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December 19, 2023 
 
Memo: Updated SAG Recommendations for Establishing Emissivity Grids to be used in 
Modeling of Pre-Disturbance Conditions and Future Excess Emissions Reductions 
 
From: Scientific Advisory Group (SAG) 
 
To:  Jon O’Brien, California Department of Parks and Recreation 
 Karl Tupper, San Luis Obispo Air Pollution Control District 
 
Cc:  Sarah Miggins, California Department of Parks and Recreation 

Gary Willey, San Luis Obispo Air Pollution Control District 
  
On June 21, 2023, the SAG forwarded a memo entitled "SAG Recommendations for 
Establishing Emissivity Grids to be used in Modeling of Pre-Disturbance Conditions and 
Future Excess Emissions Reductions" to the San Luis Obispo Air Pollution Control District 
(APCD) and to the California Department of Parks and Recreation (CDPR).  In that memo, the 
SAG summarized their analysis of PI-SWERL (Portable In-Situ Wind ERosion Laboratory) data 
collected between 2013 and 2022 by personnel from the Desert Research Institute (DRI).  
Several recommendations were made about how to parameterize dust1 emissions from the 
Oceano Dunes State Vehicular Recreation Area (ODSVRA) in a manner that addresses the 
requirements of the Stipulated Order of Abatement (SOA) as modified in 2022. Both APCD and 
CDPR reviewed the SAG proposal and provided extensive commentary and insightful 
suggestions on the contents of the document2.  The SAG has considered all comments and 
suggestions carefully, and has made several changes to the original proposal.  After extensive 
consultation with APCD and CDPR personnel recently, consensus has been reached regarding 
how best to parameterize emissivity grids for purposes of modeling the pre-disturbance3 scenario 
as well as the 'current' landscape with dust mitigation treatments in place.    
 
                                                      
1 "Dust" is used in this memorandum as a general term referring to PM10 without regard to speciation, consistent 
with California Air Quality Standards and Regulations. Materials sourced from terrestrial crustal non-biogenic 
origins (e.g., quartz, feldspar, mica, olivine, pyroxenes, amphiboles) will be referred to as "mineral dust." 
 
2 https://storage.googleapis.com/slocleanair-
org/images/cms/upload/files/Revised%20Comments%20on%20SAG%20proposal%20on%20emissivity%20grids.p
df    
https://storage.googleapis.com/slocleanair-
org/images/cms/upload/files/DRI%20Comments_SAGAPCD_excess_emiss_memos_08-30-2023.pdf 
 
3 It is recognized that human activities, including vehicular traffic, horse riding, hiking, and camping, have been a 
part of the Oceano Dunes landscape for many decades, prior to establishment of ODSVRA in the 1970s. There is 
very limited photographic evidence of landscape configuration prior to the early 1900s when human recreational 
activities began to influence the natural landscape. The earliest historical aerial photography from the 1930s reflects 
some level of disturbance, and as such, the term 'pre-disturbance' state is somewhat of a misnomer. Nevertheless, for 
consistency with the language used in the SOA regarding modeling of a pre-disturbance scenario, we will continue 
to use the term 'pre-disturbance' (as well as 'naturally occurring' emissions'). As explained in the UCSB Vegetation 
Cover Analysis Report (February 2022), the 1939 imagery dataset is considered to be the best available indication of 
landscape configuration (i.e., vegetation cover, dune presence) prior to extensive Off-Highway Vehicle (OHV) 
activity within the Oceano Dunes. 

https://storage.googleapis.com/slocleanair-org/images/cms/upload/files/Revised%20Comments%20on%20SAG%20proposal%20on%20emissivity%20grids.pdf
https://storage.googleapis.com/slocleanair-org/images/cms/upload/files/Revised%20Comments%20on%20SAG%20proposal%20on%20emissivity%20grids.pdf
https://storage.googleapis.com/slocleanair-org/images/cms/upload/files/Revised%20Comments%20on%20SAG%20proposal%20on%20emissivity%20grids.pdf
https://storage.googleapis.com/slocleanair-org/images/cms/upload/files/DRI%20Comments_SAGAPCD_excess_emiss_memos_08-30-2023.pdf
https://storage.googleapis.com/slocleanair-org/images/cms/upload/files/DRI%20Comments_SAGAPCD_excess_emiss_memos_08-30-2023.pdf
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In this memo, the SAG presents its findings and final recommendations for the proposed 
emissivity grid to be used in assessing compliance with the SOA.  The bulk of the material 
included below repeats verbatim what was presented in the June 21, 2023 memo, but several 
changes have been made following suggestions from APCD and CDPR, backed up by additional 
data analysis.  Rather than present only those findings and recommendations that were modified, 
SAG members felt it less confusing to deliver a comprehensive, updated document that does not 
require the reader to consult and cross-reference the June 21, 2023 memo. The material 
presented below can be received as a stand-alone document that prescribes the establishment 
of emissivity grids for purposes of modeling, as of December, 2023.   
 
New PI-SWERL measurement campaigns will be undertaken in 2024 (and ideally beyond), and 
it is expected that these additional data will be integrated into the existing PI-SWERL data sets to 
produce updated and refined emissivity grids on an ongoing basis to meet the objectives of 
adaptive management.  The mobile sand-dominated landscape of the ODSVRA is a dynamic one 
that is complex in its geologic history, contemporary geomorphology, evolving biogeography, 
varying meteorology and climatology, and sensitivity and responsiveness to human influences. 
Thus, there will always be a level of uncertainty about how effective management interventions 
have been (and will continue to be) in mitigating dust-related events that impact air quality in 
regional communities downwind of the ODSVRA. Consequently, long-term monitoring is 
essential to improve our understanding of the key processes at work and, more 
importantly, to provide critical indicators of the relative success of dust-mitigation efforts. 
 
The SAG notes that the recommendations (below) for emissivity grids to be used in modeling 
scenarios for the pre-disturbance (1939) landscape and the 'current' (2024 and future) landscape 
for purposes of assessing compliance with the SOA are based on the best scientific information 
currently available. A balance has been struck between various constraints imposed by modeling 
complexity, operational/logistical requirements, and management practicality, and the SAG 
believes a pragmatic, optimal solution to a multi-objective problem has been achieved. 
 
The new emissivity grids differ in substantive ways from prior approaches to quantifying dust 
emissions from the ODSVRA, and the revised grids have yet to be implemented in the emissions 
model developed and managed by the DRI. There is no way to anticipate in advance what the 
model results will show (i.e., compliance or non-compliance), and it should be understood that 
specific estimates of mass emissions (metric tons per year) from the pre-disturbance and 'current' 
landscape scenarios will differ from those predicted in the past (as summarized in the 2023 
ARWP, for example).  Presuming that the specifics of the proposed emissivity grids, as 
presented below, are accepted by CDPR and APCD, the modeling results will then be used 
for purposes of assessing compliance within the terms of the SOA.  Prior model estimates of 
mass emissions will be superseded by these new model estimates, with the understanding that the 
earlier modeling results based on alternative emissivity grids were instrumental in guiding 
management decisions leading to dust-mitigation strategies and treatment implementation to 
date.   
 
The SAG also recognizes that OSDRVA user groups and affected communities have polarized 
perspectives on how the ODSVRA should be managed and to whose primary benefit.  There are 
legitimate concerns on all sides. In this regard, the SAG is sympathetic to all stakeholder 
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perspectives, but as per our SOA mandate, the SAG prioritizes scientific facts and understanding 
above all else. We continue to take an impartial, unbiased position on all matters before us, 
anticipating that our scientifically-based assessments and judgement will foster greater 
collaboration and help to inform all parties equally in reaching decisions about how to proceed 
into the future.    
 
 
Respectfully, 
 
The Scientific Advisory Group 
 
Bernard Bauer (Chair), Carla Scheidlinger (Vice-Chair), Mike Bush, Jack Gillies, Jenny Hand, 
Leah Mathews, Ian Walker  
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OVERVIEW OF PI-SWERL MEASUREMENTS 
 
The Portable In-Situ Wind ERosion Laboratory (PI-SWERL) and its field application at the 
Oceano Dunes State Vehicular Recreation Area (ODSVRA) has been described extensively in 
numerous publications (e.g., Mejia et al., 2019 and references therein). The Desert Research 
Institute (DRI) began collecting PI-SWERL data in 2011, but these early campaigns were 
primarily for reconnaissance purposes and to assist in the development of robust sampling 
protocols. Because of quality control concerns, these data will not be considered in this analysis. 
The first comprehensive PI-SWERL campaign directed at operational objectives was conducted 
in August, 2013, and the data derived from this (and subsequent) campaign(s) have been subject 
to strict Quality Assurance and Quality Control (QA/QC) assessments and have been used 
extensively in early evaluations of dust emissions from the ODSVRA. Since then, DRI personnel 
have conducted measurement campaigns for most years up to September, 2022 with additional 
measurements planned for Spring and Fall of 2024.  
 
The majority of the PI-SWERL data are categorized as either Riding Area (RA) or Non-Riding 
Area (NRA), with some exceptions to be discussed later. A total of 1516 distinct RA and NRA 
measurement locations have been sampled to date (Table 1). RA sampling has been 
prioritized over NRA sampling at a split of 984 to 532 because the riding area was identified 
early on as a more emissive area, and it became the focus of more intensive measurement to help 
guide strategic dust-mitigation efforts. 
 
