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A B S T R A C T

The Interagency Monitoring of Protected Visual Environments (IMPROVE) network is the basis for monitoring
visibility in Class I Areas throughout the United States. Monitoring is conducted by collecting PM2.5 and PM10

samples every third day at over 150 remote and rural sites nationwide, with PM2.5 samples being analyzed for
chemical composition. Light extinction is reconstructed using an algorithm that relates speciated mass to light
extinction based on aerosol mass and size (second IMPROVE equation). In addition, the National Park Service
directly measures light scattering at a subset of IMPROVE sites using Optec NGN-2 integrating nephelometers.
The optical measurements serve as a check of the reconstructed scattering, in that measured scattering from the
nephelometers and reconstructed scattering from the second IMPROVE equation should be equivalent. During its
development, the second IMPROVE equation was shown to accurately estimate light scattering for a broad range
of aerosol compositions and loadings for samples collected through 2003. Here reconstructed scattering is as-
sessed from the second IMPROVE equation by comparing measured light scattering from nephelometers to
reconstructed light scattering at 11 collocated sites over a 16 year period (2001–2016). The comparisons suggest
that the relationship between measured and reconstructed light scattering has changed over time and that in
recent years the second IMPROVE equation has underestimated light scattering at many sites. This shift toward
poorer agreement corresponds to periods with relatively large decreases in sulfate and organic mass con-
centrations. These decreases lead to biases in reconstructed scattering calculated with the second IMPROVE
equation, due to the assumed relationship between mass concentration and size distribution. This relationship,
referred to as the split component algorithm, appears to be flawed as currently implemented. A potential ap-
proach is explored that scales the split component algorithm each year and at each site, based on measured mass
concentrations at the site. The proposed approach appears to reduce the biases in the second IMPROVE equation.

1. Introduction

Degradation of visibility is among the most easily detectable effects
of particulate air pollution in the atmosphere. Under the Clean Air Act,
Congress recognized that visibility is a resource to be valued and set
forth a national goal that calls for “the prevention of any future, and the
remedying of any existing, impairment of visibility in mandatory Class I
federal areas which impairment results from manmade air pollution”
(42 U.S.C. § 7491). Class I Areas (CIAs) consist of international parks,
national parks larger than 6000 acres, and wilderness areas and na-
tional memorial parks larger than 5000 acres that were in existence as

of 7 August 1977. To safeguard visibility in these areas, federal land
managers were assigned the “affirmative responsibility to protect the
air quality related values (including visibility)” of Class I lands (42
U.S.C. § 7475). The Environmental Protection Agency's (EPA) Regional
Haze Rule (RHR) expanded this responsibility by requiring monitoring
in locations representative of the 156 visibility-protected CIAs (64 Fed.
Reg. 35, 1999 714), and the IMPROVE (Interagency Monitoring of
PROtected Visual Environments) program (Malm et al., 1994) was de-
signated as the visibility monitoring network.

The purposes of the IMPROVE network are to establish current
visibility conditions, to identify chemical species and emission sources
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responsible for existing anthropogenic visibility impairment (Gantt
et al., 2018), and to document long-term trends for assessing progress
toward the national visibility goal (Hand et al., 2011; Malm et al.,
1994). IMPROVE modules collect PM2.5 (particles less than 2.5 μm in
diameter) and PM10 (particles less than 10 μm in diameter) samples,
with the PM2.5 samples being analyzed for chemical composition.
Speciated aerosol data from IMPROVE are then used to calculate light
extinction using the IMPROVE equation. The first IMPROVE equation
determined light extinction based on Mie theory assuming a single
aerosol size mode with a mass mean diameter of 0.4 μm, a geometric
standard deviation of 2 (Malm et al., 1994), dry mass extinction effi-
ciencies for sulfate, nitrate, organic mass, elemental carbon, soil and
coarse mass, and humidity-dependent hygroscopic growth for sulfate
and nitrate. Dry mass extinction efficiencies and hygroscopicities were
based on literature values, and the aerosol was assumed to be externally
mixed. A revised equation (second IMPROVE equation) was later in-
troduced to reduce bias at the high and low light extinction regimes
(Lowenthal and Kumar, 2003; Pitchford et al., 2007). The key revisions
in the second IMPROVE equation include the addition of a sea salt term
with associated hygroscopic growth, a change in the assumed organic
compound mass (OM) to organic carbon (OC) mass ratio (OM/OC or
Roc, from 1.4 to 1.8), the use of site-specific Rayleigh scattering, and
the development of a split component extinction efficiency algorithm
for ammonium sulfate, ammonium nitrate, and organic mass to model a
bimodal size distribution. The second IMPROVE equation also includes
light absorption for NO2 for places where those data are available, but
only aerosol species are considered here. The revised equation is:

bext = (2.2× fs(RH)× fASs + 4.8 × fL(RH)× fASL)× [Ammonium
Sulfate] +(2.4 × fS(RH)× fANs+5.1 × fL(RH)× fANL)× [Ammonium
Nitrate] + (2.8 × fOMCs + 6.1 × fOMCL)× [Organic
Mass] + 10 × [Elemental Carbon] + 1 × [Soil] + 1.7 × fSS(RH)×
[SS] + 0.6 × [Coarse Mass] + Rayleigh Scattering (Site Specific) (1)

