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IMPROVE PARTICLE MONITORING
(June 2011)

Background


The Interagency Monitoring of Protected Visual Environments (IMPROVE) monitoring program collects speciated PM2.5, and PM2.5 and PM10 mass. IMPROVE is a nationwide network which began in 1988 and expanded significantly in 2000 in response to the EPA’s Regional Haze Rule (RHR). The Regional Haze Rule specifically requires data from this program to be used by states and tribes to track progress in reducing haze. The primary purposes of the IMPROVE network are to:

· Establish current visibility and aerosol conditions in mandatory Class I areas;
· Identify chemical species and emission sources responsible for existing man-made visibility impairment;
· Document long-term trends for assessing progress towards the national visibility goal;
· Provide regional haze monitoring representing all visibility-protected federal Class I areas where practical, in support of the Regional Haze Rule.

A listing of site affiliations, names, abbreviations, locations, and operational start dates is presented in Table 1. Some Class I areas do not operate aerosol samplers but are represented by samplers located at other, nearby Class I areas. The representative monitoring site for each Class I area is indicated in the Site Name and Site Code fields in Table 1.


Detailed information regarding the IMPROVE program, including history, sampling protocols, standard operating procedures, and data availability can be found on the IMPROVE Web site (http://vista.cira.colostate.edu/improve/) and the Visibility Information Exchange Web System (VIEWS) Web site (http://vista.cira.colostate.edu/views/).

IMPROVE Sampling and Analysis Protocols


The design of the IMPROVE network and sampling procedures is dictated by the network goals, the need to control costs, maintain consistency, and the often remote locations of the monitoring sites. The IMPROVE network collects 24-hour integrated filter samples every three days (Wednesday and Saturday prior to 2000). Each monitoring location operates four samplers. Modules A through C employ PM2.5 size-cut devices, and Module D a PM10 size-cut device. The analysis techniques and major visibility-related species associated with each module type are described below.

Table 1

Site Specifications

IMPROVE Network – WRAP Region

	Class I Area
	Site Name
	Site Code
	Agency
	State
	Site Lat.
	Site Long.
	Site Elev.
	Start Date

	Denali NP and Preserve
	Denali
	DENA1
	NPS
	AK
	63.72
	-148.97
	658
	3/2/1988

	Simeonof W
	Simeonof
	SIME1
	FWS
	AK
	55.33
	-160.51
	57
	9/10/2001

	Tuxedni W
	Tuxedni
	TUXE1
	FWS
	AK
	59.99
	-152.67
	15
	12/18/2001

	Bering Sea W
	N/A
	N/A
	FWS
	AK
	
	
	
	N/A

	Mount Baldy W
	Mount Baldy
	BALD1
	FS
	AZ
	34.06
	-109.44
	2513
	2/29/2000

	Chiricahua NM
	Chiricahua
	CHIR1
	NPS
	AZ
	32.01
	-109.39
	1570
	3/2/1988

	Chiricahua W
	Chiricahua
	CHIR1
	FS
	AZ
	
	
	
	3/2/1988

	Galiuro W
	Chiricahua
	CHIR1
	FS
	AZ
	
	
	
	3/2/1988

	Grand Canyon NP
	Hance Camp
	GRCA2
	NPS
	AZ
	35.97
	-111.98
	2267
	9/24/1997

	Hualapai Tribe
	Hance Camp
	GRCA2
	Tribal
	AZ
	
	
	
	9/24/1997

	Mazatzal W
	Ike’s backbone
	IKBA1
	FS
	AZ
	34.34
	-111.68
	1303
	4/2/2000

	Pine Mountain W
	Ike’s backbone
	IKBA1
	FS
	AZ
	
	
	
	4/2/2000

	Grand Canyon NP – In Canyon
	Indian Gardens
	INGA1
	NPS
	AZ
	36.08
	-112.13
	1166
	10/4/1989

	Petrified Forest NP
	Petrified Forest
	PEFO1
	NPS
	AZ
	35.08
	-109.77
	1767
	3/2/1988

	Saguaro NP – East
	Saguaro
	SAGU1
	NPS
	AZ
	32.17
	-110.74
	933
	6/4/1988

	Saguaro NP – West
	Saguaro West
	SAWE1
	NPS
	AZ
	32.25
	-111.22
	718
	4/19/2001

	Sierra Ancha W
	Sierra Ancha
	SIAN1
	FS
	AZ
	34.09
	-110.94
	1595
	2/10/2000

	Sycamore Canyon W
	Sycamore Canyon
	SYCA1
	FS
	AZ
	35.14
	-111.97
	2039
	4/26/2000

	Yavapai-Apache Nation
	Sycamore Canyon
	SYCA1
	Tribal
	AZ
	
	
	
	4/26/2000

	Superstition W
	Tonto
	TONT1
	FS
	AZ
	33.65
	-111.11
	786
	4/23/1988

	Agua Tibia W
	Agua Tibia
	AGTI1
	FS
	CA
	33.46
	-116.97
	507
	11/15/2000

	Desolation W
	Bliss State Park
	BLIS1
	FS
	CA
	38.98
	-120.10
	2116
	11/17/1990

	Mokelumne W
	Bliss State Park
	BLIS1
	FS
	CA
	
	
	
	11/17/1990

	Dome Lands W
	Dome Lands
	DOME1
	FS
	CA
	35.73
	-118.14
	925
	2/1/2000

	Hoover W
	Hoover
	HOOV1
	FS
	CA
	38.09
	-119.18
	2566
	7/1/2001

	Joshua Tree NP
	Joshua Tree
	JOSH1
	NPS
	CA
	34.07
	-116.39
	1228
	2/22/2000

	Kaiser W
	Kaiser
	KAIS1
	FS
	CA
	37.22
	-119.16
	2573
	1/26/2000

	Ansel Adams W
	Kaiser
	KAIS1
	FS
	CA
	
	
	