 

Table 1:  Summary of PI-SWERL Measurements at ODSVRA 
 

YEAR_Month(s) Riding Area Non-Riding Area 
   

2013_08/09 186 143 
2014_09/10 45 35 
2015_06/07 100 2 

2015_10 165 6 
2016_03 58 34 
2019_05 337 124 
2019_10 42 28 
2022_05 51 27 
2022_09 -- 133 

   
TOTAL 984 532 

 
 
An additional 69 PI-SWERL measurements were taken in areas that are currently 
classified as 'Seasonally Exclosed', which means that riding is allowed during part of the year 
(October 1 through February 28) followed by a period of closure (March 1 through September 
30) when riding is not allowed. These 69 measurements, taken in the vicinity of the Foredune 
Restoration Area (FRA), along the beach and in the riding corridors, will be treated separately at 
the end of this document.  
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A 293.3-acre area dedicated to nesting and rearing habitat for the Western Snowy Plover and the 
California Least Tern was permanently closed to Off-Highway Vehicle (OHV) traffic and other 
recreational uses in October, 2021, but prior to that date this area was managed for seasonal 
exclosure. Thus, at the time of the September, 2022 measurement campaign, the Plover 
Exclosure (PE), as it is referred to currently, had been closed effectively for 19 months (i.e., 
since March 1, 2021, given the seasonal riding restrictions). Although riding and camping were 
allowed from October 1, 2020 to February 28, 2021, winter storms and COVID concerns yielded 
extremely low visitation to the ODSVRA. Of the 133 NRA measurements taken in September, 
2022 (see Table 1), 23 were taken in the footprint of the PE, with the remainder (110) taken in 
the FRA. However, there were an additional 198 measurements within the footprint of the 
PE prior to closure, while this area was managed for seasonal riding (2013 N=19; 2014 
N=39; 2015 N=90, 2016 N=23; 2019 N=27).  These 198 measurements are not included in Table 
1, reflecting the fact that they are neither exclusively 'riding' nor 'non-riding.'   
 
In total, there are 1783 (i.e., 1516 + 69 + 198) measurement locations available for 
development of emissivity grids, although 266 (69 + 198) of them require separate 
consideration because they were taken in areas that are managed for seasonal closure. 
 
The footprint of the zones designated for riding and non-riding has evolved over time due to on-
going management interventions directed at dust mitigation (summarized in the 2023 Annual 
Report and Work Plan as well as previous ARWPs). The majority of the land base has not 
changed designation, but significant acreage originally open for riding has transitioned to non-
riding status, typically with sand fencing, fenced exclosures, and surface treatments (i.e., straw, 
surface texturing, scattered seeds, and planted vegetation). Thus, in every year since 2013 there 
were areas considered to be 'transitional' because they have not had sufficient opportunity to 
revert to naturalized conditions and may be displaying residual effects from OHV riding. As an 
example, the Foredune Restoration Area was fenced off in December, 2019 and, prior to that 
date, this zone was accessible to OHV traffic and camping activities. A total of 71 measurements 
were taken in this zone while it was designated as RA, and 110 measurements were taken in 
September, 2022, 33 months (~2.7 years) following closure and, subsequently, implementation 
of restoration treatments in February, 2020. The data from the FRA are included in the summary 
values presented in Table 1, but the FRA will be treated separately for purposes of modeling.  
The same situation applies to the Plover Exclosure (PE), which will also be treated separately in 
future modeling. As mentioned above, there is a relatively small area (34.6 acres) that is 
currently managed for both OHV access and Seasonal Exclosure during different times of the 
year, and since it is neither fully riding nor non-riding, as are other parts of the ODSVRA, it too 
needs to be assessed separately in the model domain.  
 
Due to logistical challenges associated with changes in surface cover, dune movement, evolving 
restoration treatments, habitat protection, and inclement weather, the PI-SWERL measurements 
are not equally distributed over time or space.  Rather, the sampling design from year-to-year 
addressed strategic operational needs (e.g., parameterizing the zones most likely to influence air 
quality or identifying priority areas for management interventions) rather than statistical 
requirements (e.g., quantifying uncertainty). Therefore, the sampling approach was neither 
(stratified) random nor regularly spaced. Repetitive sampling of the same sites is extraordinarily 
challenging given the dynamic terrain leading to access issues as well as location uncertainties 
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associated with hand-held global positioning system (GPS) units. Moreover, access to some 
areas is restricted during certain times of the year because of regulations regarding protected 
species (e.g., Snowy Plover, California Least Tern) and ecologically sensitive habitat. 
Nevertheless, the large number of measurements within the ODSVRA in both riding and non-
riding areas ensures that statistical testing can be conducted with confidence. When interpreting 
the results, it is important to appreciate that there may be sampling bias with respect to 
both time and space depending on how the data were clustered when assessing group 
differences or similarities. The following two sections deal with the temporal and spatial 
elements of the PI-SWERL measurements independently. 
 
 
TEMPORAL DIMENSIONS OF PI-SWERL SAMPLING  
 
It is anticipated that there can be seasonal influences on dust emissions from the ODSVRA 
because of weather-related (i.e., moisture, temperature, windiness) differences between spring 
(wet) and fall (dry) conditions. Moisture is known to influence the potential for sediment 
transport on beaches and dunes, and moisture and temperature conditions greatly affect plant 
growth and health. In addition, the intensity of OHV traffic and camping use varies during the 
year. In an attempt to tease out some of these influences, the PI-SWERL measurement results 
from the Riding Area (RA) were disaggregated according to month/year of sampling, as 
represented in the box-and-whisker plots of Figure 1.   

A Theil trend analysis (Wilcox, 2005) on these RA groupings resulted in no statistically 
significant trends (p<0.01) in emissivity over time for any of the percentiles shown in the panels 
in Figure 1 (see Appendix 1 for analysis results). Inordinately large dust emissions during the 
2013 campaign were noted in prior documents (e.g., 2022 ARWP, Section 2.3.5.1; 
https://storage.googleapis.com/slocleanair-
org/images/cms/upload/files/2ndDraft2022ARWP_2022914.pdf), and although not demonstrated 
conclusively, larger emissions could be attributed to the extended drought in California (2011-
2017) with 2013 being a particularly dry year (https://weather.com/news/news/much-california-
2013-was-driest-year-record-20140101). The 2013 campaign was conducted in late August, 
which is characteristically dry, as well as coinciding with an extended period of intense OHV use 
of the park. A preliminary analysis of precipitation data from the Oceano weather station (#795, 
operated by the San Luis Obispo County Department of Public Works) indicates that most other 
PI-SWERL measurement campaigns were conducted on days when there had not been any 
recorded precipitation for several weeks or longer prior to sampling, the only exception being the 
2019 campaign conducted in May.  The protocol established by the field crew was to wait at 
least 3 days after a moisture event (e.g., rain, fog) before resuming PI-SWERL measurements, 
and then only in the mid-day hours when the sand surface was dry due to solar radiation.  Thus, 
the argument for larger emissivity during the 2013 measurement campaign because of 
exceptionally dry conditions is weakened by the fact that most other PI-SWERL measurements 
were taken during periods when the upper sand surface should have been dry even if the annual 
rain totals were greater than for 2013.  It is noteworthy that inclusion of the 2013 data in the 
Theil trend analysis did not change the final result that there was no significant temporal trend 
overall.  

https://storage.googleapis.com/slocleanair-org/images/cms/upload/files/2ndDraft2022ARWP_2022914.pdf)
https://storage.googleapis.com/slocleanair-org/images/cms/upload/files/2ndDraft2022ARWP_2022914.pdf)
https://weather.com/news/news/much-california-2013-was-driest-year-record-20140101
https://weather.com/news/news/much-california-2013-was-driest-year-record-20140101
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Figure 1: Box-and-whisker plots of PI-SWERL measurements made in the Riding Area 
(RA) for each field campaign from 2013 through 2022. The colored boxes define the range 
of the 25th and 75th percentiles; the whiskers correspond to the 10th and 90th percentiles; 
and the outer symbols (x) indicate the 5th and 95th percentiles.  The median value is given 
by the horizontal solid line within the box, whereas the arithmetic mean (average value) is 
shown by the horizontal dashed line. The three panels correspond to the three RPM speeds 
used in the PI-SWERL device to characterize dust emissions at any single measurement 
location. 
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The clustered nature of the RA data used in Figure 1, according to measurement campaign, 
allows for a rigorous assessment of whether the 2013 measurements are indeed inordinate. 
Figure 2 shows summary results from an Analysis of Variance (ANOVA) on Ranks using 
Dunn’s test, which is a nonparametric test that does not require equal sample sizes or assuming 
that all samples were drawn from normally-distributed (Gaussian) populations with equal 
variances.  Invoking Dunn’s test was necessary because none of the measurement campaigns 
yielded emissivity distributions that were normally distributed.  The significance level for all 
ANOVA on Ranks tests in this report was p < 0.01. The results show that the August 2013 data 
(n = 186) are significantly different from most other years (indicated by red boxes), but there are 
two exceptions: June 2015 (n = 100) and October 2019 (n = 42), which are not statistically 
different from the August 2013 measurements. No precipitation was recorded for all of June, 
2015, and the PI-SWERL measurements were conducted at the end of this dry period, on June 30 
and July 1, 2015. Similarly, the 2019 measurements were conducted between October 8-10, 
following a dry period lasting approximately 6 months. In general, higher emissivity periods 
(August, 2013, June 2015, March 2016, and October 2019) are statistically similar to each other, 
but different from lower emissivity periods (September 2014, October 2015, May 2019, and May 
2022). Unfortunately, the correlation to prior precipitation events is not a perfect explanator with 
some of the low emissivity campaigns coinciding with dry weather and vice versa. 
 
 

Riding 
Area 

Aug 
2013 

Sep 
2014 

Jun 
2015 

Oct 
2015 

Mar 
2016 

May 
2019 

Oct 
2019 

May 
2022 

Aug 2013 -        

Sept 2014 Y -       

Jun 2015 N Y -      

Oct 2015 Y N Y -     

Mar 2016 Y N N N -    

May 2019 Y N Y Y Y -   

Oct 2019 N Y N Y N Y -  

May 2022 Y N Y N N N Y - 

 
Figure 2: Summary results from ANOVA on Ranks test to determine whether there are 
significant differences (P < 0.01) between measurement results from different campaigns 
for the Riding Area. Boxes in red with 'Y' indicate that there are significant differences 
between the two sets of data (column vs row) whereas boxes in green with 'N" indicate that 
the data sets are not statistically different.  This analysis considers only the high RPM (u* = 
0.61 m s-1) PI-SWERL data, but the other two sets of data (low and mid RPM) produced 
similar results. 
 