Where light extinction (bext) and Rayleigh scattering are given in in-
verse megameters (Mm−1); concentrations shown in brackets are in
micrograms per meter cubed (μg m−3); dry mass extinction efficiency
terms, expressed as the prefactors for each component, are in meters
squared per gram (m2 g−1) and correspond to a wavelength ~550 nm;
water growth terms, fS(RH) and fL(RH) for the small and large modes,
respectively, are unitless; fASS and fASL are the mass fractions of am-
monium sulfate in the small and large modes, respectively, with similar
notation for ammonium nitrate (fAN) and organic mass (fOMC); and SS
refers to sea salt. Values for the f(RH) terms can be found in Pitchford
et al. (2007). The small and large modes of ammonium sulfate, am-
monium nitrate, and organic mass are split based on their mass con-
centrations, with the assumption that lower concentrations are asso-
ciated with fresher emissions and smaller particle sizes, while higher
concentrations are associated with more aged and more processed
aerosol and therefore larger sizes. This split component algorithm was
developed because mass scattering efficiencies of ambient particles
(e.g., (Malm et al., 2005)) and their individual components (see (Hand
and Malm, 2007) and references therein) have been observed to vary,
with the highest mass scattering efficiencies corresponding to periods
with elevated fine mass concentrations (Hand and Malm, 2007;
Lowenthal et al., 2009; Lowenthal and Kumar, 2004; Ryan et al., 2005;
Tao et al., 2014). For this model, the mass scattering efficiencies of the
small and large modes are based on Mie scattering calculations that
assume lognormal size distributions with geometric mass mean dia-
meters (Dg) and standard deviations (σ) of 0.2 μm (2.2) and 0.5 μm
(1.5), respectively (Pitchford et al., 2007). For concentrations
≤20 μgm−3, the fraction in the large mode is estimated by dividing the
total concentration of the component by 20 μgm−3. The remaining
mass is in the small mode. This same factor of 20 μgm−3 is used to
apportion mass to different size modes for ammonium sulfate, ammo-
nium nitrate, and organic mass, despite the relatively large differences

in average mass of these species. For example, if the total fine parti-
culate organic mass concentration is 5 μgm−3, the fraction of organic
aerosol in the large mode is calculated as 5 μgm−3/20 μgm−3=1/4 of
5 μgm−3=1.25 μgm−3; the remaining 3.75 μgm−3 is in the small
mode. If the total concentration of a component exceeds 20 μgm−3, all
of it is assumed to be in the large mode. A similar accounting is per-
formed for ammonium sulfate and ammonium nitrate.

Equation (1) is based largely on literature values for light extinction
and hygroscopic properties of the various aerosol components; how-
ever, the approach to splitting ammonium sulfate, ammonium nitrate,
and organic mass into small and large modes was empirically derived.
Previous analyses have found biases in the first (Lowenthal and Kumar,
2003; Malm and Hand, 2007) and second (Lowenthal et al., 2015)
IMPROVE equations, both in terms of reconstructed mass and re-
constructed extinction. Some of the potential issues with the second
IMPROVE equation have been documented. For example, a constant
Roc of 1.8 is used for all seasons and sites. However, organic aerosol can
become more oxidized as it ages (Heald et al., 2010; Jimenez et al.,
2009), and Roc has been shown to vary spatially (El-Zanan et al., 2005;
Malm and Hand, 2007; Ruthenburg et al., 2014), seasonally (Malm and
Hand, 2007; Malm et al., 2011; Polidori et al., 2008), and even during
the course of a day (Aiken et al., 2008; Yu et al., 2005). As both an-
thropogenic and natural emissions of particles and aerosol precursors
have changed over time (Blanchard et al., 2016; Hallar et al., 2017;
Hidy et al., 2014; Malm et al., 2017; Prenni et al., 2016; Ridley et al.,
2018), and will likely continue to change, the molecular form of car-
bonaceous aerosol will also likely be impacted. In addition, numerous
studies have shown that ambient organic aerosol is often hygroscopic
(Brock et al., 2016; Lowenthal et al., 2015; Prenni et al., 2007; Suda
et al., 2014; Zhang et al., 2014, 2016), while organics are assumed to
not be hygroscopic in both the first and second IMPROVE equations.
Finally, all measured sulfate in the IMPROVE equation is assumed to be
ammonium sulfate. However, data from around the United States in-
dicate that sulfate is often not fully neutralized (Attwood et al., 2014;
Hidy et al., 2014; Lee et al., 2008; Lowenthal et al., 2009, 2015; Malm
and Day, 2001; Malm et al., 2003; Weber et al., 2016).

Given that a key function of IMPROVE monitoring is to track visi-
bility progress at CIAs, Equation (1) must accurately model light ex-
tinction. As a check on calculated values, ambient light scattering is
measured at a subset of IMPROVE sites. In this paper, reconstructed
scattering at 11 IMPROVE sites is compared to measured scattering to
evaluate the performance of the second IMPROVE equation over a time
period when aerosol mass and composition have changed dramatically
(Hand et al., 2014; Malm et al., 2017; McClure and Jaffe, 2018). The
causes for differences between measured and reconstructed scattering
are investigated, and a potential method for adjusting the second IM-
PROVE equation is explored.

