoing, and 
6 were implemented but did not meet goals (LADWP 2024a). Some sites have generally achieved the 
baseline plant cover goals corresponding to the 1984–1987 data, but a number have not, and very few 
were able to do so during the 2012–2016 drought (LADWP 2024a). In areas with long-term water table 
drops, grass regrowth after fire is minimal, leading to erosion and conversion to xeric shrubland (Pritchett 
and Manning 2009). Similarly, on agricultural lands abandoned around high groundwater pumping in 
1970, several areas have not had any perennial vegetation recovery, and average recovery rates on drier 
sites are 60 percent of those of wet sites (McLendon, Naumburg, and Martin 2012). 
 

ANTHROPOGENIC DISTURBANCE OF VEGETATION AND THE SOIL SURFACE  
 

Anthropogenic disturbances have the potential to increase dust emissions by nearly an order of 
magnitude either through changes to the soil surface or vegetation (Van Pelt et al. 2020). Any activity that 
removes vegetation has the potential to increase dust emissions as vegetation decreases the availability of 
saltating particles (i.e., a supply limitation) and reduces wind shear stress on the surface (i.e., a transport 
limitation; Sherman and Ellis 2022). Additionally, Gillette et al. (1980) showed that disturbance of the soil 
surface could dramatically reduce the threshold for aeolian transport through destruction of protective 
physical crusts (see also Belnap et al. 2007; Khatei et al. 2024; Van Pelt et al. 2020). Baddock et al. 
(2011) showed that soil surface disturbances could substantially increase dust emission, partially through 
reducing the threshold for transport and partially by increasing the number of particles available for 
emission.  

Often a disturbance might impact both vegetation and soils. For instance, off-highway vehicle 
(OHV) activities can kill vegetation while also breaking up physical and biological crusts and grinding 
stable aggregates to produce dust-sized particles. OHV traffic is permitted in the Olancha Dunes 
Recreation area, and vehicles driven onto fine-grained, dry backwater lakes for sport have been reported 
to create dust emission (Mel Joseph, Lone Pine Paiute Shoshone Tribe, personal communication, 2024). 
Similarly, agriculture removes vegetation, disturbs soil crusts, removes non-erodible clasts, and breaks 
down soil aggregates, while grazing reduces vegetation cover through herbivory. Animal hooves are also 
known to break up physical and biological crusts. 
 
 

CLIMATE CHANGE 
 

Dust control may become more challenging under the changing climate conditions projected for 
the Eastern Sierra with projections of a 6–10 degrees Fahrenheit increase by 2100 (Dettinger et al. 2018). 
While annual precipitation in Owens Valley has been relatively consistent since the 1940s with no clear 
decadal trends (Figure 2-11), predictions for future trends in precipitation across the Sierra Nevada range 
from −5 percent to +10 percent by 2070–2099 (Dettinger et al. 2018). Modeling by the Owens Valley 
Groundwater Authority (2021) predicted a 6 percent increase in precipitation along with a 19 percent 
increase in evapotranspiration, resulting in an average 3 percent increase in groundwater recharge by 
2045. More precipitation is expected in the form of rain rather than snow, leading to earlier stream flow 
(Harpold et al. 2015) into the Owens Valley.  

Although the average annual precipitation may not change considerably, precipitation extremes 
are projected to increase (Swain et al. 2018) with more precipitation falling in large events (e.g.,  
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FIGURE 2-11 Annual precipitation records from Bishop Airport station with annual values (blue disk) and decadal 
averages (red triangle) indicating interannual variability with no persistent trend. 
NOTES: Red line is the mean of the annual values. 
SOURCE: Data from AgACIS at Bishop Airport. 
 
 
atmospheric rivers; California DWR Climate Change Technical Advisory Group 2015; Espinoza et al. 
2018; Gershunov et al. 2019; Huang, Stevenson, and Hall 2020). With a 5–30 percent increase in large 
storms (Dettinger et al. 2018) and a 40 percent average increase in peak hourly precipitation rates (Huang, 
Stevenson, and Hall 2020), frequent flood events that cause sediment movement that may then remobilize 
as dust are more likely (East and Sankey 2020). With climate change, the length of time between rain 
events is expected to increase (Polade et al. 2017), which together with increased evapotranspiration 
contributes to a projected 50 percent decrease in streamflow during drought years (Alex Hall, UCLA, 
personal communication, July 2024). Vegetation cover may decrease during extended dry periods 
(especially under hotter temperatures), making the surfaces more vulnerable to erosion and dust emission.  
 

TRIBAL KNOWLEDGE AND CULTURAL PRIORITIES 
 

The Nüümü (Owens Valley Paiute) named the Owens Valley “Payahuunadü” or “land of flowing 
water” (Owens Valley Indian Water Commission 2024). A date of 1000 CE is often given for the arrival of 
the Paiute into the Owens Valley (Varner 2009). However, human occupation has occurred over a much 
longer period in the southwest United States, as far back as 23,000 years ago (Pigati et al. 2024). Owens 
Valley was one of the most densely settled regions of the entire Great Basin and was unique in the Great 
Basin due to its permanent villages (Lawton et al. 1976). These settlements were supported by a mix of 
hunting, gathering, and agriculture, partially supported by extensive water flow from the Sierra Nevada, 
resulting in the prevalence of the “swampy lowlands of Owens Valley where it is obvious that moist 
soil—a natural irrigation—produces a very prolific plant growth” (Steward 1933). Importantly, 
cultivation of important food plants (Cyperus esculentus), fish, and productive meadows were also 
supported through water redistribution by the Nüümü through extensive canals, berms, weirs, and dams to 
control water flow seasonally and yearly (Cheyenne Stone, Big Pine Paiute Tribe of the Owens Valley, 
personal communication, November 2024; Haverstock, Jayko, and Williams 2022; Lawton et al. 1976; 
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Madley 2016). These agricultural canals were established between 639 and 512 years before the present 
day (Haverstock, Jayko, and Williams 2022), and they were documented across a distance of 57 miles 
along the Owens Valley, from Independence Creek (near the center of the OVPA) to Rock Creek (well 
north of the OVPA; Lawton et al. 1976). However, it is likely that agriculture through irrigation was not 
practiced near Owens Lake because food supply there depended on abundant fish and fly larvae supported 
by the lake (Lawton et al. 1976). 

The Anglo incursion into Paiute territory was both unexpected and deadly (Varner 2009). In 1863, 
more than 900 Owens Valley Paiutes were forced to relocate to San Sebastian Reservation near Fort 
Tejon, and others fled into the mountains. When many returned in 1866, settlers had repurposed their 
fields for grazing and their irrigation ditches to grow introduced crops (Haverstock, Jayko, and Williams 
2022; Lawton et al. 1976). By 1900, Inyo County’s economy relied on agriculture, with some farms being 
owned by Native Americans, and many farms relying on the work of Native Americans (Borgias 2020). 
When the city of Los Angeles bought water rights in the 1900s, many people, including the Paiute, lost 
their water rights (Borgias 2024). A top priority of some tribes is to restore the valley’s hydrology by 
ending water diversions, export, and groundwater pumping because this water is the key resource that 
supports the diverse ecosystem types that have been degraded since water diversion (Cheyenne Stone, Big 
Pine Paiute Tribe of the Owens Valley, personal communication, November 2024; Sean Scruggs, Fort 
Independence Indian Reservation, personal communication, September 2024). 

Of the approximately 19,000 residents of Inyo County, 13.8 percent identify as Native American, 
compared with 1.7 percent statewide (Cowan 2024). The Owens River is commonly used by Tribal 
members for hunting and fishing and gathering of native vegetation for various purposes, and the river 
area is used as a respite from extreme heat (Mel Joseph, Lone Pine Paiute-Shoshone Reservation, 
personal communication, August 2024). Tribal concerns have also been expressed for the conservation 
and protection of culturally important sites. The Patsiata Historical District was recently nominated for 
listing in the California Register of Historical Resources and in the National Register of Historic Places. 
The publicly available executive summary of the nomination notes that the district is associated with the 
traditions and history of the Indigenous People of Payahuunadü and that the archaeological sites provide 
important information about Nüümü and Newe history and culture. 
 

SUMMARY 
 

The geology and hydrology of Owens Valley conspire to create areas of sediment with the 
potential to be moved by wind and water. Vegetation cover plays an important role in minimizing dust 
emissions, and this vegetation is highly dependent on water availability. Diversion of surface water and 
decreases in groundwater have been linked to loss of meadows and decreases in shrub cover in the 
northern section of the OVPA. However, the area near Owens Lake has shown stable groundwater levels 
that have not been impacted by the diversion of Owens River nor groundwater pumping up-valley. 
Nevertheless, climatic changes like extreme droughts could result in increased dust due to loss of 
vegetation and changes in groundwater if the area is not carefully managed. Additionally, climate change 
may impact the OVPA’s vulnerability to dust emissions with more extreme and frequent precipitation 
events that will deposit more fine-grained materials and result in greater PM10 emissions. 
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3 
Sources of PM10 Emissions in the Owens Valley Planning Area 

As described in the previous chapters, both on-lake and off-lake sources in the Owens Valley 
Planning Area (OVPA) continue to cause exceedances in particulate matter with an aerodynamic diameter 
of 10 micrometers or less, known as PM10 (Chapter 1). Potentially emissive sources include dunes, sand 
sheets, alluvial washes and fans, and sandy to silty flood deposits, in addition to on-lake features, which 
were more the focus of the prior National Academies of Sciences, Engineering, and Medicine report (see 
Chapter 2; NASEM 2020). This chapter evaluates the impacts of current and future emissions of off-lake 
sources to PM10 exceedances, the distribution of these sources in the OVPA, and how they might be better 
characterized and monitored.  

Currently, there are two different indicator pollutants for particulate matter: PM2.5, particles with 
an aerodynamic diameter of 2.5 micrometers or less, and PM10, which by definition includes PM2.5. The 
national health-based standard for PM10 is 150 micrograms per cubic meter (µg/m3) averaged over 24 
hours or 1 day. A PM10 National Ambient Air Quality Standard (NAAQS) exceedance occurs when an air 
quality monitoring station records a 24-hr average PM10 level over 150 µg/m3. An exceedance day in the 
OVPA represents a day when one or more NAAQS PM10 monitors in the OVPA have an exceedance. 
Attainment with the PM10 NAAQS is achieved by having no more than one expected exceedance1 per 
year at each monitor, averaged over three years (40 C.F.R. § 50.6[a]). Thus, four or more exceedances (at 
any level) at a single monitor in the OVPA within three years leads to nonattainment of the PM10 
NAAQS. This means that it is not the level by which a measurement surpasses the standard that is 
important for an exceedance, but simply that it exceeds the standard. As of the end of 2024, the OVPA 
was in nonattainment of the federal PM10 NAAQS. Furthermore, OVPA is in nonattainment for the 
California state 24-hr average PM10 standard of 50 µg/m3. However, as described in Chapter 1, the focus 
of this report is on the 24-hr NAAQS standard. 

Unlike PM10, PM2.5 has two different primary standards as defined by the NAAQS: a 24-hour 
average of 35 µg/m3 (assessed as the 98th percentile of these daily values for each year and then averaged 
over three years) and an annual average of 9 µg/m3 for PM2.5 (averaged over three years). Currently, most 
of the particulate matter monitors in the OVPA measure PM10, not PM2.5. It is generally understood that as 
dust-rich PM10 is controlled, the mineral fraction of PM2.5 levels will be reduced as well, since during dust 
events a fraction (<20 percent) of PM10 is PM2.5. 
 

TRENDS IN OWENS LAKE AIR QUALITY OVER TIME 
 

Since 2000, PM10 concentrations have been measured at nine shoreline and community sites 
around the lake (Figure 3-1), and these monitors are used to assess attainment with the PM10 NAAQS. 
Additional PM10 monitors are operated by the Fort Independence Indian Community of Paiute Indians 
and the Lone Pine Paiute Shoshone Tribe (both within the OVPA) but are not used to assess the OVPA’s 
compliance with the PM10 NAAQS.  

 
1 Expected exceedance totals account for periods of time with missing data. As defined in 40 C.F.R. § 50.6(a), “In 
the simplest case, the number of expected exceedances at a site is determined by recording the number of 
exceedances in each calendar year and then averaging them over the past 3 calendar years. When data for a year are 
incomplete, it is necessary to compute an estimated number of exceedances for that year by adjusting the observed 
number of exceedances.”  
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FIGURE 3-1 Current NAAQS PM10 monitoring sites in the OVPA. Hatch-markings indicate an area 3 km from the 
3,600-ft-elevation regulatory shoreline. 
 
 
 

Table 3-1 provides a summary of the PM10 exceedances of the NAAQS in the OVPA, and the 
extent of the historic lakebed area covered by dust control measures (DCMs) since 2000. The frequency 
and intensity of exceedances have decreased substantially as DCMs have been implemented on large 
areas of the lakebed.2 During 2001–2003, which represents the first three years since the start of DCM 
implementation, there was an average of 44 (±6) exceedance days per year with an average 24-hr PM10 

 
2 There is a statistically significant decreasing trend in the total number of exceedance days (p-value <0.01) and the 
24-hr average PM10 exceedance value (p-value <0.01) shown in Table 3-1 using the Mann-Kendall test. 
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exceedance value of 1109 (±307) µg/m3. By 2021–2023, the average number of PM10 exceedance days 
per year decreased to 16 (±5) with almost a factor of four decrease in the average 24-hr PM10 exceedance 
value of 295 (±40) µg/m3. Although in recent years the total number of days when the PM10 NAAQS was 
exceeded and the intensity of the exceedances have decreased sharply, the OVPA remains in nonattainment. 
Only two of the nine monitors—Lone Pine and Bill Stanley (hereafter, Stanley)—have consistently met 
the standard of no more than one exceedance per year, averaged over three years (Table 3-2).  
 
 
TABLE 3-1 Exceedances of the PM10 24-hr NAAQS at monitors around Owens Lake from 2000 to 2023 

Year 
Area covered by DCM 
(square miles) 

Annual PM10 
Exceedances 

Exceedance  
Day Count 

Average 24-hr PM10 
Exceedance (µg/m3) 

Maximum 24-hr PM10 
Exceedance (µg/m3) 

2000 0.0 54 37 1,087 10,840 
2001 9.4 81 46 1,413 20,750 
2002 13.5 94 49 800 7,915 
2003 14.8 72 37 1,115 16,619 
2004 14.8 68 35 808 5,225 
2005 18.9 49 28 627 3,988 
2006 30.0 55 33 940 8,299 
2007 30.0 18 14 272 727 
2008 30.0 36 15 319 814 
2009 30.0 49 19 339 1,506 
2010 40.2 58 29 603 4,570 
2011 40.2 52 24 641 13,380 
2012 42.2 51 23 495 3,916 
2013 42.2 20 13 283 529 
2014 42.2 16 10 360 1,015 
2015 45.3 30 14 337 1,487 
2016 45.3 30 16 249 530 
2017 49.0 46 17 411 2,164 
2018 49.0 18 8 241 728 
2019 49.0 10 5 234 387 
2020 49.0 20 7 354 633 
2021 49.0 15 11 257 605 
2022 49.0 44 22 291 970 
2023 49.2 28 16 337 861 
NOTES: The annual PM10 exceedance total represents the number of times per year that an OVPA air quality 
monitoring station recorded a 24-hr average PM10 level over 150 µg/m3. Exceedance day count is the number of 
distinct days during which one or more NAAQS PM10 monitor in the Owens Lake area experienced an exceedance 
of the 24-hour PM10 NAAQS standard of 150 µg/m3. The data excludes wildfire events requested for exclusion in 
2020 and 2021. Collocated daily PM10 exceedances at the Keeler location are counted once, represented by the 
maximum exceedance value. Only the original construction phase footprint was used for the area calculation and 
transition areas; reconstruction modification is not included. The total acreage includes 1.21 square miles of deferred 
areas, which contain eligible cultural resources and environmentally sensitive resources. DCM = dust control 
measures. 
SOURCE: Area data from Arrash Agahi, Los Angeles Department of Water and Power (LADWP), personal 
communication, April 2025; Exceedance data from Ann Logan, Chris Howard, and Nik Barbieri, Great Basin 
Unified Air Pollution Control District (GBUAPCD), personal communication, July 2024 and January 2025. 
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TABLE 3-2 Exceedances Per Year at Each PM10 Monitor in the OVPA Excluding Measurements with Exceptional 
Event Flags due to Wildfire Events 
Year 2017 2018 2019 2020 2021 2022 2023 2024 Total 
Dirty Socks 9 2 2 3 8 12 6 8 50 

Keeler 7 2 2 4 2 9 7 5 38 

Lizard Tail 9 3 1 3 1 2 2 1 22 

Lone Pine 1 1 0 1 1 1 1 0 6 

Mill Site 2 1 1 3 0 4 2 3 16 

North Beach 5 3 2 1 2 2 2 0 17 

Olancha 4 2 0 1 0 6 4 1 18 

Shell Cut 8 4 2 3 1 8 4 6 36 

Stanley 1 0 0 1 0 0 0 1 3 

Total 46 18 10 20 15 44 28 25 206 
NOTES: Table does not include two PM10 exceedances in 2020 and 14 exceedances in 2021, which were excluded 
due to wildfire smoke events. The Keeler site has three PM10 monitors; the highest annual exceedance count among 
the three monitors is listed. 
SOURCE: Ann Logan, GBUAPCD, personal communication, May 2024; C. Howard, GBUAPCD, personal 
communication, April 2025. 
 
 

By combining data on wind direction, wind speed, and the PM10 concentrations measured at the 
different monitoring sites on the lake, the Great Basin Unified Air Pollution Control District (the District) 
determined that by 2016 the contribution of on-lake sources to PM10 had decreased, and off-lake sources 
represented substantial relative contributions to PM10 exceedances (Figure 1-3; GBUAPCD 2016). 
However, in the 2016 State Implementation Plan (SIP) the District noted that emissions from off-lake 
sources were expected to decrease in the future as aeolian processes steadily removed dust from areas 
above the regulatory shoreline, which had historically originated on the lakebed (GBUAPCD 2016). The 
importance of this process, referred to as “winnowing,” to future off-lake PM10 emissions is discussed 
further in Chapter 4. The following sections discuss the data and tools for understanding the trends in 
PM10 emissions from off-lake sources. 
 

CURRENT TOOLS AND METHODS FOR PM10 SOURCE ATTRIBUTION  
 

At Owens Lake, the District has used meteorological and particulate matter data as well as 
CALPUFF modeling for over two decades to identify the contributions of different dust source regions to 
observed PM10 concentrations (Ann Logan, GBUAPCD, personal communication, July 2023). Since 
2017, a more systematic approach has been recorded in an exceedance database3 to track and categorize 
the sources for each exceedance, with there being five different established categories: 1) dust—primarily 
on-lake sources, 2) dust—primarily local off-lake sources,4 3) dust—primarily regional event, 4) wildfire 

 
3 The exceedance counts in the exceedance database may not exactly match the official values presented in the 
EPA’s air quality standards. This is because the exceedance database includes counts of two exceeding collocated 
monitors, where these would only be counted as one exceedance per the NAAQS.  
4 Off-lake sources refer to those that are derived above the 3,600-ft-elevation regulatory shoreline, which is often 
determined using wind screen directions. In cases where additional characterization has been completed to locate a 
source (e.g., based on evidence reported in the exceedance database), the panel uses “local off-lake source” to refer 
to those sources within the OVPA and “regional sources” to refer to those outside the OVPA. Note however, that 
events that originate primarily from regional sources outside the OVPA may still have some contributions from local 
off-lake sources within the OVPA (Table 1-1). 
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smoke, and 5) mixed—dust and wildfire sources. The classification of each event into the above 
categories is a nonquantitative best estimate and is based on the following data and components.  
 

• PM10 and meteorological data analysis. PM10 pollution roses and time series of PM10 and 
wind speed for a few hours before and after an exceedance (Figure 3-2) are generated and 
analyzed. Hourly average wind speed and direction are computed from 5-second readings. 

• CALPUFF modeling. Hourly dispersion of on-lake PM10 plumes is modeled using 
CALPUFF, driven by CALMET-derived meteorological (e.g., wind) fields, and estimates of 
sand flux. CALPUFF is a Lagrangian, non-steady state, source-oriented model that follows 
air parcels emitted from the modeled source regions as they undergo horizontal and vertical 
diffusion during transport (Scire, Strimaitis, and Yamartino 2000). The District uses 
CALMET (Scire et al. 2000) to provide meteorological inputs to CALPUFF on an hourly 
basis. CALMET is a diagnostic meteorological model that develops meteorological fields 
(e.g., wind, temperature, mixing height, Monin Obukhov length, friction velocity, and others) 
using meteorological measurements, orography, and land use data. Sand flux estimates 
generated from sand motion monitoring (Gillette, Ono, and Richmond 2004; Ono 2006) on 
the lakebed and Keeler Dunes are used together with finer-scale wind data across the lake and 
PM10 measurements at upwind and downwind sites to identify the predominant area(s) 
responsible for the exceedance.  

• Review of photographic evidence. If the exceedance occurs during the daytime, time-lapse 
photos from 20 cameras sited in 11 locations distributed around the lake and in the nearby 
foothills are reviewed to assess whether the source of dust is regional or more localized.  

• PM2.5. Using PM2.5 data from the Keeler monitoring station, ratios of PM2.5 to PM10 can be 
used to determine the influence of wildfire smoke on elevated PM10. Research has shown that 
wildfire smoke has a larger fraction of aerosols in the PM2.5 fraction (Schweizer, Cisneros, 
and Buhler 2019), and therefore exceedance events with a very high PM2.5 fraction (>70 
percent) are determined to be driven by a wildfire instead of wind-blown dust. Because 
wildfire events deteriorate air quality on a regional scale, this source attribution at the Keeler 
monitoring station is assumed to apply to all other monitoring locations in the OVPA.  

• Observation and news. Finally, notes from site operators and field inspectors along with 
weather reports on larger-scale synoptic events or media reports of dust storms are considered 
to qualify the exceedance event as regional, on-lake, or local off-lake and are also used to 
identify local anthropogenic sources (e.g., construction; Ann Logan, GBUAPCD, personal 
communication, July 2024). 

 
 

Because exceedances are rare events, they may not be robust indicators of the emission potentials 
of sources. However, this approach of exceedance source attribution is systematic and detailed enough to 
parse out events as having on- or off-lake sources and differentiate the primary source of local off-lake 
sources (e.g., flood deposits, landfills, regional dust events, wildfires, dunes; see Box 3-1). Some 
ambiguity remains when several sources line up with the dominant wind direction or if the wind direction 
is near the angle used to separate on- and off-lake source attribution. Additionally, categorization is 
somewhat uncertain when multiple sources of dust are suspected to contribute to an event—for example, 
when exceedance events driven primarily by on-lake sources are also impacted by some amount of PM10 
emission from off-lake sources. For example, in their modeling of PM10 events driven by on-lake sources, 
the District includes a fixed background concentration in their base model runs or a variable background 
in their hybrid approach to account for contributions from up-valley or other off-lake sources.  
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FIGURE 3-2 Example figures showing A) hourly PM10 (green, left axis, microgram per cubic meter [µg/m3]), 
hourly wind speed (blue, right axis, m/s), and maximum wind speed over time (red, right axis, m/s) and B) a 
pollution rose of hourly PM10 measurements (µg/m3) at Shell Cut during a single exceedance event, showing the 
direction of the PM10 source origin.  
SOURCE: Chris Howard, GBUAPCD, personal communication, July 2024. 
  

A 

B 
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BOX 3-1 
Classification of Sources in the Exceedance Database 

 
Based on the methods described above for source attribution (e.g., photographic evidence, modeling), the 

District describes potential sources for each exceedance event in the exceedance database. As shown throughout 
this chapter, the panel used the District’s descriptions in the exceedance database to identify a list of likely 
sources for each exceedance event and then summarized the most common sources for each monitor and for off-
lake sources generally. The District describes many sources as “flash-flood deposits” in the exceedance database, 
including those that are 1) channelized flood deposits; 2) sheet/overland flow deposits; and 3) deposits from 
impounded flood waters (Chris Howard, GBUAPCD, personal communication, December 2024). The panel did 
not attempt to re-classify every “flash-flood deposit” as a specific type of flood deposit in the exceedance 
database, but it does attempt to be specific in the text where evidence is available. Where evidence is not available 
to be more specific, the panel refers to these events generally as “flood deposits.” In contrast, the District uses the 
term “alluvial fans” to refer to a general landscape feature and not a specific flood event. 

 
 

IMPACTS OF LOCAL OFF-LAKE SOURCES TO PM10 EXCEEDANCES 
 

In this section, the panel examines data from individual air quality monitoring stations in the 
OVPA to identify the most frequent local off-lake sources of PM10. In recent years, five monitoring 
stations show a large number of PM10 exceedances from local off-lake sources—Dirty Socks, Keeler, 
Mill, Olancha, and Shell Cut (Figures 3-3 and 3-4). Stanley, Lizard Tail, and Lone Pine sites have had 
fewer PM10 exceedances due to local off-lake sources. For this reason, Stanley and Lizard Tail will not be 
analyzed further in this chapter. However, Lone Pine is analyzed in addition to data from Fort 
Independence to examine the potential influence of local off-lake sources from the valley north of Owens 
Lake. The following sections discuss the data available for the remaining seven monitoring sites (in order 
from south to north) with an emphasis on exceedances and potential local off-lake sources for each of 
these sites.  
 

Olancha Monitoring Site 
 

The Olancha monitoring site is currently located near Olancha Creek, approximately 0.3 miles 
(500 m) west of Highway 395. It was previously located approximately 2.2 km to the southeast and 
moved to its present location in 2019 (Figure 3-5A). The current location of the Olancha monitoring 
station to the west of the Olancha Dunes complex is not ideal for characterizing emissions sourced from 
the dunes, given the bimodal north–south orientation of the wind regime.  

Based on an analysis using consistent calculations over time, on-lake sources dominated 
exceedances at the Olancha monitoring site until 2020, but since 2020, PM10 exceedances have been 
mostly associated with off-lake sources (Figure 3-6). Analyses of the data in Figure 3-6 show a 
statistically significant decreasing trend (Mann-Kendall test p-value <0.01) in the number of consistently 
calculated PM10 exceedances from on-lake sources, while there is no significant trend in the number of 
consistently calculated off-lake exceedances at Olancha (Mann-Kendall test p-value >0.05). Extremely 
high hourly concentrations of PM10 have been observed from the west where there have been 
sheet/overland flow deposits, instead of from the lake to the north or from the Olancha Dunes to the east 
(Figure 3-5B). The PM10 hourly concentrations during some of the dust events in 2021–2023 have 
reached 10,000 µg/m3.  
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FIGURE 3-3 PM10 exceedances by site from 2022 to 2024, as categorized in the District’s exceedance database.  
NOTES: These data represent the last three years, the period over which NAAQS design value5 compliance is 
calculated. Compliance with the PM10 NAAQS is achieved by having no more than one exceedance per year at each 
monitor, averaged over three years. No “Smoke—Wildfire” or “Mixed—Dust and Wildfire” events were recorded 
over this three year timeframe.  
SOURCE: Data from exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and 
April 2025. 
 

 
FIGURE 3-4 PM10 exceedances by site from 2017 to 2024.  
NOTES: These dates represent the full dataset since 2017, when a systematic approach began to categorize the 
sources for each exceedance.  
SOURCE: Data from exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and 
April 2025. 

 
5 Design values are used to determine the needed level of control to demonstrate attainment of the PM10 NAAQS. 
The design value is determined by calculating the expected exceedances each year, for three calendar years 
according to the approach discussed in 40 C.F.R. § 50, appendix K. This calculation adjusts for the number of days 
in the year without PM10 data. 
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FIGURE 3-5 A) Location of current Olancha monitoring site relative to potential local off-lake sources. B) A 
pollution rose plot based on 2021–2023 hourly PM10 data at the Olancha monitoring site. 
NOTES: B) The markers, sized and colored by the hourly PM10 concentrations for data points above 50 µg/m3, are 
mapped out on a polar plot. The angular position on this plot represents the direction from which the wind was 
blowing at hourly intervals at the site, while the radial distance from the center of the polar plot represents the hourly 
wind speed in miles per hour. Wildfire smoke events have been removed.  
SOURCE: A) Adapted from Google Earth; B) Generated by GBUAPCD. 
 
 

Based on the panel’s tally of sources described in the District’s exceedance database, it is 
apparent that approximately 62 percent of the local off-lake PM10 exceedances between 2017 and 2024 
were fully or partially attributed to flood deposits located west, southwest, or south of the site, 
approximately 38 percent to disturbed surfaces due to human activity (e.g., road construction), and only 
around 15 percent to Olancha Dunes (Figure 3-7). In the exceedance database, the District has not 
identified specific sources within the Olancha Dunes, such as the active off-highway vehicle (OHV) 
riding and dispersed camping recreational area that makes up approximately 36 percent of the Olancha 
Dunes area. It is well documented at other managed OHV recreation sites in southern California (e.g., 
Imperial Dunes, Oceano Dunes) that OHV activities contribute to declines in vegetation cover, 
disturbance of surface conditions, and elevated exceedances of PM10 standards. Although research on 
these associations is lacking at the Olancha Dunes, it is reasonable to assume that areas in the Owens 
Valley subject to OHV activities could also contribute to elevated PM10 emissions in the region. Increased 
monitoring and baseline research would help identify the nature and extent of land use change and 
potential contributions of OHV activity to dust emissions at Olancha Dunes. 
 

Dirty Socks Monitoring Site 
 

The Dirty Socks monitor is located along the southeastern edge of Owens Lake (Figure 3-8A). 
During 2017–2024, of all the monitors in the OVPA, Dirty Socks had the largest number of exceedances 
attributed to local off-lake sources (Figure 3-4). As shown in an analysis using consistent exceedance 
calculations over time, on-lake sources dominated at the Dirty Socks monitoring site until 2012, but since 
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2015 (when monitoring at the site resumed), the frequency of consistently calculated PM10 exceedances 
due to off-lake sources have been greater than or equal to on-lake sources (Figure 3-9). Overall, there is a 
statistically significant decreasing trend (Mann-Kendall test p-value <0.01) in the number of consistently 
calculated PM10 exceedances from on-lake sources while there is no significant trend in the number of 
calculated off-lake exceedances at Dirty Socks (Mann-Kendall test p-value >0.05). Analysis of wind 
direction and hourly PM10 data from 2021–2023 (Figure 3-8B) reveal off-lake sources are mostly to the 
south of the monitor toward the Vermillion Canyon Alluvial Fan Complex (with flood deposits) and 
Olancha Dunes. Furthermore, hourly PM10 concentrations during the largest off-lake dust events are 
slightly lower than the largest on-lake events, but events with hourly PM10 greater than 1,000 µg/m3 
occurred more frequently from off-lake sources than on-lake.  
 
 

 
FIGURE 3-6 On-lake and off-lake exceedances at the Olancha monitoring site, with calculations based on 
consistent metrics over time.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. Exceedance counts and on/off-lake attribution based on screened wind 
directions and a threshold of 150 µg/m3 for exceedances. For all years, on/off-lake exceedance counts were purely 
classified by screened wind directions and may include wildfire smoke events and regional events. For all hours 
without data when the wind was coming from an opposite direction (on- or off-lake), a background concentration of 
20 µg/m3 was assumed. The location of the monitor was moved in 2019, as described in the text. 
SOURCE: Data from GBUAPCD, personal communication, November 2024.  
 
 

Among the 29 PM10 exceedances from local off-lake sources during 2017–2024 reported in the 
District’s exceedance database, 59 percent were at least partially attributed to flood deposits, 48 percent to 
Olancha Dunes, 10 percent to alluvial fans, and 17 percent to other sources (Figure 3-10).6 As discussed 
in the previous section, there is not sufficient evidence to suggest how much material is being sourced 
from the OHV and dispersed camping recreational area that makes up approximately 36 percent of the 
Olancha Dunes area.  
 

 
6 Total exceeds 100 percent because a single exceedance may be attributed to more than one source.  
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FIGURE 3-7 Summary of the sources of local off-lake PM10 exceedances at Olancha monitoring site during 2017–
2024.  
NOTES: A single exceedance event may be partially attributed to multiple sources. “Other sources” include one 
event attributed to “uncontrolled surfaces” and one attributed to a source west of Olancha. Emissions from the 
Olancha Dunes are better measured at the Dirty Socks monitoring site.  
SOURCE: Based on data in the GBUAPCD exceedance database, Chris Howard, GBUAPCD, personal 
communication, August 2024 and April 2025. 
 
