







































































measured on the i sample). PMF provides a solution that minimizes an object function Q(E)

based on the uncertainties for each observation and this is defined as:

O(E) = 22[x; - X gy fig]
Ui

Unlike other source apportionment models, this model allows for inclusion of
measurement uncertainties and thereby provides information regarding the confidence in the
concentration measurements into the model fit, which is one of the major advantages of this
method versus other factor-based methods. Furthermore, by including non-negative constraints
in the model (i.e., that mass contributions or source profile composition fractions cannot be less
than 0), only physically plausible solutions are allowed. Numerous source apportionment studies
in recent years have successfully employed PMF (e.g., Paatero, 1997; Song, 2001; Ito, 2004;
Kim, 2004), and more details on this technique are available in these published papers.

In this study, a different approach to conducting the PMF source apportionment is
investigated, one that incorporates background Sterling Forest data into the NYC PMF source
apportionment model. In this technique, we assume that all of the sulfur measured at Sterling
Forest is transported into the region and that the Hunter College site is similarly affected by this
transported pollution. The remainder of the sulfur at the Hunter College site is assumed to be of
local origin, and this amount is then apportioned among the local sources using PMF. Therefore,
to further aid in the differentiation of transport versus local sources in the source apportionment
analysis, we have included a Sterling Forest sulfur variable in the NYC PMF analysis, along with
the elemental data from the Hunter College site, and have also computed an estimate of the local
sulfur concentration in NYC by differentiating between the two sites. Thus, in addition to the
usual 20 elements and the two carbon variables (i.e., OC and EC) for the Hunter College site,
two sulfur variables were included as part of this analysis: a “transported sulfur” variable and a

“local sulfur” variable, such that, for this Case 1:

STRANSPORTED = SsF
Stocar= Snyc - Ssr

In general, the difference between the Hunter College and Sterling Forest sites (i.e., local

sulfur) was found to be slight (mean difference = 85 ng/m’, compared to mean S at the Hunter



College site of 1583 ng/m’ and Sterling Forest mean S of 1512 ng/m®). Furthermore, up to one-
third of the observations indicated that sulfur concentrations were higher at the Sterling Forest
site compared to the Hunter College site, resulting in negative Sy ocar values. The largest
negative differences between the Hunter College and Sterling Forest sites were found to occur
during summertime sulfate episodes. These negative contributions are within the measurement
error and could be interpreted as being fluctuations around zero or minimal local sulfur
contribution. Instead of replacing these negative values with zero, and thereby skewing the local
contributions, the differences were included as were in the model. The higher uncertainties
(computations shown below) associated with the “local sulfur” ensure that the negative sulfur
observations do not influence the model.

Estimates of the elemental uncertainties are required for the application of the PMF
model to these data. The uncertainties of elemental concentrations used in the PMF analyses
were those reported by the XRF analysis (as described earlier). The Sterling Forest uncertainties
were used for the variables classified as “transported sulfur.” For the “local sulfur” variables
(calculated by subtracting the Sterling Forest daily concentrations from the Hunter College
concentrations on the same day), uncertainties were larger and were propagated from the
individual sites’ errors as,

Urocar = V (Use” + Unyc?).

To assure the quality of this alternate approach versus the conventional PMF technique,
we conducted a PMF source apportionment analysis on the Hunter College site data alone
(without subtracting background sulfur concentrations from the Sterling Forest site). We
compared the results between the two models to ensure consistency in results (number and types
of sources). An additional PMF analysis that extended our approach (by using the background
and local differences for all the elements considered in the analysis) was also conducted. Results
from this study have been published in the journal Atmospheric Environment, where further

details are presented (Lall, 2006).
RESULTS

Both the monitoring stations at the Sterling Forest and Hunter College sites began

operation in January 2001. This report contains results from data collected and analyzed in 2001.
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Figure 6a: Roughly half of NYC wintertime (Jan-Mar 2001) filter-based PM; s
is well predicted by PM, smeasured at the background Sterling Forest (SF) site.
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Figure 6b: Most NYC summer (Jun-Aug 2001) ACCU PM; s mass is well predicted
by PM, 5 measured at the background Sterling Forest (SF) site.
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Sterling | New York

2001 Forest City
Annual [ 0.2 (0.2) 1.2 (0.6)
Eg:r‘f)';flal Winter | 02(0.1)| 1.3 (0.7)
Summer | 0.2 (0.2) 1.3 (0.6)
. Annual | 1.7 (1.0) 3.6 (1.3)
22%?)‘;‘: Winter | 1.3 (0.5) | 2.7(0.9)
Summer | 2.9 (1.3) 4.4 (1.3)
Annual [ 1.5(1.4) 1.6 (1.3)
Sulfur Winter | 1.1 (0.6) 1.2 (0.5)
Summer | 2.6 (2.2) 2.5(1.9)
Annual | 11.4(8.5)| 17.3(9.6)
PM, s Winter | 88 (5.4)| 17.3(9.0)

18.3

Summer (11.0) | 21.4(11.9)

Table 2: Mean annual and seasonal concentrations (and their standard deviations) of
EC, OC, S, and PM, 5 measured at the two NYU sampling sites during 2001 (ug/m’)

Winter= Januarv-March: Summer=June-August (instead of standard auarters).

