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Are Lakes in the Cascade Mountains Receiving High

Ammonium Deposition?

Abstract

Elevated deposition of nitrogen in the western United States is of concern because of the potential (e canse either acidification or
eutraphication in mountaicus arcas containing oligtrophic lakes and streams. A survey of snow chemistry by the U.S. Geological
Survey reported NH.* concentrations for the Oregon Cascade Mountains up to 10 geqil., approximately 5 to 10 fold greater than
concentrations reporled in several previous investigations and with results of snow cores collecled for this study. Ineonsistencies
in the snow chemisiry data collected by the LSGS suggest possible ercors in the reported NH,* concentrations. USGS reported
NH.* concentrations alse are inconsistent with information on regional sources of NHy" and transport and transformation ol air
pollutants, Actial concentrations of NHa" in snow along the Oregon Cascades appear to be near hackground levels {~ 1 peqily
expected for remote ureas in northern temperale climates. The highest concentrations of NH,' in the western mountains ure found
in the Sierra Nevada of California located downwind of major agricullural sources.

Introduction

Most information regarding deposition chemistry
i the western United States (NADP/NTN
1984-1990: Young et al. 1988) indicates low rates
of acidic deposition, and results from paleolimno-
logical {Charles et al. 1989) and lake chemistry
stuclies (Landers et al. 1987; Charles 1991; Baker
et al. 1990} suggests that lile, if any, chronic
acidification has occurred in the West. Neverthe-
less, the low base cation concentrations in many
of these lakes may cause them 1o be more suscep-
tible to acidic inputs than acidified lakes in the
castern Lnited Sates, such as in Adirondack Park,
New York (Eilers et al. 1989). Because of the
dilute nature of lakes in the West, maoderate con-
centrations of atmospheric conlaminants, which
would not be cause for concern for lakes in the
eastern United States, could potentially cause water
quality problems in dilute alpine and subalpine
lakes in the West,

Laird et al. {1986a.b) reported concentrations
of major ions and sclected metals for alpine/
subalpine snowpacks extending from the U.S./
Canadian border to the southern Sierra Nevada.
Generally. thev found that anthropegenic sources
were relatively insignificant in affecting the con-
centrations of H*, 80,27, and NO, and other
chemical constituents in the snow. One of the most
striking patterns observed was the onc for NH,*;
concentrations were low in the northern Washing-
ton Cascades, but increased abruptly in southern
Washington. remained high through the Oregon
Cascades, and then decreased again in the Sierra
Nevada (Figare La}. Laird et al. (1986a) aurib-
uted this pattern to removal of NH, from
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Figure la. NH." concentrations in snow along 4 lransect located

on the crest of the Cascade-Sierra Nevada Moun-
lains (derived from Laird et al, [1986b]}.

snowfall in Washington and California caused hy
reaction with S0, aerosels and consequent forma-
tion of ammonium bisullate and ammonium sulfate,
The 50, presumably was derived from emissions
ncar Puget Sound in Washington and urban areas
in California. They assumed that the higher NH,*
concentrations ([NH,™]) reported for the Oregon
and California Cascades (including the southern
Washington Cascades) were natural. This manu-
script explores alternative expianations to the high
[NH4*| concentrations reported by Laird et al.
(1986a.b) in the snowpack of the Cascade
Mountains.
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One alternate interpretation is that [NH,| are
al natural levels for the northern Washington
Cascades, implying that [NH,*] in the southern
Washington, Oregon and California Cascades
either are elevated above bhackground levels or are
mecarrect. Flevated nitrogen deposition has impor-
tant implications for lakes in the Cascades because
transient or long-term nitrogen limitation is increas-
ingly recognized as an important fealure of
oligotrophic lakes in the West (Morris and Lewis
1988). Other examples of nitrogen-limited lakes
reported in the West include Crater Lake (Larson
1988). Lake Tahoe (Goldman 1981), and Castle
Lake {Axler et al. 1981).

