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Methane measurements in central New England: An assessment 
of regional transport from surrounding sources 
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Abstract. The Harvard Forest research site located in central New England is influenced by 
numerous anthropogenic methane sources on a year-round basis. Methane is strongly correlated to 
other chemical species that have an anthropogenic component, including acetylene, propane, 
ethane, hexane, and additional short-lived nonmethane hydrocarbons. The correlation between 
methane and acetylene is due to the colocation of landfills and cities. The correlation between 
methane and other short-lived species implies that emissions from local and regional rather than 
distant sources are the primary cause of elevated events. Wind roses of chemical species are 
examined for annual and seasonal time periods with enhancements in anthropogenic species 
corresponding to the location of large cities and landfills. The southwest quadrant is subjected to 
the most severe pollution events and is impacted by outflow from nearby cities in that sector, 
including Northampton and Springfield, Massachusetts. Emissions from cities in other quadrants, 
including Boston and Worcester, Massachusetts, Providence, Rhode Island, and the close-by town 
of Petersham, Massachusetts, also affect the site, but to a lesser degree. Case studies are used to 
identify atmospheric conditions that lead to high concentrations of methane and other species. The 
co-occurrence of a persistent wind direction, light wind speed, and stable atmospheric conditions 
is the ideal scenario in which emissions from nearby cities and landfills are advected to the site. 
Emissions from local and regional, rather than distant sources, are the primary cause of elevated 
events. 

1. Introduction and Goals 

Automated high-frequency (8-11 min) methane (CH4) 
measurements have been made at the Harvard Forest (HF) 

research site since 1992 [Shipham et al., 1998]. The proximity of 
this site to numerous industrial and urban areas presents the 
opportunity to sample from known CH 4 sources on a regular and 
repeatable basis and to characterize the chemical signature of the 
sampling location and assess its sensitivity to both local and 
regional sources. 

This paper characterizes elevated CH 4 events in the HF region 
through the use of additional chemical species and meteorological 
parameters. Key questions that are examined include; Can the 
effects of local, regional, and distant CH 4 sources be quantified? 
Can annual and seasonal enhancements of chemical species be 
related to emissions from sources in particular wind sectors? Are 
the frequency and severity of pollution events changing over 
time? Can individual sources of pollutants be identified on a 
regular basis? 

A previous paper examined the long-term trend and seasonal 
cycle of CH 4 at the HF site [Shipham et al., 1998]. The trend and 
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seasonal cycle were found to be similar to the global data set 
when the effects of pollution were minimized by analyzing a 
subset of the data. This is significant as the global behavior of 
CH 4 is based on data that have been collected in remote regions 
carefully chosen to avoid the effects of pollution. Future sites 
could be located in more accessible and cost-effective locations 

and can serve a dual purpose in characterizing both changes in the 
composition of clean, background air and changes in the number 
and severity of pollution events on a regional scale. 

The data collection techniques for the CH 4 instrument were 
described in detail by [Shipha•n et al., 1998] and will be briefly 
reviewed here. The automatic CH 4 analysis system was designed 
and is maintained by P.M. Crill from the University of New 
Hampshire and is built around a Shimadzu Mini-2 gas 
chromatograph equipped with a flame ionization detector. 
Airflow is sampled every 8-11 min. During operation a field 
calibration sample is processed with each ambient air sample. The 
field standard is cylinders of breathing air containing near- 
ambient mixing ratios of CH 4 that have been calibrated with 
Niwot Ridge air standards prepared by the National Oceanic and 
Atmospheric Administration's Climate Monitoring and 
Diagnostic Laboratory. The coefficient of variation (c.v.; the 
standard deviation/mean) expressed as the percent variation from 
the 24-min running mean ranged annually/¾om 0.18 to 0.29%. If 
this c.v. represents the sum of errors in the system measurement, 
then the precision of our analysis would be 3.6 + 0.4 ppbv CH 4. 

In addition to our measurements, other chemical constituents 

and meteorological parameters are also being recorded at the 
tower by other researchers [Munger et al., 1996' Hirsch et al., 
1996; Goldstein et al., 1995a]. Measurements of fluxes of CO 2, 
O3,H20, and NOy and ambient concentrations of CO, CO 2, 03, 
H20, NO x, and NOy are described by Wofsy et al. [1993], and 
fluxes and ambient concentrations for C2-C 6 are described by 
Goldstein et al. [1995b]. 
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Figure 1. Regional cities and major highways surrounding Harvard Forest (denoted by cross). Note the location of 
Springfield, Massachusetts, and New York City to the southwest, Boston, Massachusetts, to the east, and 
Providence, Rhode Island, to the southeast. 

2. Pollution Episodes at the Harvard Forest Site 

2.1. Location and Estimated Strength of Sources 

The region surrounding the HF area is clustered with 
metropolitan areas. Larger cities and major highways within 
250km of the site are depicted in Figure 1, while Table 1 
presents the heading, distance, and estimated 1990 population for 
selected localities. The location and estimated source strengths of 
known active landfills surrounding HF are shown in Figure 2, 
with Table 2 listing their heading and distance from the site. The 
largest sources of CH 4 in the northeastern United States are 
wetlands and landfills which contribute 46% and 39% of the 

region's total, respectively [Blaha et al., 1998; U.S. 
Environmental Protection Agency, 1993]. However, these two 
dominant sources are in distinctly different locations. In Maine, 
about 90% of emissions are estimated to come from wetlands, 

primarily in the late spring and summer. In Massachusetts, where 
HF is located, about 80% of emissions are estimated to originate 
from landfills on a year-round basis. (See Blaha et al., [ 1998] for 

a much more detailed discussion of CH 4 sources in the New 
England region.) 