Of additional interest for the purposes of this temporal analysis is the fact that there were two 
measurement campaigns in 2015 (June and October) and also in 2019 (May and October). The 
June 2015 campaign had greater overall emissivity than the October 2015 campaign, whereas the 
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opposite was true for the May 2019 and October 2019 campaigns. Thus, there is no clear 
seasonal signal that is consistent from year to year, with dust emissions depending on week-to-
week variations in moisture conditions, which may override seasonal climatic signatures. As 
noted earlier, it is important to keep in mind that field campaigns in different years/seasons had 
different areal coverage, varying sample sizes, and did not regularly re-occupy the same 
locations, which makes a temporal analysis challenging.  Developing a sampling framework that 
would allow a robust statistical analysis of ODSVRA emissivity data is a complex undertaking 
due to its size, temporal changes in emissivity on multiple scales, large number of potential 
influences (e.g., moisture, riding intensity, localized topographical variation, grain size 
distributions), the logistical difficulties of taking PI-SWERL measurements, and the expense of 
those campaigns. 
 
Figure 3 shows box-and-whisker plots of the PI-SWERL measurement results from the Non-
Riding Area (NRA) disaggregated according to year/month of sampling. As with the RA data, 
Theil regression demonstrated that there was no statistically significant temporal trend 
(Appendix 1).  Relatively small emissivity values occurred in the two key areas—the Foredune 
Restoration Area (FRA) and the permanent Plover Exclosure (PE)--which were measured in 
September 2022 and clustered separately because of their 'transitional' nature. The March 2016 
data (n = 34) had the largest mean and median emissivity values, which is somewhat surprising 
because the campaign was conducted on March 1-3 and there was significant rainfall on 
February 17th (0.27") and February 18th (0.24"). This suggests that a rain-free period lasting 2 
weeks is sufficient to dry the sand surface and yield an emissive state. In contrast, the October 
2019 data (n = 28) had the smallest mean and median emissivity (aside from the 2015 
measurements with an n = 8 when the June and October data were aggregated, and ignoring the 
FRA and PE measurements). This is equally surprising because there was a rain-free period 
before the measurement campaign that lasted approximately 5 months, so the expectation would 
have been a much higher emissions potential. However, there is likely a spatial bias at play 
because most of these measurements were taken in the Oso Flaco area (where emissivity values 
tend to be lower than elsewhere, as discussed later). The May 2022 data for the Non-Riding Area 
(n = 27) show an increase in emissivity relative to the October 2019 low (n = 28), and they are 
also, on average, greater than the values from October 2015 (n = 8) and May 2019 (n = 124).   
 
Figure 4 shows the results of the ANOVA on Ranks tests for the Non-Riding Area campaigns. 
The 2015 data set was excluded from this analysis because it comprised only 8 measurements in 
the Non-Riding Area.  Many of the data sets from individual years are statistically different from 
each other. Of interest is that the August 2013 data set is different from most others with the 
exception of the two sampling campaigns in 2014 and 2016. The October 2019 campaign 
appears to be a 'swing' year, being statistically different from earlier campaigns but not different 
from later campaigns. Also, of note is that the May 2022 data set cannot be considered 
statistically different from most other years with the exception of August 2013 (much higher 
emissivity).  Moreover, the May 2022 data for the NRA are also statistically different from both 
the Foredune Restoration Area and Plover Exclosure, both of which were measured later in the 
same year and have very low emissivity.  
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Figure 3: Box-and-whisker plots of PI-SWERL measurements made in the Non-Riding 
Area (NRA)from each field campaign from 2013 through 2022. The colored boxes define 
the range of the 25th and 75th percentiles; the whiskers correspond to the 10th and 90th 
percentiles; and the outer symbols (x) indicate the 5th and 95th percentiles.  The median 
value is given by the horizontal solid line within the box, whereas the arithmetic mean 
(average value) is shown by the horizontal dashed line. The three panels correspond to the 
three RPM speeds used in the PI-SWERL device to characterize dust emissions at any 
single measurement location. “FRA” refers to Foredune Restoration Area; “PE” refers to 
Plover Exclosure. 
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Non-
Riding 
Area 

Aug 
2013 

Sep 
2014 

Mar 
2016 

May 
2019 

Oct 
2019 

May 
2022 

Sep 
2022 
FRA 

Sep 
2022 
PE 

Aug 2013 -        

Sept 2014 N -       

Mar 2016 N N -      

May 2019 Y N Y -     

Oct 2019 Y y Y N -    

May 2022 Y N N N N -   

Sep 2022 
FRA 

Y Y Y Y N Y -  

Sep 2022 
PE 

Y y Y y N Y N - 

 
Figure 4: Summary results from ANOVA on Ranks test to determine whether there are 
significant differences between measurement results from different campaigns for the Non-
Riding Area.  Boxes in red with 'Y' indicate that there are significant differences between 
the two sets of data (column vs row) whereas boxes in green with 'N" indicate that the data 
sets are not statistically different.  FRA means foredune restoration area; PE means 
permanent plover exclosure. This plot considers only the high RPM (u* = 0.61 m s-1) PI-
SWERL data, but the other two sets of data (low and mid RPM) produced similar results. 
 
This initial statistical assessment suggests that, despite notable temporal variability in the 
RA and NRA data, there are no statistically significant temporal trends in emissivity. Part 
of this outcome relates to the fact that moisture and temperature conditions are highly variable in 
coastal areas, yet the PI-SWERL sampling strategy does not, and logistically is unable to, control 
for this variability (e.g., Gillies et al., 2022). Surface moisture conditions can change hourly, 
daily, weekly, monthly, seasonally, and inter-annually, and it would require a significantly more 
intensive effort to account for sand surface moisture conditions in relation to precipitation, 
relative humidity, temperature, solar radiative flux, wind speed/direction, and beach groundwater 
changes. Moreover, there may be a co-dependency on the spatial distribution of measurements 
from year-to-year, which will be considered next. 
 
 
SPATIAL DIMENSIONS OF PI-SWERL SAMPLING  
 
The PI-SWERL data were imported into an open-source geographic information system (QGIS) 
to render a spatial view of the sampling locations. Figure 5 shows the measurement locations 
relative to the ODSVRA boundaries.  Most areas have been sampled extensively although there 
are certain areas where the density of points is much greater than in others.  The FRA, for 
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example, has a relatively large density of measurements, the majority of which (110 of 181 
points) were collected in September 2022 after 33 months of closure to OHV access. The PE, in 
contrast, has relatively few points (n=23) post-closure given the large size of the area, and all 
these measurements were made in September 2022. There were an additional 198 measurements 
taken in the footprint of the PE area during the period when it was seasonally open for OHV 
riding (prior to 2021). The sampling strategy in the PE appears to have followed a longitudinal 
north-south transect along the middle of the preserve, with points in the north being slightly 
closer to the shore than points in the south where the exclosure is wider.  Many of the other data 
points in the rest of the park follow west-east transects that run parallel with the prevailing 
(effective) wind direction out of the WNW. 
 
The points in Figure 5 are color-coded to reflect the date of the measurement campaign (for RA 
and NRA measurements, the browns indicate older measurements taken in 2013-2015, neutral 
colors indicate mid-decade, and blue colors indicate recent measurements). Many points are not 
visible in this graphic either because the sampling was performed in tight spatial clusters or 
because multiple measurements in different years fall in approximately the same location (i.e., 
the symbols are stacked with only the most recent appearing on the map).  
 
Figure 6 shows the same data but disaggregated according to year of the field campaign 
(measurements made between 2014 and 2016 are represented on one map because of the 
relatively small number of samples). Despite the multitude of measurements covering most of 
the area of the ODSVRA, it is evident that the sampling was performed unevenly, both 
temporally and spatially, as noted earlier. The two largest field campaigns were in 2013 (RA 
n=186; NRA n=143) and 2019 (RA n=379; NRA=152) with measurements spanning most of the 
park. The Dune Preserve to the north (also an NRA) was sampled intensely in 2013 covering 
most of the area and was revisited in 2019 to duplicate two of the transects.  A similar sampling 
approach was taken to the south in the Oso Flaco NRA zone with intense sampling in 2013 and 
re-sampling of a west-east transect in 2019. 
 
Measurements from 2014-2016 were focused on the central region, largely targeting the Riding 
Area upwind of the CDF and Mesa2 air quality monitoring stations—areas of strategic priority 
for dust mitigation. Measurements in 2022 also focused on the central region with focus on the 
FRA, PE, the SE areas, in addition to the RA. No PI-SWERL measurements were collected in 
2017, 2018, and 2021.  Although a set of measurements was taken in 2020, their purpose was to 
assess adjustments to surface emissivity during the SARS-CoV-2 pandemic closure period 
beginning in March, 2020 (see. Gillies et al., 2020, for detailed summary). The 2020 data are not 
included in this analysis (nor in Table 1) because most of the measurements were in the riding 
area during a period of non-riding activity.  Thus, these measurements are strictly neither 'riding' 
nor 'non-riding' and therefore cannot be pooled accordingly, much like the measurements made 
in the seasonal exclosure areas, which need to be treated separately. 