Comparisons of the two NYU sites’ elemental concentrations are also instructive as to the
potential role of local versus transported pollution in NYC. Sulfur is a useful tracer for
transported combustion aerosols in the northeastern United States (e.g., Lioy and Thurston,
1987). Sulfur, like PM; s, is found to be highly correlated between the two NYU sites (r = 0.90)
(Table 3). Both sites are found to have similar sulfur levels (annual mean: Hunter College = 1.6
ng/m’; Sterling Forest = 1.5 pg/m’), with higher levels at both sites in the summer (Hunter
College = 2.5, Sterling Forest = 2.6) compared to winter (Hunter College = 1.2, Sterling Forest =
1.1) (Table 2). On the other hand, elemental carbon (EC), which serves as a tracer of local
combustion sources, is much less correlated between the two sites (r = 0.50). Since the EC
concentrations are much higher in the city (mean = 1.2 pg/m’) than in Sterling Forest (mean =
0.2 pg/m’), most of the elemental carbon at the Hunter College site can be attributed to local
sources (Table 2). There are no appreciable seasonal differences found for this variable (summer:

Hunter College = 1.3, Sterling Forest = 0.2; winter: Hunter College = 1.3, Sterling Forest = 0.2).

Table 3: Number of observations used in the comparison between two sites (n), and the
correlation of PM,; 5, sulfur, OC, and EC

n PM,;s n S oC EC
SF vs. CH 88 0.75 50 0.95 0.69 0.33
HC vs. CH 87 0.80 52 0.96 0.74 0.52
SF vs. HC 312 0.82 312 092 0.70 0.49

SF=Sterling Forest (NY), NYC=New York City (NY), and CH=Chester (NJ).
15



The data in Figure 7 show that the difference between the Hunter College site PM; 5 and the

upwind Sterling Forest PM, s is proportional to the elemental carbon concentration at the Hunter

College site. This supports the hypothesis that the difference between the two sites is due to local

combustion pollution, as well as the fact that elemental carbon is a reasonable marker of that

local air pollution. A summary of the mean (and standard deviations) of the mass and elemental

concentrations as well as the XRF method detection limits for each of the elements is provided in

Table 4.

Figure 7: Comparing NYC EC to the difference in TEOM PM,; s values between NYC
and Sterling Forest in winter (January-March) of 2001, indicating that elemental carbon

is an excellent predictor of the local (non SF) wintertime PM, 5
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Table 4: Mean, standard deviation of PM, s, trace elements and carbon data (ng/m3) for the
two NYU sites and the % above detection based on the XRF trace element detection limits

Sterling Forest (SF) New York City (NYC)
El XRF DL (Teflon Mean Std. | % Above Mean Std. | % Above
G, ng/m3) | (ng/m3) | Deviation | detection | (ng/m3) Deviation | detection
PM; 5 - 11358 8301 - 17326 9642 -
Na 34 39 44 40 85 67 81
Mg 26 12 15 9 20 16 23
Al 64 42 57 17 44 50 18
Si 46 67 126 38 134 166 84
S 19 1512 1432 99 1583 1317 100
Cl 13 -2 11 4 37 273 30
K 12 36 27 92 50 49 99
Ca 8 20 19 80 60 36 100
Ti 6 4 18 7 4 4 16
\% 4 3 3 27 10 6 88
Mn 5 1 1 1 7 11 31
Fe 5 39 40 95 194 131 100
Ni 4 4 14 23 24 14 98
Cu 4 1 2 10 6 13 47
Zn 3 9 7 88 44 97 100
Se 3 1 1 8 3 2 38
Br 4 3 9 24 8 37 74
Sr 3 1 1 1 3 3 27
Ba 11 0 3 0 9 5 31
Pb 12 2 5 2 9 36 17
ocC 34 1700 856 - 3597 1260 -
EC 26 174 139 - 1226 580 -

Evaluating Sterling Forest as a NYC background site

In addition to examining the New York City wind rose (Figure 3), which indicated that

the winds rarely blow from the southeast toward the Sterling Forest site, several aerosol

concentration-based approaches were examined to evaluate the appropriateness of using Sterling

Forest as a background site for NYC (because it is affected by regionally transported pollution,

but not by NYC’s pollution). As shown in Figure 8, a review of the air mass back-trajectories on

the highest and lowest sulfur pollution days in 2001 at the Hunter College site, as modeled using
the NOAA Air Resources Laboratory (ARL) HY SPLIT model (Draxler, 1999), indicates there is

consistency in the source regions of each group. The highest sulfates were consistently found to

occur on days with air mass transport from the west and southwest, while the lowest sulfate days

occurred during air mass transport from the north-northwest, both of which indicate that regional