In addition to serving as a nutrient, NH,* can
act as an acidifving agent through biological
assimilation of NH; leaving up to one or two moles
of H* for each mole of NH.* (Schindler ef af. 1983
Asman and Diederen 1987; Schuurkes and
Mosello 1988). Lakes in the Cascades are con-
sidered highly susceptible 1o acidie deposition
hecause they have extremely low base cation con-
centrations (some lakes have base cation concen-
trations <20 peq/L) and alkalinity values that arc
as low as 10 peq/L in the fall (Landers et al. 1987)
and even lower in the spring (Eilers et al. 1990).
Thus, the potential for acidification of these lakes
by NH,* is particularly high, The average [NH,*|
reported by Laird et al. (1986b) for the Oregon
Cascades is about 8 peq/L, equaling the combined
concentrations of all other measured cations in the
snow.

Here I re-examine information on deposition
for the Cascade-Sierra Nevada ranges, with par-
ticular cmphasis on NH4* depeosition data for the
Cascades as reported by Laird et al. (1986a.b).
This analysis is accomplished by: 1) examining the
internal consislency in the Laird ef el dala: 2} com-
paring their data with results from other studies;
and 3) evaluating potential sources of NH,".

Methods

The snow chemistry data reported in Laird et al
{19864a) were oblained from Laird et al. (1986h)
and scanned directly into a computer file to avoid
data entry errors. Concentrations of the various
analvtes were converted into cquivalent units. The
equivalent concentrations for individual ions and
sums of anions and cations were plotied against
one another and against latitude. The literature was
reviewed [or olher relevanl studies regarding
deposition chemistry in the Cascade Mountains.

A further check on snow chemistry was made
by collecting multiple snow cores at two sites in
the Oregon Cascades. In April, 1989, | collected
snow cores at Mt. Hood (elevation 1770 m) in the
northern Oregon Cascades and near Willamette
Pass {elevation 1680 m) in the central Oregon
Cascades during the period of near-maximum snow
accumulation. The cores were collected using a
standard Soil Conservation Service stainless-steel
corer identical to that used by the U.5. Geological
Survey (USGS). The cores were kept frozen, and
then melted and screened to remove particulates
belore shipment. and maintained near 4 to 9°C
during transit o the laboratory. The samples were
analyzed well within the holding times specified for
the methods by Environmental Science and Engi-
neering (ESE) chemists; anions were analyzed
using ion chromatography (EPA Method 300.6);
calions were analyzed using ICAP (EPA Method
200.7). Ammonium was measured with the
automated phenate method (EPA Method 350.1)
and pH and conductivity were measured using pro-
tocols specified for precipitation samples by the Il-
linois Swale Water Survey (Methods 150.6 and
120.6 respectively). ESE was selected to analvze
the samples, in part, hecause they have con-
siderable experience with analysis of precipitation
samples for the Florida Acid Deposition Network
and as contract laberatory for the Natienal Dry
Deposition Network. USGS chemists also analvzed
several replicate samples from these recent snow
cores.

Results and Discussion

This rc-examination of snow chemistry in the
Cascade Mountains is divided into (1) an analysis
of the internal consistency of the Laird et al. data,
(2) a comparison of the Laird et al. data with other
measurements ol deposition chemistry in the
region, (3) an assessment of natural and an-
thropogenic sources of nitrogen emissions, and (4)
a briel examination ol processes affecling at-
mospheric transport and transformation of am-
monium in the atmaosphere.

Internal Consistency of Laird et al. Data

The quality of data can be cvaluated in terms of
precision (using replicate {i.e.. split] samples). bias
{using audit samples or comparison with stan-
dards). and detection limit (using blanks or a series
of samples with incrementally lower concentra-
tionsy. Laird er al. {1986a} reported a precision
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of 0.008 mg/L (0.44 peq/L) for NH,™ (as NH,"
for split samples and 0.003 mg/L (0.17 peq/L} ot
duplicate snow cores. The detection limit for the
NH,* analytical method was 0.003 mg/L. Both the
analytical and fietd precision arc indicative of high
quality data. Samples from the USGS snow study
were analyzed in random order with respect to their
position in the transect, which should have mini-
mized problems associated with spatially-related
bias. No audit samples or standard reference
malerial results were reported for NH.* and no in-
formation was presented regarding analytical bias,