	1/26/2000

	John Muir W
	Kaiser
	KAIS1
	FS
	CA
	
	
	
	1/26/2000

	Lava Beds NM
	Lava Beds
	LABE1
	NPS
	CA
	
	
	
	3/25/2000

	South Warner W
	Lava Beds
	LABE1
	FS
	CA
	41.71
	-121.51
	1469
	3/25/2000

	Lassen Volcanic NP
	Lassen Volcanic
	LAVO1
	NPS
	CA
	40.54
	-121.58
	1755
	3/2/1988

	Caribou W
	Lassen Volcanic
	LAVO1
	FS
	CA
	
	
	
	3/2/1988

	Thousand Lakes W
	Lassen Volcanic
	LAVO1
	FS
	CA
	
	
	
	3/2/1988

	Pinnacles NM
	Pinnacles
	PINN1
	NPS
	CA
	36.49
	-121.16
	316
	3/2/1988

	Ventana W
	Pinnacles
	PINN1
	FS
	CA
	
	
	
	3/2/1988

	Point Reyes NS
	Point Reyes
	PORE1
	NPS
	CA
	38.12
	-122.91
	85
	3/2/1988

	San Rafael W
	San Rafael
	RAFA1
	FS
	CA
	34.73
	-120.01
	953
	2/2/2000

	Redwood NP
	Redwood
	REDW1
	NPS
	CA
	41.56
	-124.09
	245
	3/2/1988

	San Gabriel W
	San Gabriel
	SAGA1
	FS
	CA
	34.30
	-118.03
	1791
	12/15/2000

	Cucamonga W
	San Gabriel
	SAGA1
	FS
	CA
	
	
	
	12/15/2000

	San Gorgonio W
	San Gorgonio
	SAGO1
	FS
	CA
	34.19
	-116.90
	1705
	3/2/1988

	San Jacinto W
	San Gorgonio
	SAGO1
	FS
	CA
	
	
	
	3/2/1988

	Sequoia NP
	Sequoia
	SEQU1
	NPS
	CA
	36.49
	-118.83
	535
	3/4/1992

	Kings Canyon NP
	Sequoia
	SEQU1
	NPS
	CA
	
	
	
	3/4/1992

	Marble Mountain W
	Trinity
	TRIN1
	FS
	CA
	40.79
	-122.80
	1007
	7/19/2000

	Yolla Bolly-Middle Eel W
	Trinity
	TRIN1
	FS
	CA
	
	
	
	7/19/2000

	Yosemite NP
	Yosemite
	YOSE1
	NPS
	CA
	37.71
	-119.70
	1615
	3/9/1988

	Emigrant W
	Yosemite
	YOSE1
	FS
	CA
	
	
	
	3/9/1988

	Great Sand Dunes NP
	Great Sand Dunes
	GRSA1
	NPS
	CO
	37.72
	-105.52
	2504
	5/4/1988

	Mesa Verde NP
	Mesa Verde
	MEVE1
	NPS
	CO
	37.20
	-108.49
	2177
	3/5/1988

	Mount Zirkel W
	Mount Zirkel
	MOZI1
	FS
	CO
	40.54
	-106.68
	3243
	7/30/1994

	Rawh W
	Mount Zirkel
	MOZI1
	FS
	CO
	
	
	
	7/30/1994

	Rocky Mountain NP
	Rocky Mountain
	ROMO1
	NPS
	CO
	40.28
	-105.55
	2755
	9/19/1990

	Weminuche W
	Weminuche
	WEMI1
	FS
	CO
	37.66
	-107.80
	2765
	3/2/1988

	Black Canyon of Gunnison NP
	Weminuche
	WEMI1
	NPS
	CO
	
	
	
	3/2/1988

	La Garita W
	Weminuche
	WEMI1
	FS
	CO
	
	
	
	3/2/1988

	Eagles Nest W
	White River
	WHRI1
	FS
	CO
	39.15
	-106.82
	3418
	7/17/1993

	Flat Tops W
	White River
	WHRI1
	FS
	CO
	
	
	
	7/17/1993

	Maroon Bells-Snowmass W
	White River
	WHRI1
	FS
	CO
	
	
	
	7/17/1993

	West Elk W
	White River
	WHRI1
	FS
	CO
	
	
	
	7/17/1993

	Haleakala NP
	Haleakala
	HALE1
	NPS
	HI
	20.81
	-156.28
	1157
	2/16/1991

	Hawaii Volcanoes NP
	Hawaii Volcanoes
	HAVO1
	NPS
	HI
	19.43
	-155.26
	1204
	3/23/1988

	Craters of the Moon NM
	Craters of the Moon
	CRMO1
	NPS
	ID
	43.46
	-113.56
	1817
	5/13/1992

	Sawtooth W
	Sawtooth
	SAWT1
	FS
	ID
	44.17
	-114.93
	1980
	1/26/194

	Cabinet Mountains W
	Cabinet Mountains
	CABI1
	FS
	MT
	47.96
	-115.67
	1434
	7/24/2000

	Confederated Salish and Kootenai Tribes
	Flathead
	FLAT1
	Tribal
	MT
	47.77
	-114.27
	1576
	6/19/2002

	Fort Peck Tribes
	Fort Peck
	FOPE1
	Tribal
	MT
	48.31
	-105.10
	885
	6/25/2002

	Gates of the Mountains W
	Gates of the Mountains
	GAMO1
	FS
	MT
	46.83
	-111.71
	2392
	7/25/2000

	Glacier NP
	Glacier
	GLAC1
	NPS
	MT
	48.51
	-114.00
	979
	3/2/1988

	Medicine Lake W
	Medicine Lake
	MELA1
	FWS
	MT
	48.49
	-104.48
	605
	12/15/1999

	Bob Marshall W
	Monture
	MONT1
	FS
	MT
	47.12
	-113.15
	1293
	3/28/2000

	Mission Mountains W
	Monture
	MONT1
	FS
	MT
	
	
	
