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Abstract. Spatial patterns of atmospheric deposition across the northeastern United
States were evaluated and summarized in a simple model as a function of elevation and
geographic position within the region. For wet deposition, 3-11 yr of annual concentration
data for the major ions in precipitation were obtained from the National Atmospheric
Deposition Program/National Trends Network (NADP/NTN) for 26 sites within the region.
Concentration trends were evaluated by regression of annual mean concentrations against
latitude and longitude. For nitrate, sulfate, and ammonium concentrations, a more than
twofold linear decrease occurs from western New York and Pennsylvania to eastern Maine.
These trends were combined with regional and elevational trends of precipitation amount,
obtained from 30-yr records of annual precipitation at >300 weather stations, to provide
long-term patterns of wet deposition.

Regional trends of dry deposition of N and S compounds were determined using 2-3
yr of particle and gas concentration data collected by the National Dry Deposition Network
(NDDN) and several other sources, in combination with estimates of deposition velocities.
Contrary to wet deposition trends, the dominant air concentration trends were steep de-
creases from south to north, creating regional decreases in total deposition (wet + dry)
from the southwest to the northeast.

This contrast between wet and dry deposition trends suggests that within the northeast
the two deposition forms are received in different proportions from different source areas,
wet deposited materials primarily from areas to the west and dry deposited materials
primarily from urban areas along the southern edge of the region.

The equations generated describing spatial patterns of wet and dry deposition within
the region were entered into a geographic information system (GIS) containing a digital
elevation model (DEM) in order to develop spatially explicit predictions of atmospheric
deposition for the region.

Key words: cations; dry deposition; elevation; geographic information system; nitrogen; precipi-
tation; sulfur; wet deposition.

INTRODUCTION

Anthropogenic increases in atmospheric deposition
can have profound and possibly adverse effects on ter-
restrial and aquatic ecosystems (Cronan and Schofield
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1980, Reuss and Johnson 1986, Aber et al. 1989,
Schulze 1989). Of particular concern are increases in
the deposition of SO,2~ and NO;~, which can affect
natural systems through their activity both as mobile
anions and essential nutrients.

Anion effects include increased leaching of nutrient
cations (Ca2+, Mg?+ Na*, K*), especially in soils with
low SO,2- adsorption capacity, and leaching of alu-
minum species and hydrogen ions in soils with low
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base saturation (Cronan and Schofield 1980, Reuss and
Johnson 1986). Nutrient effects primarily concern in-
puts of nitrogen. Although small increases in N de-
position can produce moderate increases in forest pro-
ductivity, excessive N loading may have several adverse
effects on both forest health and water quality (Fried-
land et al. 1984, Nihlgard 1985, van Breeman and van
Dijk 1988, Aber et al. 1989, Schulze 1989).

Atmospheric deposition occurs via several mecha-
nisms: wet deposition (rain and snow), dry deposition
(direct deposition of particles and gases), and cloud
water deposition (direct deposition of cloud and fog
droplets). Of these, wet deposition is by far the most
extensively measured, although dry deposition may be
as important as wet deposition for sulphur and nitro-
gen, and cloud water deposition can dominate in
mountaintop sites (Lovett and Kinsman 1990).

Spatial variation in atmospheric deposition occurs
over several different scales. At local scales, topography
and vegetation canopy characteristics can cause sig-
nificant variation in deposition rates, especially in
mountainous landscapes (Weathers et al. 1992). To-
pography affects wet deposition primarily by orograph-
ic uplifting of air masses, which causes precipitation
to increase with elevation (Barrie 1981, Lovett and
Kinsman 1990). At high elevations, wet deposition can
be further increased by the scavenging of cloud droplets
by falling rain or snow (Fowler et al. 1988). Additional
increases in total deposition at high elevations result
from direct cloud water inputs (Lovett et al. 1982) and
dry deposition, both of which are thought to increase
with elevation (Lovett and Kinsman 1990).

At larger scales, patterns of both wet and dry de-
position result from the locations of source areas rel-
ative to the dominant patterns of atmospheric circu-
lation. For wet deposition, spatial patterns have been
assessed using data from several widely dispersed wet
deposition monitoring networks (Wilson and Mohnen
1982, Munger and Eisenreich 1983, Summers et al.
1986, Wisniewski and Kinsman 1988, Zemba et al.
1988). Continental-scale contour maps generated from
these studies have indicated that in the U.S., maximum
wet deposition of SO,2~, NO,~, and H* occurs around
the lower Great Lakes region. Deposition rates then
tend to decrease slowly over distances of hundreds to
thousands of kilometres as air masses move away from
the source zone and become depleted of suspended
materials.

Atmospheric concentrations of S and N oxides show
a similar pattern, although there are fewer measure-
ment sites and the data record covers a shorter time
period (Edgerton and Lavery 1991). Dry deposition
patterns have not been measured directly, but model
calculations indicate that the deposition patterns should
be similar to the atmospheric concentration patterns
over a regional scale (Edgerton and Lavery 1991).

Although existing deposition contour maps show
general trends at a regional scale, predicting deposition
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to a particular site is difficult since only one to a few
isolines generally pass through a given region. These
maps also offer no way to incorporate the local effects
of topography, which can be significant in mountainous
areas.