The analytical accuracy of the resulls was
evaluated by compuling ion balances for the in-
dividual snow samples: the sum of anions was com-
puted using CI” values corrected for transcription
errors in the reported data (H. Tavlor, U.5.
Geological Survey, Denver. 1988, personal com-
munication). The results show most samples with
high cation excess (Figure 1b): however, cation-
anion imbalance can also resull from unmeasured
ions not included in the summations. In surface
waters, 1l i1s commeon to ohserve an anion deficit
caused by lack of a direct measure of organic
anions le.g.. Linthurst et al. 1986). In the Laird
et al. data, neither organic anions or bicarhonate
are included in the anion sum. Bicarbonate is an
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Figure 1b. Sum of measured cations (Ca®*. Mg, Na*, K", H*,
NH.*) versus the stun of measured anions (80,2,
NOy~. CI7, F7} for the original data reparted by Laird
et el (1986b) using observations with Cl™ values
corrected for transeription errors. One ohservation
230 peg/L omitted.
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impartant anion in precipitation eccurring in arid
regions in the western United Statcs where en-
trained soil particles can raise the pH to 6.0 or
greater (NADP/NTN 1984-1990), Tn the Pacific
Northwest, however, pH values are generally much
lower; all pH values reported hy Laird et al. were
between 5.11 and 5.88 (median = 5.54). Bicar-
bonate concenlrations, estimated using simplifying
assumptions of Henrys Law (Butler 1982) could
potentially equal about 3 peq/L for samples with
high pH values (median [HCO:] ~ 1.7 peq/L).
There appears to be little association, however, be-
tween eslimated HCO;™ and reported NH,™ (r =
+0.15) as might be expected if HCO;™ was the
principal unmeasured anion. Estimated [HC(;7]
show a pattern of increased values in the middle
of the transect. but the concentrations are far lower
than required to balance the [NH,*] (Figure 1c¢).
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Figure 1. Ricarbonate, estimated from pH reported by Laird
et al. (1986b}. plolted against lalilude.

Organic anions can also be impaortant constit-
uents in precipitation samples, Kcene and Galloway
(1984) reported that concentrations of acetic and
formic acids accounted for 16%, by volume. of free
acidity in precipitation samples from Virginia: they
estimated that organic acids in NADP/NTN
samples, presently unmcasured, may represent
18-35% of the free acidity. Sickman and Melack
(1989) reported concentrations of lew-molecular
weight organic anions (formale. acetate) ranging
from 2.8 to 3.3 peq/L for snow pit samples in




the southern Sicrra Nevada: acetale concentrations
exceeded the concentrations of other measured
anions. The eation-anion diflerence plotted against
reported dissolved organic carbon (DOC) for the
Laird e al. data show a significant positive rela-
tionship (r = +0.33. P < (0.001), but the rela-
tionship accounts for only 11% of the variance in
the ion imbalance. An examination of organic anion
concentrations compuled from pH and DOC
(Oliver et al. 1983) in Figure Te shows liltle cor-
respondence to the distribution of |NH,*| along the
study transect shown in Figure la. Combining
organic anions (estimated from DOC and pH) with
the estimated HCO;™, however, the ion imbalance
observed in Figure 1b is reduced (Figure 1d). A
similar effect can he achicved by scoring all obser-
vations with reported NH,™ exceeding 1 peq/L from
sites north of latitude 39° to 1 peq/L, a concen-
tration consistent with other measurements of NH,*
for the region (Figure 1f}. The ion imbalance in
the Laird et al. data is not conclusive evidence of
an analytical problem. Unmeasured anions, par-
ticularly organic acids, could account for much of
the ien imbalance. However, the organic anions,
as estimated from DOC. show little associalion with
NH,* or with latitude.
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Figure 1d. Sum of measurcd calions versus the sum of
measured anions {rom the original dala reported
by Laird et al. {1986h). The anion sum has been
adjusted by using CI” values corrected for transerip-
lien errors and by adding estimates for bicarbonate
and organic anions. Two observations > 30 peg/L
omitled.
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Figure le. An estimaie of organic anions (RCOO™; Qliver e
al. 1683} computed from the measurements of DOC
and pH by Laird et al. (1986h) plotted against
latitude. Three observations > 10 peqil omitted.