	3/28/2000

	Scapegoat W
	Monture
	MONT1
	FS
	MT
	
	
	
	3/28/2000

	Northern Cheyenne Tribe
	Northern Cheyenne
	NOCH1
	Tribal
	MT
	45.65
	-106.56
	1332
	6/22/2002

	Selway-Bitterroot W
	Sula Peak
	SULA1
	FS
	MT
	45.86
	-114.00
	1903
	8/10/1994

	Anaconda-Pintler W
	Sula Peak
	SULA1
	FS
	MT
	
	
	
	8/10/1994

	U.L. Bend W
	UL Bend
	ULBE1
	FWS
	MT
	47.58
	-108.72
	893
	1/25/2000

	Red Rocks Lakes W
	Yellowstone 2
	YELL2
	FWS
	MT
	
	
	
	7/1/1996

	Lostwood W
	Lostwood
	LOST1
	FWS
	ND
	48.64
	-102.40
	692
	12/15/1999

	Theodore Roosevelt NP
	Theodore Roosevelt
	THRO1
	NPS
	ND
	46.89
	-103.38
	853
	12/15/1999

	Bandelier NM
	Bandelier
	BAND1
	NPS
	NM
	35.78
	-106.27
	1987
	3/2/1988

	Bosque del Apache W
	Bosque del Apache
	BOAP1
	FWS
	NM
	33.87
	-106.85
	1383
	4/5/2000

	Gila W
	Gila
	GICL1
	FS
	NM
	33.22
	-108.24
	1776
	4/6/1994

	Carlsbad Caverns NP
	Guadalupe Mountains 
	GUMO1
	NPS
	NM
	31.83
	-104.81
	1674
	3/2/1988

	Salt Creek W
	Salt Creek
	SACR1
	FWS
	NM
	33.46
	-104.40
	1077
	4/6/2000

	San Pedro Parks W
	San Pedro Parks
	SAPE1
	FS
	NM
	36.01
	-106.84
	2918
	8/15/2000

	White Mountain W
	White Mountain
	WHIT1
	FS
	NM
	33.47
	-105.52
	2050
	1/15/2002

	Wheeler Peak W
	Wheeler Peak
	WHPE1
	FS
	NM
	36.59
	-105.45
	3372
	8/15/2000

	Pecos W
	Wheeler Peak
	WHPE1
	FS
	NM
	36.59
	-105.45
	3372
	8/15/2000

	Jarbidge W
	Jarbidge
	JARB1
	FS
	NV
	41.89
	-115.43
	1882
	3/2/1988

	Crater Lake NP
	Crater Lake
	CRLA1
	NPS
	OR
	42.90
	-122.14
	1963
	3/2/1988

	Diamond Peak W
	Crater Lake
	CRLA1
	FS
	OR
	
	
	
	3/2/1988

	Gearheart Mountain W
	Crater Lake
	CRLA1
	FS
	OR
	
	
	
	3/2/1988

	Mountain Lakes W
	Crater Lake
	CRLA1
	FS
	OR
	
	
	
	3/2/1988

	Hells Canyon W
	Hells Canyon
	HECA1
	FS
	OR
	44.99
	-116.84
	625
	8/1/2000

	Kalmiopsis W
	Kalmiopsis
	KALM1
	FS
	OR
	42.55
	-124.06
	90
	3/7/2000

	Mount Hood W
	Mount Hood
	MOHO1
	FS
	OR
	45.29
	-121.77
	1340
	3/7/2000

	Eagle Cap W
	Starkey
	STAR1
	FS
	OR
	45.22
	-118.51
	1258
	3/7/2000

	Strawberry Mountain W
	Starkey
	STAR1
	FS
	OR
	
	
	
	3/7/2000

	Three Sisters W
	Three Sisters
	THSI1
	FS
	OR
	
	
	
	7/24/1993

	Mount Jefferson W
	Three Sisters
	THSI1
	FS
	OR
	44.29
	-122.04
	`885
	7/24/1993

	Mount Washington W
	Three Sisters
	THSI1
	FS
	OR
	
	
	
	7/24/1993

	Badlands NP
	Badlands
	BADL1
	NPS
	SD
	43.74
	-101.94
	736
	3/2/1988

	Wind Cave NP
	Wind Cave
	WICA1
	NPS
	SD
	43.56
	-103.48
	1300
	12/15/1999

	Bryce Canyon NP
	Bryce Canyon 
	BRCA1
	NPS
	UT
	37.62
	-112.17
	2477
	3/2/1988

	Canyonlands NP
	Canyonlands
	CANY1
	NPS
	UT
	38.78
	-109.58
	1799
	3/2/1988

	Arches NP
	Arches
	CANY1
	NPS
	UT
	
	
	
	3/2/1988

	Capitol Reef NP
	Capitol Reef
	CAPI1
	NPS
	UT
	38.30
	-111.29
	1890
	3/28/2000

	Zion NP
	Zion
	ZION1
	NPS
	UT
	37.46
	-113.22
	1545
	3/21/2000

	Mount Rainier NP
	Mount Rainier
	MORA1
	NPS
	WA
	46.76
	-122.12
	427
	3/2/1988

	North Cascades NP
	North Cascades
	NOCA1
	NPS
	WA
	
	
	
	3/1/2000

	Glacier Peak W
	North Cascades
	NOCA1
	FS
	WA
	48.73
	-121.06
	576
	3/1/2000

	Olympic NP
	Olympic
	OLYM1
	NPS
	WA
	48.01
	-122.97
	600
	7/11/2001

	Pasayten W
	Pasayten
	PASA1
	FS
	WA
	48.39
	-119.93
	1634
	11/15/2000

	Alpine Lakes W
	Snoqualmie Pass
	SNPA1
	FS
	WA
	47.42
	-121.43
	1160
	7/3/1993

	Spokane Tribe of Indians
	Spokane Res.
	SPOK1
	Tribal
	WA
	47.90
	-117.86
	548
	7/11/2001