Figure 10: Sulfur measurements collected at the two background sites, Sterling
Forest, NY, and Chester, NJ; and sulfur measurements collected at Sterling Forest
versus Hunter College, NYC
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basis at NYC STN sites, and it so happened that no STN samples were scheduled for collection
on these particular days (June 15-16, 2001). Figure 11 shows a plot of silica at the two sites, and
the two clearly identifiable peaks at both sites align with transported desert dust particles
reported as being carried across from the Gobi desert and the Sahara Desert at those times,
respectively. These events clearly demonstrate that transported aerosols other than sulfates are
also similarly experienced at both the Sterling Forest and Hunter College sites under

consideration by this research. Such clear and corresponding patterns between the two sites were
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Table 5 (a): Correlations between trace elements and carbon vs. the six sources identified for

NYC (using two Sulfur variables in the PMF model); Annual and quarterly mass

contributions (ug/m3) for 2001 (95% CI of contribution estimates)

TRANSP. Fe-Mn or
TRANSP. TRAFFIC RESID. DESERT "LOCAL" WTC
SULFATES OIL DUST DUST
Na 0.18 -0.06 -0.07 0.37 0.41 0.18
Mg 0.13 0.09 -0.15 0.81 0.21 0.06
Al 0.11 0.12 -0.23 0.88 0.15 -0.18
Si 0.11 0.09 -0.12 0.88 0.19 0.29
Cl -0.08 -0.08 0.07 -0.08 -0.04 0.91
K 0.15 0.08 -0.09 0.34 0.17 0.76
Ca 0.11 0.40 -0.14 0.78 0.35 0.09
Ti 0.13 0.11 -0.22 0.83 0.28 0.00
A 0.45 0.37 0.40 0.13 0.18 0.06
Mn 0.06 0.15 -0.16 0.02 0.99 0.05
Fe 0.12 0.36 -0.16 0.37 0.87 0.06
Ni -0.09 0.01 0.90 -0.18 -0.13 -0.08
Cu 0.03 0.11 -0.04 -0.03 0.17 0.95
Zn -0.02 0.08 0.03 -0.04 0.09 0.93
Se 0.58 0.40 0.09 -0.01 0.17 0.15
Br -0.01 -0.08 -0.04 -0.03 -0.02 0.98
Sr -0.02 -0.14 0.10 0.14 -0.08 0.72
Ba 0.23 0.43 -0.04 0.53 0.14 -0.02
Pb -0.02 -0.03 0.01 -0.04 0.04 0.99
(0]6 0.65 0.82 -0.32 0.19 0.32 0.10
EC 0.39 0.80 0.20 0.10 0.17 0.10
S (TRANSP.) 0.92 0.44 -0.25 0.11 0.01 -0.02
S (LOCAL) -0.20 0.12 0.09 -0.01 0.11 0.10
Eigen Value 2.21 2.42 1.43 431 2.53 5.86
2001 ANNUAL 04
7.9 6.7 34 1.1 0.4
CONTRIBUTIONS 0.4 -
74 -84 59-7.5 3.0-39 08-14 0.1-0.6
[ug/m’] ( ) )« ) ( ) ( ) 0.5)
WINTER [JAN-MAR] 0.3
6.4 4.8 7.7 0.5 0.2
CONTRIBUTIONS (0.3 -
59-6.8 42-53 6.7-8.7 0.3-0.6 0.1-0.3
] ( )« ) ) ) ( ) 0w
SPRING [APR-JUN] 0.2
8.7 6.4 2.4 2.1 0.2
CONTRIBUTIONS (0.2 -
8.1-9.2 57-17.1 2.1-2.7 1.5-2.7 0.1-03
] ( ) ) ) ( ) ( ) 0)
SUMMER [JUL-SEP] 0.8
10.5 8.3 0.9 0.8 04
CONTRIBUTIONS (0.7 -
98-11.2 74-92 08-1.1 0.6-1.1 0.1-0.7
] ( ) ) ) ) ( ) o)
FALL [OCT-DEC] 04
53 6.8 3.7 0.9 0.8
CONTRIBUTIONS (0.3 -
50-5.7 6.0-7.6 33-42 0.6-1.1 03-13
] ( ) ) ) ( ) ( ) 05)

Note: “Traffic” is all mobile vehicular (gasoline & diesel sources).
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Table 5 (b): Source profiles of the six NYC sources from PMF-2 model (using two
sulfur variables)

TRANSP.

RESID.