30 : -
=) e
g L] . . -
320/ L e
o ) . L .
g - -. . " / .
= 4
S L I RN
D10 (NS
E R A
w3 e

S
e
0L s |
0 10 20 30

Sum of Anions {ueq/L)

Figure If. Sum of measured cations versus the sum of mea-
sured anions in the snow data of Laird er al
(1986b}. CI” transcription errors have been cor-
rected and all NHy* concentrations greater than 1
peqil. for sites north of latitude 39° have been
scored lo 1.

Also of concern is the internal consistency of
the summary statistics for NH4*. as presented by
Laird et al. (19864, Table VI, They reported me-
dian and mean concentrations of 0.01 mg/L
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{0,553 peq/L} and 0.08 mg/LL (4.4 geq/L; n = 70),
respectivelv. I computed a mean [NH,*] equal to
their reported value, bul T computed a median con-
centration of 0.05 mg/L (2.5 peq/L}. five times the
value reported by Laird et al. {1986a). The dif-
ferences are not resolved hy treating values
reported at detection limit differently (e.g., scor-
ing to zero, one-half of delection limit value, etc.)
or by variations in treatment of duplicate samples.
This inconsistency could be caused by a transerip-
tion error in either the final reported median value
or a series of transcription errors in the individual
NHLT observations.

Comparison with Other Deposition Data

Another check on the accuracy of data can be
made by comparing the Laird et al. snow data with
information from other sources. Ammonium data,
derived from snow sampling conducted at selecled
sites in the northern Washinglon Cascades and the
southern Sierra Nevada (Sickman and Melack
1989), show close agrecment with the data
reportcd by Laird et al. (1986b). Sickman and
Melack (1989) reparted |[NH4* in snow (collected
during maximum accumulation) ranging from 0.9
to 2.5 peqg/L in 1987 and from £.8 o 5.2 peq/L
in 1988, at four walersheds in the Sierra Nevada.
In comparisen, Laird et af. (1986b) reported [NH.*|
ranging from 1.1 10 2.8 peq/L for the 10 southern-
most sitez. Similarly, Loranger and Brakke (1988)
reported [NH.'] < 1 peq/L, in agrecment with
those of the 10 northernmost sites from Laird et
al. Duncan et al. (1989) reporled volume-weighted
mean |[NHq*] in bulk snow samples collected at two
locations in the central Washingion Cascades rang-
ing from 0.3 to 1.1 peq/L at Stevens Pass (eleva-
tion 1525 m) and 1.5 to 3.5 peq/L at Snoqualmie
Pass {clevation 1220 m) lor 1983-1988, with an-
nual median values of 0.75 and 1.64 peq/L,
respectively. Laird et al. (1986b) measured [NH,*
ranging lrom detcetion limit to 0.66 geq/L at sites
in the vicinity of these two Washington locations.

Some of the earliest snow chemisiry
measurcments in the Oregon Cascades consisted
of two snow samples collected adjacent to Waldo
Lake (elevation = 1650 m, latitude = 43° 44"

by Malueg et al. i1972). They reported |[NH,*| of

1.4 and 0.8 peq/L for samples collected 1 m helow
the snow surface in February 1969 and 1970,
respectively. Recent snow chemistry data in the
Oregon Cascades are also available from bulk

242 Eilers

deposition data collected at Crater Lake and from
two snow cores collecled north of Crater Lake, The
weekly bulk deposition data collected at Crater
Lake (site located near the park headquarters on
the southwest rim of the caldera, elevation 2150
my}, for the period November through March 1988
show [NH,*| in filtered samples of about 1.2 peq/T.
on a volume-weighted basis (Reilly 1989). In con-
trast. Laird et al. (1986b} reported |NH,*| al site
37 near Craler Lake of 7.8 peq/L.

I also collected snow core samples at two sites
adjacent to sites sampled by Laird er al. (1986h).
Laird ez al. (1986b) reported [NH,*] concentra-
tions of 8.3 peg/L and 7.8 peq/l., lor sites near
Mt. Hood (site 23} and Willamette Pass (site 33),
respectively, whereas I found average concentra-
tions of 1.7peq/L and < 0.7 peq/L for snow cores
from the same locales (Table 1). The split samples
of these recent cores showed close agreement be-
tween NH,* measured at a private laboratory (ESE)
and USGS. Examination of other ions in the snow
samples shows that most of these recent samples
also exhibit an apparent anion deficit (Table 1),
Hvdrogen and bicarbenate ions account for about
L to 5 peq/L. in these samples, bul do little to alter
the anion deficit. It is likely that the majority of
the anion deficit in these recent snow core samples
is atlributed to unmeasured organic anions.