 

 
FIGURE 3-8 A) Location of Dirty Socks monitoring site relative to potential local off-lake sources. B) Hourly 
PM10 pollution rose plots at Dirty Socks for 2021–2023.  
NOTES: B) The markers, sized and colored by the hourly PM10 concentrations for data points above 50 µg/m3, are 
mapped out on a polar plot. The angular position on this plot represents the direction from which the wind was 
blowing at hourly intervals at the site, while the radial distance from the center of the polar plot represents the hourly 
wind speed. Wildfire smoke events have been removed.  
SOURCES: A) Adapted from Google Earth; B) GBUAPCD. 
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FIGURE 3-9 On-lake and off-lake exceedances at the Dirty Socks monitoring site, with calculations based on 
consistent metrics over time.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. Exceedance counts and on/off-lake attribution based on screened wind 
directions and a threshold of 150 µg/m3 for exceedances. For all years, on/off-lake exceedance counts were purely 
classified by screened wind directions and may include wildfire smoke events and regional events. For all hours 
without data when the wind was coming from an opposite direction (on- or off-lake), a background concentration of 
20 µg/m3 was assumed. Data were not collected between December 2012 and January 2015. 
SOURCE: Data from GBUAPCD, personal communication, November 2024.  
 
 

  
FIGURE 3-10 Summary of sources of local off-lake PM10 exceedances at Dirty Socks monitoring site during 2017–
2024.  
NOTES: A single exceedance event may be partially attributed to multiple sources. “Other sources” include two 
events attributed to unknown sources, two attributed to shoreline deposits, and one attributed to open desert.  
SOURCE: Exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and April 
2025. 
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Shell Cut Monitoring Site 
 

The Shell Cut monitoring site is located roughly at the midpoint along the southeastern edge of 
Owens Lake (Figure 3-11A). An analysis using consistent exceedance metrics over time shows that from 
2001 to 2009, consistently calculated PM10 exceedances were predominantly due to dust events from on-
lake sources, but a majority of calculated PM10 exceedances since 2011 have been attributed to off-lake 
sources (Figure 3-12). Overall there is a statistically significant decreasing trend (Mann-Kendall test p-
value <0.01) in the number of consistently calculated PM10 exceedances from on-lake sources while there 
is no significant trend in the number of calculated off-lake exceedances at Shell Cut (Mann-Kendall test 
p-value >0.05). Analysis of wind direction and hourly PM10 data from 2021 to 2023 (Figure 3-11B) reveal 
off-lake sources to the south towards Coso Wash Alluvial Fan Complex. Extensive flood deposits from 
the remnants of Hurricane Kay in 2022 have been mapped near the Centennial Wash, but these do not 
appear as major sources on the rose diagram (Figure 3-11B). PM10 hourly concentrations during 2021–
2023 events were generally comparable for on-lake and off-lake sources, except for one on-lake dust 
event that resulted in the hourly concentration of approximately 10,000 µg/m3 PM10 (Figure 3-11B).  

Of a total of 21 local off-lake PM10 exceedances that were reported in 2017–2024 in the District’s 
exceedance database, 90 percent of these had at least partial contributions from flood deposits, 20 percent 
from alluvial fans, and 20 percent from other sources (e.g., shoreline deposits; Figure 3-13). 
 
 

 
FIGURE 3-11 A) Location of Shell Cut monitoring site relative to potential local off-lake sources. B) A pollution 
rose plot based on 2021–2023 hourly PM10 data at the Shell Cut monitoring site.  
NOTES: A) Some highway berms and ditches exist in this area but are not mapped because they were not analyzed 
in detail by the panel. B) The markers, sized and colored by the hourly PM10 concentrations for data points above 50 
µg/m3, are mapped out on a polar plot. The angular position on this plot represents the direction from which the 
wind was blowing at hourly intervals at the site, while the radial distance from the center of the polar plot represents 
the hourly wind speed. Wildfire smoke events have been removed. 
SOURCES: A) Adapted from Google Earth; B) GBUAPCD.  
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FIGURE 3-12 On-lake and off-lake exceedances at the Shell Cut monitoring site, with calculations based on 
consistent metrics over time.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. Exceedance counts and on/off-lake attribution based on screened wind 
directions and a threshold of 150 µg/m3 for exceedances. For all years, on/off-lake exceedance counts were purely 
classified by screened wind directions and may include wildfire smoke events and regional events. For all hours 
without data when the wind was coming from an opposite direction (on- or off-lake), a background concentration of 
20 µg/m3 was assumed.  
SOURCE: Data from GBUAPCD, personal communication, November 2024. 
 
 

 
FIGURE 3-13 Summary of sources of local off-lake PM10 exceedances at Shell Cut monitoring site during 2017–
2024.  
NOTES: Note that a single exceedance event may be partially attributed to multiple sources. “Other sources” 
include two events attributed to shoreline deposits, one attributed to regional sources, and one attributed to Coso.  
SOURCE: Data from exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and 
April 2025. 
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Mill Monitoring Site 
 

The Mill monitoring site is located along the eastern edge of the Owens Lake bed (Figure 3-14A). 
The number of exceedances at both on- and off-lake sites are generally low (Figures 3-2 and 3-3), and an 
analysis of consistent exceedance metrics shows no clear trend over time (Mann-Kendall test p-value 
>0.05; Figure 3-15). Off-lake dust events affecting the Mill site are most often associated with winds from 
the southeast, with hourly PM10 concentrations between 500 and 1000 µg/m3. This direction is consistent 
with the location of recent flood deposits, including those mapped from the remnants of Hurricane Kay in 
2022. In fact, for the seven PM10 exceedances attributed to local off-lake sources in 2017–2024 in the 
District’s exceedance database, 57 percent had at least partial contributions from -flood deposits, 29 percent 
from Keeler Dunes, 14 percent from up-valley sources, and 29 percent from other sources (Figure 3-16). 
 
 

 
FIGURE 3-14 A) Location of the Mill monitoring site relative to potential local off-lake sources. 
B) A pollution rose plot based on 2021–2023 hourly PM10 data at the Mill monitoring site.  
NOTES: A) Highway berms exist in this image but are not mapped as they were not analyzed by the panel at this 
location. B) The markers, sized and colored by the hourly PM10 concentrations for data points above 50 µg/m3, are 
mapped out on a polar plot. The angular position on this plot represents the direction from which the wind was 
blowing at hourly intervals at the site, while the radial distance from the center of the polar plot represents the hourly 
wind speed. Wildfire smoke events have been removed. 
SOURCES: A) Adapted from Google Earth. B) GBUAPCD.  
 
 

Keeler Monitoring Site 
 

The Keeler monitoring site, located east-northeast of Owens Lake (Figure 3-17A), has long been a 
concern for its high levels of PM10 emissions from off-lake sources. As shown in an analysis of data from 
1993–2023 based on consistent exceedance metrics (Figure 3-18), there is a statistically significant 
decreasing trend (Mann-Kendall test p-value <0.01) in the number of consistently calculated PM10 
exceedances from on-lake sources while there is no significant trend in the number of calculated off-lake 
exceedances at Keeler over the full monitoring period (Mann-Kendall test p-value >0.05). Recently, a few 
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years have had historically low numbers of consistently calculated exceedances after implementation of 
the Keeler Dunes Dust Control Project (Box 6-1) project, although the apparent downward trend in 
calculated exceedances since 2014 has not been sustained in 2022 and 2023 (Figure 3-18). 
 
 

 
FIGURE 3-15 On-lake and off-lake exceedances at the Mill monitoring site, with calculations based on consistent 
metrics over time.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. Exceedance counts and on/off-lake attribution based on screened wind 
directions and a threshold of 150 µg/m3 for exceedances. For all years, on/off-lake exceedance counts were purely 
classified by screened wind directions and may include wildfire smoke events and regional events. For all hours 
without data when the wind was coming from an opposite direction (on- or off-lake), a background concentration of 
20 µg/m3 was assumed. Data were not collected between December 2012 and August of 2014. 
SOURCE: Data from GBUAPCD, personal communication, November 2024. 
 
 

 
FIGURE 3-16 Summary of sources of local off-lake PM10 exceedances at Mill monitoring site during 2017–2024.  
NOTES: Note that a single exceedance event may be partially attributed to multiple sources. “Other sources” 
includes one event attributed to a regional source and one attributed to “shoreline pockets.”  
SOURCE: Data from exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and 
April 2025. 
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FIGURE 3-17 A) Location of Keeler monitoring site relative to potential local off-lake sources. B) A PM10 
pollution rose plot based on 2021–2023 hourly data at the Keeler monitoring site.  
NOTES: B) The markers, sized and colored by the hourly PM10 concentrations for data points above 50 µg/m3, are 
mapped out on a polar plot. The angular position on this plot represents the direction from which the wind was 
blowing at hourly intervals at the site, while the radial distance from the center of the polar plot represents the hourly 
wind speed. Wildfire smoke events have been removed. 
SOURCES: A) Adapted from Google Earth. B) GBUAPCD.  
 
 

Many elevated hourly PM10 concentrations in 2021–2023 are associated with winds from the 
direction of Keeler Dunes or winds from the southeast in the direction of some flood deposits that have 
been diverted by runoff berms above Highway 136 (Figure 3-17B). The hourly PM10 values from 2021–
2023 under the influence of winds from the direction of Keeler Dunes were significantly higher than 
values observed under the influence of wind from other on-lake or off-lake directions, approaching and 
occasionally exceeding thousands of µg/m3 (Figure 3-17).7 

Among the 19 local off-lake PM10 exceedances in 2017–2024 reported in the District’s 
exceedance database, 79 percent had at least partial contributions from Keeler Dunes, 21 percent from 
flood deposits, 16 percent from up-valley sources, and 21 percent from other sources (including 1 from 
Swansea Dunes; Figure 3-19). Since Keeler Dunes, Swansea Dunes, and flood deposits around the dunes 
are all in the same general direction as the Keeler monitoring site, distinguishing the influence of each of 
these sources to a PM10 exceedance event at Keeler is challenging and remains uncertain.  

Continuous PM2.5 measurements have been conducted at the Keeler monitoring site since 2009. 
These data can be useful to identify cases where the OVPA is under the influence of regional wildfires 
since the coarse fraction of PM10 (i.e., [PM10-PM2.5]/PM10) is expected to be less than 30 percent under 
these conditions (Schweizer, Cisneros, and Buhler 2019). One may also expect different PM coarse 

 
7 Based on the Student t-test, committee analysis showed that hourly PM10 values in 2021–2023 under the influence 
of winds from the direction of Keeler Dunes were significantly higher (average value of 64.6±244 µg/m3) than the 
values observed under the influence of wind from other off-lake (not including the Keeler Dunes) or on-lake 
directions (average value of 17±33 µg/m3). 
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fractions from different dust sources of PM10. Upon committee examination of the fractional distribution 
of PM coarse fractions observed at the Keeler site from 2015–2023 under the influence of air masses from 
on-lake sources, off-lake (not including Keeler-Dune sources), and off-lake from Keeler Dunes, it is 
apparent that there is an increased contribution of coarse particles to PM10 with Keeler Dunes’ emissions. 
However, such high coarse fractions are not unique to Keeler Dunes because similar values are 
occasionally also observed under the influence of other on-lake or off-lake sources (Figure 3-20). This 
observation makes it difficult to use measurements of PM2.5 to unambiguously distinguish between on-
lake and off-lake dust sources of PM10. 
 
 

 
FIGURE 3-18 On-lake and off-lake exceedances at the Keeler monitoring site, with calculations based on 
consistent metrics over time.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. Exceedance counts and on/off-lake attribution based on screened wind 
directions and a threshold of 150 µg/m3 for exceedances. For all years, on/off-lake exceedance counts were purely 
classified by screened wind directions and may include wildfire smoke events and regional events. For all hours 
without data when the wind was coming from an opposite direction (on- or off-lake), a background concentration of 
20 µg/m3 was assumed. The screened wind directions for off-lake exceedances include the Keeler Dunes. 
SOURCE: Data from GBUAPCD, personal communication, November 2024. 
 
 

North Beach Monitoring Site 
 

At the North Beach monitor, located at the northern end of Owens Lake (Figure 3-21A), the 
majority of exceedances since 2017 have been attributed to sources other than the lakebed (Figure 3-22). 
Based on an analysis of data using consistent exceedance metrics over time, there is a statistically 
significant decreasing trend (Mann-Kendall test p-value <0.01) in the number of consistently calculated 
PM10 exceedances from on-lake sources while there is no significant trend in the number of calculated 
off-lake exceedances at North Beach (Mann-Kendall test p-value >0.05). Furthermore, higher 
concentrations of hourly PM10 were observed from the off-lake direction (Figure 3-21B).  
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FIGURE 3-19 Summary of sources of local off-lake PM10 exceedances at Keeler monitoring site during 2017–
2024. 
NOTES: Note that a single exceedance event may be partially attributed to multiple sources. “Other sources” 
includes one event attributed to a source north of Lizard Tail, one attributed to the Swansea Dunes, one regional 
event, and one unknown.  
SOURCE: Data from exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and 
April 2025. 
 
 

 

FIGURE 3-20 Normalized distribution of the fraction of PM10 coarse particles (i.e., PM in the size range of 2.5–10 
µm), measured at Keeler monitoring site. The data are grouped based on wind direction, corresponding to the 
direction from the Keeler Dunes, on-lake, and other off-lake sources. 
SOURCE: Data from California Air Resources Board archive. 
 
 

Although the exceedance database attributes some off-lake exceedances to human disturbances 
(e.g., county landfill, roads), other exceedances have different local and regional off-lake sources. All of 
the regional exceedance days at North Beach from 2017 to 2024 were sourced from a northerly wind 
event. Although the primary origin of these regional events was determined to be outside the OVPA, the 
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exceedance database noted the potential for additional PM10 sources in the valley during some regional 
events (e.g., “picking up additional sources as the front traveled down the valley” [10/11/2021] and 
“augmented by local sources north of North Beach between the monitor and the Lone Pine landfill” 
[05/11/2018]). These exceedances suggest that there may be some occasional, local off-lake sources that 
lie to the north of North Beach, besides the landfill. 
 
 

 
FIGURE 3-21 A) Location of North Beach monitoring site relative to potential local off-lake sources. B) Hourly 
PM10 pollution rose plots at North Beach. 
NOTES: A) The term “microplayas” is used here in the manner used by the District. This term is discussed in depth 
in Chapter 4. B) The markers, sized and colored by the hourly PM10 concentrations for data points above 50 µg/m3, 
are mapped out on a polar plot. The angular position on this plot represents the direction from which the wind was 
blowing at hourly intervals at the site, while the radial distance from the center of the polar plot represents the hourly 
wind speed. Wildfire smoke events have been removed. 
SOURCES: A) Adapted from Google Earth; B) GBUAPCD.  
 
 

Lone Pine Monitoring Site and Evidence for Other Northern Local Off-Lake Sources 
 

At Lone Pine, a small residential community north of Owens Lake (Figure 3-23A), two to five 
PM10 exceedances occurred in most years between 1993 and 2003 (P. Kidoo, GBUAPCD, personal 
communication, May 29, 2024). Exceedances in this period were dominated by on-lake sources in some 
years and by off-lake sources in others. In an analysis of long term trends using consistent metrics for 
calculating exceedances (Figure 3-24), there is a statistically significant decreasing trend (Mann-Kendall 
test p-value <0.01) in the number of calculated PM10 exceedances from on-lake sources while there is no 
significant trend in the number of calculated off-lake exceedances at Lone Pine (Mann-Kendall test p-
value >0.05). Based on source attribution in the District’s exceedance database, from 2017 to 2024, in 
addition to regional and wildfire events, there were two exceedances attributed to on-lake sources, one 
exceedance attributed to off-lake sources (a landfill between Lone Pine and the lake), and one exceedance 
with mixed sources (Chris Howard, GBUAPCD, personal communication, April 2025).  
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FIGURE 3-22 On-lake and off-lake exceedances at the North Beach monitoring site, with calculations based on 
consistent metrics over time.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. Exceedance counts and on/off-lake attribution based on screened wind 
directions and a threshold of 150 µg/m3 for exceedances. For all years, on/off-lake exceedance counts were purely 
classified by screened wind directions and may include wildfire smoke events and regional events. For all hours 
without data when the wind was coming from an opposite direction (on- or off-lake), a background concentration of 
20 µg/m3 was assumed. Data were not collected between December 2012 and August 2014. 
SOURCE: Data from GBUAPCD, personal communication, November 2024. 
 
 

An additional PM10 tapered element oscillating microbalance (TEOM) monitor within the OVPA 
(Figure 3-25) is located at Fort Independence and is run by the Fort Independence Indian Community of 
Paiute Indians. There have been 12 daily averages at Fort Independence since 2010 that have been greater 
than 150 µg/m3, all of which have been since 2017. By comparing PM10 concentrations at Fort 
Independence with the monitors on the north side of the lake (Lone Pine, North Beach, and Lizard Tail) 
and the monitor to the north of the OVPA (Bishop), along with wind direction and information from the 
exceedance database, the panel estimated that approximately 5 of these 12 events (10/20/2017, 7/20/2022, 
1/3/2023, 9/1/2024, and 9/2/2024) could be reasonably attributed to sources local to Fort Independence 
(Table 3-3). However, there is not enough information to attribute these to a specific source like 
construction, roads, fallow agricultural fields, open desert, alkali meadow, or other source(s). Of note, the 
Fort Independence Tribe began several large projects in the fall of 2021, including construction for a 
Grinding Rock Aggregates facility, construction of several homes, and other developments (Kimberley 
Mitchell, GBUAPCD, personal communication, March 2025; Sean Scruggs, Fort Independence Indian 
Reservation, personal communication, January 2025). Thus, while the PM10 data suggests that there may 
be sources near Fort Independence that may be primary causes of some high PM10 concentrations 
observed at the Fort Independence monitor, it is unclear if these sources are derived from active 
disturbances of the surface (e.g., construction, or highway traffic), or if they are from other off-lake 
sources of dust that are the focus of this report (Table 1-1). 
 

Overarching Assessment of Local Off-Lake PM10 Exceedance Sources 
 

Figure 3-26 summarizes the sources of local off-lake PM10 exceedances at all monitoring sites 
from 2017 to 2024, based on the District’s exceedance database (Chris Howard, GBUAPCD, personal 
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communication, April 2025). This analysis suggests that flood deposits, Olancha dunes, and Keeler Dunes 
are dominant sources of local off-lake exceedances. Human-disturbed surfaces (e.g., landfills, 
construction sites, roads), alluvial fans, and up-valley sources are also important, but individually each 
contribute to less than 13 percent of documented exceedances. Contribution of “other” sources include 
open areas, deposits around the shoreline, Swansea Dunes, and regional sources, etc.  
 
 

 
FIGURE 3-23 A) Location of Lone Pine monitoring site relative to potential local off-lake sources. B) Hourly PM10 
pollution rose plots at Lone Pine.  
NOTES: B) The markers, sized and colored by the hourly PM10 concentrations for data points above 50 µg/m3, are 
mapped out on a polar plot. The angular position on this plot represents the direction from which the wind was 
blowing at hourly intervals at the site, while the radial distance from the center of the polar plot represents the hourly 
wind speed. Wildfire smoke events have been removed. 
SOURCE: A) Adapted from Google Earth; B) GBUAPCD. 
 
 

TEMPORAL EMISSION TRENDS 
 

An alternative approach to assess the relative role of on- and off-lake sources is to estimate relative 
emission fluxes and their trends with time. This approach is based on the idea that the product of the 
concentration and the wind speed measured downwind of an area source is a measure of the emission 
flux, the emission of PM10 per unit area, of the upwind source affecting a monitor. The committee 
conducted its own analysis of data (methods detailed in Appendix A) that links observed concentrations to 
emissions accounting for the occurrence of meteorological variations. This approach allows one to 
compare the impact of on- and off-lake emissions at a given site and examine trends in emission fluxes 
over time. The empirical relationship between the number of exceedances and emission flux allows us to 
estimate the expected number of exceedances associated with a given magnitude of emission flux. The 
results of the modeling are emission fluxes normalized by the mean of the fluxes at Keeler from 2000 to 
2023. This normalization isolates the processes that govern fluxes without specifying their uncertain 
absolute magnitudes.  
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FIGURE 3-24 On-lake and off-lake exceedances at the Lone Pine monitor, with calculations based on consistent 
metrics over time.  
NOTES: These data do not reflect official exceedance counts, but this analysis was conducted to understand long-
term trends using consistent metrics. Exceedance counts and on/off-lake attribution based on screened wind 
directions and a threshold of 150 µg/m3 for exceedances. For all years, on/off-lake exceedance counts were purely 
classified by screened wind directions and may include wildfire smoke events and regional events. For all hours 
without data when the wind was coming from an opposite direction (on- or off-lake), a background concentration of 
20 µg/m3 was assumed.  
SOURCE: Data from GBUAPCD, personal communication, November 2024. 
 
 

 
FIGURE 3-25 Location of Fort Independence monitoring site.  
SOURCE: Adapted from Google Earth. 
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TABLE 3-3 Dates Since 2010 with 24-hour average PM10 concentrations Greater Than 150 µg/m3 at the Fort 
Independence Monitor, Along with Lower Associated 24-hour Average PM10 Concentrations at Other Monitors 
North of the Lake, Indicating a Local Source 

Dates 
Fort Independence 
PM10 (µg/m3) 

North Beach PM10 
(µg/m3) 

Lone Pine PM10 
(µg/m3) 

Lizard Tail PM10 
(µg/m3) 

Bishop PM10 
(µg/m3) 

10/20/2017 159.2 20.2 18.7 23.7 36.1 
7/20/2022 176.0 16.6 14.7 14.1 18.8 
1/3/2023 274.8 6.0 7.1 5.4 3.8 
9/1/2024 192.8 23.9 21.2 19.6 25.7 
9/2/2024 152.9 20.4 19.8 18.3 23.4 
NOTES: Bishop monitoring station is located to the north, outside of the OVPA. Note that a power outage across 
Owens Lake monitoring sites during peak wind speeds on 10/20/17 likely skewed those 24-hour averages. 
SOURCE: Data from Chris Howard, GBUAPCD, personal communication, March 2025. 
 
 

FIGURE 3-26 Summary of sources of local off-lake PM10 exceedances at all monitoring sites during 2017–2024.  
NOTES: Note that a single exceedance event may be partially attributed to multiple sources. Disturbance sources 
include roads, landfills, and construction. “Other sources” include attributions to shoreline sources, open areas, 
sources north of Lizard Tail, sources west of Olancha, Swansea Dunes, and regional sources.  
SOURCE: Data from exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and 
April 2025. 
 
 

An analysis of the estimated emissions trends was completed for the monitoring sites that the 
panel had consistent hourly wind and PM10 data since the early 2000s—Dirty Socks and Keeler. Analyses 
of data from Dirty Socks (Figure 3-27) shows no statistically significant trend for off-lake sources (p-
value of 0.96), while estimated on-lake source emissions have had a statistically significant decline over 
time (p-value <0.01). Keeler (Figure 3-28) has a steep, statistically significant downward trend in on-lake 
source estimated emissions (p-value <0.01), along with a shallower but statistically significant decreasing 
trend in off-lake estimated emissions (p-value <0.01), consistent with recent efforts at Keeler Dunes to 
control off-lake PM10 emissions (see Chapter 6 and Box 6-1).  
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Overall, the analysis indicates that the two monitors with consistent, long-term data show 
statistically significant declines for on-lake estimated emissions over time, while off-lake emissions either 
have no trend or are decreasing at a slower rate. At these levels of emission fluxes (see Appendix A, 
Figure A-1), off-lake emissions will continue to lead to PM10 exceedances at monitors in the future if not 
controlled. Further details are found in Appendix A. 
 

ADDITIONAL MONITORING AND MODELING APPROACHES  
 

Monitoring and modeling are often linked, as air quality models are commonly used to interpret 
observations or compare modeled predictions with measured observations. There are a number of 
potentially useful monitoring and modeling approaches that could be conducted to enhance the 
understanding of which off-lake sources are contributing to continued high PM10 levels observed at 
monitors around or near Owens Lake. This would be most useful for sites that are impacted by emissions 
from multiple off-lake sources during an exceedance (e.g., Dirty Socks or Keeler). Because current 
monitors are placed in locations more suited to capture emissions from on-lake sources as opposed to off-
lake sources, the panel discussed additional monitoring to better capture and link off-lake emissions to 
models. Additionally, two general categories of air quality models—receptor vs. source-oriented 
models—are also discussed in this report.  
 
 

 
FIGURE 3-27 Trends in off-lake and on-lake normalized PM10 emissions at Dirty Socks. 
NOTES: The markers are the computed average normalized emission fluxes. The solid lines passing through these 
points are the mean trends modeled with singular spectrum analysis (SSA). The shaded areas around the trend lines 
are the 95 percent confidence limits of the trends. Mann-Kendall tests show a statistically significant decreasing 
trend for on-lake sources (p-value <0.01) and no statistically significant trend for off-lake sources (p-value of 0.96). 
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FIGURE 3-28 Trends in off-lake and on-lake normalized emissions at Keeler.  
NOTES: The markers are the computed average normalized emission fluxes. The solid lines passing through these 
points are the mean trends modeled with SSA. The shaded areas around the trend lines are the 95 percent confidence 
limits of the trends. Mann-Kendall tests show a steep, statistically significant decreasing trend for on-lake sources 
(p-value <0.01), as well as a more shallow, statistically significant decreasing trend for off-lake sources (p-value<0.01). 
 
 

Additional Imagery  
 

Several cameras around the lake have been useful in the attribution of sources (Figure 3-29), but 
additional cameras could help distinguish the different sources that contribute to a single exceedance. For 
example, more cameras southwest of Dirty Socks could distinguish Olancha Dunes emissions from flood 
deposits emissions. Wider-view cameras north of Lone Pine could better identify sources between Lone 
Pine and Fort Independence. 
 

Satellite Imagery 
 

Satellite imagery may also be useful in identifying PM10 source areas and their evolution over 
time. Although the OVPA is unusual in that there are a large number of PM10 monitoring stations in a 
relatively small area, they are generally concentrated along the 3,600-ft-elevation regulatory shoreline. In 
most dust source regions, air quality measurement stations are sparse and located at great distances from 
each other, leaving vast areas without dust detection or measurement. During the last several decades, 
remote sensing from orbital platforms have been used to help characterize dust sources. Instrumentation 
on the satellites measure discrete wavelengths of reflected solar radiation (Ciren and Huff 2024) to 
estimate dust loading in the atmosphere. A limitation is that dust estimates are only available when the 
satellite is in a position to observe the location, and when the surface is illuminated and without cloud 
cover. Another limitation of satellite observations is that they are not a direct measure of dust 
concentrations at the surface but are instead an integrated measure over an atmospheric column.  
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FIGURE 3-29 Sources of dust are assessed by 20 cameras, which are distributed at 11 locations around the lake and 
in the nearby foothills.  
NOTES: Additional cameras also exist outside the OVPA. 
SOURCE: Chris Howard, GBUPACD, personal communication, April 2025. 
 
 

Some satellites that can provide information on dust are in geosynchronous orbit, such as the 
Geostationary Operational Environmental Satellites (GOES), the latest version being the GOES-R series. 
The instruments on these satellites focus on one area of Earth 24 hours a day, but remaining 
geosynchronous requires an orbit almost 22,236 miles (35,786 km) above Earth, limiting their spatial 
detail. For most GOES-R wavelengths, the pixel size is about 4 square kilometers. Historically, many 
estimates of atmospheric dust have been made with the Moderate Resolution Imaging Spectroradiometer 
(MODIS) instrument package carried on the Terra and Aqua satellites (Baddock et al. 2016; Eibedingil et 
al. 2024; Kandakji, Gill, and Lee 2020, 2021; Webb and Pierre 2018). Having a non-geosynchronous 
orbit, Terra and Aqua are in an orbital band of 438 miles (705 km) above the Earth, 1/50th the distance to 
Earth’s surface and thus have greater spatial detail with pixel sizes as small as 0.024 square miles (0.0625 
km2). These estimates of Aerosol Optical Depth (AOD) are comparable to ground-based estimates from 
the Aerosol Robotic Network (AERONET) at low and middling latitudes, but MODIS-derived AOD 

https://nap.nationalacademies.org/catalog/27958?s=z1120


Off-Lake Sources of Airborne Dust in Owens Valley, California

Copyright National Academy of Sciences. All rights reserved.

60 Off-Lake Sources of Airborne Dust in Owens Valley, California 

Prepublication Copy 

estimates are better at high latitudes (Eibedingil et al. 2021). Since the satellites are not geosynchronous, 
dust outbreaks may be missed when the satellite is not over the dust source.  

The MODIS instrument is past its design life and is being replaced by the Visual Infrared Imaging 
Radiometer Suite (VIIRS) instrument package carried on the Suomi National Polar-Orbiting Partnership 
spacecraft NOAA-20 and NOAA-21 (NOAA 2024b). VIIRS has a 0.024 square mile (0.0625 km2) pixel 
size and 22 wavelength bands (NOAA 2024a), allowing for good dust detection when the instrument is 
over a cloud-free source region during daylight hours. The National Aeronautics and Space 
Administration (NASA) is also planning to launch the Multi-Angle Imager for Aerosols (MAIA) 
instrument in 2026 aboard the PLATiNO-2 satellite (NASA 2024) The PLATiNO-2 completes an orbit 
every 100 minutes (NASA 2024). As its name suggests, it is specifically aimed at providing more detailed 
information on aerosols, including an ability to help identify composition, thus providing a linkage to its 
source (e.g., dust, fire, secondary). MAIA will allow for spectrum analysis of wavelengths bands from 
300 to 2,300 nanometers (spanning ultraviolet [UV] to short infra-red) and 14 filters (NASA 2024). UV 
wavelengths detect certain mineral particulates and organic matter, whereas the shorter visible 
wavelengths detect very small particles according to their diameters, and the short infra-red wavelengths 
are useful for coarse aerosols such as dust and volcanic wash (NASA 2024). MAIA is planned to have a 
resolution of about 984 ft (300 m; Liu and Diner 2017).  

CubeSats are very small (0.3-ft cubes alone or joined in multiples) satellites that orbit at about the 
same distance from Earth’s surface as the satellites carrying the MODIS and VIIRS instrument packages. 
They are increasing in number and with sufficient numbers flying in formation or constellations, they will 
be capable of continual coverage of the surface of Earth. High-resolution cameras used in CubeSats have 
pixel sizes of 10.7 square feet (2.25 m2) from a 310-mile (500 km) orbit. The Starlink constellations 
launched by SpaceX are visible satellite constellations that orbit at only 280 miles (450 km) above the 
surface, 1/80th the altitude of GOES-R. The PlanetScope visual product developed from a constellation of 
about 130 satellites has been combined with machine learning to estimate ground level PM2.5 (not PM10) 
at a 656-ft (200 m) resolution, with the results suggesting that it can be used to identify areas with 
elevated PM levels linked to high emissions (Zheng et al. 2020).  

NASA’s Earth Surface Mineral Dust Source Investigation (EMIT) mission may provide an 
additional resource for understanding dust sources in the OVPA (NASA n.d.). EMIT, launched in 2022 for 
deployment on the International Space Station, is a relatively new mission aimed at characterizing the 
composition of surface dust at a relatively fine resolution (approximately 200 ft or 60 m) and can be 
teamed with other satellite- and ground-based observations (e.g., from GOES, VIIRS or MAIA in the 
future) and modeling to characterize OVPA off-lake source regions. Satellite imagery may also play a role 
in assessing dune movement (Donnallan, Hallet, and Leprince 2015). 

The growing information from satellite-based instruments provides a potential source for the 
District and other stakeholders to identify major dust source areas, and there is little doubt that such 
capabilities will continue to improve. Furthermore, their use in tandem with ground-based observations 
and air quality models has proven helpful in characterizing emissions of pollutants (Qu et al. 2022; Wang 
et al. 2012). A similar approach (e.g., integrating satellite observations of source locations, ground-based 
observations, and adjoint modeling) could be done to help quantify the contributions of on- and off-lake 
sources to measured exceedances. 
 