2. Materials and methods

All data used in this analysis are available on the Federal Land
Manager Environmental Database (FED; http://views.cira.colostate.
edu/fed/). IMPROVE and nephelometer data from 2001 to 2016 were
downloaded in November 2018. Only data with data flag V0 (“Valid
value”) were used from the nephelometer dataset; all valid values from
the IMPROVE dataset were used (V0 – V7).

The IMPROVE particle monitor consists of four independent sam-
pling modules that collect 24-h samples on filters every third day. Three
modules (A, B, and C) collect only fine particles (PM2.5), while the
fourth (module D) collects both fine and coarse particles (PM10). Data
from all of the modules are used to calculate visibility metrics. Module
A is equipped with a Teflon® filter that is analyzed for PM2.5 gravi-
metric fine mass, elemental concentrations with X-ray fluorescence
(Hyslop et al., 2015), and light absorption using a hybrid integrating
plate and sphere (White et al., 2016). Module B is fitted with a Nylasorb
filter and is analyzed for the anions sulfate, nitrate, nitrite, and chloride
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using ion chromatography. Module C uses a quartz fiber filter that is
analyzed by thermal optical reflectance (TOR) for organic and ele-
mental, or light absorbing, carbon (Chow et al., 2007). Module D is
fitted with a PM10 inlet and utilizes a Teflon® filter to determine PM10

aerosol gravimetric mass. Coarse mass is determined as the difference
between PM10 and PM2.5 gravimetric mass. From Modules A-C, re-
constructed fine mass (RCFM) can be calculated as:

RCFM = ammonium sulfate mass + ammonium nitrate mass + or-
ganic mass + elemental carbon mass + fine soil mass + sea salt mass

(2)

Light scattering is measured at a subset of National Park Service
(NPS) sites using Optec NGN-2 integrating nephelometers. Data from 11
nephelometers are used in this study; all are collocated with an
IMPROVE sampler. Study sites include Acadia (ACAD; ME), Big Bend
(BIBE; TX), Glacier (GLAC; MT), Great Basin (GRBA; NV) Grand Canyon
(GRCA; AZ), Great Smoky Mountains (GRSM; TN), Mammoth Cave
(MACA; KY), Mount Rainier (MORA; WA), National Capital (NACA, in
Washington, D.C.; this site stopped operation in 2015), Rocky Mountain
(ROMO; CO) and Shenandoah (SHEN; VA) National Parks. The Optec
NGN-2 nephelometers use a unique integrating open air design (Optec
NGN-2 Instrument Manual) to measure total ambient light scattering
coefficients for all particle sizes in a known volume of air. The LED light
source is centered at 530 nm with a bandwidth of 40 nm, which is then
converted to an effective wavelength of 550 nm (Molenar and Persha,
2008). This air volume is illuminated by a near Lambertian diffuser. A
telescope with a precisely defined field of view observes through a
cylindrical pencil of air slightly above the diffuser, terminating in a
light trap which reflects very little light back in the direction of the
telescope. Measured light flux is proportional to light scattered by the
sample plus light reflected from the surfaces in the optical chamber.
Instruments are calibrated routinely using both zero air and span gas to
convert the signal to particle light scattering. Because of the open air
design, relative humidity (RH) and temperature of the air sample are
essentially unchanged, so that the aerosol is negligibly modified when
brought into the optical measuring chamber. Data are collected

continuously and are reported as hourly averages. The primary upgrade
to these instruments in recent years has been in changing from a lamp
to an LED light source in 2011 (Molenar and Persha, 2008). Coarse
particle scattering is underestimated when using the nephelometer due
to a truncation error. This truncation error is highly variable and de-
pendent on the size distribution. For a lognormal mass distribution with
Dg=10 μm and σg= 1.75, coarse mass scattering is underestimated by
~50%, while scattering corresponding to Dg=4 μm is only under-
estimated by ~20% (Malm and Hand, 2007).

To compare measured light scattering from the nephelometer,
bspMeas, and calculated scattering from the second IMPROVE equation,
bspCalc, the contributions from elemental carbon absorption and
Rayleigh scattering were removed from Equation (1), and the trunca-
tion error for coarse particles was accounted for by multiplying coarse
scattering by 0.5. For the analysis below, nephelometer data were se-
lected to match IMPROVE sample times, and nephelometer data have
been filtered to only include measurements with RH<90% and hourly
values bspMeas< 500Mm−1. For bspCalc, f(RH) values (Pitchford et al.,
2007) were determined by calculating f(RH) for each hour and were
averaged over the 24 h measurement period.