TRANSP. Fe-Mn or

TRAFFIC DESERT "LOCAL WTC

SULFATES OIL DUST " DUST
Na 0.2 0.0 0.4 1.3 46 04
Mg 0.0 0.0 0.0 0.9 05 0.1
Al 0.0 0.1 0.0 2.6 09 0.0
Si 0.0 0.2 0.2 6.1 40 15
Cl 0.0 0.0 0.1 0.0 00 02
K 0.1 0.1 0.2 1.3 0.8 1.7
Ca 0.0 0.3 0.1 23 1.7 02
Ti 0.0 0.0 0.0 0.2 02 0.0
\% 0.0 0.0 0.1 0.1 0.1 0.0
Mn 0.0 0.0 0.0 0.0 1.6 0.0
Fe 0.1 0.9 0.4 3.9 168 03
Ni 0.0 0.1 0.4 0.0 00 0.0
Cu 0.0 0.0 0.0 0.0 02 0.8
Zn 0.0 0.2 0.2 0.1 0.1 43
Se 0.0 0.0 0.0 0.0 00 0.0
Br 0.0 0.0 0.0 0.1 00 06
Sr 0.0 0.0 0.0 0.1 00 0.1
Ba 0.0 0.1 0.0 0.2 0.1 0.0
Pb 0.0 0.0 0.0 0.0 00 1.8
oC 10.2 26.7 10.3 31.0 602 75
EC 0.9 11.4 6.3 53 83 4.0
S (TRANSP.) 14.7 1.8 0.0 7.5 02 14
S (LOCAL) 0.0 1.1 1.0 0.0 21 19
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Time-series plots of the mass contributions from each source are provided in Figure 12.
In this analysis, total NYC PM; s mass concentrations were regressed onto the six factors, in

order to translate factor scores into these mass contributions from each source:

NYC PM,5 = B0 + B1* Grransportep T B2 * Grrarric + B3 * Gresmuar o + B4 * Gsow, + B5 *

Grg-mn + B6 * Gwrce ,

where Gs are the factor scores of the component, and the Bs are the regression coefficients for the
regression of mass onto the factor scores.

Using the Sterling Forest sulfur concentrations in the NYC source apportionment
analysis clearly indicates that the “Transported Sulfates” are truly being transported into the
NYC area, a phenomenon documented by several previous studies (see description of these
studies in the introduction). Wind trajectories on the highest days from this source were also
useful in indicating this source as being primarily from the midwestern United States, around the
Ohio Valley region (similar to Figure 8), where numerous coal-fired power plants are still
operated, many still without sulfur-oxide control technology. This “source” is highly correlated
with the “Transported Sulfur” component, organic carbon, and selenium (a reliable tracer of coal
burning in the eastern United States). Approximately 15% of particle mass from this source
consists of sulfur (see source profile in Table 5(b)), which would mostly be in the form of
sulfuric acid and ammonium bisulfate. On an annual basis, and especially during the summer
months, this source is the largest contributor to the PM; s mass (approximately 45% and 56%,
respectively). Due to summertime photochemistry, the time-series plot for this source displays a
very distinct seasonal pattern, with the highest concentrations occurring during the period from
June through August (summer = 10.5 pg/m’ vs. annual = 7.5 pg/m?). On several days during this
period, concentrations from this source alone exceed 35 pg/m’ (i.e., the newly revised PM, 5 24-
hour standard). In general, high PM, 5 days are also correlated with high transport aerosol days
(see Table 5(c)).

The “Trans-Continental Desert Dust” component profile has high percentages of
elements associated with the earth’s crust (e.g., Al and Si). As shown in Figure 11, there are two
distinct peaks found in the time-series plots that relate to the Gobi Desert dust and Sahara Desert

dust episodes, respectively. However, there also appear to be smaller contributions year-round,

26



which cannot necessarily be attributed to transport. Since elements associated with these storms
are similar to those measured in NYC on a daily basis, both local and non-local contributions
have likely aligned on the same “source” in this case. However, since PM, s levels associated
with the dust storms are much higher than usual (more than 5 times higher than normal year-
round levels: Gobi = 6.6 ug/m’, and Sahara = 5.1 pug/m’), this factor has been categorized as
transported aerosols.

The “Traffic” and “Residual Oil” sources are found to be major local contributors to
NYC PM;s. Even on relatively “clean” days (PM; s between 7 - 11 ug/m3) contribution from the
traffic and residual oil sources are approximately 4-5 pg/m’ and more than 2.7 pg/m’,
respectively (Table 5(c)). The “Traffic” component (i.e., mobile sources) is a mixture of
elemental carbon and organics from vehicular exhaust and traces of re-suspended road dust
including elements like Fe and Ca (Table 5(a, b)). This component also has a strong day-of-week
pattern, with much lower concentrations on the weekend (mean = 3.8 pg/m®) compared to
weekdays (mean = 7.8 pug/m’) (Table 5(d)), since traffic in NYC is much heavier on weekdays.
The lowest 5" percentile of traffic contributions (< 0.9 pg/m’) coincided with Sundays mostly,
and a few with Saturdays and holidays (Christmas and December 26). Elemental Carbon is a
useful indicator of traffic in NYC, as is shown in Figure 9, where elevated levels in the every 3-
hour EC measurements are found to coincide with traffic rush-hour peaks. Residual oil is used by
power plants and NYC apartment building boilers, and could potentially include emissions from
NY/NIJ ports, where large ships burn “bunker” fuel. This component’s elemental profile includes
nickel and vanadium, two tracers commonly associated with this type of fuel. Much of the
“Residual Oil” in this analysis (as shown in the time-series plot) is found to occur during the
colder months (winter = 7.7 pg/m’ vs. summer = 0.9 ug/m’), when there is a greater demand for
indoor space-heating. In fact, between January and March this source is the largest contributor to
total PM, 5. As expected, this residual oil combustion source is found to be highly correlated with
EPA’s daily NYC ambient SO, data for this period (r = 0.58).

