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Looked cool



Looked cool bad, was it?



PM 101
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Knowing PM levels is important
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Particle Pollution (PM)

PM2.5

primary 1 year 12.0 µg/m3 annual mean, averaged over 3 years

secondary 1 year 15.0 µg/m3 annual mean, averaged over 3 years

primary and

secondary

24 hours 35 µg/m3 98th percentile, averaged over 3 years

PM10 primary and

secondary

24 hours 150 µg/m3 Not to be exceeded more than once per year on 
average over 3 years

https://www.epa.gov/criteria-air-pollutants/naaqs-table

safety and health practices. Voluntary Protection
Programs (VPP) – The VPP recognize employers
and workers in private industry and federal agen-
cies who have implemented effective safety and
health management programs and maintain injury
and illness rates below the national average for
their respective industries. In VPP, management,
labor, and OSHA work cooperatively and proac-
tively to prevent fatalities, injuries, and illnesses.

INFORMATION AND EDUCATION
OSHA Training Institute
The OSHA Training Institute (OTI) Education Cen-
ters are a national network of nonprofit organiza-
tions authorized by OSHA to deliver occupational
safety and health training to private sector 
workers, supervisors, and employers. 

Educational Materials
OSHA has a variety of educational materials and
electronic tools available on its website at These
include utilities such as expert advisors, electronic
compliance assistance, videos and other informa-
tion for employers and workers. OSHA’s software
programs and eTools walk you through safety and
health issues and common problems to find the
best solutions for your workplace. 

OSHA’s extensive publications help explain OSHA
standards, job hazards, and mitigation strategies
and provide assistance in developing effective
safety and health programs.

Visit www.osha.gov/publications or call 1-800-
321-OSHA (6742). 

QuickTakes
OSHA’s free, twice-monthly online newsletter,
QuickTakes, offers the latest news about OSHA 
initiatives and products to assist employers and
workers in finding and preventing workplace 
hazards. To sign up for QuickTakes, visit
www.osha.gov/quicktakes.

WHO DOES OSHA COVER
Private Sector Workers
OSHA covers most private sector employers and
workers in all 50 states, the District of Columbia,
and other U.S. jurisdictions either directly through
Federal OSHA or through an OSHA-approved state
program. State-run safety and health programs
must be at least as effective as the Federal
OSHA program.  

State and Local Government Workers
State and local government workers are not 
covered by Federal OSHA, but they do have 
protections in states that operate their own 
programs. The following states have approved
state programs: AK, AZ, CA, CT, HI, IA, IL, IN, KY,
MD, MI, MN, NC, NJ, NM, NV, NY, OR, SC, TN, UT,
VA, VT, WA, WY, Puerto Rico and the Virgin Islands.  

Connecticut, Illinois, New Jersey, New York and the
Virgin Islands programs cover public sector (state
and local government) workers only. Federal OSHA
covers private sector workers in these jurisdictions. 

Federal Government Workers
OSHA’s protection applies to all federal agencies.
Although OSHA does not fine federal agencies, it
does monitor federal agencies and responds to
workers’ complaints. 

Not Covered by the OSH Act:
Self-employed workers; and workplace hazards
regulated by another federal agency (for example,
the Mine Safety and Health Administration, 
the Department of Energy, or Coast Guard).

CONTACT OSHA 
For questions or to get information or advice, to 
report an emergency, report a fatality or catastro-
phe, order publications, sign up for OSHA's 
e-newsletter QuickTakes, or to file a confidential
complaint, contact your nearest OSHA office, visit
www.osha.gov or call OSHA at 1-800-321-OSHA
(6742), TTY 1-877-889-5627.

For assistance, contact us. 
We are OSHA. We can help. 

It’s confidential.
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U.S. Department of Labor
www.osha.gov

https://www.osha.gov/dts/chemicalsampling/data/CH_259640.html

Exposure Limit Limit Values

OSHA Permissible Exposure Limit (PEL) - General Industry

	 	 See 29 CFR 1910.1000 Table Z-1 (PNOR) and 29 CFR 1910.1000 Table Z-3 (Inert or Nuisance Dust)

15 mg/m3

	 	 (50 mppcf*) TWA

American Conference of Governmental Industrial Hygienists (ACGIH) Guideline 10 mg/m3

	 	 TWA (inhalable particles)