The objectives of this study were (1) to develop equa-
tions summarizing existing data on precipitation quan-
tity and chemistry across the northeastern U.S. as a
function of elevation and geographic location within
the region, (2) to develop similar equations describing
geographic patterns of particle and gas concentrations,
and to use these data to estimate regional patterns of
dry deposition, and (3) to use these equations within
a geographic information system (GIS) to develop spa-
tially explicit predictions of total deposition for the
region.

METHODS
Wet deposition

Previous studies of wet deposition patterns have gen-
erally used precipitation amounts from only the sites
where deposition samples were collected to determine
patterns of deposition amount. This greatly limits both
the number of data points from which regional patterns
can be generated, and the length of the time series of
data available. In this study, we derive spatial patterns
of ion concentration in wet deposition, and then com-
bine them with long-term precipitation data from 310
weather stations in order to generate maps with higher
spatial resolution of wet deposition.

Ion concentration. —Data representing volume-
weighted mean annual concentrations of eight major
ions (Ca?*, Mg?>*, K*, Na*, NH,*, NO,~, Cl-, and
SO,27) in wet deposition for 30 sites across the north-
eastern U.S. (from Pennsylvania to Maine) were ob-
tained from the National Atmospheric Deposition Pro-
gram/National Trends Network (NADP/NTN 1991).
Sites having <3 yr of data were omitted. Completeness
criteria established by NADP/NTN were used to de-
termine which data were suitable for use in computing
long-term mean concentrations: (1) there must have
been valid precipitation chemistry data for at least 75%
of both the summary period and the precipitation re-
ported, and (2) the volume of each sample collected
must have been at least 75% of that expected based on
rain gauge precipitation measurements. Data that did
not meet these criteria were rejected. The remaining
data set included 26 sites (Fig. 1), each containing from
3to 11 yr of data (mean = 6.7 yr). Annual means were
then used to compute long-term, volume-weighted
mean concentrations for each location.

All of the NADP/NTN collection sites are located
in rural areas to avoid inputs from local pollution
sources. Although this allows clearer identification of
large-scale trends, the effects of local sources, which
can be substantial in urban or industrial areas, cannot
be accounted for.
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regional trends in the concentrations of wet- and dry-deposited species.

Regional trends in ion concentration were evaluated
by linear regression analyses of concentration against
latitude and longitude (in decimal degrees) as well as
multiple regressions against both. Regressions were also
performed with elevation included, although the ele-
vation range of the NADP/NTN data set is limited
(18-634 m). In addition to spatial variables, mean an-
nual precipitation amounts were included in the re-
gressions to determine whether a dilution—enrichment
effect could contribute to, or mask, spatial trends. Since
a slight decrease in wet deposition of sulfur and several
other ions has occurred over the past decade (Hedin
et al. 1987, Driscoll and Van Dreason, in press), we
also examined relationships between the time periods
of data collection at the NADP/NTN sites and their
locations within the region in order to determine
whether temporal trends could influence the detection
of spatial trends.

Precipitation amount. — Data representing long-term
(30-yr) mean annual precipitation for 307 locations
across New England and New York state were obtained
from the National Oceanic and Atmospheric Admin-
istration (NOAA 1982). The sites were evenly distrib-
uted across the region and ranged in elevation from 2
to 618 m, with the exception of Mount Washi‘ngton,
New Hampshire at 1909 m. Since higher elevatidn sites
were poorly represented in the data set, mean annual
precipitation data from several other high elevation
sites were added. These include 808 m on Slide Mt.,
New York (from 7 yr of data), 1205 m on Mt. Mans-
field, Vermont (from 11 yr of data; the above two sites
operated by NOAA), and 900 m at the Hubbard Brook
Experimental Forest in New Hampshire (from 30 yr

of data; operated by the USDA Forest Service, Federer
et al. 1990).

It was anticipated that most of the spatial variation
in precipitation would occur at two levels, (1) a regional
scale that could be expressed in terms of latitude and/
or longitude, and (2) a local scale, being a function of
elevation. Analysis of spatial patterns was thus per-
formed by regression analysis of precipitation against
latitude, longitude, and elevation.

Dry deposition

Since the direct measurement of dry deposition is
difficult, few reliable dry deposition data are available.
As an alternative, we use an inferential method where-
by atmospheric concentrations of dry-deposited spe-
cies are combined with estimates of deposition veloc-
ities in order to estimate dry deposition amounts.

Atmospheric concentrations.—Data on atmospheric
concentrations of the gases SO, and HNO, and the
particulate species NO;~, SO,2-, and NH,* in New
England, New York, Pennsylvania, and New Jersey
were obtained from several sources. Annual mean data
from 11 sites for 1989 and 1990 were obtained from
the E.P.A.-sponsored National Dry Deposition Net-
work (NDDN, Edgerton et al. 1991, Edgerton and
Lavery 1991). Measurements were made using a filter-
pack composed of teflon-, nylon-, and sodium carbon-
ate-coated filters in series in a flow-controlled sampling
line. Two other sites that obtained data using the same
methods were included: the Huntington Forest site in
the eastern Adirondacks (1986-1988 mean concentra-
tions reported by Johnson and Lindberg 1992) and the
Institute of Ecosystem Studies site in southeastern New




462

York (1988-1990 mean concentrations, IES 1988, 1989,
1990).