	Goat Rocks W
	White Pass
	WHPA1
	FS
	WA
	46.62
	-121.39
	1830
	2/15/2000

	Mount Adams W
	White Pass
	WHPA1
	FS
	WA
	
	
	
	2/15/2000

	Bridger W
	Bridger
	BRID1
	FS
	WY
	42.97
	-109.76
	2607
	3/2/1988

	Fitzpatrick W
	Bridger
	BRID1
	FS
	WY
	
	
	
	3/2/1988

	North Absaroka W
	North Absaroka
	NOAB1
	FS
	WY
	44.74
	-109.38
	2480
	1/25/2000

	Washakie W
	North Absaroka
	NOAB1
	FS
	WY
	
	
	
	1/25/2000

	Yellowstone NP
	Yellowstone 2
	YELL2
	NPS
	WY
	44.57
	-110.40
	2425
	7/1/1996

	Grand Teton NP
	Yellowstone 2
	YELL2
	NPS
	WY
	
	
	
	7/1/1996

	Teton W
	Yellowstone 2
	YELL2
	FS
	WY
	
	
	
	7/1/1996



Module A utilizes a Teflon filter for PM2.5 gravimetric and elemental analysis. Gravimetric analysis relies on the difference in weight between a clean (new) and loaded (used) filter to determine the total amount of particulate collected (total PM2.5). The elemental analysis is done in two ways. Proton Elastic Scattering Analysis (PESA) is used to determine the concentration of hydrogen (H) on the filter. X-ray Fluorescence (XRF) is used to determine the concentration of elements from sodium (Na) to zirconium (Zr) and lead (Pb). Prior to December 2001 Particle-Induced X-ray Emission (PIXE) analysis was used to analyze for the lighter elements (through manganese, Mn). This technique was replaced by XRF to attain better detection limits.

The visibility-related species derived from this Module A are:

· Ammonium sulfate (derived from measured sulfur)
· Soil (derived as a weighted sum of selected elements)
· Coarse mass (in conjunction with module D)
· Sea salt (backup measurement derived from chlorine)

Module B utilizes a nylon filter preceded by a carbonate denuder for PM2.5 ion analysis. The denuder removes gaseous nitric acid (HNO3) from the sample stream to avoid capturing it on the filter and incorrectly including it in the nitrate measurement. Sample filters are subjected to ion chromotragraphy to identify concentrations of various negative ions. The visibility-related species derived from Module B are:

· Ammonium nitrate
· Sulfate (backup measurement)
· Sea salt (derived from chloride)

Module C utilizes a quartz filter for PM2.5 carbon analysis. Organic and elemental carbon are measured using the Thermal Optical Reflectance (TOR) method, in which the sample is subjected to a series of temperature steps, first in a 100% helium atmosphere (to evolve particulate carbon to gaseous form), then in a 98% helium, 2% oxygen atmosphere (to burn off the remaining original carbon and the carbon pyrolized during the first stage). Carbon detected during the 100% helium atmosphere, and a portion detected once oxygen is introduced is interpreted as organic carbon, defined by the reflectance of the sample. The remaining carbon is interpreted as elemental carbon. The important visibility-related species derived from Module C are:

· Organic mass (derived from measured organic carbon)
· Elemental carbon

Module D utilizes a Teflon filter for PM10 gravimetric analysis. The difference between module D PM10 and module A PM2.5 yields an estimate of coarse mass. (Module D filters can be analyzed for elements in a manner identical to module A filters, but this is not done on a routine basis.)  The important visibility-related species derived from Module D is:

· Coarse mass (in conjunction with module A)

Table 2 presents a brief history of major historical changes in IMPROVE program protocol since its inception. Of particular importance are those changes which have occurred during the RHR baseline period, 2000-2004.

Table 2

Major Historical Changes in IMPROVE Protocol

	Date
	Change Type
	Description

	9/15/1990
	Analysis
	Ion analysis contractor switched from Research Triangle Institute (RTI) to Global Geochemistry Company (GGC). Ion samples extracted using anion eluent.

	6/1/1992
	Analysis
	Analysis of elements with atomic weights from Fe to Pb was changed from PIXE to XRF by Mo anode, decreasing their minimum detection limits (MDL). The cyclotron time for the PIXE analysis was reduced increasing the MDLs for elements below Fe.

	3/1/1994
	Analysis
	Optical absorption measurement changed from Laser Integrating Plate Method (LIPM) to Hybrid Integrating Plate/Sphere Analysis (HIPS).

	6/28/1994
	Sampling
	Changed nylon filter size from 47mm diameter to 25mm.

	4/19/1995
	Sampling
	Module A filter area changed from 2.2 sq. cm to 3.5 sq. cm.

	5/23/1995
	Analysis
	Ion analysis switched to Research Triangle Institute (RTI). Ion samples extracted using anion eluent.

	6/1/1996
	Sampling
	Added glycerin to Module B denuder.

	10/1/1996
	Sampling
	Changed nylon filter manufacturers from Gleman to MSI.

	6/1/1997
	Analysis
	Ion samples extracted using DI water at GRSM1, SHEN1, DOSO1. All other sites extracted with anion eluent.

	1/28/1999
	Analysis
	Ion samples extracted using DI water at all sites.

	1999-2001
	Sampling
	IMPROVE Version 2 samplers with more reliable flow and diagnostic measurements installed (for specific dates see site metadata at: 
http://vista.cira.colostate.edu/views/Web/MetadataBrowser/MetadataBrowser.aspx)

	10/11/2000
	Analysis
	Ion samples extracted using anion eluent at all sites except GRSM1, SHEN1, and DOSO1 where extraction is with DI water.