Data from NADP/NTN (1984-1990) have been
used extensively to  characterize deposition
chemistry in the United Siates. NADP/NTN main-
tains several siles adjacent to or on the western
slopes of the Cascade-Sierra Nevada ranges (the
number of operating siles varics among vears).
NADP/NTN reports moderately high [NH,*| for
some of the sites in the central and southern Sierra
Nevada (Table 2), which is consistent with the high
proportion of agricultural land use west of Lhe
Sierra Nevada, The NADP/NTN dala also show low
[NH.*] for sites in western Oregon and Washington.
Annual variability of NH,* at the sites receiving low
ammonium deposition was aboul 1 peq/L.
Variability of NH,* lor sitcs in the West werc
among the lowest reported in the United States
(Knapp et al. 1988). suggesting that annual varia-
tion cannet explain the deviations between NH*
data reported by Laird ez al. (1986b) and other

investigations.

Two potential problems arise when comparing
NADP/NTN data with the Laird et al. data. As
noted earlier, NADP/NTN deposition collectors in




TABLE L. Analvtical resulls of snow core, surface snow. and blank samples collected in the Oregon Cuscades, April 1989, All
analyses were completed by ESE* with the exceplion of the split samples analyzed for NH* by TSGR, Unitz for all
lons are in peqil.

Sample Conductivity NS

Site: Type pH (S ESE"  USGS* Ca¥  Mg™ Na* NO5T Cl- 50,

Mt Hoods Core 5.89 3.4 1.9 — 6.7 1.2 3.5 .3 8.9 4.0
Core 5.69 3.6 1.5 - 5.6 2.2 7.2 .3 8.1 4.0
Surface  5.33 3.4 2.3 2.2 3.0 1.6 3.3 (15 3.9 5.3
Blank 5.04 1.5 <07 0.2 0.2 0.6 <{).5 <(h1 <0.6 <{0.8

Willametle Pass? Core 5.51 2.7 <07 - 4.9 1.2 1.7 0.2 1.8 1.2
Core 5.55 2.6 < (.7 - 4.5 1.2 1.9 0.2 2.6 1.2
Core — — - 0.9 — — - - — -
Blank 5.54 1.7 <0.7 - 0.3 0.7 <{).3 <1 <{0.6 <{).8

“Environmental Science and Engineering, Ine., Gainesville, FL.
L8, Geological Survey. Arvada. Colorado. Results represent the meun of five replicate analvses.

“Bumples collected on April 4 west of Timberline Lodge. latitude 452 19" 507, longitude 1217 43" 017. Snow depth was approx-
imately 5 m, but the corer only penetrated 10 about 2.5 m. ESE laberawory codes are ARLP* 15 through 18; ficld codes are T-1
through T-4.

“Sumples collected on April 2 west of Willamette Pass Ski Area, latitude 432 35° 507, longitude 122° 02° 23™. Snow depth was
aboul 3 m. All cores penetrated to the soil layer, ESE laboratory codes ure: ARLP* 11, 12, and 14 field codes are W-1, 2, 3, and 5.

TABLE 2. Mean annual (and winter quarter [Dec-Feb]) volume-weighted [NH4] for NADP/NTN sites located west of and adjacent
lo the Cascade-Sierra Nevada ranges (Source: NADP/NTN 1984-1990).

NH4' (peg/L}

Elevation

Site Latitude (m) 1983 1985 1936 1987 1988 1989
Washington

Cascades Nationul Park 487 32 120 - — 1.1 1.1 0.6(0.6) 2.210.6)

La Crande 469 5{° 607 - — 1.7 2.8(1.7) 1.1 3.310.6)
Oregon

Bull Run 25% 27 267 - 2.2(2.2) 1.7 3.3 2.2(1.1 6.1(1.7)

H. J. Andrews Experi- 442 127 436 - 0.6 1.1 1.1(0.6) 0.6{0.6)

mental Forest

California

Montague 219 457 805 - — 5.0 5.0(3.9) 3.9{2.2) 6.1t6.1)