The two other local sources identified as “WTC” and “Local Fe-Mn Dust,” unlike traffic,
are not year-round events and seldom occur, and therefore are to be treated as infrequent
episodes rather than regular sources. The WTC plume is a result of the destruction and fires
following the attack on the WTC towers. This plume, laden with chlorine, zinc, lead, copper, and

potassium particles, hit the Hunter College site between 9pm and midnight on September 12",
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according to the TEOM records (see Figure 13). The iron-manganese source most likely is a
result of re-suspended dust that is local in origin, and is therefore labeled as “Local Dust.”
However, this ambiguous source category only constitutes less than 0.5 pg/m’ on average. An
increase in levels is found in the dryer months (from July to early August) and again for a period
between late September and mid-November. These elevated levels toward the latter part of the
year might reflect the re-suspension of WTC-related dust during the Ground Zero cleanup from

October-November 2001.

Figure 13: The WTC plume hit the Hunter College site on September
12,2001, between 9pm and 12am
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DISCUSSION

Since the 1970s, multiple studies have been published relating to the air quality of the
New York metropolitan region and, in particular, to the impact of sulfate aerosols transported
into this region. Wind-trajectory analyses were conducted in some of these studies, allowing
them to identify coal-fired plants in the Ohio River Valley as a major cause of the sulfates
measured in NYC. Indeed, one early study estimated that some 73% of sulfate measured in the
New York City metropolitan area is attributed to pollution transport (Lippmann, 1979). In
addition to identifying high sulfur concentrations originating from emissions occurring in the

midwestern United States, another study was also able to show meteorological conditions
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conducive to the transport of this pollution into New York State (Galvin, 1978): stagnant air
masses over the Ohio River Valley were found to follow the movement of the high-pressure
system eastward into New York State. On such days, when New York experienced winds from
around the industrialized region located to its west and southwest, sulfate concentrations in
excess of 20 pg/m’ were recorded (versus approximately 5 pug/m’® on days with wind trajectories
from other directions).

In the three decades since the above-mentioned studies, there have been some major
reductions in the emissions of SO, and primary particulate matter in the eastern United States,
which have therefore resulted in a decrease in the atmospheric burden of particulate matter trace
elements and an overall improvement in air quality (Husain et al., 2004). Despite these
reductions, long-range transported aerosols can still play a significant role in NYC'’s air quality,
and, on a few days during the summer months, concentrations greater than 20 pg/m’ are still
occasionally observed. More recent studies estimate about 40-60% of the sulfates, and
approximately 30% of the total PM, s are due to transport from upwind sources (e.g., Dutkiewicz
et al., 2004; Bari et al., 2003). These estimates are lower than the ones found in this study.
However, these two other studies used concentration data stratified by wind directions in order to
estimate contributions from transported air (rather than the quantitative source apportionment
techniques used in this study). This difference in assumptions may account for these differences
in results if, for example, the wind from “reference” directions also include some transported
pollution, and pollution experienced during those winds were not entirely local in origin.

Similar PM data collected at other NYC metropolitan area sites since 2000 (through
EPA’s STN) have been used in several recent source apportionment studies. These studies
provide a more comprehensive evaluation of the multiple and varied sources that impact air
quality in general and, along with supporting meteorological data, they allow an assessment of
the impacts from these different sources (although the STN data are usually collected less
frequently than the daily data collected in this NYSERDA study). Two such source
apportionment studies have been recently conducted using available STN data for multiple sites
in the NYC metropolitan area (Ito et al., 2004; Qin et al., 2006). Unlike, the NYU sampling
schedule, the USEPA network only sampled every three days, and data are often not available on
key days when high concentrations were recorded at the daily NYU sites, such as the result of an