	4/5/2001
	Analysis
	Ion samples extracted uisng DI water at all sites.

	12/1/2001
	Analysis
	Analysis of elements with atomic weights from Na to Mn was changed from PIXE to XRF by Cu anode.

	6/1/2002
	Processing
	Changed from quarterly to monthly medians to estimate artifact corrections from field blanks and secondary filters.

	10/1/2002
	Analysis
	Standardized XRF run times at 1000 seconds.

	1/1/2004
	Sampling
	Changed module B filter supplier from Osmonics to Pall-Gelman.

	1/1/2005
	Analysis
	Changed carbon analysis instrument from DRI/OGC to Model 2001 Thermal/Optical Carbon Analyzer. Changed analysis protocol from IMPROVE to IMPROVE_A.


IMPROVE Uncertainty Estimates


There are some uncertainties easily measured for each sample, including those associated with sample flow, sample duration, and laboratory analysis. These uncertainties can be found in each record of the IMPROVE data set. There are also uncertainties that are not easily measured, such as the estimation of extinction for a specific day, or how well a 24-hr sample taken once every three days represents an episode lasting several hours or many days. The second category of uncertainties can generally only be understood by reviewing other data beyond that collected by IMPROVE.


The sample flow is critical to proper size cut. A low flow will increase the size fraction captured; a high flow will decrease it. IMPROVE PM2.5 mass measurements are considered valid within a large range of the flow rate required for a 2.5 µm cut. A 7% deviation in flow rate will result in a shift in cut point down to 2 or up to 3 µm. Concentration data associated with average flow rates greater or less than 7% of expected, or contain hourly peak or minimum flows that are as much as 17-20% off are flagged as exceptionally high/low flow rates, but the data are considered valid. There can be substantial errors in calculating coarse mass if the PM2.5 sampler flow rate was significantly out of the expected range.


Laboratory uncertainties and minimum detectible limits for each sample are included in the IMPROVE data set. A review of all WRAP region IMPROVE data (except for sea salt) for the baseline period yielded the median laboratory uncertainties listed in Table 3. These uncertainties do not take into account sample flow or duration errors.

Table 3

Median Uncertainty of IMPROVE Data Across WRAP 2000-2004

	Monitored Species
	Median Uncertainty

	Sulfate
	5%

	Nitrate
	9%

	Organic Carbon
	18%

	Elemental Carbon
	47%

	Soil
	4%

	Coarse Mass
	12%


Estimation of Light Extinction


Light extinction, or the fraction of light lost per unit length along a sight path due to scattering and absorption by gases and particles, can be estimated from speciated aerosol and relative humidity data. Each major species is assigned a dry mass extinction efficiency. This accounts for the fact that an elemental carbon particle is ten times more efficient at absorbing light than a particle of soil is at scattering light. The sum of species mass for a given sample will not necessarily agree with the gravimetric mass (determined by weighing the filter) due to assumptions based on average values, which may be inaccurate on a given day or under certain circumstances. IMPROVE makes the assumption that all sulfur and sulfate ions measured existed in the atmosphere as ammonium sulfate. In reality, there are other forms of particulate sulfate, and the mix of sulfate types affects both the total sulfate mass and its contribution to extinction. IMPROVE makes the assumption that all nitrate ions measured existed in the atmosphere as ammonium nitrate. Some nitrate may be in other forms, though the percentage on a given sample or the annual average at individual sites is not currently known.


Sulfate and nitrate species are known to absorb water and thus their contribution to extinction is enhanced above certain values of relative humidity (RH) as the particles increase in size. As the RH increases, IMPROVE assumes an increase in scattering by these species. EPA RHR guidance and current IMPROVE protocol call for the use of a “climatologically representative” monthly average f(RH) enhancement factor. This approach removes much of the short-term variability of RH effects and allows calculation of extinction at sites which do not routinely monitor RH. However, extinction calculated using a long-term average of RH will likely not represent the actual visibility conditions on a given day.


Table 4 presents a list of the major visibility-related species from the IMPROVE data set and how they are calculated. The measured and derived mass quantities are listed first (lines 1‑14), followed by the derived quantities required to estimate extinction (lines 15 – 28). Extinction can be calculated using either the “old” or “new” IMPROVE algorithm and the table refers to both of these algorithms as required.


IMPROVE data were first used in 1993 to estimate extinction, using what is now referred to as the original IMPROVE algorithm, the equation shown in line 16 of Table 4. The algorithm performs reasonably well over a broad range of particle extinction, but tends to underestimate the highest extinction values and overestimate the lowest extinction values, as measured by ambient nephelometers and transmissometers. This algorithm was in effect at the time of the writing of the Regional Haze Rule, and adopted by the EPA as the basis for the RHR visibility metric.


As regional planning organizations (RPOs) and industry stakeholders began to investigate the IMPROVE data set closely with regard to the Regional Haze Rule requirements, it was suggested that certain aspects of the original algorithm should be modified to better represent the state of visibility science. A review team, consisting of scientists from the National Park Service (NPS) and the Cooperative Institute for Research in the Atmosphere (CIRA), developed a revised algorithm, generally referred to as the revised IMPROVE algorithm. The review team relied on an extensive literature review and comparison of aerosol-estimated scattering with measured scattering from 21 nephelometers collocated with aerosol samplers across the network. The revised algorithm was adopted by the IMPROVE steering committee in December 2005. EPA has not modified its guidance documents to indicate adoption of the revised algorithm, but the WRAP and other RPOs have chosen to use it as the basis for their 2007 Regional Haze SIPs.