13 
 

 
Figure 5: Location of all PI-SWERL measurements from 2013 to 2022.  Triangles designate 
samples within the Riding Area (OHV accessible) and circles designate Non-Riding Area 
samples. Diamonds show samples in the Plover Exclosure area before permanent closure. 
Samples in the Seasonal Exclosure area around the FRA from 2022 are not shown. 
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Figure 6: Location of PI-SWERL measurements during different field campaigns from 
2013 to 2022.  Triangles designate Riding Area; circles designate Non-Riding Area; 
diamonds designate samples in the Plover Exclosure prior to permanent closure. 
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As noted in the previous section, there were no discernable long-term trends in the PI-SWERL 
data that were statistically significant. A more in-depth assessment is hampered by the fact that 
the sampling design did not call for replication of measurement locations across multiple years 
(except for a few instances where certain transects were re-occupied in different years, e.g., 2013 
and 2019).  Therefore, there is an added spatial dimension to consider to the data distributions. It 
has been suggested, for example, that due to mean grain size increases from north to south (see 
Scientific Advisory Group Report, February 2023, Oceano Dunes: State of the Science) there 
may be a corresponding decrease in dust emissions from north to south. This possibility was 
recognized in earlier modeling efforts by DRI, and this will now be considered for both the RA 
and NRA data below. 
 
When examining the spatial distribution of the Non-Riding Area measurements, it becomes clear 
from Figures 5 and 6 that there are three distinct zones: (1) the Dune Preserve to the north 
(demarcated by N 35.0794o latitude as the southern boundary, which is marginally south of the 
park boundary); (2) a Southern Zone (referred to as Oso Flaco) falling immediately to the south 
of the Plover Exclosure; and (3) a large Central Zone that covers all the remaining area in 
between these lines of latitude. The PI-SWERL measurements were clustered into these three 
zones for statistical analysis, with the exception that the data from the Foredune Restoration 
Area, the Plover Exclosure, and Seasonal Exclosure Areas were kept aside and treated 
independently.   
 
Figure 7 shows box-and-whisker plots for the North, Central, and South zones as well as the 
FRA and PE zones, retaining the year of collection as an additional variable. Visually, the 
emissivity values to the south are generally smaller than the north, despite considerable scatter. 
The data from 2013, for example, stand out as having comparatively large emissivity values 
relative to other years, especially in the North and South zones. In the Central zone, this 
difference is not quite as apparent because the data from 2016 (brown bar) have a very wide 
distribution despite a relatively small sample size (n=34).  Approximately one third of these 
measurements were taken directly east of the fence that marks the riding area, whereas the 
remainder were taken just south of Black Lake (west of Callender) and far from the riding area. 
Once again, the measurements from 2015 (yellow bar) can be discounted because of small 
sample size (n=8).      
 
For the purposes of testing whether there is indeed a north-south trend in emissivity, the data 
from each of the three zones were clustered (i.e., combining data from all years).  The resulting 
box-and-whisker plots are shown in Figure 8. From this rendering, it becomes much clearer that 
there is indeed a reduction in emissivity from north to south.  In addition, the FRA and PE 
have low emissivity values in comparison to the Central and North zones.  The ANOVA on 
Ranks results (for the high RPM case) are shown in Figure 9, from which it is evident that the 
groupings are all statistically different with one exception--the FRA measurements cannot be 
considered to be statistically different from the PE measurements, but they are both different 
from the South, Central, and North zones.  
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Figure 7: Box-and-whisker plots of PI-SWERL measurements made in the Non-Riding 
Area (NRA) from each field campaign from 2013 through 2022 disaggregated into North, 
Central, and South zones (delineated by vertical thin lines).  Foredune Restoration Area 
(FRA) and Plover Exclosure (PE) are treated separately.  See Figure 1 for explanation of 
symbols. The three panels correspond to the three RPM speeds used in the PI-SWERL 
device to characterize dust emissions at any single measurement location. 
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Figure 8: Box-and-whisker plots of PI-SWERL measurements made in the Non-Riding 
Area (NRA) aggregated into North, Central, and South zones. Foredune Restoration Area 
(FRA) and Plover Exclosure (PE) are treated separately.  See Figure 1 for explanation of 
symbols. The three panels correspond to the three RPM speeds used in the PI-SWERL 
device to characterize dust emissions at any single measurement location. 
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Non-
Riding 
Area 

North Central South FRA PE 

North -     

Central Y -    

South Y Y -   

FRA Y Y Y -  

PE Y y y N - 

 
 

Figure 9: Summary results from ANOVA on Ranks test to determine whether there are 
significant differences between measurement results for the Non-Riding Area clustered into 
zones in the north-south direction.  Refer to Figures 7 and 8 for zones. Boxes in red with 'Y' 
indicate that there are significant differences between the two sets of data (column vs row) 
whereas boxes in green with 'N" indicate that the data sets are not statistically different.  
This plot considers only the high RPM (u* = 0.61 m s-1) PI-SWERL data, but the other two 
sets of data (low and mid RPM) produced similar results. 

 
 
Although an analysis of potential west-east zonation was undertaken for the NRA data, the 
differences were not readily apparent as they were for the north-south trends. Moreover, there is 
considerable subjectivity with regard to placement of separation boundaries for data aggregation. 
Although it was anticipated that there might be a decrease in particle size from west (beach) to 
east (inland) due to selective transport by aeolian processes, the local variations in grain size due 
to topographic features (i.e., dune stoss, crest, lee), riding designations (e.g., RA, NRA, SE), 
vegetation patches, and treatment types lead to large variability in emissivity over distances of 
only tens of meters.  The results of a cursory analysis of emissivity data along west-east transects 
appears in Appendix II, where it is demonstrated that the spatial variation in emissivity across 
small distances is large relative to any discernable west-east trends. As a consequence, this line 
of inquiry was not pursued further, and a decision was reached not to invoke west-east zonation 
for the NRA data. 
 
The Riding Area data shown in Figures 5 and 6 (triangles) were all located within the Central 
zone because there are no North and South equivalents to the NRA data. There were no obvious 
break-points in the data distributions to create zones for the RA, in contrast to what was the case 
for the NRA, which had obvious North (Dune Preserve) and South (Oso Flaco) zones that were 
distinct from the Central zone. The RA data were plotted according to latitude (Figure 10) to 
determine whether there was visual evidence to justify a separation. There is an apparent 
decrease in emissivity toward the south, which is gradual but progressive. The resulting 
small R2 values for the linear regressions through the data suggest that latitude is a weak 
explanatory variable given how much scatter there is at any single line of latitude. However, the 
scatter is skewed to much larger emissivity values in the north where the OHV use is more 
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intense and spatially constrained to 'corridors' than in the south. Visually, there appears to be a 
break in the data at about N 35.062o, which aligns roughly with the northern boundary of the PE 
and follows a parallel trajectory inland. The sub-region to the north of this line had 
characteristically larger emissivity values and large scatter than the sub-region to the south of 
this line of separation. 
 

 
 
Figure 10: North-South trend in emissivity for Riding Area PI-SWERL data from 2013-
2022.  Dashed line is the best-fit linear regression line with R2 values shown in each panel. 
 
Following on the somewhat arbitrary visual cues from Figure 10, the PI-SWERL RA data were 
pooled into two sub-regions (Central-North and Central-South) for additional analysis.  Figure 
11 provides the box-and-whisker plots that graphically portray the data distributions in each 
zone. Although the Central-South sub-region has smaller emissivity values, there is considerable 
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overlap in the distributions.  The Mann-Whitney Rank Sum Test was performed on the three sets 
of PI-SWERL data corresponding to the Lo-, Mid-, and Hi-RPM measurements to determine 
whether the data from the Central-North sub-region were statistically different from the Central-
South sub-region.  The results are provided in Table 2, and the very small p values indicate that 
the null hypothesis (no difference in samples) is to be rejected in each case.  Thus, there is a 
significant difference between the paired sub-regions. An analysis of west-east trends proved less 
revealing, as was the case for the NRA data. 
 

 
Figure 11: Box-and-whisker plots of PI-SWERL measurements made in the Riding Area 
(NA) aggregated into Central-North and Central-South sub-regions See Figure 1 for 
explanation of symbols. The three panels correspond to the three RPM speeds used in the 
PI-SWERL device to characterize dust emissions at any single measurement location. 
 
Table 2: Results from Mann-Whitney Rank Sum Tests on PI-SWERL data from the 
Central-North (CN) and Central-South (CS) sub-regions of the Riding Area (2013-2022).   
 

u* (m s-1) Median Emissivity (mg m-2 s-1) U statistic T value p 
 CN (n = 415)    CS (n = 569)    
      

0.381 0.098 0.026 56,062 264,422 < 0.001 
      

0.534 0.655 0.454 89,606 229,900 < 0.001 
      

0.607 1.360 0.996 88,582 224,646 < 0.001 
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RECOMMENDATIONS LEADING TOWARD MODEL EMISSIVITY GRIDS 
 
Spatial Sub-Division (Zones and Sub-Regions) 
 
The above analysis of the PI-SWERL data collected between 2013 and 2022 suggests that the 
Riding Area can be subdivided in two sub-regions (Central-North and Central-South) 
while the Non-Riding Area can be subdivided into three zones (North, Central, and South).  
Figure 12 shows these five primary areas as well as three additional areas designated as: (i) 
Foredune Restoration Area; (ii) Plover Exclosure; and (iii) Seasonal Exclosure (SE). The FRA 
and PE are now managed as non-riding areas whereas the SE precludes OHV access between 
March 1 and September 30 due to sensitive habitat restrictions. OHV riding is allowed in the SE 
area between October 1 and the end of February. Vegetated areas and transitional management 
zones are treated separately by overlaying cover masks on the GIS model (see later). Each of the 
three zones, two sub-regions, and three other areas are to be allocated different emissivity 
characteristics for purposes of future dust emissions modeling.  