3. Results

3.1. Light scattering: measured versus reconstructed

The second IMPROVE equation was developed using data collected
from 1995 through 2003, when aerosol concentrations across the
country were generally higher than they are today (Hand et al., 2014;
McClure and Jaffe, 2018) due to higher anthropogenic emissions. The
composition of the aerosol has changed since this time due to relative
changes in contributions from a variety of sources (e.g. (Attwood et al.,
2014; Blanchard et al., 2013; Hand et al., 2012)) and related chemistry.
bspCalc is compared to bspmeas for all 11 sites for 2001 through 2016.
Comparisons from 2001 to 2004, 2007 to 2010, and 2013 to 2016 are
shown in Fig. 1a–c, respectively, including the biases and Pearson
correlation coefficients for each of the three time periods. Bias is

Fig. 1. Measured ambient aerosol
scattering (bspMeas) versus calculated
scattering (bspCalc). Data from all sites
are used, as available. Data from three
time periods are shown: (a)
2001–2004, (b) 2007–2010, and (c)
2013–2016. The bias (Mm−1), relative
bias, and Pearson correlation coeffi-
cient (r) for each time period are also
shown, as wells as the 1:1 correspon-
dence.
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calculated as Σ(bspCalc-bspMeas)/N, where N is the number of observa-
tions; also shown in the figure are estimates of the relative bias, cal-
culated as the median of (bspCalc-bspMeas)/bspMeas for all data points.

For the first time period shown (Fig. 1a), the measured and calcu-
lated scattering show close agreement (r= 0.94) with little bias; this
likely results from the fact that the second IMPROVE equation was
tuned to data that included this time period. However, over time, re-
constructed light scattering has become underpredicted by the second
IMPROVE equation, with the bias changing from −0.06Mm−1 (re-
lative bias=−0.04) for 2001–2004 data (Fig. 1a) to −4.18Mm−1

(relative bias=−0.12) for 2013–2016 data (Fig. 1c). The bias for all
data from 2001 to 2016 is −2.59Mm−1 (relative bias=−0.09). Four
of the sites (GLAC, GRBA, NACA, and ROMO) do not have data
throughout the entire 2001–2016 time period. Limiting the comparison
shown in Fig. 1 to sites that have data collection throughout 2001–2016
(ACAD, BIBE, GRCA, GRSM, MACA, MORA and SHEN) produces similar
results (bias=−2.70Mm−1; relative bias=−0.09).

To get a better understanding of the cause for this underprediction
in recent years, Fig. 2 shows the annually averaged differences between
bspCalc and bspmeas from 2001 to 2016 for the five eastern parks, which
have higher sulfate concentrations compared to the western parks
(Hand et al., 2012), shown in Fig. 3. If the second IMPROVE equation
accurately represented scattering, the average value of bspCalc - bspmeas

would be near zero, and would remain constant over time. Values
greater than zero indicate that the second IMPROVE equation is over-
estimating scattering, while values less than zero suggest that the
equation is underestimating scattering. Also shown are results from a
Theil regression (Theil, 1950) (TheilSen function in R) on the daily
values of this difference. A Theil regression was applied rather than an
OLS regression to reduce the impact of outliers on the calculated slope.
Annual average RCFM concentrations are also shown, along with an-
nual average mass concentrations of ammonium sulfate, ammonium
nitrate, and organics from IMPROVE. Several things are apparent from
the figure. First, as has been shown previously (Attwood et al., 2014;
Hand et al., 2014), PM2.5 mass has decreased, in some cases dramati-
cally, since 2001 at the five eastern sites. This trend has been driven
largely by decreases in anthropogenic emissions of aerosol precursors
(Hand et al., 2014; Sickles and Shadwick, 2015), leading to large de-
creases in sulfate and decreases in organic mass, which may be tied to
the sulfate reductions (Malm et al., 2017; Xu et al., 2015). Similar de-
creases of aerosol precursors have been observed in parts of China
(Zheng et al., 2018). Along with these declines, bspCalc has decreased at
a faster rate than bspmeas, resulting in a statistically significant
(p < 0.05) decrease in their difference (bspCalc - bspmeas) at all five of
the eastern sites (trend lines in Fig. 2), indicating that the second IM-
PROVE equation is increasingly underestimating measured light scat-
tering over time. The decrease does not correspond to a step function
change at any time during the measurements, which might indicate a
response to a change in measurement method, such as the switch to an
LED light source in the nephelometers in 2011. Although the slopes are
fairly small, over the 16 year period, this change can have a significant
impact on calculated light extinction. For example, at GRSM, a slope of
−0.59Mm−1 yr−1 corresponds to a change of about 9Mm−1 during
this time period; for comparison, the annual averaged bspMeas at GRSM
for 2016 was 25Mm−1 (for measurements with RH < 90%). The un-
derestimation of scattering from the second IMPROVE equation thus
makes up a significant portion of extinction at the park. This artifact can
lead to an overestimation of improvement in visibility at these parks
when using IMPROVE data to calculate RHR metrics.

The trends in eastern parks can be compared to trends in western
parks, where PM2.5 mass concentrations are generally lower and where
there have been less dramatic changes in PM2.5 concentrations since
2001 (Fig. 3). In contrast to the eastern sites, only GLAC and MORA had
statistically significant (p < 0.05) decreases in (bspCalc - bspmeas) at the
western sites (trend lines in Fig. 3). Note that GLAC can have significant
impacts from wildfires, leading to elevated organic mass

concentrations. BIBE and GRBA did not show statistically significant
trends, and GRCA and ROMO had statistically significant (p < 0.05)
increases in (bspCalc - bspmeas). As a group, the western sites all have
relatively low mass concentrations, and there is a much smaller change
in concentrations, particularly for ammonium sulfate, over this time
period.