episode or unusual event (e.g., plumes of dust that originated from the Sahara Desert or as a
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result of the destruction of the WTC by the 9-11 terrorist attacks). In both studies, separate and
individual source apportionment analyses were conducted for each of the sites used in evaluating
NYC’s air quality. Ito et al. used three USEPA sites located in NYC boroughs outside Manhattan
(i.e., the NY Botanical Gardens, I.S.52, and Queens College) and found sources (secondary
aerosols, soil, traffic, and residual oil) similar to this study. Qin uses two additional sites located
in Elizabeth, NJ, and Chester, NJ (a rural background site). Among the sources identified in that
work, those found common to all five USEPA sites were: secondary sulfate, secondary nitrates,
soil, and aged sea salt. Oil burning and a traffic source were also identified for certain of the
sites. By comparing the actual mass and sulfate concentrations measured across the various NYC
sites and a background NI site, it was estimated that about 69-82% of PM; 5 and more than 93%
of the sulfates were attributed to transport. These findings are also consistent with our results.
However, we have taken a slightly different approach in our analysis of speciation and carbon
data—one that directly derived a separate estimate of the transported sulfate by subtracting
concentration data from the background Sterling Forest site prior to the PMF source
apportionment. This approach resulted in less ambiguity between contributions from local and
distant sources and should provide a more specific assessment of transported versus local
contributions to air quality in NYC. This may well aid regulatory agencies in adopting different
strategies that can better target reductions in PM, s sources at the city and regional levels.
Historically, past source apportionment studies have not considered incorporating an
additional reference site in a site’s source apportionment analysis in order to help separate local
versus non-local sources affecting the air quality at an urban sampling site. However, this
approach of incorporating background data was also extended by us to all 22 elements (instead
of only sulfur data) used in the source apportionment analyses (Lall and Thurston, 2006). In
order to provide additional insight into our use of this differing approach, we have also
conducted a “conventional” PMF source apportionment analysis of just the NYC elemental
dataset, without incorporating the Sterling Forest data. Although the results are not included in
this report, this more conventional approach provided conclusions qualitatively and
quantitatively similar to those presented here (i.e., resolving similar sources and comparable
source contributions). These conventional PMF apportionment results were also similar to those
reported in the work of Ito et al. (2004) and Qin et al. (2006) for other NYC sites. However, the

approach in this study using background Sterling Forest sulfur concentrations as a tracer for the
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transported component provides greater certainty that the sulfate component identified in the
analyses of NYC data was, indeed, due to non-local aerosols transported into NYC. The validity
of the results presented here is further supported by the fact that the PMF was able to correctly
discern two very clear and well-documented episodes as distinct PM; s sources: the impact of the
WTC fires plume in mid-Manhattan on September 12, 2001, and the Gobi Desert and Sahara
Desert sandstorm inter-continental dust transport episodes in April and June, 2001, respectively.

Wind-rose plots using NOAA meteorological 2001 data show that, on a majority of study
days, winds in NYC predominantly originated from the west, and very rarely did winds originate
from the south-southeast direction (i.e., traveling in the direction from NYC toward Sterling
Forest: see Figure 3). Back-trajectories of winds on days with the highest sulfur concentrations
were found to indicate that the air mass originated in the midwestern United States. In contrast,
on the cleanest days (in terms of sulfur concentrations), winds were from the north-northwest
(see Figure 8). Sulfur concentrations measured at Sterling Forest, located to the northwest of
NYC, were also compared with data from the USEPA background site located at Chester, NJ,
also to the west of NYC. Similar concentrations were observed at both sites, and the sulfate data
from these two sites were also highly correlated (r = 0.95). The same was found to be true when
comparing sulfur concentrations between the two NYU sites. Such clear site-to-site patterns were
not observed for elemental carbon (i.e., a component attributed to local combustion sources)
concentrations at the two NYU sites. In general, aside from sulfur, higher concentrations of
PM, s, trace elements, and carbon were usually found in Manhattan versus Sterling Forest. These
facts validate the use of Sterling Forest as a reference site for our study.

The 2001 annual estimate of PM, s mass concentrations (17.3 pg/m’) for NYC was above
the federal annual standard (15.0 pg/m’). This research, like other previous studies, also found
transported PM; 5 and sulfate aerosols to have major impacts on NYC’s air quality. Comparing
PM, s mass and its components between the NYU sites on an annual basis, about 45% of the total
PM, s measured in NYC is attributable to sulfate aerosols being transported into the city; during
the summer months, the fraction due to transport can be as much as two-thirds (Table 6). For
sulfates, the transported percentage is over 90% of all the sulfates affecting the Hunter College
site in downtown Manhattan. By contrast, elemental carbon is mainly attributed to local pollution
sources (95%). However, organic carbon is attributed to both local (~70%) and non-local (~30%)

pollution. Nitrate data were not analyzed for the Hunter College samples (due to the generally
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poor measurement of this pollutant), but the nitrate-related PM; s mass would be distributed
among the local residual oil and transported aerosol components by the source apportionment
model. Because the major contributions to total PM; s, sulfates and OC are attributed to transport
in this model, it is indicated that, if NYC is to come into compliance with federal PM; s
standards, it will need to specifically target regional PM; 5 reduction strategies. Along with
alleviating PM; s concentrations in the northeastern United States and Canada, these strategies
would also have the secondary benefits of improved visibility and reduced acid deposition in the

sensitive ecological areas in this region.