Yosemite Nationsl Park 37747 1408 5.0 - - - - 18.8

Sequoia National Park 367 34 1856 7.2 8.3(2.8) 14.4 —(5.5) —{L.7 15.5¢4.41
the West are typically located 1000 to 2000 m decreasing elevation along a transect in southern
lower than the alpine and subalpine lakes. Deposi- California (elevation ranged from 140 m to 2800
tion chemisiry is expected to change with eleva- m}. Another possiblc limitation of the NADP/NTN
tion as a consequence of a varicty of processes in- data for this comparison is the delay in collection
cluding differences in drv and oceult deposition, and analysis of the precipitation samples from the
increasing distance from emission sources, and buckets resuliing in possible loss of nitrogen from
changing proportions of rain and snow, However, the samples. Tt scems reasonable Lo assume, how-
it is unlikely that sites at lower elevation would ex- ever, that delays would aflect samples from all sites,
hibit lower [NH4*] than high elevation sites in the not just those from selected sites in the transect.
same vicinity. Blanchard et al. (1989), for exam- Thus, the presence of appreciable concentrations

ple. found the [NH,*} in deposition inereased with of NHy* from the California NADP/NTN sites

Ammonium Deposition 243




—
o

9‘ - o (¥
87 e @ [ 2 ]
7; 2000 som

e -

D -

'El Sj -

q. (o]
31 a . .. °
21, ° o eater,

Oe + "O“...
Y & .
1—XO Ow ! o) j: P
]n.o‘.ou'

49 48 47 46 45 44

TR

f

43 42 41 40 39 38

37 36

Latitude (°N)

Figure 2.

NH,* concentrations in snow reported by Laird e af, (1386a,b)(®), compared to precipitation

and snow chemistry reported by NADP/NTN (1984-1989) (C); Duncan et al, {1985} {0);
Leranger and Bralde (1988)(x); Malueg e al. (1972) (*): Reilly (1989) (open diamond); Sickian

and Melack (1989} (u): and this study (+).

suggests ammonium loss from the wet deposition
samples is probably insufficient 1o explain the
discrepancy between the USGS snow core data and
the NADP/NTN precipitation data.

Other precipitation data for the West general-
ly show NH,* concentrations that are comparable
to concentrations reported by NADP/NTN; concen-
trations were generally less than 1 peq/L in western
Oregon and slightly greater than 2 peq/L in west-
ern Washington (Junge 1958). Precipitation
concentrations on the east side of the Cascades ex-
ceeded 20 peq/L NH,* during the spring and sum-
mer, but these sites were located in agricultural
areas with alkaline soils where NH.* emissions
would be high and retention in the soils would be
comparatively low. The data from these recently
cited deposition studies, when plotted against the
Laird ef al. data (Figure 2), show a marked devia-
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tion beginning near latitude 46° (southern Wash-
ington} and extending southward to latitude 39°
{northern California}.

Sources of NH,*

Ammonium is naturally emitted from soils and
forest litter during denitrification. The rate of NH,*
emission is, in part, a function of the pH of the
media. Alkaline conditions favor emission of NH,*,
whereas NH,* is more highly retained under acidic
conditions. Thus, precipitation in areas of the Great
Basin and the central United States contain greater
[NH,] than areas west of the Cascades {Junge
1963). The Spodosols, Inceptisols, and Ultisals in
western Washinglon and Oregon are relatively low
in hase saturation and pH and these soils would
not be considered major sources of NH,* to the
Cascades.




Anthropogenic sources of NHy* can be signifi-
cant in some areas. For example, feedlots (beef,
hogs. pouliry) and dairy operations are principal
sources of NH,* affecting surface walers in the
Netherlands (Schuurkes and Moselio 1988). In the
Pacific Coast states, liveslock densities were

greatest in the Sacramento/San Joaquin Valley of

California which may explain, in part. the higher
NH, deposition measured at NADP/NTN sites
located east of the valley. Three of the four largest
cattle-producing counties in California were located
in the San Joaquin Valley upwind of the Sierra
Nevada. Livestock densities in California excecded
those in Oregon by a factor of 2 for heel cattle,
5 for dairy cattle, and 14 for poultry; densities for
hogs and sheep were comparahle (Hornbeck 1983;
Jackson 1975). Most livestock operations in Caki-
fornia are also located in the central valley upwine
af the Sierra Nevada, whereas there is a more uni-
form distribution of livestock on cither side of the
Oregon Cascades.