 
Figure 12: Proposed zonation for disaggregating the PI-SWERL measurements (2013-
2022) into three zones for the Non-Riding Area (NRA North, NRA Central, NRA South, 
separated by purple and blue dashed lines) and two sub-regions for the Riding Area (RA 
Central-North, RA Central-South separated by orange dashed line).  Also shown are the 
boundaries of the Foredune Restoration Area (FRA), the Plover Exclosure (PE), and the 
Seasonal Exclosure (SE) areas.  The current extent of the Riding Area is mapped in a light 
tan color.  See also Figure 17. 
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The following recommendations are made with regard to the zonation of the ODSVRA, based on 
the PI-SWERL analysis presented above: 
 
Riding Area. The RA Central-North and RA Central-South sub-regions should be delineated by 
a separation line that parallels the northern fenced boundary of the Plover Exclosure from 
the beach extending inland, and then following N 35.062o latitude past the eastern park 
boundary (Figure 13) to the end of the modeling domain. The northern and southern boundaries 
of the Riding Area are the same as the boundaries for the Non-Riding Areas, as described below.    
 

 
 
Figure 13: Proposed boundary line (orange dashed line) between the Central-North and 
Central-South sub-regions of the Riding Area. Refer to Figure 12 for general location. As 
reference points, the FRA is shown in pale green and PE is shown in teal blue. 
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Non-Riding Area. Three zones were identified (North, Central, South) from the statistical 
analysis. Figure 12 shows an overview of the recommended boundaries for these zones.  A close-
up of the boundary between the NRA North and NRA Central zones is shown in Figure 14, and 
this line also serves as the northern boundary for the Riding Area. The boundary is delineated by 
a fence line that trends west-east in zig-zag fashion, which then follows along the northern 
boundary of a sand-fencing area (converted to vegetation), and then trends eastward along N 
35.0794o latitude to the eastern boundary of the ODSVRA. On the western side, the boundary 
follows the park fence line heading north to the mouth of Arroyo Grande Creek. There is a 
triangular section north of N 35.0794o latitude but south of the park boundary that is not in the 
ODSVRA (privately held), but for purposes of emission-dispersion modeling this sliver could be 
characterized by the same emissivity power relation as that for the NRA North. The open sand 
areas to the east of the park boundary adjacent to the NRA Central could be characterized by the 
emissivity power relation developed for the NRA Central zone, but this will need to be discussed 
in detail in the future. 
 

 
 
Figure 14: Proposed boundary line (purple dashed line) between the NRA North (Dune 
Preserve) and NRA Central zones, which also delineates the northern boundary of the 
Riding Area (shown in red). Refer to Figure 12 for general location. 
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A close-up of the southern boundary of the NRA Central zone where it borders the NRA South is 
shown in Figure 15. This boundary begins on the beach and follows the fence line along the 
southern margin of the Plover Exclosure.  It then transitions to the fence line delineating the 
southern margin of the Riding Area (RA Central-South), and from the most southerly point of 
the Riding Area takes a straight line to the nearest corner of the ODSVRA boundary and 
continues east along the park boundary alongside private agricultural fields.  
 

 
Figure 15: Proposed boundary line (dashed blue line) between NRA Central and NRA 
South (Oso Flaco) zones, which also delineates the southern boundary of the Riding Area 
(salmon red). Refer to Figure 12 for general location. Southern portion of the PE (teal) is 
shown for reference. 
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A close-up of the FRA, the northern portion of the PE, and the Seasonal Exclosure (SE) area is 
presented in Figure 16.  Also shown are some of the vegetation islands as well as the boundary 
between the RA Central-North and RA Central-South. All zones are defined by GIS shapefiles 
managed by CDPR (T. Carmona, personal communication), and each of them will be assigned a 
separate emissivity relation (as described later).  
 

 
Figure 16: Outlines of the Foredune Restoration Area (FRA; pale green), Plover Exclosure 
(PE; teal), and the Seasonal Exclosure (SE: orange) areas. Portions of the Riding Area 
(Central-North in bright red; Central-South in salmon red) are also shown. Vegetation 
Islands are outlined but not colored.  The Central zone of the Non-Riding Area borders the 
western boundary of the park, and it is shaded in transparent green because most of this 
area was recently converted from open sand to vegetation. Refer to Figure 12 for general 
location. 
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The excess emissions framework proposed by SAG (SAG Memo – Framework for Assessing 
“Excess Emissions” of PM10 from the Oceano Dunes, January 30, 2023) identifies the need to 
develop emissions grids for various modeling scenarios. This requires development of emissivity 
relations for each of the zones and sub-regions identified above, based on PI-SWERL 
measurement that are clustered or pooled accordingly.  
 
For Current (2024) Conditions, it is recommended that the ODSVRA area be subdivided into 
eight polygons (Figure 17) and a series of vegetation polygons (i.e., treated areas), as follows: 

1. Riding Area Central-North Sub-Region 
2. Riding Area Central-South Sub-Region  
3. Non-Riding Area North Zone 
4. Non-Riding Area Central Zone 
5. Non-Riding Area South Zone 
6. Foredune Restoration Area (FRA) 
7. Plover Exclosure (PE) 
8. Seasonal Exclosures (SE) 
9. Vegetation Islands (VI) and Revegetated Project Areas (RPA). 

 
Figure 17: Proposed emissivity polygons for modeling the 'Current' landscape conditions 
(2024 and future). Emissivity power relations are developed for each of these zones. 
Vegetation masks (with zero emissivity) are to be superimposed on this zonation. 
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For the Pre-Disturbance (1939) scenario, it is recommended that the ODSVRA be subdivided 
into three large NRA zones (North, Central, and South), as delineated by the boundaries shown 
in Figure 14 (between North and Central) and Figure 15 (between Central and South). Each of 
the three zones (Figure 18) will have a different emissions relation. The North zone is essentially 
the same as the Dune Preserve, which has not had OHV access for a long time. Similarly, the 
South zone encompasses the Oso Flaco area for which there has been no recent riding allowed. 
The Central zone, which currently has a mix of zones and riding access, will be classified in its 
entirety as non-riding for the pre-disturbance scenario, and only non-riding data from NRA 
Central will be used to characterize the emissivity relation. The 1939 vegetation cover mask 
developed by UCSB should be applied to this modeling scenario, yielding four distinct modeling 
zones (North, Central, South, Vegetation) all of which have non-riding characteristics.  
 

 
 
Figure 18: Emissivity zone polygons proposed for modeling the Pre-Disturbance (1939) 
scenarios. Note that there are three large zones (i.e., three shades of red) with the Central 
zone comprising multiple sub-zones that are different in the 'Current' landscape scenario 
shown in Figure 17. Vegetation cover mask from 1939 to be superimposed. 
  



28 
 

Emissivity Curves 
 
General Considerations 
 
For each of the proposed zones and sub-regions identified above, emissivity relations will need 
to be assigned for purposes of modeling. These relations take the form of a power function: 
 

F = a u*
b 

 
where F is the emissive flux (mg m-2 s-1), u* is shear velocity (m s-1), a and b are coefficients 
from regression analysis of the PI-SWERL results for the three rotational speeds (Etyemezian et 
al., 2007).  Such emissivity relations are deemed to be representative of the entire zone or sub-
region, regardless of intra-area variations in surface characteristics (e.g., texture, mineralogy, 
slope, aspect, moisture content, degree of disturbance).  Accounting for all such micro-scale 
controls is logistically impractical. Fortunately, there are a very large number of PI-SWERL 
measurements across the entire park area, making a statistical approach viable.  
 
In past modeling efforts, emissivity grids were developed for both the 2013 and then the 2019 
PI-SWERL measurement campaigns using a spatial interpolation algorithm superimposed on a 
20 m by 20 m grid for the entire modeling domain covering the ODSVRA and bordering areas.  
Each grid cell was given a different emissivity relation based on the spatially interpolated 
emissivity surface derived from the PI-SWERL measurements at unevenly distributed point 
locations.  The proposal for moving forward is to define emissivity relations for each of the 
zones and sub-regions rather than for the 20 m by 20 m interpolated grids used earlier. 
Since each of the zones and sub-regions includes multiple measurements, a statistical approach 
implies using some measure of central tendency (e.g., mean, mode, median) to quantify a 
representative emissivity value for each of the RPM speeds (shear velocities) of the PI-SWERL 
measurements. 
  
Figure 19 shows two characteristic data distributions based on all the measurements (2013-2022) 
in the RA Central-North and RA Central-South Sub-Regions. It is apparent that the data 
distributions are heavily skewed, with a large number of measurements falling at the low end of 
the emissivity range and a handful of measurements at the extreme high end of the emissivity 
range. Tests for normality consistently yielded negative results, and as a consequence, 
standardized parameters used to describe Gaussian distributions (e.g., mean, standard deviation) 
are not strictly applicable.  
 
Although non-parametric statistics typically have reduced explanatory power, it is 
recommended that future emissivity relations be based on the median rather than the mean.  
The median is defined as the 'middle' value of the distribution, which is arguably more 
representative of the typical emissivity because it is not influenced by a few extreme values to 
the same extent as is the mean.  Figure 19 indicates that for the PI-SWERL data, the median is 
marginally smaller than the mean, although in some cases the mean can be considerably larger 
when skewed by a few measurements with extremely large emissivity values. This difference 
between using the median rather than the mean will yield updated values for modeled emissions 
and PM10 concentrations at specific measurement sites, but when applied to both the pre-
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disturbance and present conditions uniformly, this approach will facilitate a direct comparison of 
emissions for purposes of assessing the effectiveness of dust control measures.  
 

 

Figure 19: Histograms of PI-SWERL emissivity values (Hi-RPM setting) for Central-North 
Sub-Region (left) and Central-South Sub-Region (right)of the Riding Area for all 
measurements from 2013 to 2022.  Solid vertical line is the arithmetic mean; dashed 
vertical line is the median. 
 