The revised IMPROVE algorithm is shown in line 15 of Table 4. The changes from the original algorithm include:

· The extinction efficiencies for ammonium sulfate, ammonium nitrate, and organic mass constituents are variable in nature, so each component mass has been split into a large and small fraction (see lines 17 – 22). To each fraction is applied a unique dry extinction efficiency and scattering enhancement factor (see lines 23 – 26). In the WRAP region, where sulfate and nitrate levels are generally low and predominantly modeled as the “small fraction,” this often results in lower extinction due to these two components. Organic mass can be very high during fire season, with the result that many samples associated with fire are modeled as the “large fraction.”
· The multiplier used to calculate organic mass from organic carbon was changed from 1.4 to 1.8 (see line 7). The organic carbon literature indicates that the new multiplier is more realistic, particularly for rural areas. This change increases the estimate of organic mass at all sites regardless of region.
· The addition of a sea salt term derived from chloride (see line 13). Sea salt is hygroscopic so a scattering enhancement factor, fss(RH), is required (see line 26). The assumption that all measured chloride originated as sea salt may not be correct for every site, and the network sampling change to a new supplier of nylon filters for Module B on January 1, 2004, can be seen as a step function in the chloride data record. Scattering due to sea salt is significant only at coastal sites.
· Rayleigh scattering, or natural atmospheric scattering, has changed from a network-wide constant of 10 Mm-1 to a site specific value of 8-12, depending on elevation (higher elevations are associated with lower Rayleigh scattering) (see line 28). This makes a small difference at WRAP sites, particularly on the clean days.
· Addition of a nitrogen dioxide (NO2) absorption term (see line 14), as this is the only common gaseous pollutant to significantly contribute to haze. This is an optional term in the new algorithm, and since IMPROVE sites are not generally collocated with NO2 monitoring sites this term is not used in the processing of IMPROVE data for visibility.

The largest implications of using the revised IMPROVE algorithm to estimate light extinction for the WRAP region are:

· The revised algorithm is better at representing the cleanest and haziest days than the original algorithm, but with a loss of precision (higher data scatter) throughout the full range of extinction.
· Overall, the majority of WRAP region sample days (~85%) show a slightly lower extinction with the revised algorithm (a distribution of algorithm differences is centered at -2 Mm-1). This is largely due to the fact that relatively few organic mass samples contain significant large fraction mass (except during fire episodes), and very few ammonium sulfate and ammonium nitrate samples contain significant large fraction mass.
· Organic mass collected during large fire episodes contributes significantly more towards total extinction under the revised algorithm than under the original, due to the higher organic mass multiplier and the dominance of the large fraction during these episodes.
· With the introduction of sea salt scattering in the new algorithm, extinction estimates at coastal sites have increased from those made with the original algorithm. Sea salt is now a significant contributor at a few WRAP IMPROVE sites.

More information about the new IMPROVE algorithm can be found in the IMPROVE Newsletter, 4th Quarter 2005: http://vista.cira.colostate.edu/improve/publications/NewsLetters/ IMPNews4thQtr2005.pdf. The final report on the new IMPROVE algorithm by the review committee can be found at:  http://vista.cira.colostate.edu/improve/publications/graylit/ 016_IMPROVEeqReview/IMPROVEeqReview.htm.
Table 4

Determination of IMPROVE Species Required for Extinction Calculation

	No.
	Name
	IMPROVE Species
	Calculation Method
	Module

	1
	Sulfate
	SO4
	3*S (sulfur) or SO4 (backup)
	A (B)

	2
	Ammonium Sulfate
	ammSO4
	1.375*SO4
	A (B)

	3
	Nitrate
	NO3
	NO3
	B

	4
	Ammonium Nitrate
	ammNO3
	1.29*NO3
	B

	5
	Ammonium
	NH4
	infered from SO4 and NO3
	n/a

	6
	Organic Carbon
	OC
	OC1 + OC2 + OC3 + OC4 + OP
	C

	7
	Organic Mass
	OM
	1.8*OC (new algorithm)
1.4*OC (old algorithm)
	C

	8
	Elemental Carbon
	EC
	EC1 + EC2 + EC3 – OP
	C

	9
	Soil (fine) 
	SOIL
	2.2*AI + 2.49*Si + 1.63*Ca + 2.42*Fe + 1.94*Ti
	A

	10
	Fine Mass
	PM2.5
	MF
	A

	11
	Coarse Mass
	CM
	MT -– MF
	A and D

	12
	Total Mass
	PM10
	MT
	D

	13
	Sea Salt
(new algorithm only)
	SS
	1.8*CHL (Chloride)
1.8*CL (Chlorine – use if CHL is below detection limit, missing, or invalid)
	B

	14
	Nitrogen Dioxide
(new algorithm only)

(*this is an optional parameter  not currently measured at IMPROVE sites)
	NO2
	0.33*NO2 (ppb)
	n/a

	15
	Total Extinction –             New Algorithm
	Bext
	2.2*fs(RH)*(Small Sulfate) +
4.8*fl(RH)*(Large Sulfate) +

2.4*fs(RH)*(Small Nitrate) +

5.1*fl(RH)*(Large Nitrate) +

2.8*fs(RH)*(Small Organic Mass) +

6.1*fl(RH)*(Large Organic Mass) +

10*EC +

SOIL +

1.7*fss(RH)*(Sea Salt) +

0.6*CM +

Rayleigh (site-specific)