Additional Monitoring  
 

Currently, the OVPA has a relatively large number of PM10 monitors given the size of the 
planning area. However, most of these monitors are located near the historic lake shoreline to capture air 
masses impacted by on-lake emissions. More detailed identification of off-lake emissions of concern and 
quantification of their emission strengths can be enhanced by additional monitoring, similar to what was 
done around Keeler Dunes when a temporary TEOM (a Federal Equivalent Method [FEM] instrument) 
was installed at the northwestern edge of the Keeler community from March 2015 to February 2020 
(Grace Holder and Chris Howard, GBUAPCD, personal communication, January 2025).  
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While Keeler Dunes has been more intensely studied with near source PM10 monitoring and dust 
emission potential, other off-lake sources such as Olancha Dunes and areas north of the lake are less well 
characterized. Additional PM10 monitoring can help fill that knowledge gap, especially if the observations 
are linked with air quality modeling analyses. In the last OLSAP report, the panel recommended using 
lower cost monitoring (NASEM 2020). These lower cost monitors include both very inexpensive 
monitors (e.g., less than $1,000) and monitors that can be more expensive while still remaining less than 
the cost of FEM and Federal Reference Method (FRM) monitors to purchase and operate. Lower cost 
sensors of PM typically run on the principles of PM light scattering, by either nephelometry or optical 
particle counting techniques (Hagan and Kroll 2020). Studies have found that in dusty areas with 
significant contribution from coarse particles (i.e., particles between 2.5 and 10 µm), nephelometry-based 
sensors perform poorly when compared with FRM or FEM measurements of PM10 while performance of 
some of the optical particle counters has been shown to be promising (Alfano et al. 2020; Hagan 2022; 
Kaur and Kelly 2023; Kuula et al. 2020; Molina Rueda et al. 2023; Ouimette et al. 2022; South Coast 
AQMD 2024). For example, during a month-long field study at three sites in Salt Lake Valley, which 
included sampling during five dust events, optical particle counting-based PM10 measurements correlated 
very well (r2 >0.87) with FEM measurements of PM10 by Met-One E-BAM PLUS, with a slope of 0.92–
1.39 and root mean squared error (RMSE) of 12–18 µg/m3 (Kaur and Kelly 2023). On the other hand, the 
nephelometry-based data were poorly correlated with E-BAM (r2 <0.49), with RMSE approximately 35–
45 µg/m3 and slopes of less than 0.099 (Kaur and Kelly 2023). However, in-field calibration of low-
performing units improves accuracy and reduces bias to some extent (Alfano et al. 2020; Kaur and Kelly 
2023). In many cases, nephelometry-based sensors also perform poorly in high velocity winds, due to the 
dynamics of the air intake ports. Ideally, air intake ports should be isokinetic and pointed into the wind to 
draw air at the same velocity as the ambient flow field. These deal situations are difficult to achieve in a 
turbulent flow field. Another solution that is often employed is to place the sensor in an aspirated chamber 
where the stilling volume of the chamber permits air intakes that are more closely isokinetic than could be 
attained in the high velocity flow field. While the data collected by low-cost sensors would not be used to 
determine compliance with the NAAQS, it can be used to help characterize source areas and for model 
evaluation, accounting for instrument accuracy. This evidence supports the use of lower cost monitors for 
characterizing source regions that are less well-studied, particularly if they can be solar powered, rather 
than using more costly regulatory monitors that would be difficult to use in these conditions (e.g., 
Chauhan et al. 2022; Riter et al. 2023). 

Another type of monitoring that may assist in better defining the distribution of sources are 
Portable In-Situ Wind Erosion Lab (PI-SWERL) analyses. PI-SWERLs have been used in the OVPA in 
the past to help quantify PM10 emission potential in off-lake areas (Kolesar et al. 2022b). These devices 
use a rotating annular blade 6 cm from the surface of interest to mimic wind across the surface and create 
shear stress to generate emissions of PM10. The threshold friction velocity of wind that initiates particulate 
movement and PM10 emissions is then determined (Finnigan 1988; Raupach 1992). Replicate or transect-
based testing is necessary because PI-SWERL captures emissions on a small area of the surface.  

One advantage of PI-SWERL measurements of surface dust emission potentials is that a range of 
surface conditions at a single site may be considered. For instance, within a small area of just 2–6 square 
feet, replicate tests of dust emission potentials from undisturbed or crusted surface conditions may be 
compared with the dust emission potentials of the same surfaces when disturbed to different extents. 
Transects could be especially useful in areas like Olancha Dunes to better distinguish the impact of 
recreational activity on dust emission potentials (Gillies et al. 2022). In addition to disturbance effects, 
temporal or seasonal factors of dust emission potentials may be measured. Thus, as emissivity varies in 
response to meteorology, modelling can be used to yield annual predictions based on the expected 
erosivity of the seasonal winds. As shown in the past applications in the OVPA, linking PI-SWERL 
measurements, other observations, and modeling results can better quantify the impact of emissions 
source regions on air quality. 
 

https://nap.nationalacademies.org/catalog/27958?s=z1120


Off-Lake Sources of Airborne Dust in Owens Valley, California

Copyright National Academy of Sciences. All rights reserved.

62 Off-Lake Sources of Airborne Dust in Owens Valley, California 

Prepublication Copy 

PM10 Composition and Receptor Modeling  
 

Having detailed information on the composition of the particulate matter (i.e., the elemental 
abundances) could also facilitate more detailed source identification. For example, while the Owens Lake 
bed is a texturally varied mixture of fine clay particles, sodium carbonate, sodium sulfate, and soluble 
salts (Gill 1995; House, Buck, and Ramelli 2010; Reheis 1997; Tyler et al. 1997), off-lake dune sources 
are distinctly different in that they are predominately quartz, plagioclase, potassium feldspar with minor 
amounts of calcite, and other minerals (Lancaster and Bacon 2012; Lancaster et al. 2015). There is 
evidence of gypsum present in passive dust collectors downwind of the Owens Lake bed (Reheis 1997); 
however, the source of this gypsum is unknown as it is not present in the surface crusts of playas (Gill 
1995). Higher concentrations of heavy metals such as arsenic and antimony are found in Owens Valley 
alluvium and lake-marginal deposits further away from the dry bed of the Owens Lake, possibly due to 
the proximity to naturally occurring minerals in the Inyo Mountains, including the Cerro Gordo Mining 
District (Reheis 1997; Reheis, Budahn, and Lamothe 2002). Elevated zinc and lead concentrations are 
also found in dust resuspended from alluvial sediment near Keeler on the northeast side of Owens Lake 
(Barone et al. 1979; Barone et al. 1981; Cahill et al. 1994). These compositional differences between on- 
and off-lake sources highlight that chemical compositions could potentially provide some insight into the 
proportion of on-lake and off-lake dust sources for individual exceedance events. Although it would 
require high sensitivity, it may also be possible to use the compositional differences between various off-
lake sources to better attribute an exceedance event to one or multiple off-lake sources (e.g., contribution 
from Olancha Dunes vs. flood deposits to exceedances at Dirty Socks).  

Elemental analysis of dust from events that are shown to be dominated by different sources can 
be interpreted using data analysis techniques, often referred to as source apportionment models, discussed 
below. This will require chemical speciation of the airborne dust, as well as well-defined chemistry of the 
surrounding source areas (e.g., Frie et al. 2017; 2019; Wang et al. 2023). Chemical speciation of airborne 
dust can be gained by collecting PM10 on filters and then using methods such as X-ray absorption near 
edge structure (XANES) for metal speciation, inductively coupled plasma mass spectrometry (ICPMS) 
for elemental measurement, and multi-collector ICPMS analysis for isotopic characterization of the 
particulate matter on the filters. Filters from the Partisol Sequential Sampler that the District has deployed 
can be used for such analysis. 

The measured composition of PM10 (including the elemental composition described above) can 
be used in receptor models to quantify the contribution of sources with unique chemical signatures to the 
observed PM10. Receptor models are observation-driven, using the measurements at one or more receptors 
to estimate how different sources are impacting concentrations at that receptor (Watson 1984). Example 
receptor models that are commonly used include the Chemical Mass Balance method and the Positive 
Matrix Factorization or Non-Negative Matrix Factorization (Coulter 2004; Friedlander 1973; Paatero and 
Tapper 1994; Watson, Cooper, and Huntzicker 1984). Concentrations of individual ions (e.g., sulfate, 
nitrate, chloride, ammonium, sodium; often measured from filters using ion chromatography), elements 
(e.g., metals; often measured using x-ray fluorescence or mass spectrometry) and elemental and organic 
carbon are typical species used in source apportionment analyses. Using the composition of emissions 
from specific source regions or types, the amount of PM10 contributed from the modeled sources (e.g., on-
lake, specific dunes, regional transport, and flood deposits) can be quantified. While the Chemical Mass 
Balance method requires specific knowledge of source composition profiles, Positive Matrix 
Factorization or Non-Negative Matrix Factorization can simultaneously provide a source composition 
profile and strength based on its input data of the PM10 composition. Ideally, hourly composition data can 
capture the relatively fast shifts in source areas with changes in wind direction. With enough composition 
data of PM10, receptor models are generally applied in readily available computer environments, as the 
models are limited by the availability of the speciated measurements.  
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Receptor modeling has been conducted at the Oceano Dunes area using a weight of evidence 
approach to quantitively estimate contributions of sources to exceedances (Wang et al. 2023). This 
approach involved relationships between combinations of specific PM10 species and source emissions. For 
example, sodium, chloride, magnesium, potassium and sulfate were used to estimate fresh sea salt (FS): 
 

FS = fsNa+ + Cl- + ssMg2+ + ssK+ + ssCa2+ + ssSO4
2- 

 
In this example, fsNa+ is the fresh sea salt fraction of sodium ion; Cl- is the concentration of 

chloride ion; ssMg2+ is the sea salt magnesium; ssK+ is the sea salt potassium; ssCa2+ is the sea salt 
calcium ion; and ssSO4

2- is the sea salt sulfate ion. Similar relationships were developed for aged sea salt, 
mineral dust, and other sources. The source relationships developed at Oceano Dunes are unique to the 
dominant sources surrounding those dunes; however, a similar approach could be applied to Owens Lake 
once chemical signatures of the sources in Owens Valley are quantified. This approach is very similar to 
the Chemical Mass Balance method in that it uses known chemical compositions of suspected sources. 
 

Source-Oriented Modeling 
 

Source-oriented models simulate the transport and transformation of pollutants from their 
emission as they evolve in the atmosphere, typically based on computationally solving the equations 
governing pollutant dynamics. Those models are based on accurately describing the important physical 
(e.g., wind velocity, turbulent transport) and chemical processes impacting pollutant concentrations from 
emissions (which are often uncertain) to their fate. An important use of source-oriented models is to 
assess our understanding of source emissions strengths to prioritize emission control strategies and better 
predict emissions and impacts from a specific source on PM10 concentrations. If a modeling system 
performs well under a variety of conditions, that indicates the model is capturing the important sources 
and processes prevalent in the atmosphere. Lack of agreement, conversely, suggests that there are 
potentially large gaps in our understanding, which limits the accuracy of the modeling system. For 
example, if the model results are biased low in comparison to observations, that would suggest that the 
estimated model source strengths are low or there are missing sources not accounted for in the modeling. 
If the model simulations are biased high, that would suggest that the source strength estimates are too 
large. Biases can also be introduced by errors in the meteorological inputs. Diagnosing model errors helps 
identify errors in our understanding of model processes. Many different source-oriented models have been 
developed for applications from very local scales (such as the Owens Lake area) to global scales (EPA 
2024a; Mejia et al. 2019; Pennington et al. 2024; Vohra et al. 2021).  

As described earlier, the District’s current modeling approach is to use CALPUFF, along with 
CALMET as the source of its meteorological inputs to model primarily on-lake source regions. Keeler 
Dunes is the sole off-lake source currently treated in the District’s modeling. With the 2017 revisions to 
the Guideline on Air Quality Models (Appendix W to 40 C.F.R. § 51), CALPUFF is no longer an 
Environmental Protection Agency (EPA) preferred model. One concern that arises from the panel’s 
review of the modeling conducted by the District is that the model results can differ substantially from the 
observations (Figure 3-30). The District developed a hybrid approach using a time-varying background 
concentration based on monitored off-lake measurements (GBUAPCD 2016), which does improve model 
performance. However, there are still distinct differences between model results and observations, 
particularly on days when the observed PM10 concentrations are low.  

A second concern with the District’s current modeling approach is that by only modeling the 
downwind air quality impacts from on-lake emissions and Keeler Dunes, the ability to quantitatively 
analyze the impact of other off-lake sources on PM10 exceedances and emissions rates is impaired. This 
information would be valuable for identifying the most effective control program to mitigate future 
exceedances and in exceptional event analyses. Such information would also reduce bias in the current 
modeling result, as there are a number of cases where the simulated levels are much less than observed, 
suggesting that other sources not accounted for in the modeling may be contributing to the exceedances.  
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FIGURE 3-30 Simulated CALPUFF model results versus observations for A) 2021–2022 and B) 2022–2023; C) 
Hybrid model performance for 2022–2023.  
NOTES: The scatter between simulated and observed values is also indicative of the variability in emissions, 
including the variability between the relationships between sand flux, wind speed, and emissions (Gillette, Ono, and 
Richmond 2004; Kolesar et al. 2022).  
SOURCE: Chris Howard, GBUAPCD, personal communication, September 2024. 
 
 
Alternative Approaches 
 

One of the most widely used dispersion models in the United States is AERMOD (Chen et al. 
2009; Perry et al. 2005). AERMOD is a steady-state plume model and is an EPA-preferred model for 
dispersion modeling (EPA 2024b). It has a more limited description of atmospheric chemistry than 
CALPUFF, but this is not a significant issue when modeling PM10 mass concentrations. AERMOD is 
often driven by AERMET, a meteorological preprocessor that utilizes observations to develop 
meteorological inputs to AERMOD, analogous to CALPUFF being driven by CALMET. AERMOD is 
computationally fast compared to most three-dimensional models described below or other models that 
include more complex chemistry. AERMOD has been used to assess source impacts on particulate matter 
in a variety of applications (Batterman et al. 2014; Chen et al. 2009; Colledge et al. 2015; Jittra et al. 
2015; Özkaynak et al. 2013; Perry et al. 2005).  

Other plume models, include the LSPDM (Mejia et al. 2019), LAPMOD (Bellasio et al. 2017; 
Graff et al. 1998), and KSP (Graff et al. 1998), but it is not apparent if these models have significant 
advantages over CALPUFF. At Oceano Dunes, the LSPDM is tied to a very fine resolution emissions 

A 

C 

B 
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model based on extensive dust emissions data collected using the PI-SWERL (Etyemezian et al. 2007). At 
present, there are insufficient PI-SWERL observations in Owens Valley to drive a similar fine-scale 
emissions estimation approach for the off-lake areas other than Keeler Dunes. However, PI-SWERL 
testing can be relatively rapid and four replicate tests can be performed in an hour. Thus, it could be 
possible to obtain the level of spatial detail necessary to model the complex landscapes in Owens Valley 
at different scales. 

The Weather Research and Forecasting (WRF) model is a prognostic meteorological model that 
solves the basic equations of fluid and energy transport in the atmosphere to provide important fluid-
mechanical properties affecting pollutant transport, including wind velocities and turbulent diffusion. 
CALPUFF can use meteorological outputs from the WRF (Skamarock et al. 2007) and the District’s 
model performance might be improved by including some of these properties. The WRF with chemistry 
(WRF-Chem) model also uses meteorological parameters from WRF to solve the equations governing 
pollutant transport from one fixed grid to another, vertically and horizontally (Grell et al. 2005). 
Contractors for the LADWP used WRF-Chem to conduct preliminary modeling of the region with 
additional off-lake sources. WRF-Chem is a Eulerian three-dimensional model that differs from plume 
models in that it is grid-based with a fixed spatial coordinate system. Similar Eulerian models that are 
widely used include CAMx and the Community Multiscale Air Quality (CMAQ) model.  

The use of WRF-Chem or other three-dimensional Eulerian pollutant transport models instead of 
a plume model has some advantages and disadvantages. Disadvantages include that WRF is 
computationally more demanding than CALMET, and WRF-Chem (or CAMx and CMAQ) are more 
computationally demanding than CALPUFF. Another concern is that WRF-generated wind fields can 
differ substantially from observations (EPA 2019c; Parajuli and Zender 2018). Such differences can alter 
near-source dispersion calculations, though it is not known how this might manifest in the Owens Lake 
area. Some advantages include that the Eulerian grid model results are spatially complete, that multiple 
sources and source areas are treated simultaneously, that the computational time does not increase 
markedly as new sources are added (although input preparation will), and that the simulations can be used 
to carry out source-apportionment calculations across the modeling domain, not just along specific 
trajectories. Treating multiple source areas simultaneously can be particularly important when assessing 
the cumulative impacts from all the source areas on- and off-lake, though plume models can do so by 
using plumes from each source area. Some grid-based models have been specifically instrumented to 
follow emissions from specific sources that can be used to quantify the impacts from on- and off-lake 
sources at all the monitoring sites in the area (EPA 2025b; Ramboll 2020). Another advantage of grid-
based models is that they can capture the importance of chemical interactions of pollutants from different 
sources. However, the contributions of atmospheric chemistry to PM10 exceedances around Owens Lake 
is likely small given the short transport times, lack of major local sources of secondary particulate matter 
formation, and the dominance of direct PM10 primary emissions.  

Inverse modeling of source-oriented models can be used to better estimate source emissions by 
adjusting source strengths to better capture observed concentrations. Inverse modeling is typically done 
by applying a model with the estimated emissions as the input and comparing the model results to the 
observations, then adjusting the emissions to improve model results. Given multiple observations over 
multiple times, the estimated emissions are optimized to best capture observations. Zhang (2024) used 
AERMOD along with multiple linear regression to develop better emissions estimates at a fine scale, as 
might be done for Owens Valley. More complex approaches include Kalman filtering (Carmichael et al. 
2008; Napelenok et al. 2008) and adjoint modeling (Chen et al. 2021; Hakami et al. 2005; Kaiser et al. 
2018; Stavrakou and Müller 2006; Zhang et al. 2009). 
 
Value of Including Off-Lake Sources in Models 
 

As noted above, the District includes on-lake source areas and the Keeler Dunes in their 
CALPUFF modeling. The WRF-Chem model applied by LADWP contractors included some additional 
off-lake source regions. However, neither appear to consider the broad range of potential off-lake sources 
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contributing to PM10 exceedances in the Owens Lake area. Including additional off-lake source areas in 
air quality analyses of the Owens Lake area would improve the identification and characterization of 
sources impacting PM10 exceedances, provide a platform for air quality planning, and advance 
assessments of the effectiveness of dust controls. 

Historically, the District has used their CALPUFF-based modeling system to demonstrate how 
controls to on-lake sources and Keeler Dunes will impact air quality (GBUAPCD 2016). This exemplifies 
a major use of air quality models: to identify effective strategies to meet the region’s air quality goals. If 
additional off-lake controls were to be considered to reduce PM10 from off-lake sources, it would be 
important to include these off-lake areas in the modeling effort. Models can also be used to perform 
scenario analyses to provide expected source impacts under a range of conditions and controls across the 
region. Another reason to include a more comprehensive set of off-lake sources in the modeling is to more 
formally treat the background used in prior CALPUFF modeling. The Hybrid Modeling Approach used 
by the District includes a time varying background to account for off-lake sources. Inclusion of those 
sources in the model application would more directly incorporate off-lake source impact on modeled 
concentrations.  

Finally, as discussed in Chapter 5, exceptional event demonstrations are based on thorough 
analyses of the sources leading to an observed exceedance and an assessment of whether the sources and 
conditions satisfy the criteria to be considered exceptional events. An important component of an 
exceptional event demonstration could be using a well-evaluated modeling system to link the observed 
high levels to specific sources.  
 

CONCLUSIONS AND RECOMMENDATIONS 
 

Dust control measures have made substantial progress toward reducing the frequency and 
intensity of on-lake exceedances, but both on-lake and off-lake sources continue to cause PM10 
exceedances in the OVPA. The relatively consistent number of PM10 exceedances that the District has 
attributed to off-lake sources over the last 25 years, despite trends indicating a declining number of 
exceedances from on-lake sources, demonstrates the importance of these off-lake sources and suggests 
that these sources could hinder attainment with the PM10 NAAQS in the region. 
 

Conclusion 3-1: Off-lake sources currently contribute the majority of exceedances of the PM10 
NAAQS at most monitoring sites in the OVPA and are likely to remain important contributors in 
the future.  

 
Since 2017, the District has used additional information to attribute PM10 exceedances to specific 

sources within the OVPA. This information includes particulate and meteorological data, modeling, 
cameras, field observations, and media reports of dust storms. These data are compiled into the District’s 
exceedance database. Based on these data, the District classifies each exceedance as one of the following: 
1) dust—primarily on-lake sources, 2) dust—primarily local off-lake sources, 3) dust—primarily regional 
event, 4) wildfire smoke, and 5) mixed—dust and wildfire sources; and provides detailed comments on 
likely source areas. The panel supports the District’s general approach to source apportionment and use of 
this information to identify a few specific local off-lake sources that cause a disproportionate impact on 
the PM10 exceedances in the OVPA. These sources include flood deposits (including channelized, 
sheet/overland flow, and impounded flood deposits), Keeler Dunes, Olancha Dunes, alluvial fans, up-
valley sources, and anthropogenic disturbances. 
 

Conclusion 3-2: The most frequent local off-lake source of exceedances from 2017 to 2024 is 
flood deposits, followed by Olancha Dunes and Keeler Dunes. 

 
This District’s method for source attribution is useful for assessing broad trends, but the 

classifications are nonquantitative, and some uncertainties remain in the identification of specific off-lake 
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source areas. For example, the current methodology does not allow for the quantification of PM10 
contributions from different sources for a single exceedance, and data are often not collected in locations 
that are ideal to capture detailed information about off-lake sources. Additional measurements and 
modeling would enable the District to more definitively identify how specific sources have contributed to 
exceedances and support future air quality management decisions. 
 

Recommendation 3-1: Given the importance of better characterizing contributing sources 
to individual exceedances from off-lake sources, the Great Basin Unified Air Pollution 
Control District, the California Air Resource Board (CARB), the U.S. Environmental 
Protection Agency (EPA) and land owners/managers should consider supporting the 
following measurements and modeling: 
• Compositional analysis (species, elements, isotopes) of PM10 material to better identify 

source areas leading or significantly contributing to exceedances. Compositional data can 
be obtained from saved Partisol filters. These compositions can be interpreted with receptor 
models to better estimate how different sources are impacting concentrations at PM10 monitors. 
Differentiating on- and off-lake sources may be more straightforward, whereas more precision 
may be required to differentiate between different off-lake sources. Priority for data collection 
could include those monitors with complex source areas with the largest numbers of 
exceedances (e.g., Keeler, Dirty Socks).  

• Additional cameras to better attribute specific off-lake sources. There are a number of 
cameras around the lake that have been useful in the attribution of sources, but additional 
cameras could help distinguish the different sources that contribute to a single monitor. For 
example, more camera southwest of Dirty Socks could distinguish Olancha Dunes emissions 
from flood deposits emissions. Additionally, wider-view cameras north of Lone Pine could 
better identify sources between Lone Pine and Fort Independence. 

• PI-SWERL transects to identify changes to dust emission potential with increased human 
influence, such as at the Olancha Dunes Off-Highway Vehicle Recreational Area.  

• Temporary monitoring of PM10 to better characterize source areas of concern, potentially 
including the Olancha Dunes Off-Highway Vehicle Recreational Area, fallow agricultural 
fields, and former groundwater-dependent vegetation areas to the north of the lake. The 
current TEOM monitoring stations around the lake are poorly situated to characterize emissions 
from specific off-lake areas and quantify the significance of these emissions to existing 
monitoring stations and communities. There are several potential areas of concern within the 
OVPA that may benefit from temporary TEOM or low-cost PM10 monitors to establish dust 
emission potential. These measurements can be coordinated with source-oriented modeling 
activities aimed at source impact quantification. If significant new sources are identified 
through the use of temporary monitors, then regulatory agencies could consider investing in 
new (or relocating previously existing) EPA-compliant TEOM stations to better characterize 
emissions from off-lake areas.  

• PM10 modeling of off-lake sources, potentially using AERMOD, an EPA-recommended 
dispersion model for local-scale modeling, instead of or alongside CALPUFF. Although 
there would be additional work to switch from CALPUFF to AERMOD in the near term, the 
District could benefit from the continued EPA support AERMOD enjoys. Inverse modeling 
will help quantify on- and off-lake source strengths and how they are evolving in time. 
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4 
Origin and Evolution of Local 

Off-Lake Sources in Owens Valley 

As described in Chapter 3, a number of sources of PM10 exist in the Owens Valley Planning Area 
(OVPA) that are outside the regulatory shoreline of Owens Lake, including flood deposits,1 Keeler Dunes, 
Olancha Dunes, sand sheets, alluvial fans, up-valley sources, and a variety of anthropogenic disturbances. 
In this chapter, the panel evaluates the origin and evolution of these major off-lake sources, or those that 
might become important sources in the future. Some anthropogenic disturbances that were identified as 
causing exceedances in Chapter 3 (e.g., landfill, roads, construction) are not expanded upon in this 
chapter as they are outside the scope of this study (Table 1-1).  

There are several methods for determining the origin of emissive landforms and how they 
developed over time. Radiocarbon dating can provide ages of vegetation, flooding, or evidence of past 
environments, such as immersion in water or burial of soils. Luminescence dating utilizes sand-sized 
grains and the property they contain that bleaches to zero as the grain is exposed to sunlight on a transport 
path. This method can provide the best absolute dating evidence for the timing of when the grain is 
redeposited in a landform and covered, thus providing information on the history of fine-grained sediment 
mobility on the landscape. Geochemical and grain size information can also be used to trace sedimentary 
sources and processes. Finally, aerial imagery and photography can document geomorphic and vegetative 
changes to landscapes. Geologists and geomorphologists typically use these multiple lines of evidence to 
infer the origins and evolution of landforms, including the potentially dust-producing ones discussed here.  
 

WINNOWING HYPOTHESIS FOR OFF-LAKE DUST 
 

A process that is potentially relevant for the origin and evolution of a number of PM10 sources in 
the OVPA is “winnowing.” As described in Chapter 3, the term “winnowing” refers to the removal of dust 
from areas above the regulatory shoreline, which had historically originated on the lakebed. This process 
was described by Ono and Howard (2016) and was included as Appendix G in the 2016 State 
Implementation Plan (GBUAPCD 2016). Ono and Howard (2016) found that there was a correlation 
between on- and off-lake exceedances at the Dirty Socks monitor, and that both exceedances were 
decreasing in frequency and in average concentrations over time. Their analysis implied that the bulk of 
PM10 emission from off-lake sources was originally derived from on-lake sources, and that as PM10 
emissions from on-lake sources decreased, the derivative PM10 in off-lake sources would also decrease. 
The report states that:  
 

“With the limited supply of sand and dust in these off-lake areas, PM10 that is present in 
the deposited soil is expected to be winnowed out over time, resulting in lower PM10 
emissions and ambient impacts. Such a decrease in PM10 emissions and impacts were 
observed at Owens Lake near the Dirty Socks PM10 monitor site. A comparison of off-lake 
and lakebed PM10 impacts measured at the Dirty Socks monitor site in this study found that 
dust from off-lake areas was closely linked to dust activity in adjacent lakebed areas. The 
results showed that the downward trends in on-lake PM10 exceedance numbers and 
concentration levels closely matched the trends in off-lake areas. A projection of this 

 
1 As discussed in Box 3-1, where evidence is not available to be more specific, the panel refers to channelized flood 
deposits, sheet/overland flow deposits, and impounded flood waters as “flood deposits.” 
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relationship found that if lakebed source areas cause no new federal exceedances, as 
expected for the required dust controls on the Owens Lake bed, then the off-lake areas 
would also show compliance with the federal standard.” 

 
More than eight years later, it appears that the relationship between on- and off-lake dust sources 

does not hold. Analysis of exceedances from 2001 to 2023 based on consistent metrics indicates that, 
contrary to the expectations set out in Ono and Howard (2016), the number of off-lake exceedances do 
not show a significant downward trend over time, even as on-lake exceedances emissions have continued 
to decrease (Figures 3-6, 3-9, 3-12, 3-18, 3-22, and 3-24). The panel’s analysis of estimated emissions at 
the two sites with long-term data showed similar results for Dirty Socks (Figure 3-27; see also Appendix 
A). The panel did observe a significant downward trend in estimated off-site PM10 emissions at Keeler 
(Figure 3-28), which is to be expected in response to the Keeler Dunes Dust Control Project (see Box 6-
1). Most current dust emissions from off-lake sources are likely not a result of resuspension of material 
that originated on the lakebed. Instead, the presence and frequent replenishment of highly emissive flood 
deposits provides ample fine particulates that can be emitted as dust as long as the horizontal flux of sand-
sized particles in saltation is sufficient to emit dust-sized particles from the surface. Thus, the panel finds 
the premise of Ono and Howard (2016) that there is a “limited supply of sand and dust in these off-lake 
areas” to be false. Given this and the lack of correlation between on- and off-lake exceedances and 
estimated emissions, the panel finds that winnowing will play a minimal role in reduction in future off-
lake PM10 exceedances. 
 

NORTHEAST SIDE OF THE LAKE 
 

The northeastern side of Owens Lake is host to several dune fields, sand sheets, and alluvial fan 
complexes that deliver and rework sediments from the neighboring Inyo Mountains, pre-existing aeolian 
deposits, former floodplain and delta deposits of the Owens River, and from the Owens Lake bed itself. 
Some of these landforms, like the Lizard Tail Dunes and Swansea Dunes, have existed on the landscape 
for long periods of time without substantial change (Lancaster and Bacon 2012; Lancaster et al. 2015). 
The Lizard Tail and Swansea dunes have not been tied to many exceedances (Chapter 3). In contrast, 
other landforms to the northeast of the lake, like the Keeler Dunes, have overgone major changes over the 
last century and are significant contributors to exceedances (Chapter 3).  
 

Keeler Dunes 
 

The Keeler Dune field consists of sand deposits overlying late Holocene alluvial fan deposits that 
are located below and to the west of the Slate Canyon/Keeler Alluvial Fan Complex (Figure 4-1). The 
Keeler Dunes and nearby alluvial fan complex are large continuing sources of off-lake exceedances in the 
vicinity of Owens Lake (Chapter 3). In 2014, the Great Basin Unified Air Pollution Control District (or 
District) started a project to reduce aeolian transport and PM10 emissions on the Keeler Dunes (the Keeler 
Dunes Dust Control Project), which involved reducing sand transport using artificial roughness and 
introduction of plant species in an effort to revegetate the dunes (see also Box 6-1).  

The District and the Los Angeles Department of Water and Power (LADWP) have provided 
competing explanations for the activation of the dune field and resultant production of PM10. Here, the 
panel outlines the contextual elements common to both views, details its understanding of the two 
explanations for activation of the Keeler Dunes, and evaluates the evidence for each.  

There is evidence that the Keeler Dunes were a largely stabilized dune field covered mainly by 
black greasewood (Sarcobatus vermiculatus) at the beginning of the 20th century (Figure 4-2). This dune 
field probably looked very much like the more northerly Swansea and Lizard Tail dunes and like the 
southern portion of the Keeler Dunes today. Researchers agree that some event or events caused 
destabilization of portions of the Keeler Dunes (Figure 4-3). Neither the Swansea and Lizard Tail dunes 
nor the southern portion of the Keeler Dunes appear to have been impacted in the same way. The main 
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arguments for the remobilization of the Keeler Dunes are referred to below as the “hydrological” and 
“aeolian” arguments for the sake of simplicity and are outlined briefly here:  
 

1) Hydrological argument: Berms installed in 1954 and 1967 to protect Highway 136 reduced 
the delivery of surface runoff water to the distal portion of the Keeler/Slate Canyon Fan. As a 
result, the greasewood that stabilized the dunes was reduced. This line of argument was made 
primarily in Richards et al. (2022).  

2) Aeolian argument: Diversion of water from the lake and subsequent desiccation of the 
lakebed exposed significant amounts of sand that was blown into the Keeler Dune field. The 
increase in aeolian transport overwhelmed the vegetation’s ability to stabilize the dunes due 
to feedbacks between the increased sand flux (and abrasion potential) and declining 
vegetation cover. This line of argument was made primarily in Lancaster and McCarley-
Holder (2013). 

 
 

 
FIGURE 4-1 Dune features on the northwest side of Owens Lake. The active portions of the Keeler Dunes are shown 
in brown. Inactive portions of the Keeler Dunes and other dune fields are shown in green.  
SOURCE: Kolesar et al. (2022b), licensed under CC BY-NC-ND 4.0. 
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These two arguments will be evaluated more below, but first, the common geomorphic and hydrologic 
context for the Keeler Dunes will be discussed. 
 