3.2. Multiple linear regression

Throughout the United States, PM2.5 mass and light extinction are
often dominated by ammonium sulfate and organic mass (Hand et al.,
2011), and so we focus on these aerosol components to try to better
understand the differences and trends in Figs. 1–3. To this end, we
employ multiple linear regression (MLR) to compare bspmeas to the
calculated scattering contributions of individual species. Equation (3) is
a simplified version of the second IMPROVE equation (Equation (1))
aimed at determining whether scattering from individual species are
being overestimated or underestimated:

bspmeas= c1×ASscat+c2×ANscat+c3×Organicsscat+c4×Otherscat
(3)

For ammonium sulfate (ASscat), ammonium nitrate (ANscat) and or-
ganic mass (Organicsscat), all components of the second IMPROVE
equation (Equation (1)) that contribute to scattering are included in
each variable. For example, in Equation (3), ASscat =
(2.2× fs(RH)× fASs + 4.8 × fL(RH)× fASL)× [Ammonium Sulfate];
ANscat and Organicsscat are treated in the same manner. Despite the
relatively low mass concentrations of ammonium nitrate, we include it
in the regression analysis because it is one of the species for which the
split component algorithm is applied. Soil, sea salt, and coarse mass
contributions to scattering are combined into one variable (Otherscat).
Regression coefficients greater than one indicate species and time
periods for which calculated scattering is underestimated, and coeffi-
cients less than one indicate species and time periods for which cal-
culated scattering is overestimated.

MLR results are shown in Figs. 4 and 5 for eastern and western
parks, respectively. For all results, regressions were performed on a
park by park basis, and results were averaged for each year for the
eastern and western sites. Only regression coefficients with p < 0.05
from the regressions (lm function in R) were included. For ammonium
nitrate, concentrations are typically low, except in winter, yielding
noisy results at both eastern and western sites. The split component
algorithm of the IMPROVE equation predicts that the majority of the
ammonium nitrate mass is in the small mode due to these low con-
centrations; MLR results for ammonium nitrate will not be discussed
further. The MLR results for the “Other” species are also noisy and are
not shown in the figures. For eastern parks, a gradual increase in the
MLR coefficient for ammonium sulfate is apparent after 2007. Such an
increase suggests that the second IMPROVE equation is underpredicting
contributions from ammonium sulfate beginning in 2008, and this bias
is getting progressively larger. This trend corresponds to large decreases
in ammonium sulfate concentrations at eastern sites during this same
time period. Finally, the MLR coefficient for organic mass gradually
increases over time, suggesting an underestimation of scattering from
organic mass, consistent with observations that organic mass has been
underpredicted in recent years (Hand et al., 2019), and again corre-
sponding to a decrease in organic mass at these sites. The increasing
trends in the ammonium sulfate and organic coefficients are both sig-
nificant (p < 0.01) based on a Theil trend analysis of the annual
coefficients (not shown, TheilSen function in R).

Results from western sites show important differences from eastern
sites. For ammonium sulfate, there is a weaker increasing trend
(p < 0.1) in the MLR coefficient; however, the average values are re-
latively high throughout the study period. Ammonium sulfate mass
concentrations are lower at these western sites and do not show the
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dramatic decreases over time as are seen at eastern parks. For organic
mass, the MLR coefficients show a similar pattern as is observed in
eastern parks, with coefficients showing a significant (p < 0.01) in-
creasing trend, corresponding to decreases in organic mass. From Fig. 3,
BIBE (ammonium sulfate) and GLAC (organic mass) stand out as having
elevated concentrations in the west, relative to the other sites in-
vestigated. To determine whether the trends observed in Fig. 5 were
driven primarily by these parks, regression coefficients were removed
from the calculated mean values in Fig. 5 for both BIBE and GLAC.
Although the average values of the coefficients did shift somewhat (not
shown); the general trends remained unchanged, indicating that the
trends in Fig. 5 are not driven exclusively by these two parks.

3.3. Mass scattering efficiencies

The trends shown in Figs. 4 and 5 likely result from a potential
artifact in the second IMPROVE equation due to changes in the assumed

physical characteristics of the aerosol as a function of aerosol compo-
sition and mass concentration since 2001. The split component algo-
rithm of the second IMPROVE equation is directly impacted by changes
in aerosol mass concentrations, allocating mass for ammonium sulfate,
ammonium nitrate, and organics into small and large modes. Specifi-
cally, as concentrations of these species decrease, the split component
algorithm moves an increasingly larger portion of the aerosol mass into
the small mode. Because the dry mass scattering efficiency of the small
mode is less than half that of the large mode, this presumed shift in size
can have a large impact on calculated scattering. For example, Fig. 6
shows the average combined mass scattering efficiency for ammonium
sulfate at GRSM and GRCA, which is determined by calculating the
fractional contribution of the large and small modes, including the f
(RH) terms (Equation (1)). The f(RH) terms are included here to ensure
that any meteorological changes from this time period are included. As
shown in the figure, there have been relatively large changes in the
calculated ammonium sulfate mass scattering efficiency at GRSM, as

Fig. 2. Annually averaged differences between calculated scattering (bspCalc) and measured scattering (bspMeas) for eastern parks. Also shown are Theil regression
trend lines using the daily data; for cases where the trends are significant, the 95% confidence intervals are included in brackets. On the right axis are annually
averaged reconstructed fine mass (RCFM), ammonium sulfate, ammonium nitrate, and organic mass at each site (μg m−3).