A nationwide strategy moving toward large regional landfills 
which have CH 4 gas collection systems has been under way since 
the early 1990s. In New England, the number of operating 
landfills has decreased from 507 in 1990 to 151 in 1995, with six 

of them having CH 4 recovery systems [Blaha et al., 1998' 
Bognet et al., 1995]. While a small component of the total U.S. 
emissions, wood burning may be a significant source of CH 4 and 
other combustion by-products in rural areas such as HF during 
the winter heating season. Other sources, such as cars and trucks, 
ruminants, and natural gas leakage are believed to be a very 
minor part of the total measured CH 4 emissions in the HF region 
[Piccot et al., 1996; Blaha et al., 1998]. 

2.2. Characterizing the Harvard Forest Flow Regime 

In addition to CH 4, other chemical species including acetylene 
(C2H2), propane (C3H8), ethane (C2H6), hexane(C6Hl4), and 

Table 1. Heading, Distance, and Populations of Selected Cities in the Region 

Heading From HF to 
Cities 

City Degrees Direction 
Distance, 

km 
1990 Population 

(Estimated) 

Nashua, New Hampshire 62 NE 67 
Boston, Massachusetts 99 E 94 
Worchester, Massachusetts 129 SE 41 
Providence, Rhode Island 138 SE 98 
Petersham, Massachusetts 183 S 6 
Ware, Massachusetts 190 S 26 
New York, New York 218 SW 249 
Springfield, Massachusetts 218 SW 54 
Chicopee, Massachusetts 223 SW 51 
Granby, Massachusetts 227 SW 37 
Northampton, Massachusetts 244 WSW 42 
Amherst, Massachusetts 245 WSW 30 

80,000 
574,000 
170,000 
160,000 

1,200 
10,000 

7,320,000 
156,000 
57,000 

6,000 
30,000 
35,000 
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Danbury 

a. Milton b. Randolph c. Rockland d. East Bridgewater e. Halifax f. Plymouth g. Tauton 

Figure 2. Landfills surrounding Harvard Forest(denoted by cross). The strongest sources closest to HF are located at 
Peabody, Massachusetts, to the east and East Bridgewater and Plainville, Massachusetts, to the southeast. Note the 
nearby cluster of landfills to the southwest of the site. (Figure courtesy Blaha et al. [1998].) 

Table 2. Heading and Distance to Regional Landfills 

Heading From HF to 
Landfill Transport 

Distance, Time at 2 m/s, 

Landfill Name Degrees Direction km hours 

Merrimack, New Hampshire 53 NE 71 I 0 
Nashua, New Hampshire 62 NE 67 9 
Westminster, Massachusetts 74 ENE 24 3 
Peabody, Massachusetts 87 E 104 15 
East Bridgewater, Massachusetts 116 SE 113 17 
Plainville, Massachusetts 127 SE 89 12 
Ban'e, New Hampshire 137 SE 10 1 
Johnston, Rhode Island 138 SE 98 14 
Southbridge, Massachusetts 165 SSE 48 7 
Ware, Massachusetts 190 S 26 4 
Chicopee, Massachusetts 223 SW 51 7 
Granby, Massachusetts 227 SW 37 5 
Northampton, Massachusetts 244 WSW 42 6 
Amherst, Massachusetts 245 WSW 30 4 
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1,3-butadiene (1,3-C4H 6) are plotted as a function of wind 
direction on annual and seasonal time periods in order to 
discriminate between man-made and natural sources and to 

quantify the varying effects of local, regional, and distant 
transport to the site. A clean air quadrant to the northeast (NE) is 
also examined and compared to the other anthropogenicially 
influenced sectors. Detailed case studies are used to identify 
possible sources and the atmospheric conditions and transport 
pathways which lead to the most severe pollution events. 

Based on the observed enhancements found in the wind roses, 

specific sectors influenced by pollutants are examined in more 
detail through the use of additional species with differing sources 
and lifetimes. The enhancements for all species are derived by 
first binning values as a function of wind direction in 10 ø 
increments for the appropriate time period of interest (i.e., all 
years, all winter/summer seasons). The mean for all of the values 
in each of the 36 wind sector bins is then obtained. Finally, the 
minimum mean binned value is subtracted from the 36 original 
means, resulting in an offset from the original means with a 
baseline value of zero. The resulting graphs show a spatial 
distribution of enhanced concentration levels which may easily be 
inter-compared. 

Approximately 20 species are measured at HF, and Table 3 
gives a partial listing of them along with their primary sources 
and estimated summer and winter lifetimes. C2H 2 is solely 
derived from combustion and is used as a tracer for an 

anthropogenic signature. A strong correlation between CH 4 and 
C2H 2 would indicate that anthropogenic sources are the dominant 
component of the total measured signal. A strong correlation 
between CH 4 and short-lived species such as C6H 14, 1,3-C4H6, 
or t-2-pentane (CsHi0) implies transport from nearby sources in 
which the short-lived species have had insufficient time to be 
oxidized. The ratio of C3H 8 and C2H 6 is used to discriminate 
between wood burning or liquefied natural gas (LNG). Lower 
ratios of 0.3-0.5 are associated with wood burning, while ratios 
approaching 1 are associated with LNG [D. R. Blake et al., 1996; 
N.J. Blake et al., 1996]. An important biogenic compound, 
isoprene, is also being measured, but was not available for 
inclusion in this paper. A future manuscript will examine 
biogenic compounds and compare those chemical signatures, if 
any, to the patterns that were found for anthropogenic species 
examined in this paper. 