CAL/OSHA PELs 10 mg/m3

	 	 TWA

https://www.epa.gov/pm-pollution/table-historical-particulate-matter-pm-national-ambient-air-quality-standards-naaqs
https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.osha.gov/dts/chemicalsampling/data/CH_259640.html
https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9992&p_text_version=FALSE
https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9994
http://www.dir.ca.gov/title8/5155table_ac1.html
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Looked cool bad, was it? This day no, but the next very
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index of particles influences the function of most single optical particle counters (OPC) and spectrometers. This physical
problem is a key issue that has been driving the development of this family of instruments since their inception more
than half a century ago. Probably one of the first OPC was described by Gucker in 1947 [1]. He named his device ‘‘a
photoelectronic counter’’, which indicates the emphasis on particle counting rather than accurate sizing. This philosophy
resulted in the general description of all single particle measuring and counting devices as OPC. Further development
gradually provided more accurate particle sizing opportunities, at least with certain approaches, which also resulted
in a change in terminology from an optical particle ‘‘counter’’ to an optical particle ‘‘spectrometer’’ (OPS). However, in this
contribution we will use the acronym OPC for counters and spectrometers. Continuous development of this technique has
resulted in more sophisticated instruments with smaller dimensions; however, they still display the old weakness dictated
by the physics—sensitivity to the changes of the refractive index of particles and variability in the response curves
vs. particle size.

The popularity of OPCs is without doubt due to their principal simplicity of function and the ability of an in-situ, real-
time measurement. However, the erratic ambiguity when it comes to sizing of unknown aerosols is still a crucial issue.
The major common disadvantage of OPCs is the possible variability in sizing capacity with respect to changing optical
properties of the particles in question, which may yield sizing information substantially different from reality [2–6].
Moreover, erroneous sizing may occur with non-spherical particles [7–10], a situation occurring particularly with
atmospheric particles larger than about 1mm [11].

Spatial distribution of light scattered by individual spherical particles can be directly obtained by means of the Mie
theory [12]. A description of scattering by non-spherical particles is now available [13], but not yet utilized for single
particle spectrometry. Spatial distribution of light scattered by a spherical particle can be described in terms of the polar
scattering in the so-called scattering plane containing the scatterer and the beam of incident illumination, and in terms of
the azimuthal scattering around the axis containing the incident beam.

In this contribution different light scattering detection geometries related to conventional OPCs and their performance
in terms of particle sizing are presented, followed by a discussion of three innovative optical particle measuring
approaches. The first one provides the assessment of particle shape, the second one—assuming spherical particle
shape—delivers the particle complex refractive index together with its size, and the third one measures the size-segregated
mass concentration.

2. Basic types and characteristics of instruments

OPCs measure light elastically scattered from a single particle illuminated by a well defined light source while it is
passing through a sensing volume of the instrument. The scattered light intensity is utilized as a measure of the particle’s
size. In an ideal instrument a monotonic relationship between the particle size and the scattered light intensity

ARTICLE IN PRESS
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Fig. 1. Schematic diagram of a conventional optical particle spectrometer.

W.W. Szymanski et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 110 (2009) 918–929 919

OPTICAL SENSING USING MIE-SCATTERING
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Lets look at some wildfire data
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The smoke from the Camp fire outside Paradise, CA impacted 
~13 million people for almost two weeks starting 8-Nov 2018  
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Well correlated, with a few issues
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What did we learn about the response to wildfire smoke

All of the optical devices (low-cost and research grade) over report on wildfire smoke

Over reporting by a factor of two is common
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Know your data

Holder, A. L., Mebust, A. K., Maghran, L. A., McGown, M. R., Stewart, K. E., Vallano, D. M., et al. (2020). Field Evaluation of Low-Cost 
Particulate Matter Sensors for Measuring Wildfire Smoke. Sensors, 20(17), 4796–17. http://doi.org/10.3390/s20174796