Table 6: Estimated fractions of total PM; 5 mass and elemental/carbon
concentrations contributed by transported aerosols in NYC

ANNUAL WINTER SUMMER
(2001) (Jan-Mar '01) (Jun-Aug '01)
PMy s 0.44 0.33 0.56
S 0.80 0.79 0.85
oC 0.31 0.26 0.67
EC 0.12 0.08 0.15

Overall, this study finds that the highest PM; 5 days occur when contributions from
transported sulfate aerosols are highest (see Table 5(c)). In fact, on a few days in June and
August, concentrations from this “source” alone were over 35 pug/m’ (i.e., the current revised 24-
hour PM; 5 standard). Aside from the transported sulfate aerosols, two other, more local sources
were found to contribute significantly: traffic and residual oil. “Cleaner” days (i.e., the 10™
percentile of PM, s mass concentrations or less than 7 pg/m’), had greater contributions from the
traffic and residual sources, compared to the transported sulfates. Therefore, the contributions of
these local sources cannot be overlooked. In this work, no major contributions from WTC-
related fires or rescue/clean-up activities at Ground Zero were distinctly identifiable, other than
the direct impact of the plume from the WTC fires measured on September 12" at the Hunter
College site.

Current PM-health studies indicate the significant contributions from combustion
sources, and several studies find cardiovascular morbidity and mortality outcomes to be

associated with traffic-related exposures (Laden, 2000; Hoek, 2002). NYC has previously
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adopted policies to modernize the public transportation fleet to less-polluting vehicles (e.g.,
replacing diesel with cleaner hybrid buses). Current proposals for congestion pricing are being
recommended to limit vehicles inside Manhattan’s Central Business District (CBD). Such
proposals would result in lower exposures to traffic; however, it is less certain how much these
policies would also benefit the other NYC boroughs. Further investigation of the potential
contribution to the residual oil category by emissions from ships at the NY/NIJ ports is also
necessary for a clearer understanding of the local PM; s exposures in NYC.

This study used a new approach to source apportionment, subtracting elemental mass
from a reference site prior to its statistical source apportionment analysis as a means of more
clearly separating local versus upwind sources of PM; s. Air pollution at urban sites is a complex
mixture of aerosols produced locally as well as those transported from great distances. This
complicates the discernment of sources, especially when much of the mass is transported
regionally. Using additional data from a nearby reference site (largely unaffected by local
pollution sources) as an indicator of transported pollution is seen in this work to be a helpful

approach to more clearly identify local versus upwind contributions to PM; s.

33



LITERATURE CITED

Allen, G., Sioutas, C., Koutrakis, P., Reiss, R., Lurmann, F.W., Roberts, P.T., 1997. Evaluation
of the TEOM method for measurement of ambient particulate mass in urban areas. Journal of
the Air and Waste Management Association 47 (6), 682-689.

Bari, A., Dutkiewicz, V.A., Judd, C.D., et al., 2003. Regional sources of particulate sulfate, SO2,
PM2.5, HCI, and HNO3, in New York, NY. Atmospheric Environment 37 (20), 2837-2844.

Cooper, J.A. and Watson, J.G. Jr., 1980. Receptor oriented methods of air particulate source
apportionment. Journal of the Air Pollution Control Association 30 (10), 1116-1125.

Draxler, R. R., 1999. Hybrid Single-Particle Lagrangian Integrated Trajectories (HY-SPLIT),
Version 4.0: Users guide. Silver Spring, MD: National Oceanic and Atmospheric
Administration (NOAA)..

Dutkiewicz, V.A., Qureshi, S., Khan, A., Ferraro, V., Schwab, J., Demerjian, K.L., Husain, L.,
2003. Sources of fine particulate sulfate in New York. Atmospheric Environment 38 (20),
3179-3189.

Galvin, P. J., Samson, P. 1., Coffey, P. E. and Romano, D., 1978. Transport of sulfate to New
York State. Environmental Science Technology 12, 580-589.

Harman, H.H, 1976. Modern Factor Analysis: 3" Edition. Chicago: University of Chicago Press.
Hinds, W.C, 1999. Aerosol Technology: 2™ Edition. John Wiley & Sons, Inc.

Hoek, G., Brunekreef, B., Goldbohm, S., et al., 2002. Association between mortality and
indicators of traffic-related air pollution in the Netherlands: a cohort study. Lancet 360,
1203-1209.

Hopke, P.K., Gladney, E.S., Gordon, G.E., Zoller, W.H., Jones, A.G., 1976. The use of
multivariate analysis to identify sources of selected elements in the Boston urban aerosol.
Atmospheric Environment 10 (11), 1015-1025.