 

 
FIGURE 4-2 A)1912 and B) 1917 photographs showing greasewood-stabilized dunes in the Keeler area.  
NOTES: Left: Location 108 at 36.4804 N and -117.8617 E; Right: Location 111 at 36.4915 N and -117.8758 E 
SOURCE: A) Photographer H. S. Swarth from the Museum of Vertebrate Zoology, University of California (UC) 
Berkeley; B) Photographer J. Dixon from the Museum of Vertebrate Zoology, UC Berkeley. 
 
 

 
FIGURE 4-3 Remains of a greasewood plant, the roots of which have been exposed due to erosion in the Keeler 
Dunes area.  
NOTES: The location of the person’s hand is approximately at the top of the root.  
SOURCE: Richards et al. (2022), supplementary data, licensed under CC BY-NC-ND 4.0. 
  

A B 
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Geomorphic Context 
 

Sands from the Keeler Dunes are medium- to fine-grained, moderately to poorly sorted, and have 
a quartz content of 37–38 percent and a total feldspar content of 40 percent (Lancaster et al. 2015); 
(Figure 4-4). The composition and mineralogical maturity of the sands from the Owens River and the 
Keeler Dunes are similar, although the dune sands are slightly more quartz rich, which often occurs in 
aeolian settings as other minerals (e.g., feldspars) are abraded during aeolian transport, or weathered over 
time (Lancaster et al. 2015; Muhs 2004). In contrast, sands on the Slate Canyon/Keeler Alluvial Fan 
Complex have distinctly different mineralogy with higher calcite and lower feldspar content (Figure 4-
4A; Lancaster et al. 2015).  
 
 

 
FIGURE 4-4 A) Mineralogical ternary diagrams and B) Particle size distribution for typical sands from major dune 
fields. 
NOTES: Slate Canyon/Keeler Alluvial Fan Complex (labeled in Figure 4-4A as “Keeler Fan Wash”) has distinctly 
different (low feldspar) compositions.  
SOURCE: Lancaster et al. (2015). 
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Regardless of when sand was deposited (i.e., pre- or post-diversion of water from the lake), 
mineralogical composition and grain size distributions indicate that the primary source of sand for dune 
fields in this region appears to be sediment from the Owens River, derived initially from the physical 
breakdown of granitic rocks of the Sierra Nevada that was then remobilized by wind from the lakebed and 
exposed river delta into the dune fields during times of low lake levels (Lancaster and Bacon 2012; 
Lancaster and McCarley-Holder 2013; Lancaster et al. 2015). Past drops in lake levels and periodic floods 
are known to have increased sand supply to the Owens Lake bed and subsequently to dunes proximal to 
the lake (Bacon et al. 2018; Lancaster and McCarley-Holder 2013; Lancaster et al. 2015). In recent 
geological time, optically stimulated luminescence (OSL) ages from the Lizard Tail Dunes indicate two 
periods of aeolian sand accumulation: 1192–1302 CE and 1592–1712 CE. These periods are also 
represented in the Keeler Dunes area, suggesting extensive aeolian sand accumulation around 1282–1412 
CE and 1563–1712 CE (Bacon et al. 2018; Lancaster and Bacon 2012). The older of these periods closely 
follows regression from the 3,618 ft (1,103 m) lake high stand that occurred around 1112–1282 CE 
(Bacon et al. 2018; Lancaster and Bacon 2012), which would have resulted in exposure of lake plain 
sediments as lake levels lowered. Lancaster and Bacon (2012) provided luminescence ages that indicate 
aeolian sand was also reactivated during 1930–1976.  

Flood deposits have a much higher potential for PM10 emissions compared to aeolian sands and 
interfluve2 fan deposits (Kolesar et al. 2022b). Flood deposits typically occur in distal areas of the fan 
complex fed by recently active channels and/or within low-lying interdune basins where the dunes locally 
dam flood flows. In the Keeler Dunes, fine textured (clay–silt) “flood silts” exist within interdune areas as 
depicted in Figure 4-5 (Lancaster and Bacon 2012) and are generally interbedded with aeolian sands or 
deposited as a cap on underlying aeolian sands. Periodic flooding is a natural occurrence in desert 
landscapes that results in mobilization of sediments from slopes, channels, ephemeral washes, and alluvial 
fans within watersheds. Flood flows also interact with and rework other sedimentary deposits, including 
aeolian dunes and sand sheets. As such, flood deposits are an episodically renewing part of the natural 
mosaic of sedimentary features, including at Keeler Dunes.  
 
 

 
FIGURE 4-5 Flood silt deposits interbedded with aeolian sands in the Keeler Dunes area.  
SOURCE: Lancaster and Bacon (2012). 
 
 
Hydrologic Context for Vegetation Around Owens Lake 
 

As outlined in chapter 2, there is considerable evidence at present of near-surface groundwater at 
the margin of the 3,600-ft regulatory shoreline. The wetlands, springs, and seeps that ring the lake (Figure 

 
2 Interfluve is the “relatively undissected upland between adjacent streams flowing the same general direction” 
(American Geological Institute 1983). 

https://nap.nationalacademies.org/catalog/27958?s=z1120


Off-Lake Sources of Airborne Dust in Owens Valley, California

Copyright National Academy of Sciences. All rights reserved.

74 Off-Lake Sources of Airborne Dust in Owens Valley, California 

Prepublication Copy 

2-7) and other evidence (Meyers et al. 2021) indicate remarkable stability of groundwater supply in the 
vicinity of Owens Lake that has not been impacted by the diversion of Owens River, nor groundwater 
pumping up-valley. Modeling by Richards et al. (2022) suggests that depth to groundwater in the Keeler 
Dunes complex is 0–9 m.  

Greasewood is a phreatophytic (groundwater-dependent) shrub that stabilizes dunes in the 
northeastern side of Owens Lake, including around Keeler (Figure 4-2). Studies have noted the capacity 
of greasewood (Chimner and Cooper 2004; Nichols 1994) to optimize the uptake of water from shallow 
or deep water sources based on prevailing conditions and to switch to groundwater when vadose zone soil 
moisture declines (Devitt and Bird 2016). Studies have shown that greasewood can use groundwater to 
depths of 33–43 ft (10–13 m; Chimner and Cooper 2004; Devitt and Bird 2016; Garcia et al. 2015; 
Nichols 1994). In the Mono Lake area and the vegetated dune areas at Owens Lake, greasewood has been 
shown to have roots down at least 10–16 ft (3–5 m) and 15–20 ft (4.5–6 m), respectively (Figure 4-6; 
Donovan, Richards, and Muller 1996; Mike Aspinwall, Formation, personal communication, July 30, 
2024). Elmore, Mustard, and Manning (2003) reported that the average depth to groundwater in 
greasewood communities in Owens Valley is 11 ft (3.4 m).  
 
Evaluation of the Hydrological Argument for Keeler Dune Destabilization 
 

Richards et al. (2022) state that “construction of flood control berms (1954, 1967) cut off surface 
overflow events on the alluvial fan, resulting in subsequent very low plant cover and significant sand 
movement.” Richards et al. (2022) summarizes the evidence in support of the Hydrological Argument for 
Keeler Dune destabilization, and begins its vegetation analysis in 1944, when the first aerial imagery from 
the area is available. However, by 1944, considerable time had passed since the final exposure of the 
nearby lakebed (the North Sand Sheet was exposed between 1917 and 1920, Figure 4-6). Thus, by 1944, 
sand from the North Sand Sheet (Lancaster and McCarley-Holder 2013) could have already impacted 
dune stability.  
 
 

 
FIGURE 4-6 Reconstruction of lake levels.  
SOURCES: Steve Bacon, Desert Research Institution [DRI], personal communication, December 2024 based on 
data from Lee (1915); Mihevc, Cochran, and Hall (1997); Saint-Armand et al. (1986). 
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Richards et al. (2022)’s argument regarding the cause of changes in vegetation cover hinges on 
disruption of periodic overland flow. With hydrologic modeling, Richards et al. (2022) showed that for 
some years, the amount of surface flow events in areas below the berm would have greatly decreased. 
Richards et al. (2022) hypothesizes “that interruption of the surface flows by berm construction would 
have greater impacts on upland, alluvial fan vegetation than on the groundwater-dependent vegetation of 
the dune complex (Perkins et al. 2018).” This is consistent with other studies that show that shallow-
rooted, rainfall-dependent vegetation can be affected from upstream berms (Schlesinger and Jones 1984). 
The areas immediately below the berms (e.g., regions B3 and C4 in Figure 4-7A), would have been the 
most affected as these are mostly dominated by precipitation-dependent “upland vegetation” (i.e., 
shallow-rooted non-phreatophytic vegetation such as most Atriplex spp., saltbush, including A. 
confertifolia, A. parryi, and A. hymenelytra). In fact, a difference in vegetation cover was clear above and 
below the berm when the panel visited in May 2024 (Figure 4-8). However, Figure 4-9 from Richards et 
al. (2022), which compares the vegetation cover in 1944 and 1996, does not show large changes in  
 
 

 
FIGURE 4-7 A) Twelve vegetation provinces as described in Richards et al. (2022) and contours for modeled depth 
to groundwater, drawn in magenta. B) 1944 aerial photo overlain with the 3,600-ft (1,097 m) historical shoreline and 
5 m (16.4 ft) groundwater depth contours. 
NOTES: A) Areas B4 and B5 are described in Richards et al. as having groundwater-dependent vegetation despite 
having modeled depths to groundwater greater than 5 m (16.4 ft; up to approximately 9 m [30 ft]). B) Areas with 
more denuded dune vegetation (outlined in black) and less denuded dune vegetation (outlined in yellow). Areas 
between the 5 m (16.4 ft) groundwater contour and the historical shoreline have been labeled as being areas of likely 
dune (greasewood) vegetation, which is consistent with the modeling results of Richards et al. (2022) in the absence 
of “non-hydrologic” impacts such as aeolian transport. The apparent extent of the sand sheet in 1944 is also noted in 
blue. North-facing slip faces indicating transport from on-lake south winds have also been highlighted in red. SIP = 
State Implementation Plan.  
SOURCES: A) Map modified from Richards et al. (2022) with contours from Figure 1 of Richards et al. (2022), 
licensed under CC BY-NC-ND 4.0; B) 1944 aerial image from LADWP. Contours from Richards et al. (2022) with 
additional annotations from the panel. 
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vegetation distribution in the area immediately below the berm in region B3 despite the construction of 
the berm after 1944. This evidence suggests that there may be other processes that are more strongly 
controlling vegetation cover. However, in general, the panel finds that Richards et al. (2022) is successful 
in showing that areas of the Keeler/Slate Canyon Fan that are not groundwater-dependent have higher 
cover of “upland” (saltbush) vegetation in the absence of highway berms compared to a case in which the 
berms are present.  
 
 

 
FIGURE 4-8 Photograph taken May 29, 2024, along Highway 136 berm, facing south from the north end of the 
berm.  
NOTES: The photo shows less cover of upland vegetation (mainly saltbush) downslope of the berm (right) 
compared to upslope (left). Sand ripples at the right of the image (downslope of the berm and away from the local 
wind steering caused by the berm in the center of the image) indicate recent eastward (upslope) winds.  
SOURCE: Greg Okin, panel member. 
 
 

In contrast, Richards et al. (2022) does not clearly show that areas that would have had consistent 
shallow depths to groundwater (e.g., A3 and the lower portions of B3 in Figure 4-7A) were impacted by 
the berm. Their analysis is consistent with A3 and the lower reaches of B3 having relatively high 
(approximately 30–40 percent) groundwater-dependent vegetation cover given modeled groundwater 
depths (similar to B4 and B5, see Figure 4-7A) in the absence of any “non-hydrologic” impacts, such as 
aeolian transport. Indeed, Richards et al. (2022) argues that area A3 (Figure 4-7A) has low vegetation 
cover compared to other areas with relatively shallow groundwater, possibly due to high sand flux in the 
area. These impacts to vegetation appear to be present in 1944 and therefore predate any hydrological 
impacts of the berms themselves. This argument is thus entirely consistent with the view that the northern 
Keeler Dunes were previously destabilized from some other means (e.g., transport of sands from the 
North Sand Sheet following water diversion from the lake, per the aeolian argument, see below). Indeed, 
if disruption of surface hydrology by the berms had impacted dune vegetation, it is logical for this effect 
to be seen most strongly where the groundwater is deepest and only later witnessed, if ever, in areas with 
shallow groundwater. In 1944, however, areas with shallow groundwater (A3, particularly in the north) 
appear to be devoid of vegetation whereas denuded dune vegetation still exists in areas with deeper 
groundwater (such as in the lower portion of B3; Figure 4-7A). This pattern is thus inconsistent with a 
hydrologic explanation for vegetation loss. 
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FIGURE 4-9 Plant cover (percentage) for 1944 and 1996 in each of the twelve vegetation provinces in the study 
area. Berms on the alluvial fan were constructed in 1954 and 1967.  
NOTES: Grey areas within the vegetation provinces had non-detectable cover. 
SOURCE: Map modified from Richards et al. (2022), licensed under CC BY-NC-ND 4.0. 
 
 

It appears that the modeling approach used by Richards et al. (2022) has little ability to inform the 
effect of the berms on the ecohydrology of groundwater-dependent vegetation. For example, the modeling 
approach does not allow the berm to have any effect on the groundwater table, while plant transpiration is 
prescribed by unchanging root density distributions that depend only upon prescribed vegetation type 
(upland vs. groundwater-dependent) with root density mainly in the vadose zone. Thus, vegetation growth 
for groundwater-dependent vegetation, in the model context, always depends on vadose-zone moisture in 
a strictly prescribed way, even in areas where vegetation has access to groundwater. This approach also 
does not account for adaptations that vegetation may undergo as a result of changing ecohydrologic 
conditions, such as root pruning in the vadose zone and increasing water uptake in the saturated zone, 
perhaps through growth of new roots (e.g., Chimner and Cooper 2004; Nichols 1994). Furthermore, the 
modeling approach appears to ignore any capillary fringe (lifting water upward from the water table), and 
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thus changes to soil moisture in the vadose zone are solely due to precipitation-driven channel flow in the 
model, whereas, in reality, water in the capillary fringe would buffer variations in vadose-zone water. The 
panel notes that the type of modeling done by Richards et al. (2022) can provide important insights, but 
the details and limitations of such models are important to consider. Overly simple treatment of vadose-
zone hydrology and absence of any adaptations to plants in response to changing vadose zone water 
availability or groundwater depth make it impossible to infer from the modeling what impact berm-related 
changes might have on vegetation in a realistic sense.  

Although this study and others show that berms that disrupt overland flow can impact shallow-
rooted, rainfall-dependent vegetation (Richards et al. 2022; Schlesinger and Jones 1984), it seems 
unlikely that disruption of overland flow from the berms in Owens Valley had a major impact on 
greasewood’s ability to access groundwater. Instead, to maintain productivity during dry periods, 
including after creation of the Highway 136 berms above Keeler Dunes disrupted overland flow, 
greasewood should be able to access groundwater (or the capillary fringe, which reaches above the 
groundwater table about 2 ft [0.6 m] for sands and 3 ft [>1 m] for finer soils [Lu and Likos 2004]). Data 
presented by Mike Aspinwall to the panel on July 20, 2024, indicates that greasewood in the Keeler 
Dunes area can access and take up groundwater throughout the year.  

Furthermore, greasewood at other sites around Owens Lake do not appear to rely on significant 
overland flow to maintain productivity (Box 4-1). For example, the Swansea Dunes maintain greasewood 
cover but do not sit at the distal edge of a large fan like the Slate Canyon/Keeler Fan. In fact, the distance 
upslope from the Keeler vegetated dune area to the Highway 136 berms is greater than or equal to the 
distance from the Swansea Dunes to the nearest mountain front, suggesting that greasewood in the area 
does not rely on significant overland flow to maintain productivity. Evidence from other dune fields on 
the northeast edge of Owens Lake, therefore, does not indicate that the greasewood vegetation in these 
dunes relies on moisture from overland flow and that disruption of overland flow would be unlikely to 
cause the death of mature individuals or cause vegetation collapse.  
 
 

BOX 4-1  
Is Greasewood at Keeler Groundwater-Dependent? 

 
Despite greasewood’s dependence on groundwater, shrub cover in vegetated dune areas, which is greater 

than 90 percent greasewood, does not appear to have a clear relationship with depth to groundwater. Data 
presented by Mike Aspinwall on July 30, 2024, to the panel show that at sites with a groundwater depth of 15–20 
ft (4.5–6 m), shrub cover can be either high (40–50 percent cover) or low (0–10 percent cover; . This was used as 
an argument during presentations to the panel that the dune vegetation was not presently groundwater dependent. 
However, this type of dichotomy as seen in the data presented to the panel is consistent with a bistable state, like 
the ones proposed by Yizhaq, Ashkenazy, and Tsoar (2007) and Tsoar et al. (2009). Their model showed that 
vegetation cover hysteresis can arise for a range of wind power conditions. In their model, if there is sufficient 
precipitation to keep the dunes vegetated, then they will be stabilized with high vegetation cover. However, if 
disturbed either through reductions in vegetation cover or increases in wind power (drift potential), the dunes can 
be remobilized in a low vegetation cover state. Although this model uses precipitation instead of soil 
water/groundwater availability to prescribe water availability to plants, the results should be conceptually 
transferable to groundwater availability. Thus, a site with differing groundwater availability might have two 
potential vegetated states (high and low vegetated cover), associated with different dune mobility (low and high), 
even with constant wind power, due to aeolian feedbacks. In Yizhaq, Ashkenazy, and Tsoar (2009), the 
vegetation state is dependent upon a term related to abrasion. Increasing sand availability (e.g., that caused by the 
influx of sand from the Northern Sand Sheet, which is below the regulatory shoreline) would be sufficient to 
increase this term in the Yizhaq, Ashkenazy, and Tsoar (2009) model. Thus, there is a clear mechanistic approach 
to explain widely divergent vegetation cover, given access to groundwater, in the presence of windblown sand-
driven mortality. The data presented by Aspinwall are therefore not interpreted by the panel as refutation of the 
idea that greasewood is utilizing groundwater.  
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In summary, the panel evaluated the main paper used to support the hydrological argument for 
Keeler Dune destabilization (Richards et al. 2022).  Although this paper appears to support reduced 
vegetation cover in upland areas, there is little support for the idea that highway berms led to hydrologic 
changes that destabilized groundwater-dependent vegetation of the Keeler Dunes. Additional evidence, 
such as apparent continued utilization of groundwater by greasewood in the area of Keeler Dunes and 
continued stability of Swansea Dunes, despite limited access to runoff due to its topographic position, 
further suggests that destabilization of the Keeler Dunes was not caused by hydrologic changes due to 
installation of highway berms in the 1950s and 1960s. 
 
Evaluation of the Aeolian Argument for Keeler Dune Destabilization 
 

An alternative explanation for the destabilization of a vegetated Keeler dune field has been 
offered to the panel. In what we are calling the aeolian argument, desiccation of the lake exposed 
expansive areas of sand stored in the Owens River delta and North Sand Sheet (an area of the Owens 
Lake bed immediately south of the Owens River delta; Figure 4-10). Aeolian processes then transported 
this lakebed material into the area of the Keeler Dunes (particularly the northern portion of the dune 
field). At the beginning of the 20th century, this portion of the dune field was largely stabilized, and 
although bare interplant areas may have experienced some aeolian transport, the volume of sand moving 
through the system was insufficient to cause large-scale mortality of stabilizing vegetation. According to 
this argument, the addition of sand from the lakebed after exposure of the proximal North Sand Sheet by 
1920 (Figure 4-6), however, was sufficient to result in vegetation loss on the formerly stabilized dunes. 
The initial reduction of plant cover led to increased aeolian activity through the combined effects of 
reduced sheltering by vegetation as well as increased sediment supply, which generated a positive 
(amplifying) feedback of vegetation loss and large-scale remobilization of the northern part of the dune 
field. Lancaster and McCarley-Holder (2013) tracked the evolution of the dune field from 1944 to the 
beginning of the 21st century, and Lancaster and Bacon (2012) provide additional chronological and 
stratigraphic context. 

Photographic evidence from the 1910s (Figure 4-2) suggests portions of the Keeler Dune field 
was stabilized by vegetation before diversion of water from the lake exposed considerable sediments 
available for aeolian transportation. After exposure of the North Sand Sheet on the lakebed, photographic 
evidence further suggests that there was significant aeolian transport in the Keeler Dunes area, which 
impacted Highway 136 enough to necessitate installation of sand drift fences. Furthermore, train records 
indicate that blowing sand and sand drifts were a problem for the railroad in 1954 between milepost 573 
and 575, which corresponds approximately to the area of active dunes in the 1944 aerial photo (Figure 4-
11; Grace Holder, personal communication, May 2024). 

Thus, historical records appear to support the aeolian argument and strongly suggest that the 
destabilization of the vegetated Keeler Dunes had begun considerably before the building of the 
protective berms in 1954 and 1967. The OSL age of 1930 and its associated 1 sigma uncertainty range of 
± 25 years (Lancaster and Bacon 2012), which is common for relatively young deposits, presents the 
possibility that the aeolian sand deposit from which the OSL sample was collected was emplaced 
sometime between 1905 and 1955. This age range overlaps both with the diversion of water and 
subsequent desiccation of the lakebed as well as the emplacement of the berms in 1954. By itself, this 
date does not prove destabilization of the Keeler Dunes before 1954, though it is consistent with this 
view. Without additional sampling, existing OSL data are not conclusive concerning when periods of 
major dune reworking occurred. Using augers to complete an OSL coring campaign across the sand 
dunes/sand sheets could provide a more comprehensive set of young ages that are reflective of recent 
dune activation. While quartz would be the primary target of these studies (as the dominant mineral and 
best suited to produce higher-resolution OSL ages), feldspar may also provide helpful OSL ages and 
distinctive luminescence characteristics that allow for increased confidence in the OSL chronology. 

Lancaster and McCarley-Holder (2013, p. 281) note that since 1944, when the first aerial imagery 
exists, “the dunefield has undergone significant changes, including development of well-defined linear 
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and crescentic dunes from an initial small area of partially vegetated dunes, resulting in an increase in the 
area of the dunes by a factor of 3 since 1944” (Figure 4-12). This has resulted in a relatively large area of 
active aeolian transport and surface deflation, which has the potential to produce PM10 emissions, 
especially with the presence of interbedded flood silts and aeolian sands within the Keeler Dunes area 
(Lancaster and Bacon 2012; Kolesar et al. 2022b), which serve as a source for PM10 material. 
 
 

 
FIGURE 4-10 Schematic of sand transport pathways in the Owens Lake basin showing relationships between 
fluvial, alluvial, and aeolian transport processes and pathways. 
NOTES: The 1097-m shoreline is the 3,600-ft regulatory shoreline. The panel notes that the sand transport pathways 
indicated for Olancha Dunes may not reflect current wind regimes, which have a northerly resultant sand drift 
potential (see Figure 4-14). 
SOURCE: Lancaster et al. (2015). 
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FIGURE 4-11 Historical photos after lake desiccation but before construction of highway berms, showing active 
dunes associated with significant aeolian transport necessitating installation of sand fences to protect Highway 136 
before it was relocated further up Keeler/Slate Canyon fan.  
SOURCES: Upper location map by G. Holder, GBUAPCD, personal communication, May 29, 2024; 1934 and 1949 
photos from CalTrans; 1948 photo by Ansel Adams; 1953 courtesy of Dennis Burke. 
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FIGURE 4-12 Footprint of the Keeler Dune field over time indicated by colored regions as identified from 
historical aerial photography and high-resolution satellite imagery (documented in Lancaster and McCarley-Holder 
2013, Table 1). Dark lines within the dune field represent dominant dune crests. 
SOURCE: Lancaster and McCarley-Holder (2013). 
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While the southern Keeler Dunes continued to develop and expand from the 1980s through early 
2000s, significant wind erosion occurred on the upwind (northern) margins of the dune field (Lancaster 
and Bacon 2012) with as much as 4 ft (1.2 m) of surface deflation occurring in the interbedded flood silts 
and aeolian sands. This upwind erosional response corresponds with implementation of dust control 
measures in 2000, which has served to starve the Keeler Dunes of sand supply and transitioned the system 
into a negative sediment budget (Lancaster and McCarley-Holder 2013). Meanwhile, the southern region 
of the Keeler Dunes continued to expand and migrate southeast by reworking existing dune sands. As 
such, it is apparent that the draining of Owens Lake in the early 20th century consequently increased sand 
supply to and expansion of the Keeler Dunes, which remain an active dust emissions source. In turn, this 
has complicated the patterns of fine-grained flood deposits and the extent of their deposition from the 
Slate Canyon alluvial fan/Keeler Fan Complex within the dunes that provide additional sources of PM10. 

Several papers have been published that disagree with aspects of this overall narrative. These will 
be discussed here:  
 

1. Blanton, Kolesar, and Jaffe (2022) have argued that the Keeler/Slate Canyon fan is likely the 
source of sediment for the Keeler Dunes, at least since construction of the protective berms. 
However, hydrologic and hydraulic modeling cannot be substituted for mineralogical and 
geochemical analysis in determining sediment provenance. Such arguments are unconvincing 
in light of the mineralogical evidence provided by Lancaster et al. (2015; Figure 4-4), which 
indicate that the mineralogical composition of the dunes is very similar to that of the Owens 
River and quite dissimilar to the mineralogy of the Keeler/Slate Canyon Fan. More 
geochemical analyses could further assess this line of evidence.  

2. Schmid et al. (2022) argued that dune volume within the dune field was relatively stable over 
the period of active disturbance (after 1944), which is inconsistent with delivery of large 
amounts of sand from the Owens Lake bed that could destabilize the Keeler Dunes. The panel 
has identified several uncertainties in the Schmid et al. (2022) analysis. First, Schmid et al. 
(2022) only starts its analysis in 1944, at least 20 years after the exposure of the nearby 
lakebed and thus the initiation of transport from the lakebed to the Keeler Dunes. While the 
panel recognizes this analysis is limited by the availability of the first available aerial 
imagery, sufficient delivery and storage of sediment in the Keeler Dunes could have occurred 
before 1944, the effects of which could have been experienced for decades to come. Second, 
this argument does not consider potential losses of sand from the dune field through transport 
in the thin sand sheet that is clearly progressing up the Slate Canyon/Keeler Alluvial Fan 
Complex (Figure 4-13). Even if the volume estimates of Schmid et al. (2022) are accurate, 
addition of sand from the Owens Lake bed from the west could have been offset by loss of 
sand in the thin but extensive progressive fan sand sheet. Third, the volume estimates of 
Schmid et al. (2022) are of insufficient precision to support conclusions about Keeler Dune 
volumes. The method used to estimate volumes from digital elevation models (DEMs) 
generated from historical aerial photography in this study is somewhat unconventional. The 
approach of Schmid et al. (2022) is subject to notable uncertainty resulting from the 
resolution and overlap of historical imagery when used to generate DEMs using traditional 
photogrammetry. Additional uncertainty is added when defining and interpolating a “sub-
dune surface” plain for each photo year, which is used to derive dune heights and raster 
volumes. More conventional methods use spatial statistics to identify significant elevation 
changes between successive DEM intervals (Wheaton et al. 2010) and calculate volumetric 
changes only on locations of significant differences in elevation between the DEMs, not 
referenced to some arbitrary underlying surface. These more conventional approaches 
identify multiple error sources, compound them, and remove insignificant raster values (i.e., 
those that fall below the detection threshold defined by the compounded error budget). Thus, 
it is not clear that the approach of Schmid et al. (2022) is sufficient for accurate and precise 
calculation of dune field volumes, and this argument about dune field volumes does not 
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consider additions to the Keeler Dunes prior to the first available aerial imagery (1944) or 
losses of sand through upslope transport in a thin sand sheet. 

 
 

 
FIGURE 4-13 Historical aerial photography of the Slate Canyon/Keeler Alluvial Fan Complex along Highway 136 
approximately 3.2 km northwest of Keeler, CA.  
NOTES: Lines on the images delimit the boundary between lighter toned, finer textured aeolian sediments on the 
left and darker toned, coarser sediments on the surface of the fan complex. Flood diversion structure built in 1954 
and 1967 is evident on the northeast side of Highway 136. 
SOURCES: A–D) LADWP aerial images, with panel interpretation; E) Google Earth images, with panel 
interpretation; F) Sand roses have arm lengths proportional to the potential annual sand transportation from different 
directions. The arrows indicate the direction of the resultant sand drift potential (Lancaster et al. 2015). 
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3. Kolesar et al. (2022a) estimated a novel index of sand transport concluding that sand 
transport on the lake occurred in a direction that does not support transport of sediment from 
the lakebed onto the area of the Keeler Dunes. This study suggests that the wind regime in the 
area does not support the hypothesis of additional sediment to the Keeler Dunes sourced from 
the dry lakebed. The study used wind records from a single year (2001) and wind direction 
measurements from stations on the lake (A Tower and Delta), which are a considerable 
distance from the historical shoreline in the vicinity of Keeler (approximately 3–8 km). The 
panel has identified considerable uncertainties associated with this study. First, one year of 
wind data is too minimal to determine decadal-scale patterns in transport direction. Second, 
as pointed out in GBUAPCD (2024a), the wind screening conducted by Kolesar et al. (2022a) 
fails to recognize that “the surface crusting,” which is the justification for the screening, 
“generally occurs on clay and silt dominated soils and is not prevalent on the thick sandy 
deposits found on most of the northern portion of the bed of Owens Lake (termed the North 
Sand Sheet) where the analysis was conducted.” As a result, the longer records used in the 
estimates of net sand transport direction (105 degrees, ranging from 17 degrees to 145 
degrees) produced by Ono et al. (2011) and Lancaster and McCarley-Holder (2013) are less 
uncertain (Figure 4-14). These directions support transport from the North Sand Sheet to the 
area of the Keeler Dunes (Figure 4-14). Third, it is also important to note that resultant drift 
potential or net transport directions, when calculated from station data, do not fully represent 
sediment dynamics in areas with complex topography or variable vegetation. On a smooth, 
unvegetated surface, winds from various directions may move a sand grain in the direction of 
net transport over a period of time. However, in complex terrain or areas with variable 
vegetation cover, sediment cannot be expected to experience the same transport patterns 
(Figures 4-15 and 4-16). Use of winds at a single point for calculation of resultant sand drift 
potential (Kolesar et al. 2022b; Lancaster and McCarley-Holder 2013) will, therefore, not 
capture actual sediment movement over areas with complex topography or variable 
vegetation cover. Indeed, the arrangement of topography in the vicinity of Keeler Dunes is 
likely to steer transport north of the generally east/southeast resultant drift potentials 
predicted from winds measured on the lakebed (Figure 4-15). And because vegetation above 
the 3,600-ft shoreline protects sand blown into it from being blown back out again (per 
Figure 4-16), transport off the lake could be increased further still from what might be 
expected from resultant sand drift potential estimated from winds measured on the lakebed. 
Finally, the analysis of Kolesar et al. (2022b) and consequent arguments do not account for a 
wealth of geomorphic information that is probably more relevant for understanding decadal-
scale transport than a single year’s data. For instance, the 1944 aerial photos show north-
facing slip faces on relatively large dunes on the lakebed (Figure 4-7) indicating significant 
periods of dominantly northward wind transport near the 3,600-ft contour, which likely would 
have been able to transport sediment off the lake in the area of the Keeler Dunes. Once 
transported into the Keeler Dunes, microtopography of the dunes and/or dune vegetation 
could prevent transport from opposing winds back onto the lakebed. In addition, images of 
the area tend to corroborate the more northward aeolian sand drift potential roses of Lancaster 
et al. (2015) compared to those of Kolesar et al. (2022b). Figure 4-13 shows lighter toned, 
finer textured aeolian sediments on the fan complex. The morphology and orientation of these 
deposits support transport in an upslope direction from the general direction of the lakebed as 
suggested by the resultant sand drift potential vector. The darker toned surfaces to the right of 
the line in Figure 4-13 reflect coarser sediments of the alluvial fan/wash complex. The 
boundary between aeolian and alluvial surficial sediments is dynamic and has generally 
progressed up slope in response to continued sediment supply from the dunes. This 
movement is evident by comparing the position of the boundary between 1944 and 1993. The 
migration continues to present day (Figure 4-13D), despite implementation of dust mitigation 
efforts on the lakebed in the early 2000s. Small dunes and aeolian sand sheets are also found 
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upwind (southwest) of, and migrating over, the flood diversion berms built in 1954 and 1967 
on the northeast side of Highway 136 (Holder et al. 2024). The boundary between lighter- 
and darker-toned sediments appears to be influenced by periodic floods on the fan complex 
that transport some of the aeolian sands back toward the dunes and lower valley floor, as 
evident by comparison of the 1993 to 2014 images (Figure 4-13B, C) or the image that 
overlays data from 1985–2020 (Figure 4-13E). This structure now diverts flood waters and 
fine sediments from the fan complex to two focal locations approximately 1.3 km apart along 
Highway 136. These locations require regular maintenance following flood events to clear the 
highway and drainage culverts of sediments, which include aeolian sands that continue to 
migrate back upslope from the Keeler Dunes and lower elevation areas.  