A.J. Prenni, et al. Atmospheric Environment 214 (2019) 116880

5



determined by the split component algorithm, where there have been
large decreases in ammonium sulfate concentrations. However, there is
little change in the calculated ammonium sulfate mass scattering effi-
ciency at GRCA, where ammonium sulfate mass concentrations have
been more stable. Also shown in Fig. 6 are annually averaged RH values
from the two sites; the change in scattering efficiency at GRSM does not
appear to be driven by RH. The large shift in scattering efficiency at
GRSM, due to the split component algorithm of the second IMPROVE
equation, is likely not representative of actual changes in mass scat-
tering in the atmosphere.

The potential artifact in calculated mass scattering efficiencies at
GRSM may also impact other sites across the network. Changes to the
calculated average ambient scattering efficiencies of each species can
be determined based on changes to aerosol mass at all IMPROVE sites.
However, RH is not measured at all IMPROVE sites, and so only average
dry mass scattering efficiencies are determined in the following dis-
cussion. For example, for ammonium sulfate the average combined dry

mass scattering efficiency based on the split component algorithm is
computed simply as 2.2× fASs + 4.8 × fASl. Similar calculations were
carried out for ammonium nitrate and organic mass for all IMPROVE
sites from 2001 to 2016. Trends in these calculated average dry mass
scattering efficiencies are shown in Fig. 7a–c for all IMPROVE sites for
ammonium sulfate, ammonium nitrate, and organic mass, respectively.
Also shown in Fig. 7d are trends in reconstructed light extinction based
on RHR annual mean values (http://views.cira.colostate.edu/fed/) and
the second IMPROVE equation. In the figure, triangles represent IM-
PROVE sites. Downward-pointing triangles indicate decreasing trends,
and upward-pointing triangles represent increasing trends, with filled
symbols considered significant (p < 0.10). As shown in the figure, as
aerosol concentrations have decreased throughout the United States,
total reconstructed extinction and calculated average dry mass scat-
tering efficiencies for all three species have also gone down. While re-
constructed scattering is expected to decrease with decreasing aerosol
concentrations, part of the observed trends are the result of the assumed

Fig. 3. Annually averaged differences between calculated scattering (bspCalc) and measured scattering (bspMeas) for western parks. Also shown are Theil regression
trend lines using the daily data; for cases where the trends are significant, the 95% confidence intervals are included in brackets. On the right axis are annually
averaged reconstructed fine mass (RCFM), ammonium sulfate, ammonium nitrate, and organic mass at each site (μg m−3).
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changes in mass scattering efficiencies, which may not be occurring in
the atmosphere. The decreases in scattering efficiencies of these species
are likely, to some extent, artifacts due to the split component algo-
rithm of the second IMPROVE equation. This is particularly true for

ammonium sulfate in the east, where ammonium sulfate concentrations
have decreased dramatically and where the greatest decreases in haze
have been observed. The large decreases in calculated mass scattering
efficiencies impact total extinction, and so we next assess whether these

Fig. 4. Annual mean MLR coefficients from 2001 to 2016 using Equation (3) for eastern sites for (a) ammonium sulfate, (b) ammonium nitrate, and (c) organic mass.

Fig. 5. Annual mean MLR coefficients from 2001 to 2016 using Equation (3) for western sites for (a) ammonium sulfate, (b) ammonium nitrate, and (c) organic mass.
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changes in calculated scattering efficiencies are representative of what
is occurring in the atmosphere or are simply an artifact of the split
component algorithm.

3.4. Measured size distributions at GRSM

Although the split component algorithm in the second IMPROVE
equation is based on two aerosol size modes, aerosol size is not ex-
plicitly measured as part of IMPROVE. Size distribution data are
available, however, for limited time periods as part of special studies
conducted at some parks. Here we focus on three such studies from
GRSM. The first set of measurements came from the Southeastern
Aerosol and Visibility Study (SEAVS) (Hand et al., 2002) in July and
August 1995. Several methods were used to collect aerosol size data

(Hand et al., 2002), but we focus on dry (RH < 40%) size distributions
measured using optical methods (Hand et al., 2000). Data from the
second study come from Lowenthal et al. (2009, 2015). In this study,
dry (RH < 20%) particle size distributions were measured with a
scanning differential mobility analyzer. This study was conducted
specifically to address questions related to the second IMPROVE
equation. The third dataset comes from the Southern Oxidant and
Aerosol Study (SOAS). Dry (RH < 50%) aerosol size distributions were
measured by a scanning electrical mobility spectrometer (SEMS, Model,
2000C, Brechtel Manufacturing Incorporated) from 1 June 2013 to 18
July 2013 (Liu et al., 2017, 2018). Instruments were housed in a tem-
perature-controlled container, and ambient air was pulled isokinetically
through a 5m inlet at about 900 Lmin−1 using a blower to provide
sufficient bypass air to keep flow conditions constant (Bates et al.,
2012).