Detailed case studies are used to examine the most severe 

pollution events and utilize daily streamline maps at various 
pressure levels and backward air mass trajectories to examine 
probable transport pathways. The isentropic trajectory package 

was originally received from the National Center for Atmospheric 
Research and has been modified extensively since [Danielson, 
1961; Haagenson and Shapiro, 1979; Shipham et al., 1994]. 
Products from the National Climate Data Center were used to 

determine regional snow depth, percent of possible sunlight, 
maximum and minimum temperature, and precipitation type and 
amount. 

2.3. Wind Direction and Speed 

Wind frequencies for the 4 year time period, the four winter 
seasons (January-March), and the four summer seasons 
(July-September), are shown in Figures 3a-3c. The prevalent 
wind direction during the winter is from the northwest (NW), 
which generally transports cleaner air from Canada. The 
prevalent summer wind is from the southwest (SW), which 
transports air across many potential anthropogenic sources and 
can be associated with periods of stagnation and corresponding 
pollution events. While a westerly component dominates the 
mean flow, transport from other directions does occur and 
maritime air on occasion reaches the site whenever there is a 

persistent wind flow from a southerly or easterly direction. 
As with wind direction, wind speed varies seasonally as shown 

in Figures 3d-3f. On an annual basis, the fastest winds 
(2.5-3 m/s) are from the west and north and also from a small 
area to the east. The lightest winds (2 m/s) are from the NE and 
the south. Winter winds are stronger than the annual average and 
are strongest (3-3.5 m/s) from the west and NW and also to the 
east. The lightest winter winds (2 m/s) are from the southeast 
(SE) to the SW. Summer winds are greatest (2.5 m/s) from the 
NW to north and to the east, while the lightest winds (1.5 m/s) are 
from the south and SW and the NE. 

Knowledge of the wind flow patterns combined with locations 
of potential sources provides an indication of which sectors will 
likely be affected by anthropogenic by-products. Large cities are 
located to the east, south, and west of the site, while the three 
largest landfills are located to the east and SE. Anthropogenic 
influences should be the strongest in the sectors where these 
sources are located. Conversely, the lowest populations and fewer 
landfills are to the north and NE of the site in which cleaner air 

should be expected. 
Particular wind flow patterns can be linked to recurring 

synoptic conditions [Brook et at, 1994, 1995; Holzworth, 1969]. 
The prevalent SW summer flow is often associated with the 
circulation around the "Bermuda" high which is associated with 
warm and humid conditions and very light winds. Stronger winds 

Table 3. Primary Sources and Estimated Lifetimes for Selected Nonmethane Hydrocarbons 

Summer Winter 

Pri mary Li feti me, Li feti me, 
Species Source days days 

Acetylene (C2H2) combustion - 11 110 
Ethane (C2H6) natural gas -40 -400 
Propane natural gas/ -9 -90 

(C 3 H 8) petrochemical industries 
Butane (C4H lo) auto exhaust -3.4 -34 
Pentane (CsH 12) auto exhaust -2.2 -22 
Hexane (C6H •4) combustion - 1.5 - 15 
1,3-Butadiene ( 1,3-C4H 6) combustion -0.125 -2 
t-2-pentene (CsH lO) combustion -0.125 -2 

Lifetimes are based on a rate constant as used by Goldstein et al. [1995]. 
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Figure 3.(a-c) Wind direction percent and (d-f) speed (m/s) at the Harvard Forest tower for annual, winter, and 
summer time periods. 

associated with nor' easters moving up the east coast are observed 
when the flow is from the east and SE and are associated with 

stormy conditions. A NW flow is often associated with cold 
unstable air moving in from Canada and generally signals fair 
weather conditions. Understanding the character of these major 
wind flow regimes provides additional insight about atmospheric 
conditions, which in turn can be related to the complex chemical 
signal observed at the site. Unfortunately, additional factors 
besides prevailing seasonal wind direction and speed make any 
simple link between the location of sources and corresponding 
enhancements in chemical species difficult. They include terrain 
effects that may channel pollutants, seasonal variations in source 
emissions, and yearly ! seasonal variability in wind patterns. 

2.4. Methane Enhancements 

CH 4 enhancements for the annual, winter, and summer times 
periods are shown in Figures 4a-4c. For the 4 year period, 
enhancements of about 60 ppbv are observed in the heavily 
industrialized SW high-emissions sector (HES) centered on 250 ø. 
The smallest enhancements (0-10 ppbv) are in a clean air sector 
(CAS) to the NE centered on 40 ø. Other enhancements are to the 
east and south of the site and exceed 30 ppbv at 90 ø, 120 ø, 150 ø, 
and 170 ø. 

Winter enhancements are larger than those observed in the 
summer due primarily to more stable atmospheric conditions and 
more frequent temperature inversions which trap pollutants near 
the ground, especially during the overnight hours. During the 
winter seasons, the HES enhancement is 75 ppbv as compared to 
45 ppbv during the summers. Variable enhancements occur east 

and south of the tower, with values exceeding 30 ppbv at 90 ø, 
120 ø, and 140 ø to 200 ø, including a large enhancement exceeding 
70 ppbv at 170 ø. In the summers, enhancements to the east and 
south exceed 30 ppbv only at 90 ø and 100 ø, and the large 
wintertime enhancement at 170 ø is not observed. 