As was the case for precipitation chemistry stations,
all air concentration sites are located in rural areas to
avoid the effects of local sources. Again, this might
allow easier identification of large-scale trends, but im-
portant local effects may remain undetected. A partic-
ularly important example of this problem is nitrogen
dioxide (NO,) which may cause large increases in N
deposition near urban areas (Hanson et al. 1989), but
is not measured at the air concentration monitoring
sites used in this study. Likewise, NH; and NO may
be locally important near sources, but concentration
data are not available.

As was done for precipitation chemistry, we evalu-
ated regional trends by linear regression analyses of
mean annual concentrations against latitude and lon-
gitude. This data set is inferior to the precipitation
chemistry data set_because only 13 sites are available
and the data record at each site is only 2-3 yr. The
data are also insufficient for resolving any elevation
effects. In addition, the chemical species measured per-
mit the analysis of only N and S deposition. Nonethe-
less, there is sufficient information available to begin
to discern regional patterns of atmospheric concentra-
tions and contrast them to precipitation chemistry and
wet deposition.

Deposition velocities.—To calculate dry deposition
fluxes from atmospheric concentrations, dry deposi-
tion velocities must be specified. Deposition velocities
are difficult to measure and are variable in magnitude,
depending on the nature of the depositing substance,
the vegetation, and meteorological factors. Because de-
position velocities have not been measured at most of
the sites from which these atmospheric concentration
data were obtained, we cannot directly evaluate pat-
terns of dry deposition. However, considering the study
area as a whole, the factors most likely to produce
changes in dry deposition across the region are (1) vari-
ation in the vegetation cover, (2) variation in meteo-
rological conditions, and (3) variation in atmospheric
concentrations. If we restrict our predictions to the
same vegetation type (e.g., mature deciduous forest)
and assume that spatially and temporally averaged me-
teorological conditions (e.g., wind speed) do not vary
substantially across the region, then the patterns in
atmospheric concentrations will reflect patterns of dry
deposition. This assumption is supported by Edgerton
and Lavery (1991) who calculated that changes in de-
position of SO, across the eastern United States are
influenced to a much greater extent by concentration
differences than by differences in deposition velocity.

To estimate potential magnitudes of dry deposition,
we chose representative deposition velocities for the
different chemical species and applied them to the mea-
sured concentrations across the study region. Following
Lindberg et al. (1986), we chose deposition velocities
characteristic of a deciduous forest (averaging growing
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and dormant season values for an annual mean) of 1.3
cm/s for HNO, and 0.13 cm/s for particulate- SO,2-,
NO,-, and NH,*. For SO,, we chose a deposition ve-
locity of 0.22 cm/s by taking the average of values
calculated by Edgerton and Lavery (1991) for several
sites across the region. These are our best estimates of
the dry deposition velocities, but they may be inac-
curate by as much as a factor of 2. These deposition
velocities were multiplied by the appropriate concen-
trations to determine approximate dry deposition flux-
es.

Geographic information system

A digital elevation model (DEM) was obtained from
the U.S. Geologic Survey (USGS 1987) and loaded into
the Geographic Resources Analysis Support System
(GRASS 4.0), a raster-based GIS software program
(Westerfelt et al. 1987). The DEM covers eastern New
York and New England with a geographic resolution
of 30 arc-seconds. Wet deposition fields were generated
by processing each pixel according to the appropriate
equations for ion concentration and precipitation
amount discussed below. Dry deposition fields were
then added using similar equations for atmospheric
concentrations along with the deposition velocity es-
timates discussed above.

RESULTS
Ion concentrations in precipitation

Results of regressions describing regional variation
in ion concentration are presented in Table 1. Several
ions show significant increases in concentration from
east to west across the region (Fig. 2). For NO;~, SO,
H+, Ca?*, and K+, the regional trends observed are
best described as functions of longitude alone. Includ-
ing latitude in the analyses did not significantly im-
prove any of the relationships. Latitude is, however, a
statistically significant predictor for NH,*, resulting in
an increase in NH,* concentration from the southeast
to the northwest within the region. No correlation was
found between the periods of data collection at the
NADP/NTN sites and their locations within the re-
gion, indicating that the slight decrease in wet SO,2~
deposition that has occurred over the period of data
collection (Hedin et al. 1987, Driscoll and Van Drea-
son, in press) has not contributed to the SO,2~ con-
centration gradient.

Concentrations of Na+, Cl-, Mg2?*, and K+ were
greatly elevated at two coastal sites (N. Atlantic Coastal
Lab, Barnstable, Massachusetts and Acadia National
Park, Maine) presumably due to inputs from sea spray.
These ions were =5 and 2.5 times more concentrated
at the two respective coastal sites than at sites only
slightly further inland. Data from these coastal sites
were, thus, omitted. For Na+* and Cl-, the trends from
the remaining sites are best described as logarithmic
decreases in concentration with distance from the ocean
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TaBLe 1. Regression equations describing regional patterns of ion concentrations in precipitation (in mg/L, n = 26). All
coefficients are significant at P < .05 except the longitude Mg2+ coefficient for which P < .10. Standard errors are in

parentheses.
Coeflicients
Ion Constant Longitude Latitude Adjusted R? P

SO, ~9.5871 0.1612 0.83 <.0001
(1.06) (0.01)

NO;- —7.0148 0.1152 0.81 <.0001
(0.83) (0.01)

NH,* -2.4359 0.0259 0.0172 0.78 <.0001
(0.43) (0.003) (0.006)

H+ —0.2205 0.0036 0.84 <.0001
(0.02) (0.0003)

Ca?* —0.3804 0.0066 0.41 <.001
0.11) (0.002)