The size distribution data from these three studies covered different
ranges: SEAVS (122 nm–3 μm), 2006–2008 data (12–750 nm), and
SOAS (10–896 nm). To compare the measurements, data were limited
to a common size range (122 nm–750 nm), and single-mode, lognormal
size distributions were fit to dry aerosol volume data for truncated
distributions using fitdist in R. Although in some cases multiple modes
were observed in the data, this approach was simply meant to ap-
proximate long-term trends in aerosol size. The fitted volume median
diameters were then averaged for each day; results are shown in Fig. 8.
Also shown are the average RCFM concentrations from IMPROVE for
the corresponding time periods. Although the data were collected over
an 18 year time period, they are shown by month. As shown in the
figure and in Fig. 2, RCFM decreased significantly over this time period,
driven largely by decreases in ammonium sulfate. Based on the split
component algorithm of the second IMPROVE equation, such a de-
crease in mass should have shifted much of the aerosol mass from the
large mode (Dgv= 0.5 μm; σ=1.5) during SEAVS (for ammonium
sulfate: large mode= 58%; small mode=42%) to the small mode
(Dgv= 0.2 μm; σ= 2.2) during SOAS (for ammonium sulfate: large
mode= 13%; small mode= 87%). Such a shift in diameter was not
observed nor was a change in σ (not shown). Instead, the largest sizes

Fig. 6. Annually averaged ambient mass scattering efficiency (m2 g−1) for
ammonium sulfate, including the f(RH) term, at GRSM and GRCA, as de-
termined from the second IMPROVE equation. Also shown are the annual
average RH values for each site.

Fig. 7. IMPROVE 2001–2016 annual mean trends (% yr−1) in (a) ammonium sulfate (AS), (b) ammonium nitrate (AN), and (c) organic mass (OM) average dry
ambient mass scattering efficiencies (MSE), and (d) RHR total reconstructed light extinction (bext) across the United States. MSEs are determined based on the split
component portion of the IMPROVE equation for each species.
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were observed during the summer of 2006 (Lowenthal et al., 2009),
when aerosol concentrations were relatively high but still lower than
observed during SEAVS. During this period, the split component algo-
rithm would have predicted 57% in the large mode and 43% in the
small mode for ammonium sulfate. In all studies, the dry volume
median diameter generally fell between the predicted small and large
modes from the second IMPROVE equation, as has been observed
previously (Lowenthal et al., 2015). Based on these limited data, size
distributions do not appear to be dependent on long-term trends in
aerosol mass, indicating that the size dependence on mass in the second
IMPROVE equation is no longer appropriate and is at least partially
responsible for the biases in Figs. 1–3.

3.5. Modeled size distributions at GRSM

The limited datasets at GRSM are supported by recent modeling
efforts based on the GEOS-Chem model (e.g. (Bey et al., 2001),) coupled
with the size-resolved (sectional) Advanced Particle Microphysics
(APM) package (Yu and Luo, 2009). The APM package, developed for
implementation into global chemistry transport models and other
weather and climate model systems (Luo and Yu, 2011b; Yu and Luo,
2009), explicitly simulates the evolution of particle size distributions in
the atmosphere. A number of model-predicted particle properties have
been evaluated against measurements, including mass concentration
(Luo et al., 2019), number concentration (Luo and Yu, 2011a; Yu and
Luo, 2009), optical properties (Yu et al., 2012), and size distributions
(Yu et al., 2015). The long-term GEOS-Chem-APM simulation
(2000–2016) was driven by the National Aeronautics and Space Ad-
ministration's (NASA) Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA-2). Global emissions for anthro-
pogenic and natural sources are produced via the Harvard-NASA
Emission Component version 1.0 (HEMCO) (Keller et al., 2014). An-
thropogenic emissions over the United States are replaced with the
EPA's National Emissions Inventory (NEI) Data. Air Pollutant Emissions
Trends Data reported by the EPA are used to scale NEI 2011 emission
inventories from year 2011 to the simulation year. New particle for-
mation, an important process controlling particle size distributions, is
calculated with the recently developed ternary ion-mediated nucleation
of H2SO4–H2O–NH3 (Yu et al., 2018).

The modeled monthly average aerosol volume median diameter

(μm) in the 2° x 2.5° grid box containing GRSM (Fig. 9) is shown in
Fig. 9 from 2000 to 2017. Volume median diameters are calculated
from GEOS-Chem APM-simulated particle size distributions; they are
representative of regional means near GRSM but are not specific to the
park. Consistent with IMPROVE measured mass concentrations, the
GEOS-CHEM model indicates a decline in PM2.5 mass at GRSM (not
shown). However, as shown in the figure, the results do not support a
decrease in aerosol diameter during the study period. These results are
consistent with the limited size distribution measurements shown above
and are in contrast to the change in size suggested by the split com-
ponent algorithm in the second IMPROVE equation.