 
For purposes of curve-fitting, it is recommended that non-linear least-squares regression be used 
to derive the coefficients of the power relation.  For the present analysis, a software package 
called SigmaPlot© was used, but any other package that offers a non-linear fitting routine will 
suffice.  Note that Microsoft Excel© is not recommended for the purpose of fitting power 
relations because it uses an algorithm that initially log-transforms the original data and then 
performs linear least-squares regression, which is computationally efficient but less reliable in 
ensuring an optimal fit to the data at large values within the range.  In contrast, an iterative 
optimization algorithm that does not transform the data and performs non-linear regression will 
minimize the residual sum of squares (of deviations) across the entire range of values equally, 
thereby producing more reliable fits at large values than the approach implemented within Excel.   
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Riding and Non-Riding Areas (including FRA and PE) 
 
The following recommendations are made in regard to assigning emissivity curves to the various 
zones and sub-regions in the Riding and Non-Riding areas: 
 
Current (2024) Conditions Scenarios 
 

Zone or Sub-Region Emissivity curves based on data from… 
  
NRA North All 2013-2022 PI-SWERL measurements 

located in NRA North Zone 
NRA Central All 2013-2022 PI-SWERL measurements 

located in NRA Central Zone (not 
including FRA, PE, SE) 

NRA South All 2013-2022 PI-SWERL measurements 
located in NRA South Zone 

RA Central-North All 2013-2022 PI-SWERL measurements 
located in RA Central-North Sub-Region 
(not including points in FRA and SE 
when seasonally managed) 

RA Central-South All 2013-2022 PI-SWERL measurements 
located in RA Central-South Sub-Region 
(not including points in PE when 
seasonally managed) 

FRA Only 2022 PI-SWERL measurements 
located in the FRA 

PE Only 2022 PI-SWERL measurements 
located in the PE 

SE Weighted average of riding and non-riding 
measurements in SE areas (see below for 
details) 

 
 
Pre-Disturbance (1939) Scenario 
 
Zone or Sub-Region Emissivity curves based on data from… 
  
North (same as NRA North) All 2013-2022 PI-SWERL measurements 

located in NRA North Zone 
Central (same as NRA Central but also including 
footprint of RA areas between the north and 
south boundaries as well as footprint of FRA, 
PE, SE, and Vegetation Islands) 

All 2013-2022 PI-SWERL measurements 
located in NRA Central Zone (not 
including FRA, PE, SE) 

South (same as NRA South) All 2013-2022 PI-SWERL measurements 
located in NRA South Zone 
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Note that for both the Current Conditions and Pre-Disturbance Scenarios, the recommendation 
is to take advantage of the complete set of PI-SWERL measurements between 2013 and 
2022 listed in Table 1 (with updates in the future after new measurement campaigns are 
complete).  Despite 2013 having demonstrably large emissivity values (refer to discussion of 
Figures 1, 3 and 7), perhaps due to dry moisture conditions, it is recognized that dry years are 
part of the normal climatology of the region and that prolonged droughts are projected to become 
more frequent in the future. There is no defensible reason to exclude the 2013 data from 
consideration, and they help to define the natural variability in the system, which should be 
accounted for when considering model uncertainty. Similarly, there are no defensible reasons for 
excluding any of the other PI-SWERL measurements (e.g., inordinately small or large 
emissivity) because they have been thoroughly quality controlled for errors associated with 
instrumental failure and transcription/coding inaccuracies by DRI personnel.  
 
Table 3 provides the results for the emissivity relations developed for the Non-Riding and Riding 
Areas as well as the Foredune Restoration Area and Plover Exclosure area, based on the 
recommendations presented above. The total number of points is 1509, which is slightly smaller 
than the total number of measurements listed in Table 1 (1516) because there were seven (7) 
cases when measurements were not recorded for some of PI-SWERL speed settings. Graphic 
renditions of the data and power relations are shown in Figure 20. The same axis scaling is used 
for quick visual comparison, and it is apparent that the RA Central-North sub-region has the 
largest median emissivity.  Interestingly, the RA Central-South sub-region has median values 
that are not too dissimilar from the NRA North zone and NRA South zone, despite OHV 
restrictions in the latter two zones.  The PE and FRA have the smallest median emissivity.   
 
 
Table 3: Data used in developing emissivity relations.  Flux magnitudes for each PI-
SWERL speed are median values (mg m-2 s-1). Power function coefficients (a, b) are shown 
at the bottom. Results generated using SigmaPlot© software.  
 

 Non-Riding Areas Riding Areas FRA PE 
North Central South Central-

North 
Central-

South 
  

n = 111 221 67 403 574 110 23 
        

u* (m s-1)        
0.381 0.039 0.021 0.001 0.094 0.024 0.006 0.003 
0.534 0.307 0.193 0.142 0.640 0.432 0.068 0.032 
0.607 0.932 0.610 0.388 1.349 0.964 0.192 0.107 

        
F = a (u*)b        

a 66.376 51.649 20.786 24.340 24.395 10.710 11.416 
b 8.547 8.893 7.972 5.795 6.466 8.060 9.355 
r2 .999 .999 .999 1.000 0.999 1.000 1.000 



32 
 

 
Figure 20: Emissivity relations for various zones in future modeling scenarios. Refer to 
Table 3 for details.    
 
Seasonal Exclosure (SE) Areas 
 
As mentioned previously, the Seasonal Exclosure areas require separate treatment because they 
are neither exclusively 'riding' nor 'non-riding.'  There are two sub-zones within the current SE 
area (see Figure 16): (1) a continuous narrow beach strip that lies to the west of the FRA; and (2) 
two access corridors that divide parts of the FRA and a third access corridor between the PE and 
FRA.  The beach strip is closed to OHV use between March 1 and September 30, but accessible 
for OHV recreational use between October 1 and February 28.  The corridors are managed 
similarly with the exception of the eastern entry areas that provide year-around rider access to 
toilet facilities.   
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A total of 69 PI-SWERL measurements were taken along the beach and corridor areas on 
September 30, 2022, which is at the end of the exclosure period.  Thus, these measurements are 
thought to be characteristic of the sand surface at the conclusion of the non-riding season after a 
7-month period of continual post-riding adjustment. However, some of these measurements were 
made in the year-around entry areas to the toilets, where OHV access was allowed, and therefore 
these measurements were considered to be characteristic of the riding period. Several other 
measurements were made in corridors where it was noted that there had been recent disturbance 
of the surface by bulldozers as part of regular park maintenance.  Therefore, of the 69 PI-
SWERL measurements made in the SE area, 24 were classified as 'riding' whereas 45 were 
considered to be representative of 'non-riding' conditions.  The 'riding' measurements were 
supplemented with another 34 measurements that were taken in the footprint of the SE area 
between 2013 and 2019 when OHV riding was allowed all year (i.e., before seasonal closure). 
These 34 measurements were extracted from the data set used to characterize RA Central-North 
using a GIS map to locate the relevant points. Table 4 presents the data and power function 
exponents, whereas Figure 21 shows the curves in graphical form. 
 
Because there is a 'riding' period and a 'non-riding' period, each with different emissivity 
relations, it is necessary, for the purposes of modeling, to combine these into a single relation 
that characterizes the SE area. Several approaches were explored to yield a weighted average 
using relaxation and ramp-up factors in an attempt to quantify the adjustments taking place on 
the landscape as the surface transitions from one emissive state at the end of the riding period 
(February 28) to another emissive state at the end of the non-riding period (September 30). Little 
is known about how rapidly these transitions occur and how they are influenced by 
meteorological conditions. Thus, a simple averaging approach was adopted, to yield a third 
relation based on the average of the two (2) medians for the riding and non-riding relations.  The 
results from this approach are shown in Table 4 and Figure 21. 
 
Table 4: Data used in developing emissivity relations for the Seasonal Exclosure area.  
Power function coefficients (a, b) are shown at the bottom. 
 

 Riding 
Affected 
Period 

(2013-2022) 

Non-Riding 
Period  

(Sep 2022) 

 
Average  

n = 58 45 2 
    

u* (m s-1)    
0.381 0.049 0.006 0.028 
0.534 0.295 0.065 0.180 
0.607 0.678 0.200 0.439 

    
F = a(u*)b    

a 15.875 15.450 13.042 
b 6.322 8.709 6.798 
r2 .999 1.000 .999 
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Figure 21: Emissivity relations for the Seasonal Exclosure area. Refer to Table 4 for details.    
 
 
Additional Comments and Recommendations 
 
For purposes of defining emissivity relations that characterize the Pre-Disturbance (1939) 
surface, it is recommended that all PI-SWERL measurements (2013-2022) from the NRA 
North zone be pooled to define a single power relation that applies to that zone only. 
Similarly, the emissivity relations for the NRA Central zone and NRA South zone would be 
based on the 2013-2022 non-riding area measurements in those two zones, respectively. The 
pre-disturbance landscape would not have had zones equivalent to the FRA, PE, or SE, and there 
would have been limited impacts from vehicular traffic. Therefore, the measurements from the 
FRA, PE, and SE should not be included in the pooled data that defines the NRA Central.  
 
The FRA, PE, and SE areas are all managed landscapes in one way or another. The FRA, for 
example, has six different treatments (species, planting densities, surface pre-treatments) and it is 
not known with certainty how these varying surfaces, which are in continual stages of evolution, 
relate to a pre-disturbance condition.  There is evidence from the air-photo reconstruction of the 
1939 surface that foredunes were a component of the landscape. Given limited resolution and 
exposure in this early imagery, it is difficult to identify the exact extent of these areas, and there 
is no information on plant densities or heights from that time, which are critical factors in 
quantifying the sand-trapping and dust-retention characteristics of these former vegetated 
surfaces. More monitoring is needed over the next decade to better understand how the FRA will 
evolve and how the emissions characteristics will change.  This does not undermine the use of 
the 2022 PI-SWERL measurements for the purposes of modeling the current (2024) landscape in 
the FRA (and PE), which are the only data available characterizing the emissivity potential of 
these areas since closure.  Another measurement campaign is being planned for 2024, and 
these data will need to be integrated into the global data set to yield updated emissivity 
relations. Additional measurement campaigns beyond 2024 are recommended. 
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The PE surface is a recently adjusted surface that is managed for bird habitat, and the 
introduction of large woody debris has, combined with emergent vegetation, lead to the 
development of appreciable incipient nebkha dune cover. One can imagine similar surfaces 
having evolved in the pre-disturbance environment after a major storm event that caused coastal 
inundation and erosion. But it would likely still take a decade or longer for a disturbed sand 
surface to return to a completely natural state. This would involve multiple meteorological events 
across a range of speeds, directions, temperatures, and moisture conditions that serve to 
reorganize the sand surface in terms of texture, vegetation cover, and dune development, but not 
yet reaching the stage of foredune development with mature plant communities. Thus, there is 
uncertainty as to how the measurements taken in the PE in 2022 might apply to a pre-disturbance 
landscape, which is why they are not included in the data subset that defines that NRA Central 
emissivity power relation.  
 