K+* —0.0439 0.0009 0.21 01
(0.02) (0.0006)

Mg2+* 0.3488 -0.0017 —0.0046 0.24 .02
(0.05) (0.001) (0.002)

In Na+* 26.4011 —0.1932 -0.3372 0.58 <.0001
4.91) (0.04) (0.06)

In ClI-* 24.8873 —0.1604 —0.3427 0.56 <.0001
(4.90) (0.04) (0.06)

* Regressions performed with two coastal sites omitted.

that can be approximated by regressing log-trans-
formed concentration values on latitude and longitude.
Predictions from these equations do not account for
the local increases expected at sites immediately ad-
jacent to the seacoast, but do fit the existing data for
inland sites better than regressions that include the
coastal sites. Magnesium concentrations also decrease
with distance from the ocean, but the trend is weaker
and is best fit as a linear function of latitude and lon-
gitude.

Given the limited elevational distribution of the
NADP/NTN collection sites, the precipitation chem-
istry data were thought to be inadequate for meaningful
analysis of elevation trends in ion concentration. In-
cluding elevation in the regressions (along with the
variables listed in Table 1), however, produced signif-
icant effects for most ions. The strengths of the effects
varied greatly from ion to ion, but all showed a decrease
in concentration with increasing elevation. The ele-
vation coefficients (in milligrams per litre per metre)
were as follows: SO~ = —0.00089; NO,~ = —0.00044;
H+ = —-0.000019; NH,* = —0.00016; Ca?* =
—0.000058; K+ = —0.000018; Mg2* = —0.00035; Na+
= —0.00018; and Cl- = —0.00039 (Na* and Cl- co-
efficients apply to untransformed values). All of the
above coefficients are significant at the .05 level except
NO,;~ (P =.07) and Ca?* (P = .08), although most did
not substantially improve the fit of the equations (most
adjusted R? values increased by no more than 0.05).

For NO,-, SO,2-, and H*, these elevation effects
are relatively small if applied to the narrow elevation
range that comprises most of the region. Projecting
these effects to higher elevations, however, could pro-
duce substantial, but questionable results. For exam-

ple, at longitude = 72°, concentrations of NO;~, SO,2-,
and H* would decrease by 33%, 43%, and 38% re-
spectively from 200 to 1200 m in elevation, causing
sizeable reductions in wet deposition estimates. Other
ions would show greater, and perhaps even unrealistic,
decreases. Over the same elevation range (200-1200
m), Ca2* concentrations would decrease by 59%, Mg+
by 94%, K+ by 98%, Na* and Cl- by 78% and 82%
respectively, and NH,* by 188%.

One factor that could cause these apparent eleva-
tional trends is the increase in precipitation amount
experienced at higher elevations, possibly causing a
dilution of ion concentrations. Within the data col-
lected by NADP/NTN, however, there were no sig-
nificant correlations between mean annual concentra-
tion and mean annual precipitation amount for any of
the ions. Additionally, other studies conducted in the
eastern U.S. that were more suitably designed for ob-
serving elevational trends found no significant changes
in the concentrations of NO,~, SO,2~, and H* with
elevation (Tennessee Valley Authority 1983, Scher-
batskoy and Bliss 1984, Lindberg et al. 1988). It should
also be noted that within the NADP/NTN data set,
elevation increases to the north and west, a factor which
further confounds attempts to identify elevation trends.
It was thus decided that elevational trends in ion con-
centration should not be included in the model unless
future work more confidently demonstrates the exis-
tence of such trends.

Precipitation amount

Regression of precipitation amount against latitude
and longitude revealed a linear decrease in precipita-
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trend is also present in the NH,* data (Table 1).

tion from the southeast to the northwest (approxi-
mating a trend of decreasing precipitation with increas-
ing distance from the ocean). A plot of residuals from
this regression against elevation (which approximates
the elevation trend in precipitation) shows a discon-
tinuity at 400 m, above which there is a strong, linear
increase, and below which there is only a mild elevation
effect (Fig. 3). To fit this pattern with a regression, slope
and intercept dummy variables were created as de-
scribed by Hamilton (1990). The intercept variable
(IV) was given a value of 0 for all sites below 400 m
and 1 for all sites above 400 m. The slope variable
(SV) was created by multiplying IV by elevation. Pre-
cipitation was then regressed against latitude, longi-
tude, elevation, and the two new variables. The ad-
justed R? value for the regression was 0.65 (root MSE =

9.904 cm), and all coeflicients were significant to the
.05 level, indicating that the relationship between pre-
cipitation (ppt, in centimetres) and elevation (elev, in
metres) differs significantly above and below 400 m.

For all locations below 400 m, using IV = 0 reduces
the regression equation to:

ppt = 670.20 — (7.02-latitude)
—(3.62-longitude) + (0.013-elev), 1)
and above 400 m, using IV = 1 gives:

ppt = 643.43 — (7.02-1atitude)
—(3.62longitude) + (0.090-elev). )

The elevation coefficients indicate a 13 ¢cm/1000 m
increase in precipitation with elevation at low eleva-
tions and a 90 cm/1000 m increase above 400 m.
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F1G. 3. Variation of annual precipitation with elevation,
as shown by plotting residuals vs. elevation from a regression
of mean annual precipitation against latitude and longitude
(residuals = predicted — observed values, n = 310). The line
represents the elevation effect described by a dummy variable
regression indicating a significant discontinuity at ~400 m.