Husain, L., Parekh, P.P., Dutkiewicz, V.A., et al. Long-term trends in atmospheric
concentrations of sulfate, total sulfur, and trace elements in the northeastern United States.
Journal of Geophysical Research Atmospheres 109 (D18).

Ito, K., Xue, N., Thurston, G.D., 2004. Spatial variation of PM, 5 chemical species and source-
apportioned mass concentrations in New York City. Atmospheric Environment 38: 5269-
5282.

Kim, E., Hopke, P.K., 2004. Source apportionment of fine particles in Washington, DC, utilizing
temperature-resolved carbon fractions. Journal of the Air and Waste Management
Association 54 (7), 773-785.

Kim, E., Hopke, P.K., 2004. Improving source identification of fine particles in a rural
northeastern US area utilizing temperature-resolved carbon fractions. Journal of Geophysical
Research-Atmospheres 109 (D9), Article Number D09204.

Kleinman, M.T., 1977. The Apportionment of Sources of Airborne Particulate Matter. Thesis
Dissertation, New York University School of Medicine.

35



Laden, F., Neas, L.M., Dockery, D.W., Schwartz, J., 2000. Association of fine particulate matter
from different sources with daily mortality in six US cities. Environmental Health
Perspectives 108 (10), 941-947.

Lall, R., Thurston, G.D., 2006. Identifying and quantifying transported vs. local sources of New
York City PM2.5 fine particulate matter air pollution. Atmospheric Environment 40, S333-
S346.

Lioy, P.J., Samson, P.J. Tanner, R.L., Leaderer, B.P., Minnich, T., Lyons, W., 1980. The
distribution and transport of sulfate “species” in the New York Metropolitan Area during the
1977 summer aerosol study. Atmospheric Environment 14, 1391-1407.

Lippmann, M., Kneip, T.J., 1979). The New York Summer Aerosol Study, 1976. Annals of the
New York Academy of Sciences 9 (322), 1-165.

National Aeronautics and Space Administration (NASA), 2001. All the World’s a stage...for
dust. <http://science.nasa.gov/headlines/y2001/ast26jun_1.htm>.

National Climatic Data Center (NCDC) Weather Station. New York Central Park Tower.
<http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dl1?wwDI~StnSrch~StnID~20019453>
(accessed July 12, 2007).

Paatero, P., 1997. Least squares formulation of robust non-negative factor analysis.
Chemometrics and Intelligent Laboratory Systems 37 (1), 23-25.

Qin, Y., Kim, E., Hopke, P.K., 2006. The Concentrations and Sources of PM, 5 in Metropolitan
New York City. Atmospheric Environment, in press.

Rupprecht & Patashnick. <http://www.rpco.com/products/ambprod/amb1400/index.htm>.

Rupprecht & Patashnick. <http://www.rpco.com/products/ambprod/ambaccu/index.htm>.

Song, X.H., Polissar, A.V., Hopke, P.K., 2001. Sources of fine particle composition in the
northeastern US. Atmospheric Environment 35 (31), 5277-5286.

Thurston, G.D., Spengler, J.D., 1985. A Multivariate Assessment of Meteorological Influences
on Inhalable Particle Source Impacts. Journal of Climate and Applied Meteorology 24 (11),
1245-1256.

Thurston, G.D. Lioy, P.J., 1987. Receptor modeling and aerosol transport. Atmospheric
Environment 21 (3), 687-698.

United States Environmental Protection Agency (USEPA, 2003. Fourth External Review Draft
of Air Quality Criteria for Particulate Matter. Research Triangle Park, NC: USEPA,
OAQPS,.

USEPA, 2003. Impact of April 2001 Asian Dust Event on Particulate Matter Concentrations in
the United States. National Air Quality and Emissions Trends Report 2003 Special Studies
Edition. <www.epa.gov> (accessed April 2006).

USEPA, 2006. 2002 Emissions Inventory Data and Documentation.
<http://www.epa.gov/ttn/chief/net/2002inventory.html> (accessed February 23, 2006).

Vedal, S., Brauer, M., White, R., Petkau, J., 2003. Air pollution and daily mortality in a city with
low levels of pollution. Environmental Health Perspectives 111 (1), 45-51.

36


http://www.epa.gov/ttn/chief/net/2002inventory.html
http:www.epa.gov
http://www.rpco.com/products/ambprod/ambaccu/index.htm
http://www.rpco.com/products/ambprod/amb1400/index.htm
http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?wwDI~StnSrch~StnID~20019453
http://science.nasa.gov/headlines/y2001/ast26jun_1.htm

For information on other
NYSERDA reports, contact:

New York State Energy Research
and Development Authority

17 Columbia Circle

Albany, New York 12203-6399

toll free: 1 (866) NYSERDA
local: (518) 862-1090
fax: (518) 862-1091

info@nyserda.org
www.nyserda.org


http:www.nyserda.org
mailto:info@nyserda.org