Delp, W. W., & Singer, B. C. (2020). Wildfire Smoke Adjustment Factors for Low-Cost and Professional PM2.5 Monitors with Optical 
Sensors. Sensors, 20(13), 3683–21. http://doi.org/10.3390/s20133683
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It is usually wrong, but it is often correctable
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FieldȱEvaluationȱofȱLowȬCostȱParticulateȱMatterȱ
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Abstract:ȱUntilȱrecently,ȱairȱqualityȱimpactsȱfromȱwildfiresȱwereȱpredominantlyȱdeterminedȱbasedȱ
onȱdataȱfromȱpermanentȱstationaryȱregulatoryȱairȱpollutionȱmonitors.ȱHowever,ȱlowȬcostȱparticulateȱ
matterȱ(PM)ȱsensorsȱareȱnowȱwidelyȱusedȱbyȱtheȱpublicȱasȱaȱsourceȱofȱairȱqualityȱinformationȱduringȱ
wildfires,ȱalthoughȱtheirȱperformanceȱduringȱsmokeȱimpactedȱconditionsȱhasȱnotȱbeenȱthoroughlyȱ
evaluated.ȱWeȱcollocatedȱthreeȱtypesȱofȱlowȬcostȱfineȱPMȱ(PM2.5)ȱsensorsȱwithȱreferenceȱinstrumentsȱ
nearȱmultipleȱfiresȱinȱtheȱwesternȱandȱeasternȱUnitedȱStatesȱ(maximumȱhourlyȱPM2.5ȱ=ȱ295ȱΐg/m3).ȱ
Sensorsȱ wereȱ moderatelyȱ toȱ stronglyȱ correlatedȱ withȱ referenceȱ instrumentsȱ (hourlyȱ averagedȱ ȱ
r2ȱ=ȱ0.52–0.95),ȱbutȱoverpredictedȱPM2.5ȱconcentrationsȱ(normalizedȱrootȱmeanȱsquareȱerrors,ȱNRMSEȱ
=ȱ80–167%).ȱWeȱdevelopedȱaȱcorrectionȱequationȱforȱwildfireȱsmokeȱthatȱreducedȱtheȱNRMSEȱtoȱlessȱ
thanȱ27%.ȱCorrectionȱequationsȱwereȱspecificȱtoȱeachȱsensorȱpackage,ȱdemonstratingȱtheȱimpactȱofȱ
theȱphysicalȱconfigurationȱandȱtheȱalgorithmȱusedȱtoȱtranslateȱtheȱsizeȱandȱcountȱinformationȱintoȱ
PM2.5ȱconcentrations.ȱTheseȱresultsȱsuggestȱtheȱlowȬcostȱsensorsȱcanȱfillȱinȱtheȱlargeȱspatialȱgapsȱinȱ
monitoringȱnetworksȱnearȱwildfiresȱwithȱmeanȱabsoluteȱerrorsȱofȱlessȱthanȱ10ȱΐg/m3ȱinȱtheȱhourlyȱ
PM2.5ȱconcentrationsȱwhenȱusingȱaȱsensorȬspecificȱsmokeȱcorrectionȱequation.ȱ ȱ

Keywords:ȱairȱquality;ȱsmoke;ȱenvironmentalȱmonitoringȱ
ȱ

1.ȱIntroductionȱ

Fineȱparticulateȱmatterȱ(PMȱsmallerȱthanȱ2.5ȱΐm,ȱPM2.5)ȱisȱaȱmajorȱcomponentȱofȱwildfireȱsmoke.ȱ
Exposureȱ toȱwildfireȱPM2.5ȱhasȱestablishedȱadverseȱhealthȱeffectsȱandȱcanȱbeȱofȱspecialȱconcernȱ toȱ
sensitiveȱpopulationsȱ[1].ȱActionsȱtoȱmitigateȱtheȱimpactȱofȱwildfireȱsmokeȱonȱpublicȱhealthȱincludeȱ
reducingȱoutdoorȱphysicalȱactivity,ȱusingȱportableȱairȱcleanersȱinȱhomesȱandȱotherȱindoorȱspaces,ȱandȱ
openingȱcleanȱairȱcentersȱ[2].ȱTheȱuseȱofȱtheseȱexposureȱmitigationȱstrategiesȱasȱwellȱasȱotherȱactionsȱ
aimedȱatȱreducingȱsmokeȱexposure—suchȱasȱcancelingȱoutdoorȱeventsȱorȱclosingȱschoolsȱandȱplacesȱ
ofȱbusiness—areȱcontingentȱonȱknowingȱlocalȱpollutantȱconcentrationsȱtoȱcalculateȱtheȱAirȱQualityȱ
Indexȱ (AQI).ȱ TheȱAQIȱ isȱ typicallyȱ basedȱ onȱ pollutantȱ concentrationsȱmeasuredȱ byȱ aȱ stationaryȱ
regulatoryȱmonitoringȱnetwork.ȱHowever,ȱruralȱareasȱwithȱmoreȱfrequentȱwildfiresȱalsoȱtendȱtoȱhaveȱ
fewȱtoȱnoȱregulatoryȱmonitors.ȱAdditionally,ȱduringȱsmokeȱevents,ȱtheȱnearestȱmonitoringȱsiteȱmayȱ
notȱaccuratelyȱrepresentȱlocalȱpollutionȱconcentrationsȱdueȱtoȱcomplexȱtopography,ȱlocalizedȱsmokeȱ
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Abstract: Air quality monitors using low-cost optical PM2.5 sensors can track the dispersion of
wildfire smoke; but quantitative hazard assessment requires a smoke-specific adjustment factor (AF).
This study determined AFs for three professional-grade devices and four monitors with low-cost
sensors based on measurements inside a well-ventilated lab impacted by the 2018 Camp Fire in
California (USA). Using the Thermo TEOM-FDMS as reference, AFs of professional monitors were
0.85 for Grimm mini wide-range aerosol spectrometer, 0.25 for TSI DustTrak, and 0.53 for Thermo
pDR1500; AFs for low-cost monitors were 0.59 for AirVisual Pro, 0.48 for PurpleAir Indoor, 0.46 for
Air Quality Egg, and 0.60 for eLichens Indoor Air Quality Pro Station. We also compared public
data from 53 PurpleAir PA-II monitors to 12 nearby regulatory monitoring stations impacted by
Camp Fire smoke and devices near stations impacted by the Carr and Mendocino Complex Fires in
California and the Pole Creek Fire in Utah. Camp Fire AFs varied by day and location, with median
(interquartile) of 0.48 (0.44–0.53). Adjusted PA-II 4-h average data were generally within ±20% of
PM2.5 reported by the monitoring stations. Adjustment improved the accuracy of Air Quality Index
(AQI) hazard level reporting, e.g., from 14% to 84% correct in Sacramento during the Camp Fire.