2.5. Acetylene Enhancements 

C2H 2 is solely derived from combustion, and enhancements of 
it (Figures 4d-4f) are compared to those that are observed for 
CH 4. On an annual basis the largestC2H 2 enhancements of about 
500 parts per trillion by volume (pptv) occur in the HES. Other 
enhancements are found to the south and east, with values 

exceeding 300 pptv at 100 ø and 140 ø. Enhancements are again 
lowest in the CAS. In the winters the HES enhancements reach a 

maximum of 900 pptv. A second area of values greater than 
300 pptv is observed SE of the site, with enhancements exceeding 
600 pptv at 140 ø and 170 ø. In the summers, enhancements of 
450 pptv, about half the winter value, are observed in the HES. 
Other enhancements exist NE to east to south of the site, with 

values exceeding 300 pptv at 100 ø, and 160 ø- 170 ø. 
Correlation coefficients for CH 4 and C2H 2 as a function of 

wind direction for the annual and seasonal time periods are shown 
in Figures 5a-5c. The annual correlations are high and fairly 
uniform to the south and west, with values generally exceeding 
0.75. The strong correlations, especially in the HES, reflect close- 
by emissions that have not had time to be mixed or diluted. This 
is an indication that the anthropogenic signal HF receives from 
these populated areas persists on a year-round basis. Correlations 
are lower and more variable (0.25-0.70) east and south, which 
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Figure 4. Enhanced methane and acetylene mixing ratios: (a) annual methane enhancements, (b) winter methane 
enhancements, (c) summer methane enhancements, (d) annual acetylene enhancements, (e) winter acetylene 
enhancements, and (f) summer acetylene enhancements. 

may be due to better mixing and incursions of maritime air. In the 
CAS, the low correlations (0.25-0.40) are due to a well-mixed, 
aged air mass without any significant anthropogenic inputs. 

Seasonal correlations between CH 4 and C2H 2 remain high, 
especially in the winter when transport to the site is faster and 
atmospheric mixing is reduced. During the winter seasons, 
correlations exceed 0.75 from the SE to the south and to the west, 
reaching a maximum of 0.95 in the HES. Correlations in the CAS 
are lower and quite variable, ranging from 0.10 to 0.60. During 
the summers, correlations remain high in a large area from east to 
south to west to north of the site. In the HES, correlations are 

again around 0.95. Such tight correlations in light of slower 
summer winds .a. nd increased mixing imply nearby sources. Low 
correlations in the CAS imply an aged air mass in which mixing 
ratios of C2H 2 have been depleted. 

The similarities in enhancement patterns between CH 4 and 
C2H 2 reinforce the hypothesis that CH 4 mixing ratios are linked 
to anthropogenic sources due to the colocation of landfills and 
cities. This appears to be the case in the HES, where numerous 
cities and landfills are colocated about 40-50 km from the site. In 

some wind sectors, differences in the relative enhancements of 

CH 4 and C2H 2 are due in part to differing locations of strong 
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Figure 5. Correlation coefficients between methane and acetylene for (a) annual, (b) winter, and (c) summer time 
periods. 
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Figure 6. (a) Summer enhanced hexane mixing ratio. (b) Summer correlation between methane and hexane. (c) 
Summer enhanced 1,3-butadiene mixing ratio. (d) Summer correlation between methane and 1,3-butadiene. 

sources. For instance, the relative enhancement of C2H2at 60 ø in 
the summer and winter is stronger than is observed for CH 4. In 
this case the combustion source may be the city of Nashua, New 
Hampshire, 62 km distant, which has only small known landfills 
in its vicinity. 

2.6. Summer Hexane and 1,3-Butadiene Enhancements 

The short estimated summer lifetime of C6H14 (-1.5 days) and 
1,3-C4H 6 (-3 hours) can be used as a proxy to infer the age of 
chemical species measured at HF. These lifetimes assume sunny 
conditions and must be adjusted upward to account for nighttime 
periods and the percent of possible sunshine, which increases the 
estimated lifetime to 2-3 days for C6H14 and 3-8 hours for 
1,3-C4H 6. 

Summer C6H14 enhancement patterns (Figure 6a) are similar 
to those that are observed in CH 4. The largest enhancements 
(-50pptv) occur in the HES. Large enhancements in the 
100ø-110 ø wind quadrant reflect a combination of a fast mean 
wind speed (see Figure 3f) and generally cloudy conditions which 
limits mixing and oxidation of species. Other enhancements 
exceeding 30pptv are seen at 60 ø and 130ø-140 ø. Lower 
enhancements, such as are found in the CAS, reflect a chemically 
aged air mass that has not been in contact with anthropogenic 
sources for at least several days. Correlations between CH 4 and 
C6H14 (Figure 6b) are around 0.75 in the HES, similar to what is 
observed between CH 4 and other longer-lived species. 
Correlations range from 0.5 to 0.75 in other sectors, excluding the 
CAS where they are less than 0.5. 