 
 

 
FIGURE 4-14 Sand roses.  
NOTES: Arm length is proportional to the annual sand transportation from different directions. The arrows indicate 
the direction of the resultant sand drift potential. 
SOURCE: Lancaster et al. (2015). 
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FIGURE 4-15 A) A depiction on a flat surface of particle transport for 12 alternating wind events that move the 
particle southward and eastward, parallel to the winds, resulting in a net southeast transport direction. B) A depiction 
of what might happen with the same 12 winds if a topographic barrier reduced the capacity of the north winds to 
transport particles in its lee toward the south. Events 5, 7, 9, and 11 in the case with the barrier result in less 
southward transport compared to the flat case, and thus the resultant direction of wind is east/southeast rather than 
southeast. 
 
 

 
FIGURE 4-16 A) A depiction on a flat unvegetated surface of particle transport for two opposing wind events that 
move the particle eastward, then westward, parallel to the winds, resulting in no net particle transport. B) A 
depiction of what might happen with the same two winds if sand was blown into an area of sparse vegetation during 
the first wind event. Reduced capacity of wind to transport particles in sparse vegetation due to the vegetation’s 
sheltering effect would result in less westward transport during the second event and net sand transport toward the 
vegetated area. 
 
 
Panel Assessment of the Origin and Evolution of Keeler Dunes 
 

There is considerable historical evidence that supports the aeolian argument for the 
destabilization and growth of the Keeler Dunes. The counterarguments offered by Blanton, Kolesar, and 
Jaffe (2022), Schmid et al. (2022), and Kolesar et al. (2022a) do not present convincing refutations of the 
basic processes underlying the aeolian argument. In contrast, the panel found the hydrological argument 
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to be unconvincing and inconsistent with other observational evidence. The panel finds the aeolian 
argument to be the most likely explanation for the current active Keeler dune field and support the view 
that desiccation of Owens Lake is ultimately responsible for the destabilization of the historically 
vegetated Keeler Dunes.  

With the destabilization of the vegetated Keeler Dunes and its emergence as an active dune field, 
there is clearly sufficient saltation to drive PM10 emissions from the flood silts in the area (as seen by the 
continued exceedances). Because fine-grained material for PM10 emissions from Keeler Dunes are 
continually replenished via flood deposits, there is no reason to believe that PM10 exceedances from the 
Keeler Dunes will stop as on-lake sediment sources are controlled. However, even though the PM10 
emitted from the Keeler Dunes may not have originated on the lakebed, the desiccation of the lake still 
increased dust emission from the Keeler Dunes by destabilizing the vegetated dunes at Keeler and 
increasing the horizontal flux of saltating material that, through sandblasting, emits PM10 from the flood 
deposits. If the vegetated dunes had not been destabilized by excess sand from the dry lakebed, the 
current and past levels of dust emissions at Keeler Dunes would not have occurred. 
 

Berm-Related Channel/Flood Deposits at Keeler Dunes 
 

Several constructed berms northeast of Highway 136 intentionally modified the surface 
hydrology of overland flow to focus flood waters to specific points of discharge along the highways. The 
panel did not examine each berm-related flood deposit individually but instead focused only on the berms 
installed in 1954 and 1967 on the Keeler/Slate Canyon Fan. As discussed above, the panel did not find 
evidence that the influence of the berms on the distal portion of the fan was sufficient to have modified 
the morphodynamics of the Keeler Dunes (i.e., per the hydrological argument). It is evident, however, that 
the berm has recently had appreciable, localized impacts on the distribution of flood deposits in the 
Keeler Dunes region. For instance, the 2022 aerial photograph in Figure 4-15d shows pronounced channel 
incision and flood channel deposits below the berms following impacts from the remnants of Hurricane 
Kay in September of 2022. These types of events and their related deposits appear to be infrequent as they 
are not evident in other aerial photographs. However, these infrequent events could still contribute 
appreciably to source materials for PM10 emissions detected at the Keeler Dunes monitoring station. 
Further investigation is needed to determine how the changes in the distribution of the flood deposits due 
to the berms at this and other locations have changed dust emission potential. 
 

SOUTHERN SIDE OF THE LAKE 
 

The southern side of Owens Lake is host to another major dune field, sand sheets, and multiple 
alluvial channel/wash systems that deliver and rework sediments from the neighboring Coso Range. As 
discussed in Chapter 3, several of these features have been identified by the District as contributing 
sources to exceedances. 
 

Centennial and Coso Washes 
 

The Centennial Wash drains the northern portion of the Coso Range ending in a large alluvial fan 
that extends into the Owens Lake bed, and the Coso Wash similarly terminates in an alluvial fan located 
to the southwest of the Centennial Wash (Figure 3-11). As with all such desert washes, the Centennial and 
Coso wash/fan complexes consist of a series of channels set into the fan, filled with generally fine-grained 
(compared to the fan), wind-erodible sediment, and kept free of vegetation through occasional flows of 
water. Like many if not most channels, the ample presence of sand and low vegetation cover create 
conditions ripe for frequent aeolian transport. Additionally, since any event that brings water and sand 
down the channels also tends to bring PM10 producing material, the PM10 emission potential of these 
channels can be quite high. It is therefore not surprising that PM10 emissions have been observed from the 
wash/fan complexes, especially after recent flooding caused by heavy rains from atmospheric rivers and 
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tropical storm events (Figure 4-17; see also discussion of Shell Cut monitoring site in Chapter 3). 
Although flooding at Centennial Wash in 2022 and 2023 (Figure 4-18) generated more dispersed flood 
deposits than at Coso Wash, analysis of pollution rose data and other data in Chapter 3 suggest that Coso 
Wash was the dominant cause of elevated PM10 at the Shell Cut monitoring on the southern side of the 
lake. Therefore, the committee more closely examined the Coso Wash area. 

Such flood events have little to do with anthropogenic activities. However, to the extent that 
climate change affects the frequency and intensity of these large, rare events, the emissions that they 
cause may be expected to increase or decrease. The panel’s analysis of aerial and satellite imagery of the 
Coso Wash (Figure 4-17), shows little in the way of anthropogenic impacts that might lead to increased 
PM10 emissions from the fan. No evidence was found, for example, of transport of sand from the exposed 
lakebed onto the fan, where it may have either changed the morphology of the fan/channel or where it 
may have provided excess saltators in the presence of PM10 material. Although some highway berms or 
ditches were constructed in the past to reduce flood impacts to Highway 190, analysis of aerial imagery in 
Figure 4-17 does not suggest that any structures have altered flood flows in the Coso Wash in ways that 
would be likely to increase PM10 emissions. 
 

Dirty Socks Area 
 

No evidence was found in the Dirty Socks area (Figure 4-19) of impacts that may have increased 
PM10 emissions related to the drainage of Owens Lake. However, the panel did note that there is an area 
of flood deposits sitting behind a beach ridge just south of the Dirty Socks monitor. In 1944, this appeared 
as a relatively small area with Highway 190 cutting across one side. By 1977, this highway had been 
moved to the higher beach ridge to the north. From 1977 onward, the area of flood deposits behind the 
beach ridge has continued to grow, representing successive flood events that deposited material behind 
the beach. These deposits are likely possible sources for exceedances observed at the Dirty Socks station, 
which is immediately to the north. Although these images are not definitive, there is a possibility that 
moving the highway increased the potential of this small depression to store impounded water and 
sediment. In doing so, it may have inadvertently increased the potential of this area to contribute to PM10 
emissions. Detailed high resolution imagery and coring for geochronology and geochemistry could 
further constrain the impact the highway had on the flood deposit. In particular, coring for ages of 
sediment deposition using OSL could establish the cycles of flooding, the amount of sediment tied to the 
flood events, and fine-grained storage potential of the Dirty Socks location. This sampling would be most 
effective if it occurred in conjunction with a well-defined grain size and geochemical analyses of each 
stratigraphic unit. 
 

Olancha Dunes 
 

The Olancha Dunes overlie late Pleistocene and Holocene alluvial fan and lake deposits 
associated with late Holocene hydroclimate variations at Owens Lake. The Olancha Dunes are the 
primary dune area in the southern sector of the Owens Lake basin (Lancaster et al. 2015) and consist of 
approximately 4.39 km2 of sparsely vegetated low dunes with isolated ridges that extend nearly 5 km 
southwest from the historical shoreline of Owens Lake. The Olancha Dunes are composed of poorly to 
moderately sorted fine to medium-sized sand (Figure 4-4B; Lancaster et al. 2015). Sand from the southern 
portion of the Owens Lake basin is mineralogically mature, with the Olancha Dunes having the highest 
quartz content compared to other dune areas (Figure 4-4A; Lancaster et al. 2015). As at the Keeler Dunes 
(discussed above), the high enrichment of quartz in the Olancha Dunes area can be attributed to either 
abrasion of feldspars during aeolian transport or weathering of feldspars during transport or phases of 
dune stabilization (Muhs 2004) followed by immersion and transport in lacustrine environments during 
historic water-level fluctuations in Owens Lake. Sand in the southern part of the Owens Valley basin, 
especially near the Olancha Dunes, was likely sourced from the South Sand Sheet (Figure 4-10) during 
prehistoric low stands of the Owens Lake. The South Sand Sheet is hypothesized to be sourced from a 
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system of ephemeral washes draining the Coso Range, including Vermillion Canyon (Lancaster et al. 
2015). Bacon et al. (2020) dated two paleo-shorelines at elevations of 3,638 ft (1,109 m) and 3,635 ft 
(1,108 m) and obtained luminescence ages of 11.5–45.6 ka. To date, we are unaware of other constraining 
ages. Using augers to complete an OSL coring campaign across the sand dunes/sand sheets could also 
provide a comprehensive set of young ages that are reflective of recent dune activation. While quartz 
would be the primary target of these studies (as the dominant mineral and best suited to produce higher-
resolution OSL ages), feldspar may also provide helpful OSL ages and distinctive luminescence 
characteristics that allow for increased confidence in the OSL chronology.  
 

 
FIGURE 4-17 Images of the Coso Wash and fan area.  
NOTES: Highway 190 is visible in 1944, 1977, 1986, 1993, 2014, and 2023. The pathways of floodwaters are 
highly visible in 2023 after the remnants of Hurricane Hilary in 2023. The panel did not find any evidence of 
anthropogenic impacts that might lead to increased PM10 emissions from the fan. 
SOURCE: Aerial images provided by LADWP. 
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FIGURE 4-18 Images of the Centennial Wash and fan area. 
NOTES: Highway 190 is visible in 1944, 1977, 1993, 2014, 2022, and 2023. The pathways of floodwaters are 
highly visible in 2022 after Tropical Storm Kay and in 2023 after the remnants of Hurricane Hilary and show how 
highway infrastructure alters flow paths.  
SOURCE: Aerial images provided by LADWP. 
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FIGURE 4-19 Aerial and satellite images of the area around Dirty Socks showing a small area of flood deposits 
behind beach ridges.  
NOTES: Between 1944 and 1977, Highway 190, which had originally gone through these flood deposits, was 
rerouted to sit on top of the beach ridges. This appears to have been related to an increase in the size of the flood 
deposits backing the beach/road.  
SOURCE: Aerial images provided by LADWP. 
 
 

The resultant aeolian drift potential derived from recent decades of wind data near Olancha 
(Lancaster et al. 2015) indicates a strong bimodal sand transport regime at the southern end of the Owens 
Lake basin with opposing northerly (29 percent frequency) and southerly (51 percent frequency) modes. 
In recent decades, net resultant drift at Olancha is toward the north/northwest (345 degrees), although a 
secondary reversed transport mode toward the south/southwest also occurs. Similarly, the aeolian sand 
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drift regime at the nearby Dirty Socks site indicates bimodal transport with a northerly (2 degrees) net 
resultant sand drift potential vector, but with a more balanced frequency of opposing northerly and 
southerly transport modes (42 percent for each). As a result, the present connection between sediment 
supply from the Owens Lake bed, particularly from the South Sand Sheet area (Lancaster et al. 2015) to 
lake-marginal dunes at Olancha, is not as clear as it is on the northeastern side of the lake at Keeler. 
Although the resultant sand drift potential vector and crescentic dune slip faces in the Olancha Dunes 
indicate net northward sand transport, it is also apparent in historical aerial imagery (Figure 4-20) that the 
dune field has expanded toward the south, particularly since the 1970s. Between 1977 and 1986, 
unvegetated areas of the southeastern portion of the dune field expanded approximately 0.3 miles south 
toward Fall Road and a private residence evident in the imagery (see area enclosed by yellow line in 1986 
image in Figure 4-20). It is possible that this trend partly reflects the secondary south/southwest mode in 
the sand transport regime resulting from increased sediment supply or availability. This sediment supply 
or availability could have resulted from the drained lakebed or other anthropogenic activities at the 
Olancha Dunes, but this cannot be distinguished with existing monitoring data. 

The 1970s and 1980s correspond to an era of increasing off-highway vehicle (OHV) activity 
within dune fields in California both generally and specifically in large recreational preserves, such as the 
Oceano Dunes State Vehicular Recreation Area and the Imperial Sand Dunes Recreation Area. Research 
at these sites shows clear associations between OHV activity, decreasing vegetation cover, and increased 
dust emissions (Cheung et al. 2021; Gillies et al. 2022; Groom et al. 2007; Walker et al. 2023). In the 
Owens Valley, the Bureau of Land Management (BLM) manages an OHV recreation and primitive 
camping area of approximately 400 acres (1.6 km2) or 36 percent of the total area of the Olancha Dunes, 
which has been operational for decades. Although there is little to no research on the trends in vegetation 
cover within the Olancha Dunes or on the associated impacts of decades of OHV activity on dune 
development and dynamics, it is probable that the extent and duration of OHV activity at the Olancha 
Dunes could explain recent declines in vegetation cover and dune expansion, particularly in the southern 
area and other areas of active camping and riding. 
 

NORTH OF THE LAKE 
 

As shown in Chapter 3, there have been a few exceedances observed at Lone Pine or other 
northerly monitors like North Beach and Lizard Tail between 2017 and 2024. The District’s exceedance 
database suggests that many of the off-lake exceedances at these monitors are from anthropogenic 
disturbances (e.g., landfill) or from regional sources outside the OVPA. However, some evidence shows 
that certain regional events were augmented by sources north of the lake. These include a regional 
exceedance on 05/11/2018 that was “augmented by local sources north of North Beach between the 
monitor and the Lone Pine landfill,” a regional exceedance on 10/27/2019 that was “augmented by local 
sources north of North Beach monitor,” and a regional exceedance on 10/11/2021 that was affected by 
“additional sources as the front traveled down the valley.” Additionally, as demonstrated in Chapter 3, 
sources near the Fort Independence monitoring site may be primary causes of a few high PM10 
concentrations observed there.3 However, as discussed in Chapter 3, it is unclear if these sources are 
derived from active disturbances of the surface (e.g., construction, highway traffic), or if they are from 
other off-lake sources of dust that are the focus of this report. Given that the panel was tasked to consider 
“expected future changes in off-lake dust sources over time,” potential future sources of dust emission to 
the north of the lake are explored here, even though it is not clear that these sources are currently resulting 
in exceedances. These potential sources include small depressions found inset in the land surface, 
vegetated areas found throughout the valley floor including agricultural fields (active and abandoned), as 
well as areas of former alkali meadow between Lone Pine and the north edge of the OVPA. 
 

 
3 The U.S. Environmental Protection Agency (EPA) does not use this monitor to assess attainment with the PM10 
National Ambient Air Quality Standards (NAAQS). 
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FIGURE 4-20 Historical aerial photography of the Olancha Dunes region south of Highway 190.  
NOTES: Arrows indicate formative wind directions for nearby crescentic dune ridges, all of which appear to have 
been formed by southerly winds. Black outline is estimate of active, largely unvegetated portions of the dune field. 
Yellow lines indicate an established road and property at the southern end of the dune field.  
SOURCE: Aerial images provided by LADWP. Wind rose from Lancaster et al. (2015). 
 
 

Microplayas 
 

A considerable number of small areas, mapped as “microplayas” by the District, exist in the area 
around North Beach within 3 km of the historical shoreline (Figure 4-21).  These mapped areas likely do 
not all share the same origin; they may be depositional, erosional, or a combination of the two. For 
example, some could be paleo-lake deposits that have been exhumed by wind (Stone et al. 2000). 
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Alternatively, these landforms could be wind erosion hollows that subsequently filled with heavy-texture 
material from local overland flow (Stone et al. 2000). Other examples of these landforms sit at the toe of 
fans and are likely purely depositional features. At present, there is no evidence to show that microplayas 
are anthropogenic in origin, but they could be classified as such if human activity led to the wind erosion 
(e.g., through vegetation disturbance or groundwater disturbance that impacted vegetation) that created 
these local erosional depressions. Nonetheless, amid otherwise relatively coarse soils, these landforms do 
have more potential to contribute to PM10 exceedances compared to other areas of the uplands, especially 
because they appear to have lower vegetation cover compared to the surrounding areas. Nonetheless, 
there are currently no exceedances obviously associated with these surfaces, and it is unlikely that they 
will be major source of exceedances in the future. 
 
 

 
FIGURE 4-21 Microplayas that have been mapped by the District north of Owens Lake.  
NOTES: The dark black line is the 3,600-ft regulatory shoreline and the light grey line delineates an approximate 3 
km distance from the shoreline. 
SOURCE: Data from Nik Barbieri, GBUAPCD, personal communication, July 2024. 
 
 

Vegetated Areas North of the Lake, Including Areas of Former Alkali Meadows 
 

As described in Chapter 2, large alkali meadows historically existed throughout the Owens Valley 
(Benson et al. 2002), but much of this groundwater-dependent vegetation was lost, and at present, the 
dominant vegetation type in the Owens Valley is characterized as arid or semiarid scrub (LADWP and 
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County of Inyo 1990a). When loss of groundwater-dependent vegetation like this occurs, meadow 
vegetation is frequently replaced by desert shrublands dominated by xeric shrubs such as saltbush 
(Atriplex spp.), sagebrush (Artemesia tridentata), and blackbrush (Coleogyne ramisissima). The result is a 
conversion of a meadow with greater than 30 percent cover (often considerably more) to scrublands with 
10–20 percent cover (Figure 2-5; Manning 1997). Vest et al. (2013) showed nearly an order of magnitude 
increase in aeolian transport between alkali meadow and scrub sites, and the fluvial and lacustrine 
sediments across the OVPA valley floor (Bacon et al. 2006) provide ample saltation and suspension-sized 
material. Thus, the panel investigated the potential for historical alkali meadows to produce PM10, even 
though based on the analysis of data in Chapter 3, it is not certain that this is currently resulting in 
exceedances at existing monitoring sites.  

As described in Chapter 2, historical anthropogenic activities such as the increase in groundwater 
pumping, and surface water in-valley use and export to Los Angeles after 1970 impacted vegetation along 
the OVPA valley floor. Between 1986 and 1992 there was a considerable but variable decrease in 
groundwater levels in the Owens Valley as a result of this use (Vest et al. 2013), which was associated 
with significant vegetation change at those locations that later required revegetation projects to reduce 
dust emissions (LADWP 2023). For example, LADWP (LADWP 2023 p. 3-14 to 3-15) states, 
“fluctuations in water tables due to groundwater pumping have caused approximately 655 acres of 
groundwater-dependent vegetation to die off [at Hines Spring South]. …The goal will be to restore as full 
a native vegetation cover as is feasible, but at a minimum, vegetation cover sufficient to avoid blowing 
dust will be achieved in that area.” Further evidence of historic emissions induced by groundwater 
withdrawals was found in the highly wind-eroded Rindge soils that were visited by the panel during the 
May 29–30, 2024, meeting south of Independence. Evidence of decimeters of historic erosion by wind 
was evident in a location that was at the site of a former groundwater seep, as evidenced by the high 
organic matter content and clear histic epipedon.4 Thus, the panel finds that areas north of the lake within 
the OVPA, including historical alkali meadows, have produced dust in the past and thus have the potential 
to produce dust in the future. 
 
 
 

 
FIGURE 4-22 A) Oblique aerial photo of blowing dust over the Owens Valley on March 5, 1950, looking south. 
Notably, dust emissions are not seen in many areas of remnant groundwater-dependent vegetation (GDV) west of 
the Owens River in the vicinity of Independence B) Similar view from Google Earth, with GDV delineated.  
NOTES: The location of Highway 395 was moved after 1950. Owens Lake can be seen in the south.  
SOURCES: A) Photograph by Robert Symons (see https://www.soaringmuseum.org/hof_more.php?id=117); B) 
Google Earth. 

 
4 Histic epipedon is a surface soil horizon, not less than 3.3 ft (1 m) in depth, high in organic carbon, and saturated 
with water for some part of the year. 

A B 
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Irrigated agriculture removes native vegetation and changes the soil structure, which can lead to 
dust emission, especially if these agricultural lands become abandoned (Birmili et al. 2008; Field et al. 
2010). As described in Chapter 2, there was a reduction in the amount of irrigated acreage of Los 
Angeles-owned land from the mid-1960s to 1970 (LADWP and County of Inyo 1990b). Abandoned 
agricultural land does not have the same cover of native perennial vegetation as similar areas that were 
not plowed, and thus they generally produce greater amounts of dust (Zucca et al. 2022). A photograph 
from 1950 (Figure 4-22A)5 shows extensive dust emission from the area north of Owens Lake in the 
vicinity of Independence, likely from disturbed land or active, fallowed, or abandoned agricultural fields. 

A groundwater management plan was implemented in the 1990s (see Chapter 2) along with 
revegetation projects on abandoned agricultural land and land that was impacted by the loss of 
groundwater-dependent vegetation. LADWP (2023) notes that many of the revegetation projects are 
“implemented and ongoing,” whereas others are “complete,” and still others are “fully implemented but 
not meeting goals.” However, the panel did not attempt to determine if the completed projects have 
sustained their target vegetation cover nor whether these levels are sufficient to suppress dust emission.  

As described in Chapter 2, the panel expects considerable future change in climate in the region 
of the Owens Valley. Warming will drive a large loss of snowpack, a dramatic shift in runoff time to 
earlier in the wet season, and an increasing “flashiness” of runoff (Alex Hall, personal communication, 
July 2024; Harpold et al. 2015). Measured and projected increases in temperature (Abatzoglou et al. 2021; 
Williams et al. 2019) have and will continue to increase evaporative demand, affecting all types of 
vegetation. Increasing evapotranspiration will drive reductions in surface runoff, even in scenarios with 
increasing precipitation (Owens Valley Groundwater Authority 2021). Future changes in precipitation are 
predicted to bring longer-term drought conditions with intermittent extreme wet events (Swain et al. 
2016; 2018). Extended drought could impact areas of natural non-groundwater-dependent vegetation, 
areas of former groundwater-dependent vegetation, or former irrigated agricultural fields, because rainfed 
vegetation remains susceptible to drought. Projecting into the future, a combination of climatic changes 
(e.g., decreased runoff, increased evapotranspiration, increased drought) could result in increased dust 
emission from vegetated areas north of the lake, especially if there are changes in groundwater 
management agreements or land management policies. Revegetation projects that have not yet met their 
revegetation goals may be especially susceptible to future changes in climate because such areas may 
have soil/climate conditions that do not favor rapid revegetation; in such places, a climate less amenable 
to vegetation growth is likely to slow progress even further. 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

The panel considered multiple lines of evidence to infer the origins and evolution of major PM10 
sources in the OVPA or those that might become important sources in the future. One important process 
the panel considered was “winnowing.” This process suggested that PM10 material from the dry lakebed 
that may have been deposited onto off-lake landforms would be expected to decrease over time due to its 
resuspension and progressive removal by aeolian processes. This hypothesis was based on a correlation 
between on- and off-lake exceedances at the Dirty Socks monitor between 1999 and 2012, which has not 
been borne out with more recent data for estimated emissions trends and exceedances. Most current PM10 
emissions from off-lake areas are likely not a result of resuspension of PM10 material that was deposited 
on off-lake landforms from the lakebed. Instead, the presence and common replenishment of highly 
emissive flood deposits provides ample fine particulates that can be emitted as PM10 as long as the 
horizontal flux of saltation-sized particles is sufficient to emit dust from the surface. 
 

Conclusion 4-1: Winnowing is expected to play a minimal role in reduction in future off-lake 
PM10 exceedances.  

 
 

5 See https://www.soaringmuseum.org/hof_more.php?id=117. 
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Northeast Side of the Lake 
 

The northeastern side of Owens Lake is host to several landforms including the Keeler Dunes and 
the Slate Canyon/Keeler Alluvial Fan Complex that have overgone major changes over the last century 
and are substantial contributors to exceedances. During the 20th century, the Keeler Dunes transitioned 
from a largely vegetated dune system that was stabilized by greasewood (Sarcobatus vermiculatus) to an 
active dune field. The emergence of Keeler Dunes as an active dune field resulted in abundant saltation 
that can drive PM10 emissions from flood deposits that are continually replenished from the alluvial fan. 
Therefore, ongoing PM10 exceedances from this area are a direct result of the destabilization of the Keeler 
Dunes. The panel finds that the net transport direction, available imagery, and the evidence for 
groundwater-dependent vegetation currently present in the dunes supports the conclusion that increased 
sand transport following the diversion of water from the Owens Lake destabilized the Keeler Dunes. 
Changes to surface hydrology resulting from construction of berms above Highway 136 appear to have 
had an impact on upland (non-groundwater-dependent) vegetation but are unlikely to have led to the 
destabilization of groundwater-dependent vegetation in the Keeler Dunes.  
 

Conclusion 4-2: The reactivation of the Keeler Dunes was related to the additional upwind sand 
supply available from the Owens River delta following drainage of Owens Lake. 
 
Conclusion 4-3: Due to continuing aeolian activity of the Keeler Dunes and replenishment of 
flood deposits within the dunes, the system will continue to contribute material to PM10 emissions. 
Stabilization of the dunes would likely reduce PM10 emissions.  

 
Several constructed berms northeast of Highway 136 were intentionally designed to alter surface 

hydrology, directing overland flow to specific points of discharge points along the highways. The panel 
did not analyze each berm-related flood deposit, but instead considered the berms on the Keeler/Slate 
Canyon Fan as potentially representative of similar features around Owens Lake. These berms have had 
appreciable, localized impacts on the distribution of flood deposits in the Keeler Dunes region, especially 
following impacts from the remnants of Hurricane Kay in September of 2022. Further investigation 
would be needed to determine the impacts that these berms have on the potential for off-lake PM10 
emissions from flood deposits, if any.  
 

Conclusion 4-4: The construction of berms above Keeler Dunes and elsewhere modified sediment 
transport, but it is uncertain if this modification of sediment transport increased PM10 emissions 
from flood deposits relative to that which would have occurred without berms.  
 
Recommendation 4-1: The District should work with the California Department of 
Transportation and other Owens Valley Planning Area landowners to determine the impact 
of berms on flood deposits and associated PM10 emissions.  

 
Southern Side of the Lake 

 
The southern side of Owens Lake is host to the Olancha Dunes and multiple alluvial systems that 

are important sources of PM10 exceedances. The scientific literature on the origin and evolution of the 
Olancha Dunes is quite sparse, but what available evidence does exist indicates that the dunes formed 
prior to the diversion of water from Owens Lake. The panel’s analysis shows that the dunes experienced a 
slight southward extension (approximately 0.3 miles) from 1944 to current day. This southward extension 
could be the result of increased sediment supply following the diversion of water from Owens Lake or 
from other natural or anthropogenic activities. Olancha Dunes is also the location of an OHV and 
dispersed camping recreational area that makes up approximately 36 percent of the total dune area. There 
is little to no research on the impacts of decades of OHV activity on PM10 emissions at Olancha Dunes, 
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but research from other sites like the Oceano Dunes State Vehicular Recreation Area and the Imperial 
Sand Dunes Recreation Area shows clear associations between OHV activity, decreasing vegetation 
cover, and increased dust emissions. Additional study using aerial photography, PI-SWERL dust emission 
potential measurements, and the Bureau of Land Management’s records of impacts from recreational 
activity could provide information on the contribution of recreational activity to PM10 emissions.  
 

Conclusion 4-5: The Olancha Dunes has extended southward slightly since the 1940s, but there is 
not sufficient evidence to indicate that this southward extension was influenced by drainage of the 
lake or other anthropogenic activities, such as OHV recreation and dispersed camping.  
 
Recommendation 4-2: The District should work with the Bureau of Land Management to 
determine the impacts of recreational activity on plant communities and PM10 emissions 
within the Olancha Dunes and remediate as needed.  

 
The southern side of Owens Lake also hosts multiple alluvial channel/wash systems that deliver 

and rework sediments from the neighboring Coso and Sierra Nevada ranges. These alluvial channel/wash 
systems supply sand and PM10 material, and they can only support low-density vegetation cover, which 
create conditions ripe for high PM10 emission. While the replenishment of these alluvial systems is a 
natural process that has been occurring for millennia, anthropogenic alteration of the flowpaths through 
the constructed infrastructure may change the amount and distribution of impounded water and sediment 
and therefore change its potential to contribute to PM10 emissions. Climate change is projected to make 
extreme precipitation events more frequent and intense, which would more frequently replenish fine 
sediments in flood deposits that contribute to PM10 emissions. 
 

Conclusion 4-6: Aerial and satellite images suggest that the impounded flood deposits south of 
the lake near the Dirty Socks PM10 monitor may have been affected by the rerouting of Highway 
190. Highway 190 infrastructure clearly impacts flood flows in other areas along the south of the 
lake, although it is unclear to what extent, if any, this infrastructure impacts overall PM10 
emissions and measured exceedances. 
 
Recommendation 4-3: The District should work with the California Department of 
Transportation to determine the impact of Highway 190 and related berms on flood 
deposits and associated PM10 emissions, with initial emphasis on the impounded flood 
deposits near the Dirty Socks PM10 monitor. 

 
POTENTIAL SOURCES NORTH OF THE LAKE 

 
Current data indicate a stable shallow groundwater table in the area around Owens Lake. 

However, there is substantial evidence that areas to the north of the lake have seen decreases in vegetation 
cover, which may have contributed to historical dust emission in the OVPA. A groundwater management 
plan and a number of revegetation projects were implemented in the 1990s to reduce blowing dust in 
affected areas. If this land is not managed carefully, dust emission from the area to the north of the lake 
could increase, especially under changing climatic conditions.  

 
Conclusion 4-7: Drought coupled with constant or increasing water extraction in the Owens 
Valley could result in prolonged lowering of the groundwater table. If groundwater drops to 
levels that severely impact the health of existing groundwater-dependent vegetation, the potential 
for PM10 emissions north of the lake would increase. 
 
Conclusion 4-8: Continued monitoring and regular updates on the advancement of revegetation 
projects on former groundwater-dependent meadows and abandoned agricultural fields will 
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inform potential measures that may be necessary to reduce PM10 emission in the face of future 
climate pressures. 

 
FURTHER RESEARCH TO ESTABLISH THE ORIGIN 

AND EVOLUTION OF OVPA SOURCES 
 

More chronological research may reduce uncertainties surrounding the origin and evolution of 
dune fields and flood deposits. Collecting sediment samples across dunes and flood deposits by coring or 
auguring may be the best way to collect a comprehensive set of data. These methods may illuminate 
relatively recent processes that occurred after the diversion of water from Owens Lake, construction of 
berms, and the rerouting of Highway 190.  
 