Total wet deposition

Estimates of mean annual wet deposition to a site
are determined by multiplying the predicted value of
ion concentration (Table 1) by the predicted annual
precipitation amount (Eqs. 1 and 2) per unit land area.
Fig. 4 shows plots of predicted vs. observed wet de-
position of N and S for the 26 NADP/NTN stations
used. Since data from these sites were used to produce
the concentration equations, this is not a true valida-
tion exercise. These plots do, however, include error
introduced by the precipitation equations as well as
residuals from the concentration regressions.

In general, predictions agree very well with observed
values. Two exceptions were sites at Bennett Bridge,
New York and Jasper, New York. Measured values at
Bennett Bridge were ~1.5 and 1.8 times higher than
predictions for N and S, due to differences in both
precipitation and ion concentrations. Mean annual
precipitation for the site was 131 cm, considerably
higher than the predicted value of 92 cm. The large
amount of precipitation typically received at the site
is presumably due to its location on Lake Ontario, a
factor which is not accounted for in model predictions.
Measured concentrations of N and S at Bennett Bridge
were also high. Residual values from the regressions
shown in Fig. 2 were greater at Bennett Brook than any
other site, possibly indicating an influence of local
emission sources.

In contrast, predicted values of N and S for Jasper,
New York (located in southcentral New York state)
were nearly two times higher than measured values,
mostly due to the low average precipitation amount
measured at the site (72 cm/yr) compared to the pre-
dicted value of 105 cm/yr. This may also reflect local-
scale variation in precipitation that cannot be account-
ed for in the region-wide regressions performed. The
exact location of the precipitation collector at Jasper
might reveal a microtopographic effect (e.g., rain shad-
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owing) responsible for the unusually low amounts of
precipitation recorded there.

Predicted annual wet deposition of NO,~ at high
elevations (>1200 m) in the Adirondack Mountains
of New York can be as much as 30 kg-ha—!-yr—!, twice
that expected at adjacent low elevation sites (300 m)
and three times that expected at low elevations in east-
ern Maine. With the additional input of NH,*, total
wet nitrogen (NO;~-N + NH,*+-N) deposition at low
elevations is predicted to range from ~6.6 kg-ha—!-yr—!
in western New York to 3.0 kg-ha—'-yr~! in Maine.
Total wet sulfur deposition (as elemental S) decreases
from 9.4 to 4.3 kg-ha~!-yr—! over the same range.

Relatively few high elevation data are available for
comparison with predictions. Miller et al. (in press)
measured an average wet deposition flux of 19.22
kg-ha='-yr-!' of NO;~, 25.4kg-ha—!-yr—' of SO,2~, and
3.41 kg-ha='-yr! of NH,* over a 4-yr period at
a 1050 m site on Whiteface Mt., New York. Model
predictions for the site are 22.8 kg-ha~'-yr~! for NO;,
35.0 kg-ha—'-yr—! for SO,2-, and 3.65 kg-ha—!-yr-!
for NH,*. These predictions are based on precip-
itation of 153 cm/yr (calculated from Eq. 2), which is
somewhat higher than the average of 132 cm/yr mea-
sured over 4 yr at the Whiteface site. Concentrations
measured at Whiteface were 1.45, 1.93, and 0.258 mg/L

WET N DEPOSITION

predicted (kg-ha™-yr')
N G O N @ © O

observed (kg-ha'-yr')

T

WET S DEPOSITION

predicted (kg-ha™'-yr")
[le]

observed (kg-ha'-yr')

FiG. 4. Plots of predicted vs. observed wet deposition of
nitrogen (from NO,~ + NH,*) and sulfur at the 26 NADP/
NTN collection stations used in this study.
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FiG. 5. Regression plots of mean annual air concentrations of dry-deposited species against latitude. Note that longitude

is also a significant predictor for SO, and aerosol SO,?~ (Table 2). No trend was observed for aerosol NO,~ so its regional

mean value (0.75 pg/m?) was used for all locations.

for NO;—, SO,2-, and NH,* respectively, while those
predicted by the model were 1.49, 2.30, and 0.240
mg/L. Lovett et al. (1982) estimated bulk deposi-
tion of SO,2~ and NO,;~ to a 1220 m site on Mt.
Moosilauke, New Hampshire to be 64.8 and 24.4
kg-ha~!-yr!, respectively, compared with 35.9 and 22.8
kg-ha—'-yr~! predicted here for wet deposition. On
Madonna Mt. in Vermont (1110 m), Scherbatskoy and
Bliss (1984) estimated bulk SO,2~ and NO,~ deposi-
tion to be 95.4 and 66.8 kg-ha~!-yr—!, respectively,
whereas predicted wet deposition values for the site
are 35.2 and 22.5 kg-ha—!-yr-!. The degree to which
dry or cloud deposition may have influenced these bulk
deposition measurements is unknown. The durations
of these studies were also relatively short. Since de-
position rates can vary greatly over short periods of
time, short-term studies may not be sufficient for mak-
ing accurate mean annual estimates.