Combustion of vegetation and wood products
also can be a significant source of nitrogen emis-
sions. Wood burning for home heating purposes,
however, appears 1o be insignificant relative to the
magnitude of the [NH4*] differences along the
transect. Potassium, ofien associated with combus-
tion of wood products, showed no concomitant in-
crease with NH." in the Laird et al. data. Further-
more, emissions inventories of NO, (Wagner et al.
1986) are inconsistent with the spatial patterns in
NH,™ reported by Laird et al. (19864). California
ranked 2nd in the United States in NO, emissions
i1.4M tons/vr), compared to only 0.29M ton/yr for
Washington (rank 30th) and 0.23M 1ons for
Oregon (rank 37th). There appears ta be no ma-
jor source of NH,* to expiain the relatively high
concentrations in the Cascades reported by Laird
et al. (1986a.b).

Transport and Transformation of NH,*

The mechanism for supposedly lower [NH,'] in
Washinglon and California offered by Laird et al,

{1986a) is inconsistent with the behavior of

{NH.),S0, particulates. They suggested that SO,
emissions at the northern and scuthern ends of the
transect oxidized and reacted with ammonia, form-
ing ammonium bisulfate and ammonium sulfate
which subsequently deposited before reaching the
mounlains. However, ammonium sulfate particu-
lates are easily transported. Data from visibility

moniloring sitcs show that ammonium sulfate par-
ticulates account for about 20 10 50% of the fine
particulate mass in the West (Trijonis ef al. 1990).
The widespread distribution of ammonium sulfate
particutates in the United States is evidence of the
case with which [NH4*| is transported great
distances. Yet visibility along the transect is greatest
at the Crater Lake visibility monitoring site with
a median visual range of 176 km (Energy and Re-
source Consultants, Inc. 1988), suggesting that am-
monium sullate particulates and ammonium de-
position rates in the Oregon Cascades are very low.
Thus. although ammonium sulfate aerosols are
tormed as a consequence of S0, emissions. there
is no evidence that this process disproportionately
affects the ammonium concentrations in the snow
along the transect.

Summary and Conclusions

Laird et al {1986a) speculated that the pattern of
NH4" concentrations in snow along the crest of the
Cascade-Sierra Nevada was caused by a loss of
NH,* at both ends of the transect. Dala from areas
with low deposition of S0.* strongly suggest that
|NH,'] are naturally low in northern Washington.
Rather than being low as a consequence of an-
thropogenic emissions of S0,, NH,* deposition in
the southern Sierra Nevada appears o be elevaled
above natural levels (NADP/NTN 1984-1990;
Blanchard et af. 1989).

Based on a re-examination of these and other
data, T conclude that the relatively high [NH,*]
reported for the Cascades by Laird et al. are in-
correct and that the highest [NH,*] in deposition
in this region occurs in the southern Sierra Nevada.
The evidence to support this conelusion includes
{1} the internal inconsistency of Laird et al. data;
the ion imbalance is inconelusive evidence of an
analytical error, but the lack of agreement in
reported and caleulated median [NH,'] is very
suspicious: (2) the inconsistency between Laird et
al. dala and deposition dala from several indepen-
dent sources {Junge 1958; NADP/NTN
1984-1990: Maleug ef al. 1972; Reilly 1989: this
study): USGS reports an average [NHy'| of 8 peq/T.
for the Oregon Cascades compared 1o values near
1 peg/l. for other studies; (3) the lack of ap-
preciable sources of natural and anthropogenic
emissions of nitrogen in Oregon; livestock densilics
and fertilizer-intensive crops are substantially lower
in Oregon compared to California, which explains
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the higher concentrations of NH,* in the Sierra
Nevada; and (4) the lack of realistic mechanisms
for transporting and transforming nitrogen species;
ammonium sulfates are capable of being trans-
ported considerable distances, vet ammonium
sulfatc particulate concentrations are very low in
Oregon. Available evidence indicates that [NH4*]
in snow in the Oregon Cascades are lower than
values reported by Laird et al. by nearly an order
of magnitude and are generally about | peq/L.
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