4. Potential alternative approach

To better capture the dependence of light scattering on aerosol
mass, we explore an alternative to the split component algorithm. The
change is in how ammonium sulfate, ammonium nitrate, and organic
mass are separated into the small and large modes. Rather than using a
factor of 20 μgm−3 in the denominator of the split component algo-
rithm, this factor is replaced each year by five times the annual median
mass of each component at each site. Similar to the factor of 20 μgm−3

at the time it was implemented, five times the median represents the
upper end of the observed mass distributions. A multiple of the median
is used instead of an upper percentile of the distribution (e.g. 95th or
99th percentile) because it eliminates the extreme values that can occur
in the measured distributions due to events such as wildfires. With this
approach, the factor of 20 μgm−3 is replaced separately for ammonium
sulfate, ammonium nitrate, and organic mass for each site each year.
Typically, ammonium sulfate concentrations are highest in the east,
organic mass concentrations are highest in the west (dependent on fires
and seasonally dependent), ammonium nitrate concentrations are re-
latively lower at all eleven sites, and concentrations of all species have
generally decreased over time, such that a range of factors may be used,
even at a single site. This alternative approach attempts to correct for
the biases shown in Fig. 1 while retaining the overall form of the second
IMPROVE equation. Site-specific dry mass scattering efficiencies also
have been explored at an urban site (Valentini et al., 2018) to attempt
to improve scattering estimates.

Changing only this portion of the algorithm, bspCalc was re-
calculated and plotted against measured scattering, as shown in
Fig. 10a–c for the three time periods. As is apparent in the figure, this
approach shows reduced biases, although similar correlation coeffi-
cients, over the second IMPROVE equation (Fig. 1), particularly in later
years (see Figs. 1c and 10c). When considering the entire time period

Fig. 8. Daily average dry volume median diameters at GRSM determined from
single-mode, log-normal fits to the size distribution data (circles). Also shown
are IMPROVE study average reconstructed fine mass values (μg m−3) as solid
lines for the overlapping time periods (right axis). The dashed lines show the
mass mean diameter for the small and large modes in the second IMPROVE
equation split component algorithm.

Fig. 9. Calculated volume median diameter (μm) at GRSM determined using an
advanced particle microphysics (APM) model incorporated into a global
chemistry transport model (GEOS-Chem). Results are for a grid cell centered at
36 °N and 85 °W.
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(2001–2016), this approach has a bias of 0.44Mm−1 and a relative bias
of 0.03, and the temporal trend in the biases are smaller than shown in
Fig. 1. Fig. 11 shows data for all years across all sites on a log-log scale
using this approach. The figure suggests reasonable agreement between
measured and calculated scattering across the full range of scattering
observed during the entire study period. The improvement indicates
that such an approach may result in reconstructed scattering that more
accurately reflects changes to visibility over time.

5. Conclusions

The split component algorithm of the second IMPROVE equation
was intended to capture the relationship between light scattering and

aerosol mass concentrations. This algorithm initially helped reduce bias
in reconstructed scattering (Pitchford et al., 2007) for aerosol con-
centrations that were significantly higher than those observed today.
However, the ability to accurately reconstruct ambient aerosol scat-
tering has degraded over time, and the second IMPROVE equation
currently underpredicts reconstructed light scattering at many IM-
PROVE sites. Specifically, the split component algorithm allocates too
much aerosol mass into the small size mode, which has a lower dry
mass scattering efficiency, leading to a persistent underestimation of
light scattering in recent years. Underestimating light extinction using
the second IMPROVE equation has major implications for im-
plementation of the RHR, in that progress toward RHR goals is likely
overestimated, especially in the east.

An alternative approach to the split component algorithm was ex-
plored. Rather than using one mass value to split all aerosol species into
small and large aerosol size modes, ammonium sulfate, ammonium
nitrate and organic mass were separated based on annual, site- and
species-specific masses. This alternate approach appeared to reduce the
biases in the reconstructed light scattering, and provide a promising
framework for correcting the IMPROVE equation. However, recent
analyses suggest that other assumptions in the IMPROVE mass re-
construction algorithm (Hand et al., 2019) may lead to biases that also
likely impact reconstructed extinction. Potential biases with the re-
constructed mass algorithm first must be understood and corrected
before any changes to the second IMPROVE equation are proposed.
There are potentially real chemical changes in the atmosphere that also
may affect the assumptions made within the algorithm, such as a spa-
tially and temporally variable Roc, a changing level of neutralization of
sulfate, and changes to the hygroscopicity of organic aerosols, none of
which are accounted for in the second IMPROVE equation. While it is
nearly impossible to account for the impacts of changing atmospheric
composition on aerosol extinction across the United States using a
simple algorithm, any changes to the second IMPROVE equation will
ideally account for the potential biases and will accurately represent
visibility across the network.

Fig. 10. Measured ambient aerosol
scattering (bspMeas) versus calculated
scattering (bspCalc), based on a revised
version of the second IMPROVE equa-
tion for (a) 2001–2004; (b)
2007–2010; and (c) 2013–2016. Data
from all 11 sites are used. The bias
(Mm−1), relative bias, and Pearson
correlation coefficient (r) for each time
period are also shown, as wells as the
1:1 correspondence.

Fig. 11. Measured ambient aerosol scattering (bspMeas) versus calculated scat-
tering (bspCalc), on a log-log scale, based on a revised version of the second
IMPROVE equation for all sites from 2001 to 2016.
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