Atmospheric concentrations and dry deposition

In contrast to precipitation chemistry, latitude was
a more significant factor than longitude in explaining
the patterns of atmospheric concentrations across the
region (Fig. 5). With the exception of aerosol NO,~,
the latitude coefficient was highly significant in all the
regressions, but longitude was significant at the P <
.05 level only for SO, (Table 2). Longitude was signif-
icant at the P < .1 level for SO,2-, and its inclusion

improved the regression R? value, so it was retained
in the final equation. The R? values (Table 2) indicate
that the equations explain between 76 and 85% of the
variance in the atmospheric concentrations of these
species, except for NO,~ particles, for which only 21%
is explained and the regression is not significant.

The latitude coefficients are consistently negative,
indicating that concentrations decrease from south to
north. The longitude coefficients for SO, and SO,2~ are
positive, corresponding to an increase in concentra-
tions from east to west (Table 2). Across the study area
(4047 degrees latitude, 68—-80 degrees longitude), the
magnitude of the latitude effect is stronger than the
longitude effect for SO,, while the two effects are more
nearly equal for SO,2~. For HNO, and NH,*, the lon-
gitude coeflicients were not significant and only latitude
is used in the predictions.

Applying the deposition velocities discussed above
(Methods: Deposition velocities) permits us to calculate
dry deposition fluxes from the predicted concentra-
tions. Because the deposition velocities were not mea-
sured but were estimated from literature values, these
deposition fluxes are only approximations. They are
meant to apply to a “typical” deciduous forest, and we
assume that the deposition velocities do not change
geographically within the study region. Because the
aerosol NO,~ concentrations did not show significant
trends with latitude or longitude, the regional mean
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TaBLE 2. Regression equations describing regional patterns of air concentrations of dry deposited species (in pug/m®, n =
13). All coefficients are significant at P < .05 except the longitude SO,*~ coefficient, for which P < .10. Standard errors

are in parentheses.

. Coeflicients
Chemical
species Constant Latitude Longitude Adjusted R? P
SO, 29.5814 —1.7584 0.7468 0.85 <.0001
44.74) (0.54) (0.32)
Aerosol SO,>~ 8.6311 —0.4027 0.1801 0.81 .0001
(11.91) (0.14) (0.09)
HNO,; vapor 18.2134 -0.3778 0.76 .0001
(2.53) (0.06)
Aerosol NO;~ 8.7034 —0.1593 —0.0164 0.21 12
(8.02) (0.10) (0.06)
Aerosol NH,* 12.8035 —0.2655 0.80 <.0001
(1.62) (0.04)

value (0.75 ug/m?) was used for all locations. In most
cases, aerosol NO,~ contributed <10% of the total dry
N deposition.

Given the caveats above, predicted dry deposition
of S varies from 7.5 kg-ha='-yr~! in southwestern
Pennsylvania (88% as SO,) to only 0.27 kg-ha~'-yr~!
in northern Maine (0% as SO,), principally because of
the strong gradient in SO, concentration. Predicted dry
deposition of S is slightly greater than wet deposition
in southwestern Pennsylvania, but is only 7% of wet
deposition in northern Maine. Total dry N deposition
also varies substantially across this transect, from 3.6
kg-ha=!-yr—! in the southwest (78% as HNO,, 2% as
NO,~, and 20% as NH,*) to 2.2 kg-ha='!-yr~! in the
northeast (71% as HNO,, 12% as NO;~, and 17% as
NH,*). Predicted dry N deposition is 46% of wet de-
position in southwestern Pennsylvania and 20% of wet
deposition in northern Maine.

Since dry deposition was not directly measured at
any of the air concentration sites and few reliable mea-
surements have been made elsewhere in the northeast,
a meaningful, region-wide validation exercise is, at
present, not possible. However, dry deposition has been
measured at several sites within the region using a
variety of methods. Meyers et al. (1991) report rates
of dry deposition of S and NO,2~-N at Whiteface Mt.
and West Point, New York using an inferential method
similar to the one used in the present study, but with
independent concentration data and a model specifi-
cally parameterized for the sites. They estimated S
dry deposition to be 2.5 and 5 kg-ha~—!-yr~! at White-
face and West Point, respectively, compared to our
estimates of 2.9 and 6.0 kg-ha~!-yr—!, respectively,
for these locations. They estimated NO,!~-N dry
deposition to be 1.5 and 3.0 kg-ha=!'-yr~!, respec-
tively, compared to our estimates of 1.4 and 2.4
kg-ha=!-yr='.

Likens et al. (1990) estimated a 23-yr average (1964—
1987) S dry deposition rate of 6.7 kg-ha~!-yr—! at Hub-
bard Brook, New Hampshire by evaluating the mass
balance of S in an experimental watershed. This is
much higher than our estimate of 2.6 kg-ha~!-yr~! for

this location. Lovett et al. (1992) compared inferential,
watershed, and throughfall techniques for measuring S
dry deposition at the Hubbard Brook site and found
them to differ by almost a factor of 4, from 2.0
kg-ha-'-yr-! for the inferential technique to 7.8
kg-ha—!'-yr~! for the watershed mass balance. We con-
clude that our estimates are reasonably close to other
inferential estimates of dry deposition in the region,
but that different methods may yield very different dry
deposition flux estimates.