The SE surface clearly has no counterpart in a pre-disturbance landscape given that it is 
seasonally subjected to OHV disturbance, so these measurements should not be used to 
characterize the pre-disturbance landscape in the NRA Central. 
  
At this time, all vegetated areas (natural or treated) are represented identically in the current DRI 
model, with zero dust emissions. It is recommended that this practice be followed in the near 
future for both the pre-disturbance and current conditions scenarios. This assumption is 
admittedly simplistic because there are areas in the ODSVRA that are densely vegetated (for 
which the assumption is clearly valid) and other areas that are sparsely vegetated, inundated by 
sand from upwind, or recently planted (for which there is likely to be some dust emission from 
open sand surfaces between plants, especially under extreme wind events).  However, in most of 
the managed areas where recent planting has taken place (with the exception of the FRA), it has 
been standard practice to spread straw on the surface, which prevents dust emissions for several 
years until the plant cover spreads or, alternatively, the straw deteriorates. There is relatively 
little understanding of how different plant species and assemblages prevent saltation and dust 
emissions even though it is generally appreciated that there is a dependency on plant height and 
stem density. Thus, given current uncertainty surrounding this issue, invoking a more complex 
dust emission scheme for vegetated areas that accounts for plant characteristics (species, density, 
height, seasonal cycles, senescence, rooting structure) across the treated surfaces is not yet viable 
nor recommended.  
 
 
Model Zonation 
 
Figures 22 and 23 show complete renditions of the proposed emissivity grids to be used in future 
modeling efforts leading to assessments of dust (mass) emissions from the ODSVRA, as per the 
Stipulated Order of Abatement (modified 2022). Each of these zones is to be characterized by 
emissivity power relations according to the discussion above. The total acreages for the pre-
disturbance and current scenarios are equivalent—only the internal zonation differs. These 
proposed zones do not include the large areas adjacent to, but outside, of the ODSVRA 
boundaries, which would be critical to represent when modeling PM10 concentrations at 
monitoring stations such as CDF, Mesa2, and Oso Flaco.  A much more extensive 
conversation would be required to reach decisions on how to characterize the emissivity 
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characteristics of these external areas, many of which are privately owned and inaccessible for 
purposes of PI-SWERL measurements. 
 
Figure 22 (see also Appendix III) shows the proposed zonation for the Pre-Disturbance scenario 
for the purpose of defining 'naturally occurring emissions' as per the SOA. There are three large 
zones (North, Central, South) shown in red shades, with the North (crimson red) and South 
(pinkish red) zones being equivalent to NRA North (Dune Preserve) and NRA South (Oso 
Flaco), respectively.  The Central zone (salmon red) has a footprint that covers several different 
'current' zones (RA Central-North, RA Central-South, NRA Central, FRA, PE, and SE).  

 
Figure 22: Proposed zonation for the Pre-Disturbance (1939) modeling scenario with three 
emissivity zones (refer to Figure 18) and superposed vegetation cover masks.  
 
The 1939 vegetation cover mask (light green) from the air-photo analysis undertaken by the 
University of California – Santa Barbara (Swet et al., 2022) is superimposed on the three zones 
of the Pre-Disturbance emissivity grid.  Note that the vegetation mask extends outside the 
boundaries of the ODSVRA in some places, but this is irrelevant to modeling mass emissions 
from within the ODSVRA.  The extended coverage may be useful in emission-dispersion 
modeling that predicts PM10 concentrations at CDF or Mesa2.  There is an olive-green area 
covering Oso Flaco Lake (within the ODSVRA) and the bordering vegetated areas 
(including some agricultural fields to the east of the lake also within the ODSVRA) that 
needs to be parameterized separately because this area was excluded from the UCSB air-
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photo analysis due to technical challenges with classification (see report by Swet et al., 2022). 
The olive-green polygon was digitized to outline those areas with dense vegetation cover and 
water surfaces (lake and ponds with stream outlet to the ocean) in the vicinity of Oso Flaco Lake, 
as judged qualitatively from recent Google Earth imagery. The entire polygon is assigned an 
emissivity value of zero.  Examination of the 1939 air photo indicates that the vegetation cover 
within the boundaries of this polygon have not changed significantly. 
 
Figure 23 shows the proposed zonation for the 'Current' landscape scenario for the purpose of 
defining mass emissions from the present-day (and future) ODSVRA. There are eight large 
management areas (RA Central-North, RA Central-South, NRA North, NRA Central, NRA 
South, as well as the Foredune Restoration Area, Plover Exclosure, and Seasonal Exclosure). 
Each of these areas has a specific emissivity power relation assigned to it, as described in the 
table above (Current Conditions (2024) Scenarios) and quantified in Tables 3 and 4 
 

 
Figure 23: Proposed zonation for the 'Current' Landscape (2024) modeling scenario with 
eight emissivity zones, superposed 2020 vegetation cover mask, and three additional 
vegetation zones. 
 
The vegetation covered areas for the 'Current' Landscape scenario are more complex than 
for the Pre-Disturbance scenario, covering a larger portion of the ODSVRA, in part 
because of natural greening trends, but also because of dust-mitigation efforts by CDPR. 
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There are series of vegetation islands (dark green) that are mapped separately, and each island 
consists of a core of long-established vegetation (e.g., thick, woody shrubs) and fringing 
vegetation assemblages that often include recent plantings with straw treatments. There are 
additional areas that were treated and planted in recent years, referred to as 'Revegetated Project 
Areas' and shown in neon green. These are discussed in detail in recent Annual Report and Work 
Plans. Superimposed on these zones is a 2020 vegetation cover mask (grass green) from the air-
photo analysis undertaken by the University of California – Santa Barbara (Swet et al., 2022), 
which is the most recent mask available. And finally, there is the olive-green polygon covering 
Oso Flaco Lake and bordering vegetation that is identical to the one used for the Pre-Disturbance 
scenario.  All vegetated areas are assigned an emissivity value of zero. 
 
 
CONCLUDING REMARKS 
 
The purpose of this memo is to present a detailed analysis of the PI-SWERL data collected to 
date, and to offer several recommendations that will assist in satisfying the conditions outlined in 
the Stipulated Order of Abatement (filed October 18, 2022). In particular, Section 3.c. of the 
SOA requires that,  
 

"Emissions shall be calculated using...a representative emissivity grid derived from PI-
SWERL measurements as recommended by the SAG, ..."   

 
The analysis presented in this memo provides the rationale for the proposed emissivity grids, 
which consist of (1) subdivision of the ODSVRA into a series of zones and sub-regions, each 
with similar and internally consistent usage and management activities; and (2) a set of 
emissivity power relations developed from the PI-SWERL measurements from 2013 through 
2022 for each of the zones and sub-regions.   
 
The proposed emissivity grids for the Pre-Disturbance (1939) Scenario and the Current (2024) 
Landscape Scenario are to be incorporated into the latest predictive models (managed by DRI) 
for purposes of assessing whether "emissions in excess of naturally occurring emissions from the 
ODSVRA" have been eliminated, as per Section 3.b. of the SOA. 
 
Future PI-SWERL campaigns (beyond 2024) are recommended in order to parameterize the 
emissivity characteristics of the proposed management zones with greater confidence.  
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Appendix I. Linear Theil Regression Analysis 
 
Linear Theil regression (Theil, 1950; Wilcox, 2005) was performed on the PI-SWERL data to 
evaluate changes in emissivity over time. Theil regression is a non-parametric method that fits a 
line to data by computing the median of the slopes of all the possible combinations of pairs of 
data points. An advantage of the Theil regression is its insensitivity to outliers. The regression 
was performed on PI-SWERL data from 2013 through 2022, aggregated by percentile for both 
riding and non-riding areas (see Figures 1 and 3, respectively). Kendall tau statistics were used to 
determine statistical significance; a statistically significant trend was assumed at the 99% 
significance level (p< 0.01), meaning there is a 99% chance that the slope was not due to random 
chance. 
 
Results for the three PI-SWERL speeds are shown in Tables A1 and A2 for the riding and non-
riding areas, respectively. None of the trends were statistically significant (p<0.01). 
 