+ 0.33*NO2 (optional parameter not currently measured at IMPROVE sites)
	n/a

	16
	Total Extinction –               Old Algorithm
	Bext
	3*f(RH)*ammSO4 +
3*f(RH)*ammNO3+

4*OC +

10*EC +

SOIL +

0.6*CM +

10
	n/a

	17
	Large Sulfate
(new algorithm only)
	Large Sulfate
	=(ammSO4)*(ammSO4)/20
for ammSO4 < 20 ug/m3

=(ammSO4)

for ammSO4 >=20 ug/m3
	n/a

	18
	Small Sulfate
(new algorithm only)
	Small Sulfate
	=ammSO4 – Large Sulfate
	n/a

	19
	Large Nitrate
(new algorithm only)
	Large Nitrate
	=(ammNO3)*(ammNO3)/20
for ammNO3 < 20 ug/m3

=(ammNO3)

for ammNO3 >= 20 ug/m3
	n/a

	20
	Small Nitrate
(new algorithm only)
	Small Nitrate
	=ammNO3 – Large Nitrate
	n/a

	21
	Large Organic Mass
(new algorithm only)
	Large Organic Mass
	=(OM)*(OM)/20
for OM < 20 ug/m3

= (OM)

for OM >= 20 ug/m3
	n/a

	22
	Small Organic Mass
(new algorithm only)
	Small Organic Mass
	=OM – Large Organic Mass
	n/a

	23
	Relative Humidity
	RH
	Not measured at most IMPROVE sites
	n/a

	24
	Scattering enhancement factor due to RH for small fraction
(new algorithm only)
	fs(RH)
	Generally applied as a monthly average
	n/a

	25
	Scattering enhancement factor due to RH for large fraction
(new algorithm only)
	f(RH)
	Generally applied as a monthly average
	n/a

	26
	Scattering enhancement factor due to RH for sea salt
(new algorithm only)
	fss(RH)
	Generally applied as a monthly average
	n/a

	27
	Scattering enhancement factor due to RH for sulfate and nitrate
(old algorithm only)
	f(RH)
	Generally applied as a monthly average
	n/a

	28
	Rayleigh Scattering
	bRAY
	8-12 Mm-1 (site-specific) (new algorithm)
10 Mm-1 (old algorithm)
	n/a


IMPROVE Data Completeness in the WRAP Region


In the WRAP states, data substitution was performed for ten (10) IMPROVE monitoring sites to achieve RHR data completeness, or to fully populate 2002, WRAP’s selected modeling year. These data substitutions included estimating missing species from other on-site measurements and appropriately scaling data collected at selected donor sites which had favorable long-term comparisons. While a brief overview of this process is given here, a full description of these methods can be found in the document titles “WRAP Data Substitution Methods” at:  http://vista.cira.colostate.edu/TSS/Results/Monitoring.aspx.

RHR guidance (http://www.epa.gov/ttn/oarpg/t1/memoranda/rh_tpurhr_gd.pdf.) outlines IMPROVE aerosol data completeness requirements including the following conditions:
· Individual samples must contain all species required for the calculation of light extinction (sulfate, nitrate, organic carbon, elemental carbon, soil, coarse mass, and, for the revised IMPROVE algorithm, chloride or chlorine).

· Individual seasons must contain at least 50% of all possible daily samples.

· Individual years must contain at least 75% of all possible daily samples.

· Individual years must not contain more than 10 consecutive missing daily samples.

· The baseline period (2000-04) must contain at least 3 complete years of data.

RHR guidance also provides provisions to fill in missing data under specific circumstances. There are currently two methods routinely used in preparing the RHR data set to substitute data for missing samples:

· The use of a surrogate in the data set:

· Total sulfate is generally determined as 3 times the sulfur measured on the A module filter. If sulfur is missing, the sulfate measurement from the B module filter is used.

· For the new IMPROVE algorithm, sea salt is calculated from chloride measured on the B module filter. If chloride is missing or below detection limit, the chlorine measurement from the A module filter is used to calculate sea salt.

· The application of “patching” missing data described by the RHR guidance:
· Missing samples not substituted using a surrogate as described above can be patched, or replaced, by a seasonal average if the patching exercise passes a series of tests outlined in the guidance document.

Once these methods have been applied to the data, the resulting complete years are eligible for use in the calculation of baseline conditions and tracking progress under the Regional Haze Rule.

After RHR prescribed data substitutions were made, some IMPROVE monitoring sites still failed to meet the RHR data completeness requirements for the 2000-2004 baseline period. Additionally, some sites that met the RHR requirements were missing years that were desirable for planning and modeling purposes. In particular, a complete year of data for 2002 was required because that was the year selected for regional modeling and used to predict visibility metrics in 2018. Note that only years deemed incomplete under RHR guidance were candidates for additional data substitutions. Years deemed complete were not changed, even though there may have been missing samples during those years.

The first of the additional substitution methods used organic hydrogen as a surrogate for organic carbon, and resultant organic carbon as a surrogate for elemental carbon. If the carbon data substitution was not sufficient to complete the required years, measured mass for individual species from nearby IMPROVE sites with favorable long-term comparisons were scaled appropriately and used as surrogates. IMPROVE donor sites were selected in consultation with individual states. All site-to-site substitutions were made using quarterly-specific Kendall-Theil linear regression statistics. These statistics were chosen because they are more resistant to outliers than standard linear least squares statistics. 
Table 5 presents a summary of which years required some degree of substitution, where a “2” indicates a substituted year, a “1” indicates the year was already complete under RHR guidelines, and dashes indicate the year did not meet RHR guidelines and no additional substitutions were made. The table also lists sites that were selected as donor sites.

Table 5

Data Completeness at WRAP Sites Following Data Substitution

	State
	Site
	Donor Site
	2000
	2001
	2002
	2003
	2004

	AZ
	BALD1
	TONT1
	--
	2
	2
	1
	1

	
	TONT1*
	SIAN1
	--
	1
	2
	1
	1

	CA
	KAIS1
	YOSE1
	--
	--
	2
	1
	1

	
	RAFA1
	PINN1
	2
	2
	2
	1
	1

	
	SEQU1*
	DOME1
	1
	1
	2
	2
	1

	
	TRIN1*
	LAVO1
	--
	1
	2
	1
	1

	MT
	GLAC1*
	FLAT1
	1
	1
	2
	2
	1

	ND
	THRO*
	MELA1
	2
	1
	1
	1
	1

	UT
	CAPI1
	CANY1
	2
	2
	2
	1
	1

	WA
	NOCA1
	SNPA1
	--
	1
	1
	2
	2


-- indicates an incomplete year with no substitutions made

 1 indicates a complete RHR year

 2 indicates a year is considered complete with some substituted values

     * Sufficient RHR baseline data, but additional years were substituted for planning and modeling purposes

The minimum data requirement of 3 complete years (including 2002) was met for each site, and additional substitutions beyond these requirements were made on a case-by-case basis in consultation with individual states. For example, at the KAIS1 site, substitutions were made only for the 2002 year even though substituted data (from the YOSE1 donor site) was available for other years. In this case, data capture for the years 2000 and 2001 was less than 50% and it was deemed unacceptable to substitute such a large amount of data. In contrast, additional substitutions were applied for all incomplete years (2000-2002) at the RAFA1 site. For the RAFA1 site, data capture was more substantial (73-86% available) and substitutions had less of an impact on the worst days distributions.