DisCuUsSION

Patterns of atmospheric and precipitation
concentrations

Precipitation and atmospheric concentrations show
equally clear but distinctly different patterns across the
study area. The predominant concentration trends in
precipitation are the steep, west to east gradients for
ions whose presence in the atmosphere is largely due
to industrial activities (8O,2~, NO;~, and H*). Am-
monium concentration follows a similar pattern, al-
though its main source is believed to be volatilization
of NH, from agricultural feedlots and fertilized soils
(Munger and Eisenreich 1983). The observed NH,*
trend could be the result of long-range transport in
association with SO,2~ aerosols. Hedin et al. (1990)
found monthly average concentrations of NH,* in bulk
precipitation to be strongly correlated with SO,?>~ con-
centrations in the northeastern U.S. and Sweden. The
authors attributed these trends to chemical coupling of
the two ions in the atmosphere, since seasonal NH,*
concentrations follow SO,2~ concentrations to a much
greater extent than NH, emissions.

The east—west concentration trends of Ca?* and K+
could be explained by depletion of wind-blown soil
particles from plowed fields and dirt roads in the mid-
western U.S. (Munger and Eisenreich 1983), although
interaction with negatively charged aerosols in the at-
mosphere could also influence the degree to which these
ions are transported and deposited across the region.
Magnesium concentration was more closely correlated
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with Na+* and Cl-, indicating that sea spray is the
dominant source of Mg?* within the region.

Contrary to precipitation concentrations, atmo-
spheric concentrations of S and N tended to decrease
from south to north, with a secondary longitude effect
also present in the SO, and aerosol SO,2- data. This
indicates that the emission sources that produce the
predominant dry deposition pattern in our region are
not the same as the sources that produce the predom-
inant wet deposition pattern. The atmospheric con-
centrations in these studies were measured near the
ground, whereas the source of ions in precipitation
includes cloud condensation nuclei a thousand metres
or more aloft. The high altitude material that is scav-
enged by precipitation is likely to have originated from
more distant sources upwind, for instance the indus-
trial areas of the Ohio River valley and the Great Lakes.
Thus, it is plausible that while pollutants in precipi-
tation show an east-west pattern, the observed patterns
of dry deposition reflect closer pollutant sources, urban
areas in the southern part of the study region, and show
a north-south gradient. This is supported by the lack
of any significant longitude effect for the atmospheric
concentrations of N species, which are generally con-
sidered to be principally derived from vehicular (and
thus urban) rather than industrial sources. Apparent
differentiation of the chemical inputs from wet and dry
deposition has also been noted in the isotope studies
of Graustein and Turekian (1986), and Lovett and
Lindberg (in press) noted a lack of correlation between
air and precipitation concentrations of nitrogen species
in a number of study sites in North America.

The data also indicate that dry-deposited species,
particularly the gaseous species (SO, and HNO;), de-
crease more rapidly with distance from source areas
than do precipitation-borne oxides of S and N. For
example, as one moves from southwest to northeast
across the study area, sulfur dioxide concentrations
decrease from about 19 ug/m? to near 0 and HNO,
concentrations decrease by a factor of 5. These trends
suggest that dry deposition may be a more near-source
phenomenon than wet deposition.

Regional patterns of total deposition

Combining the east-west wet deposition gradients
of N and S compounds with the predominantly north—
south dry deposition gradients produces trends of de-
creasing total deposition from the southwest to the
northeast within the region. Although some uncertain-
ty exists regarding the magnitude of dry deposition
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estimates, the relative spatial patterns observed should
be more reliable because broad-scale dry deposition
patterns are more likely to result from air concentration
trends than regional changes in deposition velocities.

Using the deposition velocity estimates discussed
above (Methods: Deposition velocities), predicted
total deposition of sulfur decreases from about 19
kg-ha~!-yr~!in southwestern Pennsylvania (40° N, 80°
W, 300 m elevation) to 5 kg-ha—!-yr~! in northern
Maine (46° N, 69° W, 300 m). Predicted total nitrogen
deposition decreases from about 11.5 kg-ha=!-yr~! to
5 kg-ha=!-yr~! along the same gradient. Fig. 6 illus-
trates the steps by which N deposition fields for the
eastern half of the region are produced in the GIS. First,
the digital elevation model (Fig. 6a) is combined with
Egs. 1 and 2 to determine estimated precipitation
amounts (Fig. 6b). Then, the regional wet N concen-
tration trends (Table 1) are combined with the precip-
itation field to produce a map of wet N deposition (Fig.
6¢). Finally, regional trends in predicted dry N depo-
sition are added to produce a map of total N deposition
(Fig. 6d).

Not included in the deposition estimates are cloud
water inputs, nor was any attempt made to include
elevational trends in dry deposition. It should also be
remembered that all of the measurement sites for air
and precipitation chemistry used in this study are lo-
cated in rural areas to avoid local enhancement of at-
mospheric deposition from cities and other large pol-
lution sources. Although such sources exist within the
study region, especially in southern and coastal areas,
their local effects are not accounted for in the deposi-
tion patterns shown here, because necessary data are
not available to quantify them.