Conclusion 4-9: A coring and optically stimulated luminescence campaign targeting recent 
mobilization events (including those younger than 100 years) across Olancha Dunes, Keeler 
Dunes, and the flood deposits near the Dirty Socks monitor will reduce uncertainty on the origin 
and evolution of these deposits.  
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5 
Utilization of the U.S. EPA Exceptional  

Events Rule in the OVPA 

This chapter discusses the applicability of the U.S. Environmental Protection Agency’s (EPA’s) 
Exceptional Events Rule (EER; 40 C.F.R. § 50.14) for excluding air quality monitoring data when 
determining the Owens Valley Planning Area’s (OVPA’s) compliance with the National Ambient Air 
Quality Standards (NAAQS; Box 1-1). Based on the statement of task and information provided by the 
sponsors, this chapter focuses only on PM10 exceedances that were identified by the Great Basin Unified 
Air Pollution Control District (the District) as originating from local off-lake sources (i.e., those OVPA 
sources that are above the 3,600-ft-elevation regulatory shoreline) and the necessary criteria to 
demonstrate exceptional events due to high wind dust events. However, the panel recognizes that on any 
individual monitored exceedance day, dust from both on-lake and off-lake sources may contribute to PM10 
exceedances at monitoring sites in the OVPA to varying degrees. This chapter does not consider 
exceptional event demonstrations for wildfires or regional events, nor does it include findings from the 
agencies able to prepare and/or concur with exceptional events demonstration(s).1 This chapter also does 
not provide approvable analysis results under the EER for the OVPA; only the air quality management 
agencies (hereafter air agencies) can make EER-applicable demonstrations as authorized under the federal 
Clean Air Act. 
 

THE EXCEPTIONAL EVENTS RULE 
 

An exceptional event is “an event and its resulting emissions that is not reasonably controllable or 
preventable, and is caused by human activity that is unlikely to recur at a particular location or a natural 
event” (40 C.F.R. §Part 50.1[j]). Exceptional events are considered to be “events for which the normal 
planning and regulatory process established by the Clean Air Act (CAA) is not appropriate” (Treatment of 
Data Influenced by Exceptional Events, 72 FR 13560, 2007). When an air agency demonstrates (and EPA 
concurs) that a PM10 exceedance is an exceptional event, those data are excluded from specific decisions 
determined to be of “regulatory significance” to be made under EPA CAA authority related to NAAQS 
attainment and related planning requirements. These regulatory significant decisions include NAAQS 
area designations and redesignation decisions, classifications, determinations regarding whether a 
nonattainment area has reached attainment, certain findings of State Implementation Plan (SIP) 
inadequacy, and other actions on a case-by-case basis (40 C.F.R. § 50.14[a][1]). Due to the three-year 
design value period, it often takes more than three years to determine if an EER demonstration would 
have the effect of changing the rolling 3-year average of exceedances used to determine attainment at an 
individual monitor or monitors and whether that effort could support a change in nonattainment status or 
affect related planning requirements.  

Although not necessarily intuitive from the name, the determination of exceptional events is 
unrelated to event frequency (or infrequency). Instead, in the case of high wind events, certain exceedance 
event data can be excepted (i.e., excluded) by demonstrating the following criteria: 
 

• the high-wind event clearly caused or led to the monitored exceedance, 

 
1 For the OVPA, these agencies are the U.S. EPA, the California Air Resources Board (CARB), and the Great Basin 
Unified Air Pollution Control District (GBUAPCD). 
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• the exceedance event “was both not reasonably controllable and not reasonably preventable,” 
and 

• the exceedance “was caused by human activity that is unlikely to recur at a particular location 
or was a natural event,” among other requirements, including public notice (EPA 2019b, p. 2). 

 
EPA (2019b, p. 4) defines the high wind threshold as “the minimum wind speed capable of 

causing particulate matter emissions from natural undisturbed lands in the area affected by a high wind 
dust event.” As specified in the Exceptional Events Rule, EPA accepts a threshold of a sustained wind2 of 
25 miles per hour (mph) for certain areas of the western U.S…” including California, “as long as the 
value is not contradicted by evidence in the record at the time the demonstration is submitted.” For 
California, the high wind threshold of a sustained wind of 25 mph is based on findings from James et al. 
(1999) and Wacaser et al. (2006).3 However, the EER specifies protocols for evaluating any given 
exceedance event based on three tiers: Tier 1) for high-energy dust events with ≥40 mph sustained wind 
speed and ≤0.5 mile visibility, Tier 2) for events with ≥25 mph sustained winds, and Tier 3) for all other 
high wind dust events with <25 mph sustained wind speeds. For events with lower wind speeds, 
increasing evidence is required to justify an exceptional event (EPA 2019b). 

The EER defines a natural event as “an event and its resulting emissions, which may recur at the 
same location, in which human activity plays little or no direct casual role” (40 C.F.R. § 50.1[k]). EPA 
(2019b, p. 16) further clarifies that “an event involving windblown dust solely from natural undisturbed 
landscapes is considered a natural event and therefore not reasonably controllable.” Thus, according to 
EPA guidance, any PM10 exceedance event caused by a source judged to be natural meets the definition as 
“both not reasonably controllable and not reasonably preventable.” EPA generally considers natural 
disasters (e.g., hurricanes, wildland fires) to be natural events (Treatment of Data Influenced by 
Exceptional Events, 72 FR 13560, 2007), even though some of them may have been exacerbated by 
human activities and human-induced climate change. Additionally, the rule states: “The Administrator 
will consider high wind dust events to be natural events in cases where windblown dust is entirely from 
natural undisturbed lands in the area or where all anthropogenic sources are reasonably controlled….” (40 
C.F.R. § 50.14[b][5]). Thus, events that include emissions from mixed sources (i.e., both natural and 
anthropogenic sources) can be considered natural events only if reasonable controls have been applied to 
the contributing anthropogenic sources (Treatment of Data Influenced by Exceptional Events, 72 FR 
13560, 2007). 

As stated in 40 C.F.R. § 50.14(b)(8), an event from an anthropogenic source is considered not 
reasonably controllable if “reasonable measures to control the impact of the event on air quality were 
applied at the time of the event.” According to 40 C.F.R. § 50.14(b)(5)(iv), air agencies are not required to 
submit justification for a high wind dust event not being reasonably preventable. Documentation of Tier 1 
high-energy dust storms (≥40 mph sustained wind speed) is generally considered sufficient for an event to 
be considered not controllable. For Tier 2 (≥25 mph sustained wind speed) events, source areas are 
presumed reasonably controlled if the control measures in place at the time of the event for all relevant 
anthropogenic source areas have been identified in a SIP that was approved by EPA within the past five 
years. If there is a SIP but it was approved more than five years prior to the event, some level of 
documentation is necessary to satisfy the requirement that the relevant sources were reasonably 
controlled. Otherwise, air agencies can submit a control analysis to demonstrate reasonable control 

 
2 EPA defines a sustained wind speed as one where there is at least one full hour in which the hourly average was at 
or above the area-specific high wind threshold. EPA may also consider a sustained wind speed based on shorter 
averaging times on a case-by-case basis (EPA 2019b). 
3 Agencies can propose an alternate area-specific high wind threshold if it is shown to be more representative of the 
local or regional conditions. EPA guidance includes Ono (2006), which focuses on the Owens Lake region as an 
example of an area-specific calculation of a high wind threshold. Ono (2006) find a wind speed threshold (adjusted 
to 10-m height above ground level [AGL]) of 17 mph for the Keeler Dunes. Thus, local OVPA high wind thresholds 
may be slightly lower than the regional 25 mph criterion. 
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measure implementation and enforcement. EPA (2019b, p. 11) notes that “the reasonableness of measures 
is case-specific and is evaluated based on information available at the time of the event” and that dust 
controls on anthropogenic sources are reasonable in any case where they “render the anthropogenic 
source as resistant to high winds as natural undisturbed lands in the area affected by the high wind event” 
(40 C.F.R. § 50.14 [b][5][v]). Additional analyses are required for Tier 3 (<25 mph sustained wind speed) 
events to justify that they are not reasonably controllable (EPA 2019b). 

When considering the EER, it is important to understand that EPA was instructed by Congress to 
follow several principles in implementation of Section 319 of the CAA, including that “public health 
protection is the highest priority,” and this applies even when attainment decisions are made with 
exceptions for high wind events. Section 319(b)(3)(A) states that “each state must take necessary 
measures to safeguard public health regardless of the source of the air pollution.” Timely public 
notification is required when an “event occurs or is reasonably anticipated to occur which may result in 
the exceedance” of PM10. All data are required to be included in a publicly accessible air quality database, 
and any exceptional event demonstration is subject to a public comment period of at least 30 days (40 
C.F.R. § 50.14[c]). 
 

APPLICABILITY OF EXCEPTIONAL EVENTS RULE FOR 
OFF-LAKE SOURCES IN THE OVPA 

 
As discussed in Chapter 3, the OVPA is currently classified as being in “serious nonattainment.” 

Since 2017, even excluding wildfire smoke, only two of the nine monitors—Lone Pine and Stanley—
have consistently met the NAAQS criteria of no more than one exceedance per year averaged over three 
years (Table 5-1). Successful demonstrations for high wind exceedance events in the OVPA would 
remove those exceptional event PM10 exceedances in the determination of NAAQS compliance at that 
monitoring site. The District could reach regulatory attainment if all monitoring sites achieve the design 
value of less than one event per year, averaged over three years, as required by the NAAQS. Once 
regulatory attainment is achieved, the air agencies would be required to request redesignation and submit 
a Maintenance Plan SIP for approval. Monitoring and maintenance of all source areas would continue to 
ensure compliance with the NAAQS.  

In 2017–2024, approximately 74 percent of exceedances have been attributed to sources other 
than “primarily on-lake sources,” including wildfire smoke, regional events, and local off-lake sources 
(see Figure 3-4). However, the exceedance counts from recent years show that the on-lake exceedances 
alone at two monitors (Shell Cut, Dirty Socks) exceed the requirement of no more than one exceedance 
per year per monitor averaged over three years (see Figure 3-3). In 2021–2023 and 2022–2024, the Dirty 
Socks monitor recorded nine and eight exceedances, respectively, that have been attributed to on-lake 
sources (exceedance database, Chris Howard, GBUAPCD, personal communication, August 2024 and 
April 2025). These numbers are around triple those allowable for attainment. Some of the recent 
exceedances at Dirty Socks may have been sourced from an on-lake area (T1A-4A), where LADWP 
completed contingency controls in 2023. Continued monitoring of the effectiveness of these on-lake 
controls will be helpful in evaluating on-lake control and the value of potential future application of the 
EER. Utilization of tools that calculate design values—like those produced by the South Coast Air 
Quality Management District—can help the District calculate if a reasoned use of the Exceptional Events 
Rule might be applicable and worth the investment of time and resources. 

The panel was asked to “discuss the applicability of U.S. EPA’s Exceptional Events [Rule] for 
excluding air quality monitoring data affected by dust from off-lake sources” during high wind events in 
the OVPA (Box 1-1, Figure 5-1). As described above, a key aspect of considering EER applicability for a 
given exceedance under high wind conditions is whether either of these conditions occurred:  
 

1) the exceedance was a natural event, meaning that windblown PM10 was entirely from natural 
undisturbed lands in the area, where “human activity plays little or no direct causal role,” or  
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2) reasonable control measures were applied at the time of the high wind event to control PM10 
emissions from all anthropogenic sources.  

 
 
TABLE 5-1 OVPA PM10 Exceedances and Design Values by Site, Excluding Measurements with Exceptional 
Events Flags due to Wildfire 

Site 2017 2018 2019 2020 2021  2022  2023  2024 
2021–2023  
Design Value  

2022–2024  
Design Value 

Dirty Socks 9 2 2 3 8 12 6 8 8.8 8.8 
Keeler  7 2 2 4 2 9 7 5 5.3 TEOM (POC 4) 

6.2 Partisol (POC 6) 
8.2 Partisol (POC 7) 

6.7 TEOM (POC 4) 
6.6 Partisol (POC 6) 
8.2 Partisol (POC 7) 

Lizard Tail 9 3 1 3 1 2 2 1 1.7 1.7 
Lone Pine 1 1 0 1 1  1 1 0 1.0 0.7 
Mill Site 2 1 1 3 0 4 2 3 2.0 3.0 
North Beach 5 3 2 1 2 2 2 0 2.0 1.4 
Olancha 4 2 0 1 0 6 4 1 3.4 3.7 
Shell Cut 8 4 2 3 1 8 4 6 4.4 6.0 
Stanley 1 0 0 1 0 0 0 1 0.0 0.3 
Total Annual PM10 
Exceedances 

46 18 10 20 15 44 28 25   

NOTES: Design values greater than one indicate that the area is not in attainment. PM10 exceedances flagged by the 
District for exclusion under EPA’s Exceptional Events Rule as a wildfire event are not shown. Design values are 
from EPA Air Quality System (AQS) as of April 2024 and April 2025 and exclude measurements with exceptional 
event flags due to wildfires. The Keeler site has three PM10 monitors; the highest annual exceedance count among 
the three monitors is listed and the design value is shown for all three monitors (each monitor is denoted by a unique 
Parameter Occurrence Code [POC]). Design values in red are those that exceed the NAAQS criteria of no more than 
one exceedance per year averaged over three years. TOEM = tapered element oscillating microbalance.  
SOURCES: Ann Logan, GBUAPCD, personal communication, May 2024, July 2024, April 2025. 
 

 
FIGURE 5-1 Decision tree to assist with evaluation of whether the U.S. EPA’s Exceptional Events Rule is 
applicable to a high-wind dust event. 
NOTES: A source is reasonably controlled if reasonable measures were implemented on anthropogenic sources at 
the time of the event.  
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Off-Lake Sources: Natural Event or Affected by Human Activity  
 

The panel first evaluated what local off-lake PM10 exceedances might have been caused by a 
natural event, as defined by EPA. Based on the currently available evidence outlined in Chapter 4, there 
are a few PM10 source categories in the OVPA that the panel judges to be entirely natural, undisturbed 
lands. These include alluvial fans and many of the flood deposits, excluding those that have otherwise 
been affected by human activity, such as highway infrastructure. The panel also judges that the Swansea 
Dunes are likely natural, based on position and general dune movement over the past century, although 
this is based on limited information (see Chapter 4).  

Other sources of PM10 emissions in the OVPA were deemed by the panel to be partially 
anthropogenic in origin. As described in Chapter 4, these include the Keeler Dunes, which were formed 
prior to lake drainage but were augmented by sediments from the dry lake surfaces that destabilized the 
vegetated dunes in a way that increased dust emission potential. Another likely source of partial 
anthropogenic origin are the flash-flood deposits south of Dirty Socks that were potentially enlarged in 
area by highway construction, which blocked the flow of floodwaters (see Figure 4-19).  

As described in Chapter 4, the Olancha Dunes have somewhat expanded to the south in recent 
years, but it is unclear if this is related to drainage of the lake or recreation, including off-highway vehicle 
(OHV) use. Although no research has been completed on the impacts associated with decades of OHV 
activity at Olancha to PM10 exceedances, research at other sites shows clear associations between OHV 
activity, decreasing vegetation cover, and increased dust emissions (Cheung et al. 2021; Gillies et al. 
2022; Groom et al. 2007; Walker et al. 2023). Chapter 4 includes recommendations for additional analysis 
to determine the effect of human activity on emissions from the Olancha Dunes. If these areas that are 
affected by human activity contribute to off-lake exceedances, a control measures analysis would need to 
be conducted, and reasonable controls would need to be implemented before exceptions under the EER 
could be considered.  

Finally, there are several flood deposits described in Chapter 4 (e.g., Keeler, Centennial Wash) 
that were influenced by highway berms or a limited number of culverts, but it remains unclear whether 
the highway infrastructure affected PM10 emissions beyond what would be expected without that 
infrastructure in place. EER demonstrations for exceedances originating from flood deposits potentially 
influenced by the highway may benefit from additional analysis that demonstrates that PM10 emissions 
from these flood deposits have not been exacerbated by roadway infrastructure. 
 

Reasonable Control Measures Applied 
 

The panel also evaluated the “reasonably controllable” criterion for off-lake sources. EPA (2019b, 
p. 16) states that “an event involving windblown dust solely from natural undisturbed landscapes is 
considered a natural event and therefore not reasonably controllable.” For sites affected by human 
activity, however, air agencies are required to demonstrate that an event is not reasonably controllable. As 
described previously in this chapter, an event is not reasonably controllable if reasonable measures were 
implemented on anthropogenic sources at the time of the event. It is beyond the charge to the panel to 
determine what controls are “reasonable measures” because “reasonable” includes policy judgments 
rather than purely scientific assessments. However, the panel notes that a thorough consideration of 
reasonable controls would consider resilience under the impact of climate change (e.g., planning for more 
intense flooding and prolonged drought). An assessment of reasonable controls could be part of a controls 
analysis that the EPA would require for the OVPA, as the latest approved SIP (GBUAPCD 2016) is over 
five years old (EPA 2019b). EPA (2019b) states that it will use the local list of reasonably available 
control measures (RACM) or best available control measures (BACM), as applicable, as a reference point 
to review the reasonableness of new controls, and they note that more stringent controls may be 
reasonable for areas like the OVPA, which have frequent exceedances due to high winds.  

Within the focus area of this study, the only off-lake source with current dust control measures is 
the Keeler Dunes, where emissions have been reduced by implementation of the approximately 170-acre 
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Keeler Dunes Dust Control Project (see Chapter 6, Box 6-1), which was previously determined to be 
BACM (Federal Register vol 81; no, 238). A controls analysis would also be needed to determine if there 
are reasonable controls (Chapter 6) that could be implemented for exceedances from other sources 
determined to be anthropogenically influenced (e.g., flash flood drainage pooling caused by the highway). 

The above evaluation for any given exceedance event requires consideration of wind speed using 
the EPA (2019b) three-tiered approach that determines the level of justification needed to assess if 
reasonable measures were implemented. Few off-lake exceedances (7 of 94) between 2017 and July 2024 
in the OVPA have ≥40 mph sustained wind speed, which is one criterion for Tier 1 events (Figure 5-2). 
Nearly all off-lake exceedances met the sustained hourly wind speed of ≥25 mph for Tier 2 (Figure 5-2). 
However, the panel did not do a thorough investigation of a potential causal relationship between wind 
speed and PM10 emissions for every exceedance, which is required for an exceptional events 
demonstration (EPA 2019b). Only three exceedances between 2017 and July 2024 had sustained winds of 
<25 mph (Tier 3), and two of these had sustained windspeeds of over 24 mph.  
 
 

 
FIGURE 5-2 Off-lake exceedance counts and associated maximum hourly average wind speed, 2017–2024. 
NOTES: The graph shows maximum one-hour average wind speed from off-lake exceedance events between 2017 
and July 2024. Wind speed is generally measured at a height of approximately 10 meters (GBUAPCD 2024b). 
SOURCE: Data based on exceedance and wind speed data from GBUAPCD. 
 
 

PUBLIC HEALTH IMPACTS AND A REASONED USE 
OF THE EXCEPTIONAL EVENTS RULE 

 
As described in Chapter 1, PM10 particles can penetrate the lungs and cause or worsen a variety of 

health problems like asthma, bronchitis, chronic obstructive pulmonary disease, and respiratory 
infections. Section 319 of the CAA indicates that “public health protection is the highest priority,” and 
this applies even when attainment decisions are made with exceptions for high wind events. Section 
319(b)(3)(A) states that “each state must take necessary measures to safeguard public health regardless of 
the source of the air pollution.” However, Congress has recognized that it “may not be appropriate for the 
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EPA to use certain monitoring data collected by the ambient air quality monitoring network and 
maintained in the EPA's AQS database in certain regulatory determinations” (40 C.F.R. § 52). Instead, 
Congress provided the statutory authority for the exclusion of data influenced by exceptional events (i.e., 
those events that are sourced from natural, undisturbed sources and anthropogenic sources that are not 
reasonably controllable). Exclusion of data from these PM10 sources may not improve the quality of 
polluted air in the OVPA, although the CAA requires timely information to alert the public whenever air 
quality is considered unhealthy. Exclusion of exceptional events provides a means for areas with high 
natural background levels of PM10 to attain the NAAQS, which can promote and encourage action on 
other reasonably controllable sources. 

If PM10 emissions from natural or not reasonably controllable areas increase in the future due to 
climate change, the OVPA could experience worsening air quality (see Chapters 2 and 4). Under the 
Exceptional Events Rule, determinations about what is “natural” or “reasonably controllable” need to be 
made with care to prevent worsening air quality from anthropogenically influenced areas. Since changes 
in EPA’s air quality regulations and exceptional events policies in 2007, which both increased stringency 
of air quality attainment and also included wildfires as natural events, there has been a marked increase in 
days that are submitted for exclusion of this data from regulatory determinations, and these are largely 
driven by wildfire and high-wind dust events (David et al. 2021). Reasoned use of the exceptional events 
rule involves careful consideration of the anthropogenic drivers of PM10 emissions and the policy, health, 
and economic implications of controls. Acknowledging the long-term management approaches that 
enhance wildfire and dust emissions in otherwise “natural” areas as anthropogenic drivers of PM10 
emission could incentivize local to regional efforts to proactively manage for ecosystem resilience in a 
changing climate and mitigate the effects of wind, fire, and storms on air quality (Clifford 2022; David et 
al. 2021; Richmond 2019). Such proactive management of natural lands can include prescribed fires to 
mitigate larger wildfires (EPA 2019a), changes in water management, and vegetation restoration. 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

The Exceptional Events Rule for high wind dust events can be used to exclude unusual or 
naturally occurring exceedance event data from consideration in regulatorily significant decisions, as long 
as other public health protections are met. Nevertheless, the way the Exceptional Events Rule is 
interpreted and implemented has consequences for a region’s air quality and associated health impacts. 
Based on current EPA guidance and the panel’s evaluation of the origin and evolution of off-lake sources, 
some exceedances from off-lake sources in the OVPA may be considered natural events, as human 
activity played little or no direct causal role.  
 

Conclusion 5-1: Most exceedances from channelized flow deposits, sheet flow deposits, and 
deposits impounded behind natural features appear to fit the exceptional events rule criterion of 
natural events.  

 
Some emissions from off-lake sources in the OVPA may be considered anthropogenically 

influenced. Since the OVPA has a State Implementation Plan that is over five years old, the Exceptional 
Events Rule requires an assessment of controls that could be applied to these anthropogenically 
influenced sources and the implementation of reasonable controls. It is beyond the charge to the panel to 
determine what controls are “reasonable” because that includes policy judgments rather than purely 
scientific assessments. 
 

Conclusion 5-2: Emissions from the Keeler Dunes, the Olancha Dunes, and the highway-
impounded flood deposit south of the Dirty Socks monitor have been affected by human activities 
resulting from draining of the lake, OHV recreation, and highway construction, respectively. 
Therefore, an assessment and potential implementation of reasonable controls would be required 
before an exceptional event demonstration is considered at these locations. 
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A thorough consideration of reasonable controls would consider resilience of the dust control 
measure under climate change. These considerations may include designing for more intense flooding and 
prolonged drought. 
 

Recommendation 5-1: The District, California Air Resources Board, and the 
Environmental Protection Agency should consider resilience under climate change as part 
of its assessment of reasonable controls. 
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6 
Informing Dust Control Decisions for Off-Lake Sources 

Dust control measures (DCMs) on the Owens Lake bed and elsewhere have proven their 
effectiveness in reducing PM10 emissions (O’Brian 2021; NASEM 2020). Prior to the implementation of 
DCMs in 2000, Owens Lake was North America’s largest single point source of PM10, or particulate 
matter with an aerodynamic diameter of 10 micrometers or less (Reheis 1997). As detailed in Chapter 3, 
between 2001—the first year following the initiation of construction of the U.S. Environmental Protection 
Agency (EPA)-approved best available control measures (BACM)—and 2023, significant declines in both 
the number of exceedance days and the average 24-hr PM10 exceedance values have occurred (see Table 
3-1). While PM10 exceedances have steadily declined from on-lake sources since 2001, exceedances from 
off-lake sources have held relatively steady over time (Figures 3-6, 3-9, 3-12, 3-18, 3-22, and 3-24; 
Chapter 3). In the past three years, the number of exceedances at all monitors combined from off-lake 
sources has been greater than the number of exceedances attributed to on-lake sources (Figure 3-3). 
Chapter 3 identifies the many landforms within this area of the Owens Valley Planning Area (OVPA) that 
contribute to PM10 exceedances, including flood deposits, dunes, and alluvial fans.  

In this chapter, the panel examines potential PM10 emission control strategies for sand dunes and 
associated sand sheets and flood deposits beyond the Owens Lake regulatory shoreline. The panel does 
not attempt to evaluate what controls are reasonable, given the costs and other impacts, as this is a policy 
decision that is dependent on more than just science. However, the panel recognizes that several of the 
BACMs approved for use on the lakebed that are discussed at length in NASEM (2020) may be 
inappropriate for off-lake conditions. For example, the shallow flooding BACM and its variations would 
not be feasible off-lake due to the greater depth to groundwater, permeability, and sloping topography. 
The following discussion focuses only on dust control measures suitable for off-lake sources.  

It is important that the implementation of dust control measures also include monitoring to 
establish the reduction in PM10 emissions, as well as changes in soil texture, organic content, nutrients, 
moisture, and vegetation density. Vegetation density may be monitored remotely by aerial photography 
and by satellite sensing in the near future. Monitoring of soil conditions will require periodic sampling 
and analyses. Monitoring of dust emissions may be accomplished by remote ground-based cameras, 
remote sensing using satellite-mounted spectrometers, or in-situ monitoring (see Chapter 3 for discussion 
of low- to medium-cost PM10 monitors). This monitoring can be regularly analyzed to help assess the 
long-term effectiveness of different management approaches over space and time. It cannot be expected 
that dust management strategies will be effective in perpetuity, especially under a changing climate and in 
the face of extreme events (e.g., floods). If incorporated within an adaptive management strategy, 
monitoring can be used to evaluate effectiveness and identify when changes may be needed in dust 
control management approaches.  
 

POTENTIAL DUST CONTROL MEASURES ON SAND SHEETS AND DUNES 
 

There are several sand sheets and dune fields in the OVPA that are associated with PM10 
exceedances, including Keeler and Olancha (Chapter 3). The only off-lake sand sheet or dune area with 
implemented DCMs is the Keeler Dunes Dust Control Project, which could serve as a potential model for 
future DCMs if they were deemed necessary. 
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Artificial Roughness 
 

Artificial roughness elements placed on surfaces of sand sheets and active dunes increase 
aerodynamic roughness to reduce wind velocities at the surface and offer shelter that prevents sand 
cascading (Dong, Fryrear, and Gao 1999; Potter and Zobeck 1990). Roughness elements create 
downstream turbulence with eddy scales related to their size. Large roughness elements such as buildings 
can create eddies on the scale of several meters, while smaller roughness elements, such as surface clods 
and vegetation, tend to create much smaller eddies on the scales of millimeters to centimeters. The inter-
molecular friction in a field of eddies dissipates the energy of the flow. Natural roughness elements that 
have been used to control dust at other sites include soil clods, straw checkerboard, standing and flat crop 
residues, baled crop residues, or woody residues of trees and shrubs (Dong, Fryrear, and Gao 1999; Qiu et 
al. 2004). Roughness elements constructed of engineered materials such as plastic and metal are termed 
engineered roughness elements. For the purposes of this report, artificial roughness as a dust control 
measure is divided into four types: solid natural, porous natural, solid engineered, and porous engineered. 
 
Natural Roughness Elements 
 

Solid natural roughness elements. The simplest natural solid roughness element is a straw bale. 
Straw is harvested and baled into rectangular or round bales as part of removal of crop residues from 
harvested land before seeding a subsequent crop. Straw bales are inexpensive ($3 to $6 per bale in the 
Midwest U.S.; Halopka 2022), typically have little feed value, and are high in lignin, adding to their 
longevity in the environment. Straw bales add roughness and reduce surface friction velocities of the 
wind. By simply placing rectangular straw bales on Keeler Dunes, the Great Basin Unified Air Pollution 
Control District (or District) reported an average reduction in sand flux of 85–94 percent (Box 6-1). 
However, the primary benefit of straw bales is that the bales reduce horizontal sand flux and create safe 
zones on the lee side of the bale that protect seedling shrubs from sandblasting. As the shrubs become 
established and grow larger, they augment the aerodynamic roughness provided by the bales, further 
reducing surface wind speeds, saltation, and dust emissions. Thus, the maximal benefit is provided by 
combining the straw bales with shrub planting, as described in Box 6-1 on the Keeler Dunes Dust Control 
Project. (Shrubs as a dust control measure are discussed later in this section). Straw bales have also been 
used to control sand movement and dust emissions at the Oceano Dunes State Vehicular Recreation Area, 
where damage to dune vegetation from off-road vehicle use has resulted in destabilized dunes and 
enhanced dust emissions (Gillies and Lancaster 2013; Gillies, Furtak-Cole, and Etyemezian 2020). In this 
region, straw bales were shown to reduce shear stress within the roughness array and result in a decline of 
saltation downwind of the array by roughly 40 percent. Straw bales and other roughness elements 
including sand fences were only considered as temporary solutions for mitigating dust emissions at the 
Oceano Dunes and have since been replaced with permanent vegetation treatments (State of California 
Department of Parks and Recreation 2024).  

Straw bales may enhance habitat by fostering the survival of seedlings. The straw offers little in 
the way of food for migratory wildlife, but the mechanical integrity of the bale does allow for burrowing 
animals to create hibernation and nesting sites in the unstable sand. This could provide ecological benefits 
as animal waste products and organisms carried on the feet of the wildlife would enrich the sand and 
enhance its ability to support plant growth. While the placement of straw bales offers no cultural value to 
the site, these projects may be somewhat beneficial to the local economy if the straw is grown on local 
land or installed by local community members.  
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BOX 6-1 
Keeler Dunes Dust Control Project 

 
As part of the 2013 Stipulated Order of Abatement and Settlement Agreement, The Los Angeles Department 

of Water and Power (LADWP) was released from liability for dust emissions from Keeler Dunes, Swansea 
Dunes, and Olancha Dunes after contributing $10 million for a public benefit contribution to the District 
(GBUAPCD 2016). The District used these resources to initiate the Keeler Dunes Dust Control Project, which 
used straw bales as a temporary dust control measure to protect new plantings of four native, locally adapted 
shrub species—Sarcobatus vermiculatus, Atriplex polycarpa, Atriplex parryi, and Sueada moquinii (nigra; Figure 
6-1). The overall goal of the project is to reestablish a stable vegetated dune system. Shrub seedlings were grown 
out at nurseries from locally collected seed and transplanted into the protected zones near the straw bales. 
Between 2015–2024, a total of 238,000 seedlings were planted within the 170-acre project footprint, creating 
approximately 140 acres of dust control measures. The District also built an above-ground water distribution 
system to facilitate hand watering during planting and establishment. Water use over this 10-year period averaged 
2.3 acre/feet per year. Between 2019 and 2023, there was 14 percent shrub cover with an additional 10 percent 
straw bale cover within the project footprint. Plant monitoring in June 2023 found that 62 percent of the shrubs at 
the site were planted and 35 percent were natural recruits. Roughly equal proportions of the four species were 
observed, and 83 percent were more than three years in age. Based on the calculated average sand flux values 
during the three years before the start of the project (2011–2013) and during the last three years of available data 
(2021–2023), three sites displayed similar extents of sand flux reduction (92–94 percent or factors of 13–16 
reduction) whereas one site showed an 85 percent or a factor of 7 reduction. However, all four sites have a 
statistically significant decreasing trend in the annual sand flux value (Mann-Kendal test, p-value <0.05) during 
2011–2023. PM10 exceedances attributed to the Keeler Dunes region also decreased from 2015 to 2021 (Figure 3-
18), although exceedances increased in 2022 and 2023, potentially due to recent flash flood deposits. As they 
continue to grow, these shrubs will further increase the dust reduction efficiency by reducing surface wind 
velocities, filtering airborne sediment in their canopies and stabilizing the near surface sand with litter and deeper 
soil horizons with root structures.  
 
 

 
FIGURE 6-1 Straw bales on Keeler Dunes in May 2024.  
SOURCE: Ian Walker, panel member. 
 

continued 
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BOX 6-1 continued 
 

 
FIGURE 6-2 Keeler Dunes Dust Control Project led to an 85–94 percent reduction in sand flux. 
NOTES: The different colored lines (7723, 7247, 9808, 9809, and 9852) represent different monitoring sites 
within Keeler Dunes. 
SOURCE: Ann Logan, GBUAPCD, July 2024, personal communication. 

 
 

Porous natural roughness elements. Porous natural roughness elements have not been tested in 
the OVPA but may offer sand drift and dust emission control. Porous natural elements include the woody 
skeletons of trees and shrubs laid on the surface and straw inserted into the sediment surface vertically in 
a checkerboard pattern (Figure 6-3). The woody skeletons may offer promise in off-lake areas with 
cultural and historical sensitivity since they do not require modification to the ground surface. However, 
some of the larger woody skeletons may require large equipment to transport them onto the site.  