Enhancements in 1,3-C4H 6 (Figure 6c) are largest to the SE 
instead of the SW, as has been found for other longer-lived 
species. The lower values in the HES imply pollutants in that 
sector may be older than those in the SE quadrant. However, this 
could be a function of stagnant conditions and light winds that are 
common in the summer SW flow. The shift in enhancements 

implies that the age of the species in the HES is somewhere 
between 8 hours and 2.5 days. Large enhancements at 170ø-180 ø 
must be of local origin and appear to be from the nearby town of 
Petersham. Enhancements at 100ø-110 ø may be linked to the 
small town of Barre, 10 km distant, while enhancements at 60 ø 

are likely from Nashua, New Hampshire. 
Correlations between CH 4 and 1,3- C4H 6 (Figure 6d) are much 

lower than was found between CH 4 and C6H14 and have a 
different pattern. The lower correlations in the HES imply that 
1,3-C4H 6 is being oxidized prior to the time it would take for it to 
reach the tower. Using mean summer winds of 1.5 m/s in this 
quadrant converts to a mean transport time of about 8 hours. This 
is greater than the 6 hours estimated lifetime of the species and is 
consistent with its partial depletion. Higher correlations to the SE 
may be due to faster wind speeds and more cloud cover as 
compared to the SW sector. Correlations around zero in the CAS 
indicate 1,3-C4H 6 has been depleted in this sector prior to 
reaching the site, which is consistent with an aged air mass. 

3. Chemical Signature of the HF Region 

The chemical composition of four sectors most impacted by 
anthropogenic pollutants is examined in detail to quantify how 
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Table 4. Mean and Standard Deviation for Selected Wind Quandrants 

High-Emissions Clean Air Provldence/Worchester Boston 
Sector (250 ø) Sector (40 ø) ( 120ø-140 ø) (90 ø- 100 ø) 

Petel'sham 

(170 ø) 

Species Winter Sulnlner Willtel' Sunliner Wintel' Summer Wintel' Summer Winter Summer 

CH4, ppbv 
mean 1899 1844 1824 1803 1858 1821 1846 1837 1884 1824 
s.d 89 44 22 22 54 34 31 26 71 36 

C2H 2, ppbv 
lnean 1.69 0.65 1.02 0.26 1.41 0.47 1.01 0.58 1.56 0.43 
s.d. 1.04 0 37 0.25 0.12 0.51 0.24 0.29 0.42 0.79 0.21 

C6H 1-1, ppbv 
mean 0.10 0.06 0 04 0.02 0.09 0.05 0.06 0.05 0.13 0 04 
s.d 0 09 0 04 0.01 0 01 0 06 0.04 0.02 0.04 0 12 0.03 

C3H 8, ppbv 
mean 2.29 0.87 1.55 0.43 1.81 0 63 1 47 0.87 2.00 0 64 

s.d. 1.09 0.41 0.31 0.21 0.49 0.27 0.37 0.45 0.85 0.24 

C2H 4, ppbv 
mean 3.98 1 77 2.84 I 29 3.18 1.47 2.63 1.70 3.63 I 49 

s.d. 1.46 0.55 0.43 0.25 0 61 0.38 0.41 0.61 1.25 0.34 
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Figure 7. Methane plotted as a function of (a) acetylene, (b) hexane, (c) propane, and (d) ethane tbr the HES. 
Seasonal data are fit by a least squares algorithm, and correlations between species and the slope of the line are 
shown in the upper left of each figure. 
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Figure 8. Methane plotted as a function of (a) acetylene, (b) hexane, (c) propane, and (d) ethane for the CAS. 

CH 4 and other combustion sources at varying distances and 
strc]•gths impact the kite. The HES includes the combined 
emissions from Springheld, Northampton, and Amherst, 
Massachusetts. The city of Boston impacts the 90ø-100 ø wind 
sector, Providence, Rhode Island, and Worcester, Massachusetts. 

(PW) the 120ø-140 ø wind sector, and the nearby town of 
Petersham the 170 ø wind sector. In contrast to the polluted 
sectors, the composition of the GAS is also examined. Table 4 
presents summary statistics for selected chemical species in each 
sector. 

3.1. High-Emissions Sector 

The HES enhancements are the largest observed and are a 
result of the combined outflow from cities clustered in that sector. 

CH 4 is plotted against C2H2,C6H14, C3H 8, and C2H 6 in 
Figures7a-7d. Mean winter minus summer mixing ratio 
differences are 55 ppbv for CH 4, 1.04 ppbv for C2H 2, 0.04 ppbv 
for C6H14, 1.42 ppbv for C3H s, and 2.21 ppbv for C2H 6. The 
seasonal differences of CH 4 are larger than the expected 
25-30 ppbv due solely to oxidation [Khalil et al., 1993]. Extreme 
mixing ratios of all species are observed in both seasons with a 
maximum mixing ratio of 2471 ppbv of CH 4 during the winter. 

Such high mixing ratios represent fresh emissions and must be 
from a nearby source. Correlations between CH 4 and the other 
plotted species are consistently high in both seasons, exceeding 
0.90 •n the winter and 0.75 in the summer and imply that a well- 
mixed local source of pollutants is observed on a year-round 
basis. Terrain effects of the near north to south alignment of the 
valley that these cities are located in coupled with the prevailing 
SW flow may channel pollutants to the HF location and enhance 
the possibility for severe pollution events to occur. 