The regional deposition gradients observed for S, N
and H* may have important ecological and environ-
mental ramifications. If atmospheric inputs play a strong
role in the function of ecosystems, we might expect
these deposition patterns to be reflected eventually in
regional biogeochemistry and ecosystem health. Sev-
eral reports have suggested that such signals may al-
ready exist. McNulty et al. (1990) found increases in
soil N content and nitrification potential in spruce-fir
forests along a transect from Maine to New York. Re-
cent studies summarizing surface water chemistry in
New York state show highest and increasing levels of
NO,~ in the Catskill Mountain area with lesser in-
creases in the Adirondacks (Driscoll et al. 1989, Mur-
doch and Stoddard 1992). Within the Adirondacks,
Driscoll and Van Dreason (in press) have identified a

—

FiG. 6. Generation of a nitrogen deposition map within a geographic information system. (a) The digital elevation model
(DEM) of eastern New York and New England. (b) The regional precipitation field, created by the interaction between the
DEM and precipitation equations (1 and 2). (c) Predicted wet deposition of nitrogen (as elemental N) for the region, generated
by combining the regional N concentration gradient (from NO,~ and NH,*, Table 1) with the regional precipitation field.
(d) Predicted total N deposition for the region, generated by combining equations for dry N deposition (from Table 2 and
deposition velocity estimates) with the regional wet N deposition field.
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trend of increasing NO,~ concentration to the west and
south, corresponding to the N deposition gradient. The
few data available suggest that surface water NO;~
concentrations across the eastern end of the northeast
region remain relatively low (Driscoll et al. 1989, Stod-
dard, in press).

Other possible effects of these deposition patterns
include influences on forest health and productivity.
Although there is no general agreement on causes of
the observed decline of certain high-elevation spruce
forests in the region, it is interesting to note that the
decline appears to follow patterns of deposition, being
greatest in the Adirondack Mountains of New York
and decreasing towards the east through Vermont, New
Hampshire, and Maine (Vogelmann and Rock 1988,
Craig and Friedland 1990).

Elevation effects and cloud water deposition

The elevational increase in deposition included in
the present model is a function of increases in predicted
precipitation amounts only. Confidence in this rela-
tionship is limited by the scarcity of available infor-
mation regarding deposition to high-elevation sites.
First, surprisingly few long-term precipitation collec-
tion stations have been established at high elevations,
forcing the orographic precipitation effects derived here
to be heavily influenced by only a few data points.
Second, we have assumed that there is no change in
precipitation chemistry with elevation, based on sev-
eral site-specific studies that examined elevation dif-
ferences of as much as 1500 m in the eastern United
States (Tennessee Valley Authority 1983, Scherbatskoy
and Bliss 1984, Lindberg et al. 1988). Although data
from the present study show a decrease in concentra-
tion with elevation for most ions, we maintained the
assumption of constant concentration at all elevations
due to the limited elevation range of the data and the
seemingly unrealistic coefficients obtained. Addition-
ally, comparison of model predictions with data col-
lected by Miller et al. (in press) at 1050 m on Whiteface
Mt., New York showed no change in concentration
with elevation for NO,~ and NH,*, although the con-
centration of SO,?~ was slightly lower than that pre-
dicted. More work is clearly needed to establish con-
fidently the relationship between elevation and ion
concentrations in precipitation.

Elevation effects on dry deposition could not be in-
cluded in the model since so little relevant information
exists. Some increase in dry deposition input may be
expected with increasing elevation, however, as a result
of several factors. In the northeast, high elevation sites
tend to be windier, wetter, and contain a greater pro-
portion of needle-bearing trees than adjacent low-ele-
vation sites, which may combine to enhance rates of
delivery and adhesion of suspended particles and gases
to canopy surfaces (Lovett and Kinsman 1990).

Also absent from the model are cloud water inputs.
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Cloud water can contain very high concentrations of
dissolved ions and can constitute a large portion of
total deposition to high-elevation sites, which are fre-
quently immersed in clouds (Lovett et al. 1982, Scher-
batskoy and Bliss 1984, Weathers et al. 1988, Lovett
and Kinsman 1990, Vong et al. 1991, Miller et al., in
press). Although too few data exist to conduct a region-
wide spatial analysis of cloud deposition, it might be
possible to derive estimates as a function of wet de-
position and elevation. Lovett and Kinsman (1990)
presented a relationship between elevation and percent
of total SO,2~ deposition contributed by cloud water.
In the northeastern U.S., cloud deposition appears to
begin at 600 m and increases at a rate of 0.094% (of
total deposition) per metre. Most of the values used to
obtain this relationship, however, did not include dry
deposition and those that did reported only small con-
tributions, so it may be possible to estimate cloud input
of SO,2~ for sites above 600 m with an equation such
as the following:

SO e _
1.564 — (elev-0.00094)

where 1.564 — (elev-0.00094) is the proportion of total
deposition contributed by precipitation.

Such an approach could provide a useful method of
adding a cloud deposition component to the regional
model, although longer term studies are needed before
such relationships can be considered reliable.

80 oua = SO, e (3)

Conclusion

The processes that affect atmospheric deposition can
be extremely variable across time and space. Over short
periods of time, factors such as precipitation events
may appear highly random, making spatial patterns
difficult to discern. After long-term averages of depo-
sition variables are obtained, however, statistically
meaningful trends can be confidently established.

This study has identified patterns of both wet and
dry deposition within the northeastern United States
that have important implications for regional biogeo-
chemistry and ecosystem health. However, it has also
been instructive in pointing out weaknesses in existing
data. For improved understanding of atmospheric in-
puts to ecosystems, increased attention should be given
to devising standard methods for measuring dry and
cloud water deposition, and monitoring these processes
across various spatial scales. Greater attention should
also be given to monitoring deposition at high eleva-
tions and near urban areas where deposition rates are
likely to be elevated. Although we have emphasized
broad-scale deposition trends, fine-scale features such
as local wind exposure and vegetation type are also
likely to affect deposition inputs (Weathers et al. 1992).
Field studies designed to detect variation at this level
are also warranted.
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