Natural porous surface roughness created with plant matter (e.g., straw) placed in checkerboard 
patterns (Figure 6-3) have been shown effective at controlling sand movement and dust emissions (Bo et 
al. 2015; Li et al. 2006; Wang, Qu, and Niu 2020; Zhang et al. 2004; Zhang et al. 2018; Zhao et al. 2008) 
and have been used for this purpose for over a half century in northwestern China (Qiu et al. 2004). The 
straw checkerboards are typically established in 1-m2 grids with an optimal height of straw 20 cm above 
the ground (Bo et al. 2015; Qiu et al. 2004) These straw checkerboards reduce wind speed near the 
surface to steady-state velocities less than threshold—which is the wind speed value necessary to initiate 
soil erosion and dust emissions within about 66 ft (20 m) of the upwind edge (Xu et al. 2018). Narrow 
bands have been shown to be as effective as solid straw checkerboard arrays of much greater areal 
coverage (Bo et al. 2015). This design results in a reduction of horizontal sand flux by as much as 99.5 
percent (Qiu et al. 2004). Straw checkerboards are adaptable to sloping and undulating land, making this a 
flexible method for complex landscapes (Dehkordi et al. 2023; Lihui et al. 2015). 
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FIGURE 6-3 A) Gasoline powered machines insert straw to form straw checkerboard barriers. B) Sand dunes in 
western China covered by straw checkerboard.  
SOURCE: Photos courtesy of Guoming Zhang of Beijing Normal University. 
 
 

Straw checkerboards also trap dust and encourage soil formation and the colonization of the 
stabilized sand by vegetation (Li et al. 2006). Soil components and plant macronutrients such as nitrogen, 
phosphorus, and potassium carried on dust have increased in straw-checkerboard-bounded soil (Dehkordi 
et al. 2022) and a 10-year study demonstrated increases in silt, clay, organic matter, water availability, 
nutrients, and pH (Wang and Wang 2019). Li et al. (2020) report that microbially induced carbonate 
precipitation from calcium ions carried on dust lessen the temporal limitations of straw checkerboards by 
accelerating sand fixation through crust formation, and this stabilization results in accelerated vegetation 
recovery. Narrow bands of vegetation watering might be highly beneficial immediately upwind of large 
areas with straw checkerboards to limit burial of the windward squares of the checkerboard and to provide 
an immediately adjacent source of plant litter and seeds for sand colonization and stabilization by native 
vegetation. 

Straw checkerboards are historically built with manual labor in China, and a single laborer can 
create about 200 m2 per day. Recently, machines have been developed that increase the efficiency of 
installation (Figure 6-3). In China, straw checkerboards are functional for up to four years, but the warm 
and dry season in California may result in less microbial degradation and longer function, similar to what 
has been noted with the straw bales. If more time is needed to protect establishing vegetation, new or 
partial straw checkerboards could be implemented where needed.  

The ecological value of the straw checkerboards is primarily related to potential soil quality 
improvements and enhanced plant colonization, which in turn improve habitat for local wildlife. Straw 
checkerboard barriers provide minimal cultural value but may provide machine operator jobs locally and 
opportunities for local farmers to sell wheat or barley straw.  
 
Engineered Roughness Elements 
 

Solid engineered roughness. Solid engineered roughness elements are built from materials such as 
metal, concrete, or plastic and placed in an array to reduce near-surface wind speed through added 
friction. For example, Gillies (2017; 2018b) investigated dust control effects of a staggered array of 
plastic boxes (2.4 ft x 1.5 ft x 1.2 ft [0.725 m x 0.45 m x 0.38 m]; Figure 6-4). Maximum sand control 
efficiency of 90 percent was achieved approximately 200 ft (60 m) from the upwind edge of the array. 
The authors maintained that the control efficiency and distance to achievement is a function of the density 
and distribution of the roughness elements (Gillies 2017, 2018b). 
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FIGURE 6-4 Weighted plastic totes used as engineered solid roughness objects on Owens Lake.  
SOURCE: Grace Holder, GBUAPCD, personal communication, August 2019. 
 
 

Although solid engineered roughness elements could be arranged on a sand dune or sand sheet as 
needed to reduce PM10 emissions, they do not blend well with the natural landscape, have no intrinsic 
value to wildlife, and depending on the material from which they are constructed, are susceptible to 
photodegradation and other forms of weathering. For instance, polyethylene would degrade in 
approximately one year and photodegradation of the plastic could lead to release of microplastics into the 
environment, while concrete might still be serviceable after 50 years.  

Porous engineered roughness elements. Engineered roughness elements may be constructed to 
provide specific amounts of porosity in order to optimize the sheltering and aerodynamic roughness 
effects. These include porous structures and sand fences constructed of porous polymer sheets.  

Porous engineered roughness elements have been tested as a dust control method at Mono Lake, 
California. Gillies (2018a) found that the porous engineered roughness elements achieved maximum 
control efficiency at approximately half the distance from the upwind edge of the array when compared 
with solid roughness elements and resulted in less near-element scour. Like the solid engineered elements, 
porous engineered roughness elements offer low aesthetic and wildlife value and have similar longevity.  

Another type of porous engineered roughness element used at Owens Lake that could be 
considered for the off-lake area is sand control fencing made of various composite and woven materials 
(Figure 6-5). Sand control fences work by offering a physical barrier to stop saltating sand cascades and 
by reducing the wind velocity at the surface in front of and behind the fence. The relative effectiveness of 
such fences at reducing wind velocity is a function of the material and density. For instance, barriers of 
vertically placed parallel plastic pipe with an optical density of 12.5 percent (2.8 cm diameter pipes 
placed 18.7 cm apart) only reduced wind velocities by an average of 4.3 percent in the 33 ft (10 m) 
upwind and 99 ft (30 m) downwind region. In contrast, a barrier of vertically placed parallel plastic pipe 
with 75 percent optical density (1.1 in [2.8 cm] diameter pipes placed 0.3 in [0.9 cm] apart) reduced wind 
velocity by an average of 32.5 percent (Bilbro and Stout 1999). Maximum wind velocity reduction is 
found near the barrier, and the barrier effect diminishes with distance from the barrier. The height of the 
barrier also influences the effectiveness of sand control. Computational fluid dynamics programs have 
been used to design sand control fence networks (Xin et al. 2021).  
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Sand control fences are most effective when they contact the ground surface, but sediment may 
need to be removed periodically. In the case of more porous sand control fences, sand removal may be 
necessary on both sides of the fence as eddies in the lee of the elements result in sand deposition. Sand 
fences provide no habitat value, and land-based wildlife may need occasional gaps in the fence to provide 
for migration. The process of installing sand fences could damage cultural resources in the area. Sand 
control fences may favor vegetation by trapping finer particles, plant litter, and seeds in wind transport 
(Zhang et al. 2007). 
 
 

 
FIGURE 6-5 Sand fence at Owens Lake. 
SOURCE: LADWP. Photograph by Mark Schaaf, Air Sciences. 
 
 

Shrubs as Perennial Vegetative Cover 
 

For dune and sand sheet settings, vegetative cover is widely considered the primary surface 
protection from the erosive force of winds. Shrub communities are commonly found in off-lake areas 
surrounding Owens Lake (Chapter 2). Vegetation reduces aeolian transport—and therefore PM10 
emission—by mechanisms that are similar to those described previously with regard to porous roughness 
elements. Shrub communities reduce PM10 emissions by reducing the wind velocities near the surface, 
capturing airborne sediments within their canopies, and further stabilizing the surface with their root mass 
and shed biomass. Shrubs and larger grasses (as opposed to flat or very low vegetation) also have a wake 
area with reduced surface shear stress in their lee, which protects large areas from emission, more 
efficiently dissipates momentum from the wind, and captures more (and higher) airborne material 
(Raupach et al. 2001). Although not as effective as crop residues or native grass cover, shrubs affect the 
wind fields and, in desert environments, may offer the only natural, self-sustaining protection of the soil 
surface from wind. Shrubs also serve as rigid structures into which moving sediment may become 
trapped.  
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A shrub-based dust control measure, with shrub densities of 2 per ft2 (approximately 0.2 per m2),1 
or roughly 10 percent cover, are expected to have >85 percent control efficiency within 82 ft (25 m) of the 
edge of the shrub area (Li et al. 2013; Mayaud, Bailey, and Wiggs 2017). It has not been tested whether 
>95 or 99 percent control efficiency can be attained, although preliminary simulations by the panel 
assuming porous vegetation estimate that >20 percent shrub cover may be required (see Box 6-2). Due to 
edge effects, relatively large areas (>10 hectares) are necessary to ensure that a majority of the area is 
within target control efficiencies.  
 
 

BOX 6-2 
Modeling Shrub Density Requirements 

 
Simple modeling in NASEM (2020) demonstrates the amount of vegetation cover that may be needed for 99 

percent control efficiency. That analysis uses the Okin (2008) model of shear stress partitioning and 5-minute 
winds from North Beach. Using simple assumptions about vegetation size (1.6 ft [0.5 m] diameter) and aspect 
ratio (1), the model predicts that 25 percent shrub cover would provide approximately 99 percent control 
efficiency using the parameters in Li et al. (2013) for the Shao, Raupach, and Findlater (1993) saltation flux 
equation. Using more conservative parameters from Mayaud, Bailey, and Wiggs (2017), the model predicts that 
38 percent shrub cover is required for 99 percent control efficiency. To obtain 95 percent control efficiency, 13 
and 18 percent cover are required for the Li et al. (2013) and Mayaud, Bailey, and Wiggs (2017) parameters, 
respectively (Figure 6-6). Biological constraints on the sustainable densities of rainfed shrubs would need to be 
considered when establishing expectations for controls. Typical existing shrub communities on the basin floor 
have shrub covers of approximately 23 percent (Figure 6-6). Thus, whether solely rain-dependent communities 
can be established on dunes or sand sheets with densities sufficient to obtain 99 percent control efficiency is an 
outstanding question. It appears possible, however, that a rain-dependent shrub community may be able to 
provide at least 95 percent control efficiency if vegetation cover exceeds 20 percent.  
 

 
FIGURE 6-6 Estimated control efficiency using two sets of parameters in the Okin (2008) model using 5-minute 
winds from North Beach, assuming gamma distribution of plant spacing and plant height = plant diameter = 20 in 
[50 cm].  
SOURCE: NASEM (2020). 

  
 

1 This density is assumed to estimate control efficiency from the Keeler Dune data, based on the fact that two shrubs 
are roughly equivalent to one hay bale. Shrubs are roughly the same height as the approximately 15-in (38-cm) high 
bales but approximately one-half the width of the 44-in [112-cm] wide bales. Thus, shrubs have a profile area of 
approximately one-half of the bales used on Keeler Dunes. See equation two in Gillies et al. (2015). 
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Shrub-based dust control has the potential to provide habitat for native and migratory species. Of 
the habitats found at Owens Lake, shrublands support the most diverse species of lizards, snakes, birds, 
and mammals (LADWP, 2010). Shrubs may be more accepted as a way to reduce aeolian transport in 
culturally sensitive areas, though the impact of infrastructure for delivering water is a potential issue. 
Shrubs also have positive aesthetic value. 

Two approaches for increasing vegetation density in sand dunes and sand sheets include shrub 
planting and using connectivity modifiers to support vegetation growth between existing shrubs. 
 
Planting Shrubs  
 

In dunes that have been affected by human activity, shrub planting efforts can provide a natural 
and sustainable approach to reduce PM10 emissions. Initially, shrubs planted at the correct density will not 
be able to provide this control efficiency until they grow larger because nursery shrubs require 5 to 10 
years to grow into mature plantings, depending on the species. Fertilization may help increase the rate of 
growth, but the resulting fast growth may also reduce the amount of lignin in plant cells, which could 
impact the ability of the shrubs to survive sandblast injury. Most natives are adapted to low nutrient 
availability, and thus if fertilizer is used, it may only be needed sparingly. Additional temporary dust 
control will likely also be needed to provide near-term PM10 reduction. Densities that are too low have the 
potential to become unsustainable, as pedestaling and abrasion of shrubs by moving sand can cause 
dieback and mortality (Okin, Gillette, and Herrick 2006). Additional analysis would be necessary to 
determine the shrub density and species composition necessary to achieve the desired levels of PM10 
control in off-lake dunes and sand sheets that are still contributing to exceedances (Box 6-2).  

The planting of shrubs and their subsequent reproduction and colonization in the Keeler Dunes 
Dust Control Project (Box 6-1) is a great success story. The introduction of straw bales as temporary 
natural solid roughness elements in the active sand sheets and foredunes of the Keeler dune field allowed 
for protection of shrub seedlings from sandblast injury. A limited water distribution system combined with 
hand watering provided irrigation (approximately 0.1 ft/yr) for the seedlings until their root systems were 
sufficiently established to maintain growth. After shrubs have been established and have grown to target 
sizes, watering is expected to be tapered to zero, because the shrubs will be able to survive on local 
rainfall. In the last few growing seasons, the planted shrubs have been reproducing, and their offspring are 
colonizing the open spaces where control was previously lacking (Grace Holder, GBUAPCD, personal 
communication, May 2024). 
 
Connectivity Modifiers 
 

Desertification has been attributed to changes in ecosystem connectivity (Okin et al. 2009). In the 
last couple decades, shrubland plant communities have been replacing grasslands in semiarid and arid 
landscapes. Although the reasons are not entirely clear, changes in precipitation patterns due to climate 
change favor deep rooted shrubs over more shallow rooted grasses (Li et al. 2022). By increasing the 
distance between growing plants, more bare soil is available to be eroded by wind, and the topsoil is less 
likely to be deposited in shrub-based fertility islands, making plant establishment in the nutrient-deficient 
soil between the shrubs less likely. In addition to the loss of nutrients in the eroded topsoil, organic carbon 
is also lost and preferentially deposited in the shrub canopies and the soil directly below, making water 
less available between rain events in the bare interspaces. Thus, in the absence of factors that would 
reverse the state changes in connectivity, there is little chance of reversal (Bestelmeyer et al. 2015). 

In an effort of modify the scale of connectivity in degrading drylands and sand sheets, researchers 
have used porous engineered structures as connectivity modifiers or ConMods (Okin et al. 2015; Rachal 
et al. 2015). ConMods are constructed of two pieces of 0.2 in (6 mm) mesh galvanized hardware cloth—
both 0.8 ft (20 cm) tall by 2.2 ft (55 cm) long—that are attached to steel rods at each end and arranged 
crossing perpendicularly in the center of each piece to form a cross with a fifth pin anchoring the 
intersection (Figure 6-7; Rachal et al. 2015). ConMods are installed flush with the soil surface and may be 
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placed on the landscape at user-selected spacings to trap seeds and litter that would otherwise only be 
trapped by a downwind shrub canopy. ConMods have been proven effective at trapping litter and seeds 
and helping vegetation establish in the formerly bare inter-shrub soil surfaces (Okin et al. 2015; Peters et 
al. 2020), effectively promoting degradation state reversal and increasing connectivity in plant cover, 
protecting the soil from the erosive forces of wind. Although engineered and offering no direct benefit to 
wildlife, they are small and not highly noticeable on the landscape from a distance. More work needs to 
be done with ConMods in order to determine the optimal density of their installation. They are 
immediately effective, but the effectiveness increases as litter is trapped and vegetation starts to grow. 
They may be removed at some future time, but care is needed not to damage the plants that have 
established. It may also be possible to build ConMods with biodegradable materials such as burlap and 
wooden dowels. 
 
 

 
FIGURE 6-7 A connectivity modifier (ConMod) stabilizing sand at the U.S. Department of Agriculture–
Agricultural Research Service (USDA-ARS) Jornada Experimental Range. 
SOURCE: Photo courtesy of Michael Fischella. 
 
 

Limitations on Recreational Activity 
 

Research at the Oceano Dunes State Vehicular Recreation Area and the Imperial Sand Dunes 
Recreation Area shows clear associations between off-highway vehicle (OHV) activity, decreasing 
vegetation cover, and increased dust emissions (Cheung et al. 2021; Groom et al. 2007; Walker et al. 
2023). Following implementation of over 400 acres of dust control treatments at Oceano Dunes, including 
restored vegetation cover, there have been appreciable declines in PM10 emissions measured at receptor 
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sites downwind of the mitigation treatments (State of California Department of Parks and Recreation 
2024). In the Owens Valley, the Bureau of Land Management (BLM) manages an OHV recreation and 
primitive camping area of approximately 400 acres (1.6 km2) or 36 percent of the total area of the Olancha 
Dunes, which has been operational for decades. Limiting recreational activity in areas that are highly 
susceptible to PM10 emission is one potential dust control measure at the Olancha Dunes. 
 

POTENTIAL DUST CONTROL ON FLOOD DEPOSITS  
 

As described in Chapter 2, episodic flood waters following rain events carry fine-grained 
sediments that deposit in the off-lake areas. As these flood deposits dry, the clay particles at the surface 
are highly vulnerable to erosion from the wind, and even armored clay surfaces can be abraded when 
bombarded with sand. Although flood deposits are recurring events that regenerate emissive sediment 
surfaces, dust control measures are available that could be used to reduce PM10 emissions, if deemed 
reasonable, as described below. 
 

Cover by Gravel or Cobbles 
 

Gravel coverage has been proven effective at controlling dust emissions on the lakebed where 
gravel (>0.4-in [1.25 cm] diameter) is laid in a 4-in (10 cm) layer over bare ground (GBUAPCD 2013) or 
in a 2-in (5 cm) layer over a geotextile (GBUAPCD 2013). The gravel not only shields the erodible soil 
surface from wind but also functions to limit surface evaporation. Gravel coverage can be used on off-
lake flood deposits with complex topographies. NASEM (2020) also recommended consideration of 
cobbles, which are larger than gravel and have a greater capacity for capture and storage of windborne 
material compared to the more-uniform gravel. The advantage of gravel and cobble coverage is that these 
dust control measures require no water and have a control efficiency of >99 percent if not buried by 
encroaching sand movement. While gravel and cobbles are probably not practical for the sand sheet or 
dune areas due to the ease with which saltating sand can bury them and render them useless to control 
sand movement, they could serve to bury the fine clays of flood deposits and prevent future PM10 
emissions.  

The use of these sterile geological materials is often regarded as unsightly and offers little or no 
value to wildlife habitats other than potential protection of small rodents and insects. The machinery used 
to transport and spread the gravel could damage both natural and cultural resources in the area. 
Additionally, gravel and cobbles would likely only serve to reduce PM10 emissions until the next flood 
event. 
 

Vegetation Establishment 
 

Fine-grained flood sediments are typically associated with higher nutrient levels and water 
holding capacities than the surrounding coarse-grained deposits on sand sheets and alluvial fans. Thus, 
flood deposits might be suitable for vegetation establishment as a means to reduce dust emissions. This 
plan may require manipulation of the flood deposits by covering them with unlined layers of gravel or 
cobbles to allow for rapid infiltration of rainfall while limiting surface evaporation, creating an 
augmented environment for shrub establishment. Due to the depth of gravel in the gravel blankets, shrubs 
would need to be nursery-grown and transplanted to allow canopy to emerge above the gravel blanket 
while having roots in the finer sediments. While this vegetation would provide more resilient stabilization 
than just gravel and cobbles, the shrubs would need to be resistant to temporal flooding episodes. There 
may be native vegetation along streams and near shorelines of terminal lakes in this region that have such 
adaptations. For example, Sacrobatus has been shown to be tolerant of flooding conditions for up to 40 
days (Ganskopp 1986), but vegetation is also susceptible to death through scour and uprooting during 
extreme storms. Longevity of this dust control measure would depend on the interval between floods, and 
barring changes to infrastructure or local topography, measures would potentially need to be renewed 
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following a major flood event. Improved resilience of shrubs in flood deposit areas could be promoted 
through modifications of existing infrastructure that concentrates stormwater flows. 
 

Modified Highway-Associated Floodwater Infrastructure  
 

As noted in Chapters 3 and 4, one off-lake source of PM10 emissions to Dirty Socks appears to be 
a pooled flood deposit next to Highway 190 (Figure 4-19). Future extended flooding in this area 
following large precipitation events could be minimized by the construction of distributed culverts where 
the floodwaters are currently retained by the highway.  

The California Department of Transportation (Caltrans) also built several chevron-shaped berms 
to protect Highways 136 and 190 by diverting the braided flow into channels for passage through 
culverts. The panel was unable to determine to what extent these berms affected PM10 emissions and 
exceedances compared to what would have occurred from flood deposits in the absence of this 
infrastructure (see Chapter 4). For instance, the 2022 image in Figure 4-18 shows the water flows during 
the high-energy storm event associated with the remnants of Hurricane Kay in 2022, when water flowed 
and pooled against the roadway, ultimately overtopping the road and damaging the roadbed. Instead of 
using berms to concentrate the flow to pass under the highway in a few culverts, removing the berms and 
creating many smaller culverts would facilitate passage of flood water over a wider area, facilitating 
patterns of flow and infiltration in the off-lake area more similar to what it would have been had Highway 
190 not been built. Additional culverts would also decrease the likelihood that water pools or flows 
behind (upstream of) the road creating potentially emissive flood deposits. The cost of reconstructing the 
highways with additional culverts and benefits of such modifications are uncertain. Once completed, 
however, there would probably be minimal annual maintenance costs. 
 

Upslope Runoff Management 
 

An alternative to modifications of highway features that concentrate flood flows would be 
upslope runoff management to encourage water spreading. Berms placed perpendicular to the flow tend to 
spread the flow laterally along the slope, enlarging the surface area available for infiltration and removing 
energy from the flood flows. Such berms have been used to heal eroded land, prevent gully formation, 
and enhance water harvesting for vegetation. Water harvesting is a relatively mature science used in arid 
regions globally (Boers and Ben-Asher 1982; FAO 1991). Water harvesting techniques often involve 
creating surface contours for diverting water to trees and shrubs, surface dimpling to enhance local 
storage and infiltration, and constructing permeable dams and other stormwater spreading features (Figure 
6-8) to control water flow, offering flexibility in either spreading or concentrating the surface water flow 
as necessary (Mekdaschi and Liniger 2013). Increased infiltration on the fan itself would, with the 
exception of the most intense events, possibly prevent damage to on-lake dust control measures. In the 
Salton Sea Management Project, stormwater is spread laterally across the landscape to enhance 
infiltration and support vegetative growth for dust control and to leach salts from the surface soil. These 
approaches include using rock weirs on swales and berms and constructing ditches along contours and 
perpendicular to creeks (California Natural Resources Agency 2024).  

Historically, tribes engaged in extensive spreading of water across the valley floor north of the 
Owens Lake using irrigation ditches to promote the growth of food crops and other plants important 
cultural reasons, including meadow and riparian species (Lawton et al. 1976). This did not occur in the 
immediate proximity around Owens Lake, despite the presence of creeks that could support these 
practices, presumably because the lake already provided abundant food (Lawton et al. 1976), but this 
practice could be a promising approach to promote vegetation cover to control dust while providing 
important habitat. A notable concern with this approach is the initial disturbance of the land surface, 
typically accomplished by large machinery, which could impact cultural resources. 
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FIGURE 6-8 A) Water control bunds installed on the landscape to trap water at the downhill portion of the open 
area and uphill side of the bund, forcing it to spread laterally and enhance precipitation capture efficiency of 
vegetation. B) Permeable rock dams used to spread runoff waters for improved water availability to trees and shrubs 
while reducing scouring power of runoff in gullies. The structures are long rock walls that can be scaled (using 
larger rocks) to withstand expected runoff pulses feeding present flood deposits. Such structures assist with 
supplying and establishing vegetation while controlling patterns of fine deposits.  
SOURCE: FAO (1991). 
 
 

OTHER POTENTIAL DUST CONTROL MEASURES  
 

A number of novel techniques have been employed in China to control sand movement and dust 
emissions. These include producing seedlings of drought-adapted native trees and shrubs and planting 
them in small basins imprinted to deliver rainfall to the base of the seedling, as well as spreading plastic 
mulch over irrigated farm fields (Lyu et al. 2020).  

In other areas of Asia plagued with sand and dust storms, the biopolymer Acacia gum has been 
used in the laboratory to stabilize loose sand (Dagliya and Satyam 2024) and the authors also report on 
similar studies utilizing other natural plant products to bond sand grains together. Other non-plant-based 
sprays and surface applications have been investigated including emulsions of asphalt, polyvinyl alcohol, 
styrene-butadiene, latex, and water-miscible resins applied in water dilutions at the rate of 3,785 liters per 
hectare (Armbrust 1977). The author also reports that feedlot manure applied at the rate of 31.8 tons per 
hectare to the surface, or 52.3 tons per hectare plowed into the substrate will also effectively control wind 
erosion. Tatarko, Trujillo, and Schipansk (2019) found that such treatments are often costly and temporary 
due to degradation from irrigation, sunlight, rainfall, tillage, or abrasion from adjacent untreated areas. In 

A 

B 

https://nap.nationalacademies.org/catalog/27958?s=z1120


Off-Lake Sources of Airborne Dust in Owens Valley, California

Copyright National Academy of Sciences. All rights reserved.

122 Off-Lake Sources of Airborne Dust in Owens Valley, California 

Prepublication Copy 

addition, many of these treatments are phytotoxic and not compatible with all soil types (Presley and 
Tatarko 2009). The Salton Sea Management Project evaluated multiple soil stabilizers and concluded that 
most would be temporary because they are soluble in water, but that soil binders may be useful in limited 
locations. For example, binders can create a hardened surface that can withstand heavy vehicle traffic and 
can be chemically stable in desert conditions with various sized particles (Environmental Science 
Associates 2022). Although soil stabilizers on their own may not be promising, they can be an extremely 
useful tool for temporary stabilization of soils for biocrust restoration (Faist 2020a). 

Biocrusts have been observed in the “barren” areas of Owens Lake Playa (LADWP and 
Ecosystem Sciences 2010). Biocrusts are a consortium of organisms (e.g., cyanobacteria, green algae, 
bacteria, microfungi, lichens, mosses) that live at or near the soil surface and stabilize soil directly 
through their above-surface cover (e.g., mosses and lichens), their filaments and hyphae, and their 
secretions that aggregate soil particles (Belnap 2006; Rodriguez-Caballero et al. 2022). Many types of 
biocrust are relatively resistant to water and wind erosion but can be very vulnerable to burial or 
compression (e.g., footsteps, vehicles; Faist et al. 2020a). In the Mojave Desert, which is adjacent to 
Owens Valley, biocrust cover is greatest on 20–7,000-year-old surfaces and negligible on very young 
surfaces (e.g., active washes and recent sediment deposits). But even moderately active sand sheets can 
host cyanobacterial crusts, suggesting they are tolerant of some levels of burial and sand deposition 
(Bowker et al. 2016). 

Although biocrust restoration has previously been viewed as futile as a dust control measure at 
the Owens Lake bed because it can be vulnerable to burial and was assumed to have a very slow natural 
recovery rate (NASEM 2020), recent work has demonstrated that biocrust recovery is possible in years to 
decades, in some instances. Environmental improvements such as soil stabilization, decreased ultraviolet 
(UV) radiation, and micro-irrigation can assist with biocrust recovery (Antoninka et al. 2020b; Fick et al. 
2020; Zhou et al. 2020). In areas with unstable soil, soil stabilizers can be effective in short-term surface 
stabilization, facilitating the establishment of biocrusts, which can provide long-term surface stabilization 
in many drylands (Faist 2020a; Antoninka et al. 2020b). In biocrust restoration, preferred soil stabilizing 
agents are bio- or UV-degradable. Polyacrylamides and plant-based stabilizers (e.g., psyllium, jute [a 
woven cloth from plant-based materials]) have been shown to be effective (Faist 2020a; Fick et al. 2020). 
However, it may be important to repeat stabilization treatments for multiple years until biocrust is 
established (Faist et al. 2020b). In addition, straw checkerboards (discussed above), can be one of the 
most effective site preparations for biocrust recovery on unstable soils (Faist et al. 2020b; Zhou et al. 
2020). Care is required when implementing soil stabilization practices because soil stabilizers and straw 
checkerboards can decrease biofilm establishment when soil is already stable (Antoninka et al. 2020a). 
Other effective methods of decreasing sand movement onto developing biocrusts include tree shelterbelts, 
shrubs, and sand fences (Zhou et al. 2020). Detailed manuals exist to guide biofilm restoration (Faist 
2020a), and cyanobacterial crust restoration has been seen to be successful at the scale of hundreds of 
hectares (Zhou et al. 2020). Research is currently being conducted in the Salton Sea to determine the 
potential for biocrusts to stabilize emissive surfaces (Salton Sea Management Program 2024). 
 

APPLICATION OF TRIBAL KNOWLEDGE FOR DUST CONTROL  
 

If dust control measures are determined to be necessary and feasible on off-lake sources, Tribal 
input into the evaluation of potential control mechanisms, starting at the very initial stages of project 
conceptualization and design, could support collaborative planning, successful implementation, and 
community engagement. For example, in similar projects, collaboration with indigenous communities 
improved community investment in restoration efforts and outcomes (Gann et al. 2019). If parties liable 
for managing off-lake dust control measures engage with Tribal communities even before any federally 
mandated environmental review, they will learn from Tribal knowledge and build trust amongst the Tribal 
Nations in the OVPA.  

As described previously, tribes historically engaged in extensive spreading of water across the 
valley floor north of the Owens Lake using irrigation ditches (Cheyenne Stone, Big Pine Paiute Tribe of 
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the Owens Valley, personal communication, November 2024; Lawton et al. 1976). This practice could be 
a promising approach to promote vegetation cover and reduce dust emission. Additional Tribal input to 
the panel for mitigating PM10 emissions included mapping and clearing Russian thistle from ditches and 
roadways, as they can create dust once they become tumbleweeds. Limiting new excavations and new 
roadways east of Owens River and as well as limiting vehicle recreation on dry backwater lakes was also 
proposed as dust control methods (Mel Joseph, Lone Pine Paiute Shoshone Tribe, personal 
communication, August 2024). 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

If dust control measures are determined to be necessary and feasible for off-lake sources, 
implementation will require a systems-level landscape approach that considers cultural resources. 
Collaboration with local Tribal Nations will improve community investment in restoration efforts and 
outcomes.  
 

Conclusion 6-1: Tribal input into the evaluation of potential dust control measures, starting at the 
very initial stages of project conceptualization and design, will support collaborative planning, 
community engagement, and successful implementation. 

 
Many areas around the OVPA are extremely dynamic settings, requiring different approaches 

over space, and possible re-treatment over time (e.g., in flood deposits). Nevertheless, the panel found 
that the establishment and maintenance of vegetation offers the best chance for natural, self-sustaining 
protection of the soil surface from wind. Additional methods that will support the eventual establishment 
of vegetation are expanded upon below. 
 

Conclusion 6-2: Establishing and maintaining native vegetation is the most stable and 
sustainable dust control measure across all emitting off-lake surfaces. 

 
A number of sand sheets and dune fields (e.g., Keeler and Olancha) are distributed along the 

eastern and southern side of the shoreline. Efforts to partially stabilize Keeler Dunes using solid natural 
roughness elements of straw bales has resulted in the successful establishment of native shrub seedlings, 
which are providing seed for additional colonization of the sand. Porous naturally sourced roughness 
elements of straw checkerboards have also been used with great success in China to protect highways, rail 
lines, and villages from encroaching sand. These barriers are inexpensive to build and, although relatively 
short-lived, may be repaired or renewed as necessary until vegetation has successfully colonized the area.  
 

Conclusion 6-3: In sand sheets and dune fields, solid naturally sourced roughness elements like 
straw bales and porous natural roughness elements like straw checkerboards are effective, 
ecologically favorable, and potentially feasible means to provide temporary surface stabilization 
until native shrub communities become well-established. 

 
Fine-grained flood deposits are scattered in topographic lows along the shoreline and within the 

sand sheets and dunes. These fine-grained deposits are extremely emissive and efforts to control these 
dust sources could reduce exceedances. Where current deposits of fine-grained material are small in size, 
they could be covered with unlined layers of gravel or cobbles. This system would allow for rapid 
infiltration of water into the flood deposits that hold water very effectively. Thus, plants could find a 
hospitable root zone that would provide water and nutrients for growth and reproduction, further 
stabilizing the surface. Longevity of this dust control measure would depend on the interval between 
floods and would potentially need to be renewed following a major flood event barring changes to 
infrastructure or local topography. 
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Conclusion 6-4: For near-term mitigation of the highly emissive highway-impounded flood 
deposits, a feasible dust control measure is covering fine-grained flood deposits with gravel or 
cobbles in parallel with vegetation restoration.  
 