3.2. Clean Air Sector 

The chemical composition of the CAS (Figures 8a-8d) is 
dominated by chemically aged air masses that have not had 
contact with anthropogenic sources for at least several days, 
likely longer. Mean winter minus summer differences are 21 ppbv 
for CH 4 (as compared to 55 ppbv in the HES), 0.76 ppbv for 
C2H 2, 0.02 ppbv forC6H•4, 1.12 ppbv for C•H 8, and 1.07 ppbv 
for C2H 6. The CH 4 seasonal difference of 21 ppbv compares to 
the background seasonal cycle that was/Bund at the site when the 
lower 10-30% of each month's data were used [Shipham et al., 
1998]. Maximum mixing ratios for each species, especially in the 
winter, are much less than was observed in HES. For CH 4 the 
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maximum winter mixing ratio is 1921 ppbv, about 550 ppbv 
lower than is observed in the HES. Correlations between species 

are much lower and indicate only a weak linkage between CH 4 
and other species. The correlation between CH 4 and C2H 2 is 
higherin the summer than the winter, 0.52 as compared to 0.31. 
This is opposite to the HES, as the summer correlation is 0.85 and 
increases to 0.93 in the winter. CH 4 to C3H 8 and C2H 6 
correlations behave in the same manner, decreasing from summer 
to winter in the CAS as compared to increases between seasons in 
the HES. 

The differences in correlations between species in the CAS 
(weak) and HES (strong) appear to be caused by a combination of 
distance from the site and emissions from different types of 
sources. The air in the CAS originates mostly from Canada or 
Maine, where wetlands are the dominant CH 4 source in the 
summer. During the winters the primary source of CH 4 is from 
long-range transport. Although wetlands are the strongest source 
in the New England region, their distance from the site and very 
infrequent winds from the CAS minimize this strong seasonal 
source. In contrast, the HES is dominated by emissions from 
landfills year-round, which are often advected to the site in 
association with the frequently occurring SW flow. 

3.3. Worcester, Massachusetts, and Providence, Rhode Island 

The cities of Worcester, Massachusetts, and Providence, 
Rhode Island, and two large landfills (Plainville and East 
Bridgewater) are most likely the source of enhancements of 
chemical constituents at 120ø-140 ø (Figures 9a-9d). The mean 
winter minus summer mixing ratio is 37 ppbv for CH 4, 0.94 ppbv 
for C2H2, 0.04 ppbv for C6H14, 1.18 ppbv for C3H8, and 
1.71 ppbv for C2H 6. 

The winter season correlations between CH 4 and other species 
are slightly lower than is observed in the HES, ranging from 0.78 
between CH 4 and C2H 6 to 0.89 between CH 4 and C6H14. 
Summer correlations ranging from 0.43 between CH 4 and C6H14 
to 0.76 between CH 4 and C•H 8 are also lower as compared to the 
HES. Maximum CH 4 mixing ratios are also lower (2049 as 
compared to 2471 ppbv), indicating this sector is not subjected to 
as severe pollution events as those observed in the HES. Despite 
cities with similar populations and distances from the site, as well 
as large landfills in this quadrant, it appears that infrequent winds 
from the SE reduce the potential influences of these sources as 
compared to the HES. 
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Figure 10. Methane plotted as a function of (a) acetylene, (b) hexane, (c) propane, and (d) ethane for Boston, 
Massachusetts. 

3.4. Boston, Massachusetts 

The city of Boston, Massachusetts, appears to be the primary 
source of enhancements seen at 90 ø and 100 ø and includes 

emissions from one of three largest landfills in the region 
(Figures 10a-10d). Mean winter minus summer differences are 
lower than the other quadrants, being only 9 ppbv for CH 4, 
0.43 ppbv for C2H 2, 0.0l ppbv forC 6 H 14, 0.60 ppbv for C3H 8, 
and 0.93 ppbv for C2H 6. Summer means of species are higher 
than for PW and Petersham and are similar but still less than 

mean mixing ratios in the HES. Winter means are lower than PW 
and Petersham. The highest mixing ratios of species are much 
less than for the HES and similar to the PW quadrant. 

The correlation between species is less than is observed for the 
HES, being around 0.40 in the summer and 0.55 in the winter. 
The longer distance from Boston to the site as compared to the 
HES allows for more dilution of pollutants. Also, a persistent 
easterly flow advecting pollution to the site occurs less frequently 
than the dominant SW flow observed in the summer and at times 

in the winter. 

3.5. Petersham, Massachusetts 

The small town of Petersham, Massachusetts, 6 km distant, is 

the most likely source of higher mixing ratios of CH 4 and other 
anthropogenic by-products at 170 ø (Figures 11 a-1 ld). The winter 
minus summer mixing ratio is largest in the Petersham sector, 
including the HES, and is 60 ppbv for CH 4, 1.13 ppbv forC2H 2, 
0.09 ppbv for C6H14, 1.36 ppbv for C3H 8, and 2.14 ppbv for 
C2H 6. Summer mixing ratios are similar to PW and winter values 
are close to those observed in the HES. The correlation between 

species is high in the winter with values around 0.9, similar to the 
HES. However, summer values are lower, around 0.5, which is 

less than the HES and is similar to PW. Higher maximum mixing 
ratios of species are seen in this quadrant as compared to Boston 
or Providence. 

The ratio of C3H 8 and C2H6can be used to discriminate 
between wood burning or LPG as the likely source for the local 

enhancements. A C3H 8 to C2H 6 ratio of 0.3-0.5 implies wood 
burning, while values closer to 1 are related to sources of LPG. 
Ratios range from 0.4 to 0.6, so wood burning for home heating 
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Figure 11. Methane plotted as a function of (a) acetylene, (b) hexane, (c) propane, and (d) ethane for Petersham, 
Massachusetts. 

appears to be causing these relatively large wintertime 
enhancements. Terrain effects may also be enhancing the effects 
of Petersham pollutants in the measurements by channeling 
emissions from close-by sources to the tower. 