Keywords: fine particles; air pollutant exposure; air quality monitoring; climate change impacts;
health hazard assessment; respiratory health

1. Introduction

Throughout the Western U.S., wildland fires have increased in frequency and intensity over the
past several decades due to climate change and the legacy of forest fire suppression [1–5]. Development
at the wildland urban interface also has contributed to wildfire frequency and increased their cost in
terms of human life and health and property damage [4,6].

Wildfire smoke contains fine particulate matter (PM2.5), toxic particle-phase constituents, ultrafine
particles, and many irritant gases including acrolein and formaldehyde. Exposure to elevated levels
of wildfire smoke specifically has been linked to many adverse health outcomes [7–11]. During
wildfire smoke episodes, air pollutant concentrations can increase substantially, and low-income
homes, which typically have high rates of uncontrolled air leakage, are particularly vulnerable [12].
Filtration can be cost-e↵ectively applied to reduce exposures and health impacts of wildfire smoke in
buildings [13,14].

PM2.5 is often used to track wildfire smoke because it is an established health hazard and is
routinely measured at regulatory air quality monitoring stations. In the U.S., PM2.5 is regulated under
the Clean Air Act, with health-based standards of 12 µg m�3 annual average and 35 µg m�3 averaged
over 24 h [15]. The thresholds are set by the US EPA based on a systematic review of studies that
examine how deaths, strokes, and other indicators such as hospitalizations increase as ambient PM2.5
increases [16]. To provide information to the public about the hazard posed by PM2.5, both below
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What can a sophisticated consumer do?
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Don’t panic!
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If you monitor inside compare it to the best of your ability to a like instrument outdoors
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If miles away from the fire, concentrations are pretty 
consistent and smooth in the greater Bay area, and 
the EPA AirNow sight provides useful information. 

Try to use ‘corrected’ data when possible.
https://fire.airnow.gov/

Ideally take the same instrument outside. We want to 
find out the correction factor for the current fire. (It is 

likely to be reading high by the factor of 2)

https://fire.airnow.gov/


If it is bad outside shut your doors and windows

This will likely yield ~50% reduction in values

If you have a forced air system, turn the fan to ‘ON’ (rather than ‘AUTO’)

This further reduces the values, the actual amount depends on the size 
of the system and the quality of the filter

Use a good portable room air cleaner that is large enough for the space

CADR - Clean Air Delivery Rate

DIY filter / fans can help
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3-speed fan, high 2,500 cfm

3-speed fan, high 2,163 cfm
medium 1,900 cfm

low 1,463 cfm
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Summary

Most low cost monitors are likely to over report wildfire smoke by a factor of 2.

Indoor outdoor measurements should use the same instrument, or at 
least be corrected

Indoors will only be half as bad as outside, and it is fairly easy to get to a 
90+% improvement.
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End
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Very easy to blow past these numbers with indoor sources
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