Table A1. Regression results for temporal trend analysis for PI-SWERL data for the riding 
areas. The percentile corresponds to the data distribution, the slope (mg m-2 s-1 day-1) 
corresponds to data from 2013 through 2022, and p is the statistical significance. Three speeds 
(u* is shear velocity) were used in the PI-SWERL instrument. 
 

 u* = 0.381 m s-1 u* = 0.534 m s-1 u* = 0.607 m s-1 
Percentile slope p slope p slope p 

5 3.8E-07 0.02 -1.3E-05 1.00 -3.0E-05 0.62 
10 4.1E-07 0.09 -4.3E-05 0.46 -3.5E-05 0.46 
25 -4.5E-06 0.71 -5.5E-05 0.22 -4.3E-05 0.46 
50 -1.7E-05 0.32 -1.1E-04 0.32 -2.2E-04 0.14 
75 -5.5E-05 0.32 -1.9E-04 0.22 -2.2E-04 0.32 
90 -1.0E-04 0.05 -2.8E-04 0.08 -5.2E-04 0.14 
95 -1.3E-04 0.05 -3.7E-04 0.22 -3.2E-04 0.46 

 
Table A2. Regression results for temporal trend analysis for PI-SWERL data for the non-riding 
areas. The percentile corresponds to the data distribution, the slope (mg m-2 s-1 day-1) 
corresponds to data from 2013 through 2019, and p is the statistical significance. Three speeds 
(u* is shear velocity) were used in the PI-SWERL instrument. 
 

 u* = 0.381 m s-1 u* = 0.534 m s-1 u* = 0.607 m s-1 
Percentile slope p slope p slope p 

5 0 0.71 -2.5E-05 0.05 -5.7E-05 0.29 
10 4.4E-07 0.64 -2.6E-05 0.02 -8.4E-05 0.10 
25 -2.5E-06 0.54 -3.3E-05 0.05 -9.8E-05 0.05 
50 -5.9E-06 0.29 -4.3E-05 0.18 -1.8E-04 0.18 
75 -5.9E-06 0.18 -7.0E-05 0.18 -2.0E-04 0.29 
90 -1.5E-06 0.88 -6.7E-06 0.65 -9.0E-05 0.45 
95 3.2E-06 0.65 -5.2E-05 0.65 7.3E-05 0.65 
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Appendix II. West-East Transects and Point Clusters 
 
Early assessments of PI-SWERL measurements noted a decrease in emissivity from north to 
south within the ODSVRA, ostensibly due to mean particle size differences.  Gillies and 
Etyemezian (2015), for example, reported that the mean particle size in the north is about 225 
µm whereas in the south it is about 400 µm.  These prior observations prompted a detailed 
investigation of north-south zonation, which was incorporated into the proposed emissivity grids, 
as discussed (above) in this document. 
   
General understanding of coastal beach-dune systems indicates that there is typically a gradient 
in mean particle size from a poorly-sorted population with coarse mean size at the foreshore and 
beach to well-sorted, fine material in the lee of the foredune and beyond.  This expectation serves 
as motivation to explore whether there were west-east trends in emissivity within the ODSVRA.   
At the outset, it was recognized that there was little logic to assessing west-east trends within the 
Non-Riding Area (NRA) data for the following reasons: 
 

(1) The NRA North and NRA South are distinct zones with internal homogeneity. There 
seems little obvious advantage to (or need for) dividing these two zones into smaller 
areas since they are treated equally for the pre-disturbance and current scenarios in the 
model.  

(2) The NRA Central is very narrow longitudinally in the north, and there are few 
measurements to assess west-east trends.  Although this zone widens in the south, there 
are very few sampling locations that are aligned in west-east transects.  Rather the 
measurements are spatially sparse, and there are large vegetation patches and treatment 
areas that interrupt west-east process continuity along transects.  

(3) Attempts at pooling the data in the west-east direction using lines of longitude are 
confounded by the bias introduced by the strong north-south trends in emissivity, with the 
north having significantly greater emissivity than the south. 

 
The focus was therefore exclusively on the Riding Area (RA) data from 2013 through 2022.  As 
a first step, the RA data were pooled according to a somewhat arbitrary west-east division at a 
line of longitude (-120.62o) that coincides roughly with the fence line separating the riding and 
non-riding areas in the La Grande Tract. Contrary to expectation, the western zone had slightly 
greater mean and median values for emissivity than the eastern zone, and despite considerable 
overlap in the distributions the sample differences were statistically significant (p<0.001) for all 
three PI-SWERL speeds.  The challenge with this crude assessment, however, is that there are 
also north-south differences that skew the outcome because most of the measurements in the RA 
Central-North happen to fall west of the division line whereas in the NRA Central-South there 
are measurements on both sides of the longitudinal division line.  Thus, the RA Central-North 
data, with known greater emissivity, bias the sample distribution for the western half.  There are 
few corresponding data from the NRA Central-North east of the division line to counter-balance 
this bias. Despite statistical significance, not much credence can be placed on a simple west-east 
division of the pooled data extending from the north to south boundaries of the ODSVRA.  
The next step in the analysis was to pool the data into quadrants.  The same line of longitude (-
120.62o) was used to separate west from east, and the line of latitude (35.62o) that was used 
earlier to separate north from south was applied to the quadrants.  The results were mixed.  The 
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north-west quadrant has a smaller mean and median emissivity than the north-east quadrant, but 
the differences are not statistically significant.  In part, this is due to the differences in medians 
being small, but also because there were only 31 measurements in the north-east quadrant 
compared to 394 in the north-west quadrant.  The south-west quadrant (n=177), in contrast, had 
slightly greater mean and median emissivity than the south-east quadrant (n=409), with the 
differences being statistically significant for Medium and High RPM settings (p<0.003) but not 
for the Low RPM setting (p=0.115).   
 
It was suggested that there might be some value in examining the trends along PI-SWERL 
transects that follow the prevailing wind direction.  Most of these PI-SWERL transects extend 
from the upper beach eastward into the non-riding area, and often along their course they are 
interrupted by vegetation islands or treatment areas.  It makes little sense to compare emissivity 
values that cross the boundary between riding and non-riding areas because these data are 
already pooled separately into distinct zones. Transects that are interrupted by patches of 
vegetation would be anticipated to have different particle size and emissivity tendencies in the 
downwind direction, so they too are to be avoided.  
 
Two transects were identified in the global data set that were continuous across the span of the 
riding area and uninterrupted by vegetation patches (see Figure A_1).  These transects are simply 
identified as 'North Transect' and 'South Transect', and both were measured originally in 2013 
and then again in 2015 (north) and 2019 (south).   
 

 
Figure A_1: PI-SWERL measurement transects used to assess potential west-east trends.  
Only the data points from 2013 are represented, but virtually identical locations were 
sampled again in 2015 and 2019.  
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Figure A_2 shows the longitudinal trends along the north and south transects for all three PI-
SWERL settings and according to measurement campaign.  Several things are apparent, 
consistent with the data analysis discussed in the main body of this memorandum.  For example, 
the 2013 emissivity values are greater than those measured in 2015 and 2019 (c.f., Figure 1). 
Also, the emissivity values along the north transect are generally greater than along the south 
transect (c.f., Figures 10 and 11).  The spatial trends along the transects appear to be consistent 
across all three PI-SWERL settings for any particular measurement campaign (i.e., bumps and 
valleys in the lines are consistently reflected in the trendlines), however, there is little 
consistency between measurement campaigns.  Sampling locations that had large emissivity in 
2013 are not necessarily places where there was large emissivity in 2015 or 2019.  Indeed, there 
appears to be rather large variance in the data around the mean trend line (shown as dashed 
lines), especially for the High RPM setting.  The regression lines also indicate mixed results with 
regard to the expected inland increase in emissivity.  The 2013 data for the North transect show 
an overall decrease in emissivity with inland distance whereas the 2015 data show a gradual 
increase.  In contrast, the 2013 data for the South transect show a gradual increase in emissivity 
inland, but the 2019 data show a decrease.  It should be noted also that the regression lines have 
very low R2 values (less than 0.15 except in one instance).  Thus, very little can be concluded 
from this transect analysis regarding west-east trends.   

 
Figure A_2: West-east trends in emissivity according to longitude for the North and South 
transects.  
 
One of the factors that may contribute to the mixed results and uncertainty in west-east trends in 
emissivity is the relatively large variance in emissive flux across very small distances.  The PI-
SWERL measurement protocols call for repeat measurements in certain locations in order to 
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confirm the proper operation of the field instruments.  Figure A_3 (left panel) shows a clip of the 
NRA North (Dune Preserve) with the 2013 PI-SWERL sampling locations.  Circles identify 
multiple measurements in a spatial cluster, and the photo on the right shows a close-up of the 
measurements within the green circle.  The spatial separation between points is a few meters or 
less.   
 

 
Figure A_3: Examples of PI-SWERL measurement clusters in the NRA North (Dune 
Preserve) indicated by circles (left panel), and a close-up of the cluster within the green 
circle (right panel). 
 
A small number of clusters from the non-riding area were selected randomly, spanning the north, 
central, and south regions, and for two measurement campaigns (2013 and 2019).  The data 
distributions in emissive flux for the three PI-SWERL settings are shown in Figure A_4.  These 
are simply examples, and they are not intended to suggest analytical comprehensiveness.  But 
what becomes apparent is that even over small spatial separation distances there can be large 
variations in emissive flux.  At the High RPM setting, the measurements typically span 
approximately 1 mg m-2 s-1.  This suggests that at least some of the uncertainty associated with 
analyzing west-east trends along transects (as represented in Figure A_2) is due to relatively 
large variance in emissive flux in the immediate vicinity of the PI-SWERL measurement 
locations.  These localized variances are due to differences in mean particle size and grain 
sorting associated with dynamic aeolian processes at multiple scales and as influenced by 
multiple spatial-temporal controls.  Thus, the precise value of emissivity used to characterize any 
particular sampling location within the ODSVRA depends not only on the geographical position 
of that sampling location (i.e., latitude and longitude coordinates) but also on the precise 
placement of the PI-SWERL instrument within a relatively small area (of the order of 10 m2) at 
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that sampling location, which will be random and arbitrary.  Logistically it is unreasonable to 
make multiple measurements at every sampling location because of time and effort. 
 

 
Figure A_4: Variance in emissive flux within spatial clusters.  A total of nine (9) clusters 
are represented, with circles (triangles) corresponding to 2013 (2019) measurement 
campaigns.  PI-SWERL settings are color-coded.  
 
In summary, there is very little rationale for west-east zonation within the ODSVRA.  The 
current landscape scenario already comprises eight (8) distinct zones and sub-regions with 
additional areas associated with vegetation islands, treatment projects, and vegetation masks.  
Many of these are already oriented in a north-south direction, and therefore there is an inherent 
west-east zonation according to management zones. Additional complexity in zonation seems 
unwarranted given the weak statistical foundation for west-east segregation of the PI-SWERL 
data. 
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Appendix III. Side-by-Side Comparison of Proposed Emissivity Grids. 
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