3.6. Site Sensitivities 

The critical factors influencing the magnitude of chemical 
enhancements at the site are proximity of sources, predominant 
wind direction, source strengths/population size, and terrain 
effects. The effects of wood burning in Petersham show up very 
strongly due to the close proximity of the town, perhaps enhanced 
by terrain effects. Conversely, the larger town of Athol (7 km 
distant at 329 ø) with a population of 11,000 does not show up as a 
strong source even though it is as close and winds are from 330 ø 
as often as they are from 170 ø . Perhaps the increased mixing 
associated with gusty NW winter winds in combination with 
terrain effects is mixing or channeling Athol' s pollution around or 
over top of the sampling location. 

The strongest known anthropogenic CH 4 sources are not 
causing the largest enhancements because their emissions reach 
the site infrequently. The three largest landfills closest to HF are 
located in the 90 ø and 120ø-130 ø wind quadrants at distances of 

89-113 km. While enhancements in those quadrants are at least in 
part due to these landfills, it appears that their distance from the 
site in combination with an infrequent wind flow from those 
directions minimizes their impact as compared to multiple 
smaller sources in the HES that are closer to the site. 

In the CAS, emissions from wetlands that are known to be the 

dominant source in the summer are only very weakly seen at the 
site, if at all. This would be due to a combination of distance and 

infrequent wind flow from that quadrant. 

4. Case Studies 

Three case studies demonstrate how enhancements in 

particular transport pathways described above in the mean yearly 
and seasonal flow regimes occur. Of particular interest is to 
determine if emissions from strong sources reach the site on a 
regular and repeatable basis. 

4.1. Criteria/Grouping 

The beginning of a high CH 4 event is defined when mixing 
ratios exceed the monthly median + median absolute deviation for 
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a time period greater than 2.4 hours. The events, numbering 377 
for the 4 year time period, can be broken into three broad 
categories: The first is a buildup of CH 4 during the overnight 
hours, due mostly to nocturnal temperature inversions. These 
events are relatively short-lived (12 hours or less) and make up 
50% of the cases each year. The second category is caused by the 
advection of pollution by regional/local transport in which a rapid 
increase (>_ 200 ppbv/h) of CH 4 mixing ratios is observed. These 
events are closely linked to a persistent wind flow from strong 
source regions, primarily large landfills in the case of CH 4 and 
cities for other anthropogenic species. The third category is the 
combination of types 1 and 2, where pollution from local and 
regional sources is advected to the site while being trapped at the 
surface for an extended period of time by a strong temperature 
inversion which can persist for days. 

There is no trend in the number of events observed during the 
4 year time period. Overall, 1993 had the most events with 123, 
1992 the lowest with 79 (due in part to limited data for the 
wintertime period). For events lasting more than 1 day, 1993 had 
the most with 24 and 1994 the least with 15. The number of total 

events between seasons on a year-to-year basis also varies 
considerably. The season with the highest number of total events 
was different for each of the four years. However, for events 
_< 1 day, the spring and summer seasons have the most, while for 
....... '• • '•" the winter and fall seasons have consistently 
more episodes than the spring and summer seasons. 

The case studies, when grouped by the prevailing wind 
direction, are found to fall •nto w•nd sectors previously described 
by enhancements in the mean flow fields. The largest number of 
pollution events (42%) occurred in the SW quadrant, primarily 
during the winter seasons. Other cases occurred much less 
frequently with flow from the SE (10%) and east (7%) beino the 
second and third category of grouped events. A persistent flow 
with enhancements of CH 4 from other directions was rare. Some 
of the cases could not be classified due to a complex or changing 
wind regime in which the path of the air mass was not evident 
(22%), and an additional category for summertime stagnation 
events was also included when winds remained light and variable 
for more than a day (12%). 

4.2. Case Study 1' February 17-20, 1994 

This case examines polluted SW flow and contains the highest 

mixing ratios of CH 4 recorded during the study period. 
Figures 12a-12f depict CH 4, C2H2,C6Hi4, ratio of C3H 8 and 
C2H6, wind direction, and wind speed for the 3 day period 
February 17-20, 1994. Two significant peaks in CH 4 are 
observed near 2000 hours on February 17 and 19, with values 
falling thereafter through the night and reaching a minimum 
during the late afternoon. The maximum mixing ratio is 2471 
ppbv, with a median value of 1949 ppbv for the 3 day period, an 
enhancement of 109 ppbv over the monthly median. For the data 
that were available, the correlation between CH 4 andC2H 2 is 
0.96, that between CH 4 and C6H14 is 0.92, and that between CH 4 
and C2H 6 is 0.81. 

The critical circumstance leading to this event is a persistent 
SW flow advecting pollution from nearby sources to the site. The 
wind direction is from the SW for over 48 hours, with a brief shift 

to the W/NW at the beginning of the event, while the wind speed 
is 2-3 m/s during the day and nearly calm at night. The nearby 
Worcester, Massachusetts, sounding depicted a strong 
temperature inversion at 500 m which would further limit mixing. 
As warmer air associated with the SW flow moved over the 

snow-covered ground, it is likely shallow stable layers trapped 
pollutants, including smoke from wood burning, close to the 
ground. Two landfills, Chicopee (51 km distant) and Granby 
(37 km distant) are most likely the source of these CH 4 
emissions. The cities of Springfield and Northampton, 
Massachusetts, are the probable source of the other anthropogenic 
pollutants. Trajectories at 6 hour intervals track the tower winds 
and show the air passing near the city of Springfield about 
6 hours prior to reaching the site. As important is that the 
trajectories do not show transport from any other metropolitan 
areas, especially New York, as the trajectory paths pass inland in 
a more westerly direction by several hundred kilometers. 