A dedicated page on the VIEWS Web site is the repository of all site-specific substitute data sets:  http://vista.cira.colostate.edu/views/web/documents/substitutedata.aspx. All materials prepared in the data substitution work (descriptive narrative, tables of regression statistics, graphics, etc.) are posted on this site for review by states, tribes, and other data users. The substituted data sets are also accessible through the TSS.

Natural Condition Estimates


The Regional Haze Rule requires that visibility in all Class I areas reach natural conditions by 2064, implying no anthropogenic contributions to haze at that time. As a practical matter, the haze levels associated with so-called natural condition are very difficult to define. RHR guidance (http://www.epa.gov/ttn/oarpg/t1/memoranda/rh_envcurhr_gd.pdf) outlines a default approach for determining natural conditions which include starting with natural annual species concentration estimates published in the 1990  National Acid Precipitation Assessment Program (NAPAP) State of Science and Technology, Report 24, by John Trijonis (http://matar.cira.colostate.edu/improve/Publications/Principle/NAPAP_SOS/High%20Res/napap_(high).htm), applying the original IMPROVE algorithm to estimate associated extinction levels, and applying various statistics to determine the appropriate natural conditions targets for the 20% haziest and 20% clearest days. Numerous criticisms were made of the default approach, particularly once states began to adopt the revised IMPROVE algorithm, under which the default approach cannot be used. Since EPA guidance also allows for alternate natural conditions to be developed by states, provided that a reasonable argument can be made for their use, the Natural Haze Levels II Committee was established in 2006 to review and refine the default approach. The committee included representatives from NOAA, NPS, CIRA, RPO and industry representatives, and other participants. The final report of the committee can be found at:  http://wrapair.org/forums/aoh/meetings/060726den/NaturalHazeLevelsIIReport.ppt.


Unlike the default approach which directly uses the Trijonis natural species concentration estimates to calculate haze levels, the alternate approach adjusts the entire data set of current species concentrations. For each site, each species concentration was transformed by the ratio of the Trijonis estimates and the annual mean values for the species. The result was a data set of assumed natural species concentration levels for each site and year. This process was applied to each of the complete years of data in the baseline period. Sites with three complete years of data were treated as having sufficient data for this assessment. Provisional estimates were made for sites with fewer than three complete years. If any of the current annual means for any species was less than the Trijonis estimate for that species, the unadjusted species data were used. Trijonis estimates do not include sea salt, which is only significant at a few coastal sites. Estimates of current sea salt concentrations were taken to be natural contributors to haze.


The fundamental assumption inherent in this Natural Haze Levels II approach was that the Trijonis-adjusted species data set is a good estimate of the natural species data set. Thus each site has its own a natural haze distribution which is derived from the current distribution, so no assumptions about the shape and width of the natural distribution are needed because there were sufficient values to actually calculate the 20% best and 20% worst means for site and year. The revised IMPROVE algorithm was applied to the Trijonis-adjusted concentration data, and the appropriate best and worst natural conditions estimates by individual species extinction and total deciview were generated. Figure 1 presents a map of the U.S. contoured to show the worst 20% days natural conditions calculated from this alternate approach.


The natural conditions estimates determined by the Natural Haze Levels II approach are available on the VIEWS and TSS Web sites. These values are integral to the TSS visibility glide slope and visibility projections tools.


Additional extensive work was performed by Ivar Tombach for all of the RPOs on the topic of natural conditions. His final report can be found at:  http://www.wrapair.org/forums/ aamrf/projects/NCB/index.html.
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Figure 1.  Estimates of the worst 20% natural conditions using the natural haze levels II alternate approach.

Visibility Metrics


The three most common metrics used to describe visibility impairment are extinction, visual range, and the haze index. Figure 2 presents a comparison of these metrics on the same scale and a set of images with simulated visibility impairment. As can be seen in the figure, an increase in extinction or haze index (deciview) is equivalent to a decrease in visual range. The three metrics are defined as:

· Extinction – Extinction is a measure of the fraction of light lost per unit length along a sight path due to scattering and absorption by gases and particles, expressed in inverse Megameters (Mm-1). This metric is useful for representing the contribution of each aerosol species to visibility impairment and can be practically thought of as the units of light lost in a million meter distance.
· Visual Range – Visual range is the greatest distance a large black object can be seen on the horizon, expressed in kilometers (km) or miles (mi). Visual range can be calculated from total extinction by:
Visual Range (km) = 3912/Total Extinction (Mm-1)

· Haze Index (Deciview) – The Haze Index, measured in deciviews, was designed to be linear with respect to human perception of visibility. A one deciview change is approximately equivalent to a 10% change in extinction, whether visibility is good or poor. A one deciview change in visibility is generally considered to be the minimum change the average person can detect. This is the metric used for tracking regional haze in the RHR. The Haze Index can be calculated from total extinction by:
Haze Index (deciviews) = 10 x ln(Total Extinction (Mm-1)/10)
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Figure 2.  Comparison of the deciview, extinction (Bext), and visual range (V.R.) visibility metrics. The six images of the West Elk Mountains were simulated to represent varying degrees of visibility impairment.
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