Conclusion 6-5: The panel could not identify any long-term, cost-effective dust control measures 
that could stabilize the large-scale flood channel deposits deposited downgradient of the berm 
near Keeler Dunes by the remnants of Hurricane Kay in 2022. 

 
Flood deposits around Owens Lake have been affected by both the construction of the highway 

and a number of upgradient berms. Drainage improvements along the highway with the addition of 
culverts or the elevation of roadways would reduce future accumulation of material behind highways 
leading to PM10 emissions. Highway berms concentrate flow toward a limited number of culverts under 
the highway, which may contribute to large deposits of fine-grained material after major precipitation 
events (e.g., the remnants of Hurricane Kay in 2022). Modification of the berm structures, highway 
culverts, and water harvesting and spreading are large, intensive dust management options, but they have 
the potential to reduce floodwater velocity, reduce the concentration of fine-grained sediment, and 
enhance water storage for vegetation establishment. Water harvesting from surface runoff and water 
spreading from drainage features could be used to encourage shrub growth in the future when climate 
change may make rainfall less predictable. Increased infiltration along the upper positions of the slope 
might also augment groundwater elevations such that the capillary fringe might be contacted by 
established shrub roots. Such a system may also limit erosion of gullies and ravines by reducing the 
velocity of floodwater. 

 
Conclusion 6-6: Improved drainage for impounded flood deposits behind Highway 190 would 
reduce accumulation of fine-grained sediments from future flood events.  
 
Conclusion 6-7: Hydrologic modifications of the berm structures, potentially combined with 
improved highway drainage and upgradient water harvesting and spreading, could reduce the 
size of future dust sources around Owens Lake.  

 
Off-highway vehicle recreation is known to be associated with landscape changes that lead to 

PM10 exceedances. In the Owens Valley, the Bureau of Land Management manages an off-highway 
vehicle recreation and primitive camping area of approximately 400 acres (1.6 km2) or 36 percent of the 
total area of the Olancha Dunes. Additionally, there have been reports of vehicle recreation on dry 
backwater lakes causing dust emissions.  
 

Conclusion 6-8: Limits to recreational use, including off-highway vehicles, is a feasible dust 
control measure for recreational areas that contribute to PM10 exceedances. 
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TABLE 6-1 Reported Effectiveness, Performance, and Impacts of Dust Control Measures Potentially Applicable to Off-Lake Sources 

Dust Control 
Measure 

Reported Control 
Efficiency 

Initial and 
Long-Term 
Water Use Lifespan Habitat Value 

Impact to Cultural 
Resources 

Time to Full 
Performance 

Long term 
Performance Site Suitability 

Resilience to 
Extreme 
Meteorological 
Events and 
Climate Change 

Sand Sheets and Dunes 
Artificial 
Roughness: Solid 
Natural 

Depends on density 
and geometry. 92% 
observed at Keeler 
Dunes 

With plants 
initially ~0.1 
ft/yr. Without 
plants and after 
plant 
establishment, 
none. Lifespan 
unknown 

Unknown Low but may 
provide some 
cover for rodents 

Potentially low land 
disturbance 

Immediate Will degrade with 
time if without 
plants. Long-term 
performance once 
plants are 
established 

Suitable to 
sandy sites with 
significant 
saltation 
transport 

Adaptable to all 
changes except 
flooding 

Artificial 
Roughness: Porous 
Natural Plant 
Skeletons 

Unknown, untested None Unknown, depends 
on availability and 
handling costs 

Low Potentially low land 
disturbance 

Immediate Will degrade with 
time 

Suitable to 
small, culturally 
sensitive areas 

Adaptable to all 
changes but 
flooding 

Artificial 
Roughness: Porous 
Natural Straw 
Checkerboards 

96–99 % reported None Approximately 3 
years 

Low Incompatible: high land 
disturbance 

Immediate Degrades and may 
need replacement 
after 3 years, 
possibly longer in 
winter precipitation 
regime 

Sand sheets and 
dunes 

Adaptable to 
climate change but 
not to flooding 

Artificial 
Roughness: Solid 
Engineered 

Maximum of 90% 
~200 ft from 
windward edge of 
array 

None Variable due to 
construction 
materials 

Low Potentially low land 
disturbance 

Immediate Depends on 
construction 
materials 

Sand sheets and 
dunes 

Adaptable to 
climate change but 
not flooding 

Artificial 
Roughness: Porous 
Engineered 

Unknown but 
increases with 
distance downwind 
into the array 

None Dependent on 
construction 
materials 

Low Potentially low land 
disturbance 

Immediate Depends on 
construction 
materials 

Sand sheets and 
dunes 

Adaptable to 
climate change but 
not flooding 

Sand Control Fence 70–90% None 20 yr lifespan Low Potentially low land 
disturbance 

Immediate Depends on 
construction 
materials 

Sand sheets and 
dunes 

Adaptable to 
climate change and 
flooding 

ConMods Total sand control 
unknown, but 
significantly 
greater native plant 
establishment 

None  10 yr lifespan Low Compatible: low land 
disturbance 

Years Potentially very 
good 

Sand sheets and 
sites needing 
more vegetation 
density 

May be washed out 
in flash floods, 
otherwise 
unaffected by 
climate change 

Perennial Shrub 
Communities 

>95% with 20% 
shrub canopy cover 
(see Box 6-2) 

Initially would 
require 0.1 ft/yr. 
Long-term 
would hopefully 
survive on 
natural 
precipitation 

Permanent solution Medium, provides 
cover and food 

Incompatible: high land 
disturbance 

Years to decades Potentially very 
good 

Sand sheets and 
flood deposits 

Would be 
negatively and 
potentially severely 
impacted by long-
term drought 

continued 
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TABLE 6-1 continued 

Dust Control 
Measure 

Reported Control 
Efficiency 

Initial and 
Long-Term 
Water Use Lifespan Habitat Value 

Impact to Cultural 
Resources 

Time to Full 
Performance 

Long term 
Performance Site Suitability 

Resilience to 
Extreme 
Meteorological 
Events and 
Climate Change 

Flood Deposits 
Covering with 
Gravel or Cobbles 

99% None Long lifespan if 
not buried by 
blowing sand or 
flood deposited 
alluvium 

Low Incompatible: 
high land disturbance 

Immediate Gravel coverage can 
be renewed if buried 
by blowing sand or 
flood deposited 
alluvium 

Suitable to fine 
sediments in 
flood deposited 
alluvium 

Adaptable to 
climate change but 
not to flooding 

Modified Highway-
Associated Flood 
Management 
Infrastructure  

Unknown None Long if designed to 
resist burial or 
clogging 

Would facilitate 
shrub 
establishment on 
larger flood 
deposits 

Not incompatible. 
Damage has already 
been done by previous 
highway construction 

Immediate Elevated roadways 
would probably be 
serviceable longer 
than distributed 
culverts 

Flood prone 
areas made more 
emissive due to 
highway 
infrastructure 

Design would need 
to consider extreme 
flows 

Upslope Runoff 
Management 

Variable based on 
slope and sediment 
composition 

None Decades Enhances shrub 
and other plant 
establishment 

Potentially high land 
disturbance locally 

Immediate Very good, 
especially after rills 
and gullies above 
have been filled with 
sediment  

Areas upslope of 
recurrent flood 
deposits 

Potentially 
impacted by 
extreme flows 
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Appendix A 
Emission Fluxes of On- and Off-Lake Sources 

This appendix explains the approach used to compare emission fluxes between on- and off-lake 
sources impacting monitors around Owens Lake adjusted for meteorology. This analysis is used to assess 
the relative level of emissions leading to exceedances, potential for future exceedances related to 
historical emissions, and the relative emission impacts from on- vs. off-lake sources. More detailed 
modeling (e.g., using dispersion modeling) could be used to better quantify emissions from specific 
source areas, more fully accounting for source location and system geometry, as recommended in the 
report.  
 

EMISSION FLUXES OF ON- AND OFF-LAKE SOURCES 
 

The figures in Chapter 3 (Figures 3-5, 3-8, 3-11, 3-14, 3-17, and 3-21) show that most of the 
PM10 monitoring stations are surrounded by on- and off-lake dust sources. This suggests the application of 
an idea that underlies a dispersion model proposed by Gifford and Hanna (1970) and Hanna (1971) to 
compute pollutant concentrations in an urban area. The model assumes that a monitor measuring 
concentrations is surrounded by areas with pollutant emissions that are relatively uniform across an urban 
area. Gifford and Hanna (1970) then show that the seasonally averaged concentration at the monitor is 
governed primarily by the emission flux (emission rate per unit area of the source) of the upwind area in 
the immediate vicinity of the monitor and the wind speed at the monitor. The concentration, 𝐶, at the 
monitor is given by the simple formula 
 

  (1) 
 
where 𝑞 is the emission flux of the upwind area contributing to the concentration, and 𝑈 is the wind speed 
at the monitor. The variable 𝐴 = 𝐶𝑈/𝑞, derived from annual averages of particulate concentrations (total 
suspended particles) and 1/𝑈, is relatively insensitive to the size of the city (or contributing area) as seen 
in Figure A-1. 𝐴 varies by a factor of two around the value of 225 when the inferred size of the city (or 
contributing area) varies by a factor of 7. This indicates that the product of the PM10 concentration, 𝐶, and 
the wind speed at a monitor, 𝑈, can be used to compare the relative magnitudes of upwind emission 
fluxes at different monitors as long as the extents of upwind areas affecting the monitors do not differ 
significantly.  

The locations of the monitors around Owens Lake relative to the sources impacting them are 
similar to those in the urban areas studied by Gifford and Hanna (1973) in that they are surrounded by 
sources of dust. This suggests a method to estimate fluxes from the upwind areas of the monitors using 
the relationship 𝑞 = 𝐶𝑈/𝐴. The relative insensitivity of 𝐴 to the extent of the upwind area that impacts a 
monitor can be readily confirmed with a calculation that accounts for the heights of the PM10 monitors 
and wind measurements and the neutral stability associated with the wind speeds that gives rise to 
exceedances. Furthermore, the magnitude of 𝐴 does not play a role in assessing emissions trends at a site 
if the source-receptor geometry does not change over time (i.e., the source area and monitor location are 
consistent).  

Using hourly wind speed, wind direction, and PM10 concentration data from all monitors from 
2000 to 2023 (Chris Howard, personal communication, November 2024; Ann Logan, personal 
communication, July 2024), the panel calculated normalized emission fluxes for monitors around the lake. 
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The wind directions used in computing 𝑈𝐶 correspond to the wind sectors that the Greater Basin Unified 
Air Pollution Control District (the District) associates with on- and off-lake dust sources. The emission 
flux averaged over a year is 𝑞ሺ𝑎𝑣𝑒𝑟𝑎𝑔𝑒ሻ = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒ሺ𝑈௜𝐶௜ሻ, where the subscript ′𝑖′ corresponds to hourly 
concentrations and wind speeds measured from the on- and off-lake sectors over one year, and the factor 𝐴 is absorbed in the normalization, described below. Given the sensitivity of PM10 emissions to wind 
speed (Gillette, Ono, and Richmond 2004; Jiang, Liu, and Doyle 2011), effective emission fluxes are 
taken to be averages over values corresponding to wind speeds between 10 and 20 m/s, a range likely to 
yield peak monitor-recorded concentrations. This range is similar to the maximum average hourly wind 
speeds observed at Owens Lake during exceedance events (see Figure 5-2).  

The annual computed values of 𝑞 at the monitors were normalized by the value of 𝑞 at Keeler 
averaged over the entire period (thus, on the graph for Keeler, the normalized emissions cross one during 
the period); this provides a comparison of emission fluxes relative to the value at Keeler. The choice of 
Keeler is made because of the relatively large number of exceedances in Keeler that have been attributed 
to off-lake sources. Normalizing by results from another location would only shift the values found and 
not change the findings.  

The magnitudes of the normalized emission fluxes can be interpreted by plotting them against the 
associated annual exceedances at the monitors (Figure A-2); these exceedances are related to on- and off-
lake dust sources using the wind direction sectors specified by the District. They do not include 
exceedances that are attributed partially to both on- and off-lake sources. The plot shows that, as 
expected, the number of annual exceedances at a monitor increases with upwind emission flux. Note that 
relative emission flux (normalized to Keeler Dunes) as low as 0.2 can lead to 5 exceedances at a monitor.  
 
 

 
FIGURE A-1 𝐶𝑈/𝑞 is relatively insensitive compared to the size of the city. 
NOTES: The sloped blue line is a trend line indicating that the ratio CU/q is insensitive to city size. The horizontal 
blue line is the mean value suggested by Gifford and Hanna (1973).  
SOURCE: Based on data from Venkatram and Cimorelli (2007). 
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FIGURE A-2 Relationship between normalized emission flux and annual exceedances for all monitoring sites 
between 2000 and 2023. 
 
 

Although all available data from 2000 to 2023 from all monitors was used for Figure A-2, 
Keeler and Dirty Socks were the only monitoring stations for which the panel had complete wind 
and PM10 concentration records from 2000 to 2023 (Figures A-3 and A-4). The panel did not 
have access to complete hourly wind and concentration data for the other monitors until after 
2008, and many monitoring stations were also missing additional data between 2008 and 2023. 
Trends for the data at the Keeler and Dirty Socks monitors were extracted with singular spectrum 
analysis (SSA; Elsner and Tsonis 1996; Vautard, Yiou, and Ghil 1992), a decomposition 
technique widely used in climatology and meteorology.  

The shaded areas around the trend lines are the 95 percent confidence intervals of the trends 
obtained by bootstrapping the residuals between the computed fluxes and the first estimate of the 
trend from the SSA. The computed fluxes (based on measured concentrations and wind speeds) 
are assumed to be lognormally distributed about the corresponding SSA prediction so that the 
residual is the logarithm of the computed flux to the corresponding SSA estimate. A set of 1,000 
“pseudo-fluxes” were created by adding the residuals randomly to the logarithms of the SSA 
estimates. Then, SSA trends were created for each of the pseudo-fluxes. The limits of the shaded 
areas for each year correspond to the 2.5th and the 97.5th percentiles of the 1,000 SSA 
predictions for each year.  

At Keeler and Dirty Socks, current off-lake emission fluxes are markedly higher than on-lake 
fluxes and show small or no statistically significant temporal decline (Figures A-3 and A-4). 
Given these sustained off-lake levels, exceedances of the PM₁₀ standard at downwind monitors 
are likely unless additional controls are implemented. 
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FIGURE A-3 Trends in on- and off-lake normalized PM10 emissions at Dirty Socks. 
NOTES: The markers are the computed average normalized emission fluxes. The solid lines passing through these 
points are the mean trends modeled with SSA. The shaded areas around the trend lines are the 95 percent confidence 
limits of the trends. Mann-Kendall tests show a statistically significant decreasing trend for on-lake sources (p-value 
<0.01), and no statistically significant trend for off-lake sources (p-value of 0.96). 
 
 

 
FIGURE A-4 Trends in on- and off-lake normalized emissions at Keeler.  
NOTES: The markers are the computed average normalized emission fluxes. The solid lines passing through these 
points are the mean trends modeled with SSA. The shaded areas around the trend lines are the 95 percent confidence 
limits of the trends. Mann-Kendall tests show a steep, statistically significant decreasing trend for on-lake sources 
(p-value <0.01), as well as a more shallow, statistically significant decreasing trend for off-lake sources (p-value 
<0.01). 
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Appendix B 
Advisory Panel Biographical Sketches 

ARMISTEAD (TED) RUSSELL is the Howard T. Tellepsen Chair and Regents’ Professor of Civil and 
Environmental Engineering at Georgia Institute of Technology, where his research is aimed at better 
understanding the dynamics of air pollutants across scales and assessing their impacts on health and the 
environment to develop approaches to design strategies to effectively improve air quality. Among Dr. 
Russell’s honors are the Federal Highway Administration Environmental Excellence Award for work on 
near-road impact and being elected to the Canadian Academy of Engineering. He was a member of the 
Environmental Protection Agency’s Clean Air Science Advisory Committee (CASAC) and a member of 
the National Research Council’s Board on Environmental Studies and Toxicology. Dr. Russell chaired the 
CASAC NOx-SOx, Secondary National Ambient Air Quality Standards review panel, the Ambient Air 
Monitoring Methods Subcommittee, and the Council on Clean Air Compliance Analysis’ Air Quality 
Modeling Subcommittee. He has served on and chaired multiple National Academies of Sciences, 
Engineering, and Medicine committees, including the committee for Assessing Causality from a 
Multidisciplinary Evidence Base for National Ambient Air Quality Standards and the first task of the 
Owen’s Lake Scientific Advisory Panel. Dr. Russell earned his B.S. from Washington State University 
and his M.S. and Ph.D. degrees at the California Institute of Technology, conducting his research at 
Caltech’s Environmental Quality Laboratory. 
  
SARAH AARONS is an assistant professor at Scripps Institution of Oceanography. Her research focuses 
on the relationship between climate and the Earth’s surface through the lens of isotope geochemistry, with 
a strong focus on the mineral dust cycle. Dr. Aarons’s research tracks variations in the sources of dust to 
the cryosphere and mountain ecosystems both in the past and the modern day. She is a recipient of the F. 
W. Clarke Award from the Geochemical Society and the Doris M. Curtis Award from the Geological 
Society of America. Dr. Aarons received her B.S. degree in geological and environmental sciences from 
Stanford University and her Ph.D. in geology from the University of Michigan.  
  
ROYA BAHREINI is a professor of atmospheric science in the Department of Environmental Sciences 
at University of California (UC), Riverside. She specializes in airborne, ground-based, and laboratory 
measurements of aerosol composition and microphysical properties to understand aerosol sources and 
formation process, influence on air quality, and direct and indirect effects on climate. Before joining UC-
Riverside, Dr. Bahreini was a Cooperative Institute for Research in Environmental Sciences (CIRES) 
visiting postdoctoral fellow at University of Colorado Boulder (2005–2007), a research scientist at CIRES 
and the National Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratories 
(ESRL; 2007–2012), and University of Denver (2012). She is a recipient of the National Science 
Foundation CAREER Award, the Thomson Reuters Highly Cited Researchers Award (2014), as well as 
The World’s Most Influential Scientific Minds Award (2014). Dr. Bahreini served on the National 
Academies of Sciences, Engineering, and Medicine’s first task for the Owens Lake Scientific Advisory 
Panel. She currently serves on the South Coast Air Quality Management District’s Technical Advisory 
Group for the Multiple Air Toxics Exposure Study VI (MATES VI) and California Air Resources Board’s 
Research Screening Committee. Dr. Bahreini received her B.S. in chemical engineering from University 
of Maryland, College Park (1999), and her M.S. (2003) and Ph.D. (2005) degrees in environmental 
science and engineering from the California Institute of Technology. 
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DAVID DUBOIS is the State Climatologist and associate college professor in the Department of Plant 
and Environmental Sciences at New Mexico State University. Prior to 2010, he was employed as a 
scientist and a graduate student at the Desert Research Institute, and was manager at the State of New 
Mexico’s Air Quality Bureau. Dr. DuBois is the first contact person for climatic information in New 
Mexico and oversees the operations, maintenance, and data delivery from the statewide ZiaMet mesonet. 
He is involved in science, technology, engineering, and mathematics (STEM) outreach, citizen science, 
and climate literacy programs. Dr. DuBois chairs the New Mexico Drought Monitoring Workgroup that 
tracks the status of the drought in New Mexico, and he conducts research in air quality and climate. In 
2023, he shared the John C. Frye Memorial Award in Environmental Geology for Bulletin 164 with 11 
other colleagues. Dr. DuBois was awarded Community Leader Public Health Hero Award and the Climate 
Direct Action Award by the Climate Change Leadership Institute. Dr. DuBois holds a B.S. and M.S. in 
physics and a Ph.D. in atmospheric sciences from the University of Nevada, Reno.  
  
VALERIE EVINER is a professor of ecosystem management and restoration in the Department of Plant 
Sciences and an ecologist in the Agriculture Experiment Station at the University of California, Davis. 
Her research focuses on developing a mechanistic understanding of plant-soil interactions to increase the 
understanding, restoration, and effective management of ecosystem services, plant invasions, plant 
communities, and ecosystem resilience in response to multiple environmental changes. Dr. Eviner’s 
current projects include understanding the building blocks of resilience in California’s ecosystems, how 
those vary in relation to multiple changes (including drought, wildfire, and invasion), and how those can 
be managed under changing conditions. She is a fellow of the Ecological Society of America, the 
American Association for the Advancement of Science, and the Earth Leadership Program. Dr. Eviner is 
on the scientific advisory boards of the California Climate and Agriculture Network, Point Blue 
Conservation Science, and the California Native Grasslands Association, and she is on the editorial board 
of Ecosystems. Dr. Eviner served on the National Academies of Sciences, Engineering, and Medicine’s 
first task for the Owens Lake Scientific Advisory Panel. She received a B.A. in biology from Rutgers 
University and a Ph.D. in integrative biology from the University of California at Berkeley.  
  
SHANNON MAHAN is the director the U.S. Geological Survey (USGS) Luminescence Geochronology 
Lab. She began work for the USGS in Denver, Colorado, in 1987 and eventually wound her way through 
four teams/branches/science centers before landing with the Environmental and Geosciences Science 
Center in 2015. Mahan has been working in the science of luminescence geochronology and radiation 
dosimetry since 1990. She has presented more than 300 diverse studies relating to luminescence dating at 
national and international scientific forums, authored or coauthored more than 200 peer-reviewed articles 
or maps, and supervised the luminescence studies for more than 50 graduate and post-graduate students. 
Mahan is frequently asked to review papers for prestigious quaternary science journals, perform guest 
editor duties, review National Science Foundation grants, and provide dating control for important 
archeological, paleontological, and geological sites. She is a fellow of the Geological Society of America 
and a member of the Association for Women Geoscientists and Federally Employed Women. Mahan 
received her B.S. from Adams State University in Colorado.   
 
TOM MOORE coordinates air quality planning for the Denver Metro/North Front Range–Regional Air 
Quality Council (RAQC). He has also worked for the Colorado Air Pollution Control Division after 
managing the Western Regional Air Partnership organization and technical project activities for more than 
20 years, most recently at the Western States Air Resources Council (WESTAR) and previously at the 
Western Governors’ Association. Moore has led numerous air pollution studies and analysis projects, held 
management positions in state and local governments, and has worked as an environmental consultant. 
Before his regional role at the Western Regional Air Partnership (WRAP), he managed air quality 
monitoring and analysis activities for the Arizona Department of Environmental Quality, where he 
assisted in the development and led the implementation of particulate matter health and visibility 
monitoring networks throughout the state. Moore has also served on federal Clean Air Act national 

https://nap.nationalacademies.org/catalog/27958?s=z1120


Off-Lake Sources of Airborne Dust in Owens Valley, California

Copyright National Academy of Sciences. All rights reserved.

150 Off-Lake Sources of Airborne Dust in Owens Valley, California 

Prepublication Copy 

advisory groups for air quality health and welfare standards (such as the Clean Air Scientific Advisory 
Committee Particulate Matter Panel, 2008–2011) and regional haze (including ozone/particulate 
matter/relative humidity implementation under the Federal Advisory Committee Act). He received a B.S. 
in physical geography from Arizona State University.  
  
GREGORY OKIN currently serves as the chair of geography at University of California, Los Angeles 
(UCLA), and holds an additional appointment in UCLA’s Institute of Environment and Sustainability. His 
research interests center on drylands including plant-soil interactions, surface-atmosphere interactions, 
aeolian processes and dust production, and remote sensing. Dr. Okin is a fellow of the American 
Geophysical Union and served on the National Academies of Sciences, Engineering, and Medicine’s first 
task for the Owens Lake Scientific Advisory Panel. He received a B.A. with a double major in philosophy 
and chemistry from Middlebury College and a Ph.D. from California Institute of Technology (Caltech) in 
geological and planetary sciences. 
  
DANI OR is a Nevada Engineering Distinguished Professor in the Department of Civil and 
Environmental Engineering at the University of Nevada, Reno. Previously he was a professor of 
terrestrial environmental physics at the Swiss Institute of Technology (ETH) Zurich. Dr. Or’s research 
focuses on mass and energy transport in porous media; mechanics of landslides and avalanches; 
evaporation from porous surfaces; biophysical processes and biological activity in soil; and more recently, 
the physical impacts of wildfire on soil properties and functioning. He also works on surface evaporation 
from complex surfaces, turbulences and mechanics of boundary layers, capillary forces in porous media, 
and development of biocrusts. Dr. Or is the recipient of the Kirkham Soil Physics Award (2001), and he 
was 2004 fellow of the Soil Science Society of America, chair of the 2008 Gordon Research Conference 
on Flow and Transport (Oxford, UK), and 2010 fellow of the American Geophysical Union. He was 
recipient of the 2013 Helmholtz International Fellow Award, 2014 elected fellow of the Geological 
Society of America, and was awarded the 2017 European Geosciences Union John Dalton Medal. Dr. Or 
presented the 2018 Langbein lecture of the American Geophysical Union, and he was elected to the 
National Academy of Engineering in 2022. He was selected Caltech Moore Scholar in 2023. Dr. Or holds 
bachelor’s and master’s degrees from the Hebrew University of Jerusalem and a Ph.D. in soil and 
biometeorology (soil physics) from Utah State University.  
  
ROBERT SCOTT VAN PELT has served as a research soil scientist with the U.S. Department of 
Agriculture (USDA) Agricultural Research Service’s (ARS’s) Wind Erosion and Water Conservation 
Research Unit in Big Spring, Texas, for the past 24 years. Prior to his current position, he was employed 
as a consultant with AgPro, LLC of Carlsbad, New Mexico, INTERA, Inc. of Austin, Texas, and Soil and 
Water West, LLC of Rio Rancho, New Mexico. Dr. Van Pelt is most noted for his expertise in wind 
erosion processes; dust generation; dust physical, chemical, and microbiological characteristics; and dust 
transport. He is a member of Phi Kappa Phi National Honor Society and a member of the Soil and Water 
Conservation Society for which he serves as an associate editor of the Journal of Soil and Water 
Conservation. Dr. Van Pelt received the Conservation Research Award in 2015 and the Associate Editor 
Award of Excellence in 2018 and is a founding member of the International Society for Aeolian Research 
for which he has served on the board of directors. He is an associate editor of Aeolian Research and is a 
past president of the International Soil Conservation Organization, where currently he serves on the board 
of directors. Dr. Van Pelt is also a founding member of the Dust Alliance for North America, currently 
serving as a member of the executive committee and as president. He served on the National Academies 
of Sciences, Engineering, and Medicine’s first task for the Owens Lake Scientific Advisory Panel. Dr. Van 
Pelt received his B.S. in biology from the University of New Mexico in 1978, his M.S. in floristics and 
plant ecology from the University of New Mexico in 1984, and his Ph.D. in soil physics from New 
Mexico State University in 1990. 
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AKULA VENKATRAM is a distinguished professor of mechanical engineering at the University of 
California, Riverside.  His research is focused on the development and the application of models for the 
transport and dispersion of air pollutants over urban and regional scales. Dr. Venkatram coedited and 
contributed to the “Lectures on Air Pollution Modeling” published by the American Meteorological 
Society. He was member of the team that developed AERMOD, the primary regulatory model 
recommended by the U.S. Environmental Protection Agency for estimating the impact of pollution 
sources. Dr. Venkatram is the recipient of the inaugural award from the American Mathematical Society’s 
Committee on Meteorological Aspects of Air Pollution for “contributions to the field of air pollution 
meteorology through the development of simple models in acid deposition, ozone photochemistry and 
urban dispersion.” His research on small-scale dispersion modeling is summarized in the monograph 
Urban Transportation and Air Pollution, published by Elsevier. Dr. Venkatram served on the National 
Academies of Sciences, Engineering, and Medicine’s first task for the Owens Lake Scientific Advisory 
Panel. He received his Ph.D. in mechanical engineering from Purdue University.  
  
IAN WALKER is a professor of geography at the University of California, Santa Barbara. Dr. Walker’s 
expertise includes aeolian and coastal geomorphology, sediment transport and erosion processes, 
environmental fluid dynamics, sand dune systems, dune restoration, and dust mitigation strategy 
development. His research uses close range remote sensing (LiDAR, unmanned aerial systems), 
sedimentology, modeling, and field experiments to better understand and manage dynamic landscapes. Dr. 
Walker is also experienced with ecosystem restoration and mitigation of dust emissions and sand drift 
hazards in aeolian landscapes. He has engaged in several dune restoration projects and is an appointed 
member of the Oceano Dunes Scientific Advisory Group (SAG), established in 2018 per a Stipulated 
Order of Abatement (SOA) issued by the San Luis Obispo County Air Pollution Control District against 
the California Department of Parks and Recreation. As such, Dr. Walker has appreciable experience 
working within environmental management and air quality regulatory frameworks and with Air Quality 
Regulators at county and state levels to understand and help address regulatory issues, exceptional events, 
and dust mitigation strategies toward achieving standards while balancing competing interests. He 
obtained his B.S. in physical geography from the University of Toronto and his Ph.D. from the University 
of Guelph in Canada. 
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Appendix C 
Glossary 

Aeolian/eolian: “Pertaining to the wind; [especially] said of such deposits as loess and dune sand, of 
sedimentary structures such as wind-formed ripple marks, or of erosion and deposition accomplished by 
the wind.” (American Geological Institute 1983) 
 
Alluvial: “Pertaining to or composed of alluvium, or deposited by a stream or running water.” (American 
Geological Institute 1983) 
 
Alluvial fan: “An outspread, gently sloping mass of alluvium deposited by a stream, [especially] in an 
arid or semiarid region where a stream issues from a narrow canyon onto a plain or valley floor. Viewed 
from above, it has the shape of an open fan, the apex being at the valley mouth.” (American Geological 
Institute 1983) 
 
Bajada: “A broad, gently inclined detrital surface extending from the base of mountain ranges out into an 
inland basin, formed by the lateral coalescence of a series of alluvial fans and having an undulating 
character due to the convexities of the components fans.” (American Geological Institute 1983) 
 
Colluvium: “A general term applied to loose and incoherent deposits, usually at the foot of a slop or cliff 
and brought there chiefly by gravity.” (American Geological Institute 1983) 
 
Design value: “A statistic that describes the air quality status of a given location relative to the level of the 
National Ambient Air Quality Standards (NAAQS).” (EPA 2025a) 
 
Dune: “A mount, ridge, or hill of wind-blown sand, either bare or covered with vegetation.” (American 
Geological Institute 1983) 
 
Histic epipedon: “a surface soil horizon, not less than 1 m in depth, high in organic carbon, and saturated 
with water for some part of the year.” (Oxford Reference 2015) 
 
Interfluve: “The relatively undissected upland between adjacent streams flowing the same general 
direction.” (American Geological Institute 1983) 
 
Fluvial: “Of or pertaining to rivers.” (American Geological Institute 1983) 
 
Lacustrine: “Pertaining to, produced by, or inhabiting a lake or lakes.” (American Geological Institute 
1983) 
 
Local off-lake sources: Emissive sources above the 3,600-ft regulatory shoreline at Owens Lake, but 
within the Owen Valley Planning District. 
 
Off-lake sources: Emissive sources above the 3,600-ft regulatory shoreline at Owens Lake. 
 
On-lake: Emissive sources below the 3,600-ft regulatory shoreline at Owens Lake. 
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Playa: “A term used in the southwestern U.S. for a dry, barren area in the lowest part of an undrained 
desert basin, underlain by clay, silt, or sand, and commonly by soluble salts.” (American Geological 
Institute 1983) 
 
Sand sheet: “A large irregularly shaped plain of eolian sand, lacking the discernible slip faces that are 
common on dunes.” (USGS 2024) 
 
Saltation: “Sediment transport in which particles are moved forward in a series of short leaps or bounces.” 
(American Geological Institute 1983) 
 
Silt: “A detrital particle finer than fine sand and coarser than clay, commonly in the range of 1/16 to 1/256 
mm.” (American Geological Institute 1983) 
 
Sand: “A detrital particle smaller than a granule and larger than a silt grain, having a diameter in the range 
of 1/16 to 2 mm.” (American Geological Institute 1983) 
 
Suspension: “A mode of sediment transport in which the upward currents in eddies of turbulent flow are 
capable of supporting the weight of sediment particles and keeping them indefinitely held in the 
surrounding fluid.” (American Geological Institute 1983) 
 
Rindge soils: “Very deep, very poorly drained organic soils that formed in fresh water marshes, sloughs 
and drainage channels from mixed decomposed reeds, tules and alluvium.” (USDA 2016) 
 
Winnowing: “Separation of fine particles from coarser ones by action of the wind.” (American Geological 
Institute 1983)  
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