4.3. Case Study 2: January 13-14, 1995 

This case is similar to the one above as SW flow again advects 
pollution from regional sources to the site (Figures 13a-13f). The 
maximum CH 4 mixing ratio of 2467 ppbv, the highest observed 
in 1995, was observed between 2100 and 0100 hours overnight 
on January 13-14, 1995. The median mixing ratio for the event 
was 2031 ppbv, which represents a 190 ppbv increase over the 
background levels. Correlations between species are again very 
high, being 0.99 for CH 4 and C2H2, 0.99 forCH 4 and C6H14, 
and 0.98 between CH 4 and C2H 6. 

Similar circumstances of a persistent SW wind advecting 
pollution from strong regional sources combined with limited 
vertical mixing trap pollutants near the surface, especially during 
tile ovcI•igi•t lltOUib. Tile wi•d ditcctio• i, i'tun• tl•c SW, wl•ilc the 
wind speed is generally less than 2 m/s until near the end of the 
event. Trajectories show the path of the air parcels backing over 
time with air initially surging northward across Long Island, then 
across New York City and then passing Springfield before 
reaching the site. Due to the freshness of the signature and an 
estimated transport time in excess of 2 days from the New York 
metropolitan area to the site, it appears that similar to the case 
above it is strong local emissions rather than the more distant 
sources that are causing these severe pollution events at the site. 

In both the above case studies the values of the measured 

constituents are observed to gradually decrease after midnight. 
This is similar to observations in the mean diurnal cycle of CH 4 
during the winter months [S/•ipham eta!., 1998] and is contrary to 
the expectation that pollution is often trapped near the surface 
during the overnight hours, reaching a maximum around sunrise. 
It seems likely that as people go to bed for the evening, emissions 
from wood-burning stoves should decrease during the late 
overnight hours as the fuel supply in the stoves is exhausted. 
Another possible explanation is that in these severe pollution 
events a very shallow temperature inversion actually drops below 
the height of the inlet, giving a false impression that 
concentrations at the ground are dropping, when in fact they are 
not. 

4.4. Case Study 3: August 6, 1992 

This case examines a south to SE flow which appears to be 
maritime air that picked up CH 4 prior to reaching the site from 
strong regional sources (Figures 14a-141). The maximum mixing 
ratio of CH 4 was 1866 ppbv, and the median mixing ratio for the 
event was 1830 ppbv, which represents a 29 ppbv increase over 
the monthly median. Unlike the previous two case studies, the 
species are anticorrelated with CH 4 and have correlations of 
-0.46 between CH 4 and C2H 2,-0.41 for CH 4 between C 6Hi 4, 
and 0.13 between CH 4 and C2H 6. The wind speed averages 
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Figure 12. (a) Methane, (b) acetylene, (c) hexane, (d) ratio of pentane and ethane, (e) wind direction, and (t) speed 
for February 17-20, 1994. 

1.3 m/s for the 24 hour period. Trajectories move the air parcels 
in a near northerly direction off the Atlantic across the lightly 
populated interior sections of Rhode Island. Just prior to reaching 
the site the air passes over a nearby landfill in Barre, 10 km 
distant. 

5. Conclusions 

The HF research site sampled airflow from a variety of source 
regions. The proximity of cities allowed the chemical signature of 
the tower to be examined and the effect of pollution evaluated on 
timescales ranging from years to hours. The influence of pollution 
is particularly strong in the SW wind quadrant, which 
encompasses an area that includes the combined inputs from 
Springfield, Northampton, and Amherst, Massachusetts. Pollution 
from other cities including Boston, Massachusetts, and 
Providence, Rhode Island, also impacts the site. The nearby town 
of Petersham south of the site leaves a strong signature in the 
winters, which appears to be due to wood burning. Local sources 

are found to be the primary cause of the highest CH 4 events, with 
regional and perhaps more distant sources elevating the 
background mixing ratios, especially in the heavily populated SW 
wind quadrant. 

CH 4 is strongly correlated to C2H2, C6H14 , and C2H 6 in most 
cases and reflects the colocation of landfills and cities. On a 

seasonal basis, correlation coefficients are generally greatest in 
the winters when the combination of taster transport and more 
prevalent temperature inversions reduces atmospheric mixing. 
Conversely, in the summer seasons more vigorous vertical mixing 
and weaker and less frequent temperature inversions allow for 
better mixing of constituents. As a function of wind direction, 
correlations between CH 4 and C2H 2 are tightest in the HES 
where a fresh signal from the many nearby sources is observed 
and are the lowest in the CAS where generally clean, aged air is 
sampled. 

Case studies show that strong regional sources can be related 
to the most severe pollution events. Critical to these high episodes 
is the combination of a light and persistent wind and stable 
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atmospheric conditions, which then allows pollution to be 
advected to the site with very little mixing. Landfills in the SW 
quadrant are thought to contribute to highest recorded values at 
the site. 

Future work will incorporate additional years of data that are 
still being collected and will analyze in more detail other case 
studies and additional chemical species to further understand and 
partition local, regional, and distant transport to the site. 
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