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Fig. 1. Sulfate concentrations as a function of sulfur dioxide emissions for nonferrous smelters as
estimated by Oppenheimer et al. (O), for the sum of these smelter emissions and the nonindustrial
emissions estimated by Knudson (6) (A), and for the emissions in the seven-state area obtained from
the estimates of Oppenheimer ¢t al. of smelter emissions for Arizona, Nevada, New Mexico, and Utah
and the ANL estimates of industrial emissions for Colorado, Idaho, and Wyoming plus the ANL
estimates for utilities and miscellaneous emissions for all seven states (X).

We also call attention to the values of the
linear regression parameters obtained for
sulfate, chloride, calcium, magnesium, and
sodium not only with the smelter emissions
but also those derived after inclusion of all
nonindustrial anthropogenic emissions. The
results are presented in Table 1. These pa-
rameters are all statistically significant at the
5 percent level and are every bit as convinc-
ing as those obtained only for sulfate with
the smelter emissions selected by Oppenhei-
mer et al. Even if the speculative argument
from Oppenheimer et al. concerning metal-
carbonates could not be faulted, it would
only address calcium and magnesium. The
carbonate argument cannot pertain in the
case of sodium, as almost all sodium com-
pounds are readily soluble in water (7), and
consequently there is no mechanism for an
increased solubility due to higher acidities.

We conclude that the data presented by
Oppenheimer ¢t al. do not demonstrate that
the linear relation between sulfate concen-
trations in rain and smelter emissions can be
regarded as a causal relation. Extrapolation
to zero smelter emissions is of course not
warranted until the model is shown to be
correct. Nevertheless, the data plotted in
Fig. 1, extrapolated to zero emissions, ap-
pear to yield negative sulfate concentrations,
especially when we include the seven-state
areca and all the anthropogenic emissions
from it. Therefore, even the sense of the
relation the authors present appears to be
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questionable. The proper model must take
account of the fact that in this geographic
region the composition of rainwater samples
is strongly influenced by soil-derived con-
stituents and that yearly differences in me-
teorology must play an important role in
governing the average ion concentration in
rain. We do applaud Oppenheimer et al. for
their attempt at performing this analysis and
hope that others will be stimulated by the
possibility that a relation can be derived by
looking at such data. Possibly if future inves-
tigators address both the temporal and spa-
tial components of the data and include
studies of meteorological conditions and
perhaps air mass back trajectories associated
with each rain event, a relation, if it exists,
might be discerned (8).
LEONARD NEWMAN
CARMEN M. BENKOVITZ
Department of Applied Science,
Brookhaven National Laboratory,
Upton, NY 11973
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Response: Hidy and Newman and Benko-
vitz raise interesting questions about our
study of precipitation sulfate concentrations
and copper smelter sulfur dioxide emissions
in the western United States. Our primary
conclusions were that smelter emissions
contribute significantly to sulfate concentra-
tions at remote stations and that available
data support a linear relation between con-
centration and emissions. The following
questions are raised in the letters. Why do
concentrations of Nat, Cl7, Ca®>*, and
Mg?* also have linear relations to sulfur
dioxide emissions on an annual basis? Why
do sulfate concentrations covary with con-
centrations of Ca®*, NO;~, and other ions?
Does the sulfate—SO, relation exist on other
time scales, and is it geographically struc-
tured and sensibly related to meteorology?
Does the statistical relation reflect a causal
response of sulfate concentrations to smelter
emissions variation?

Smelters are the dominant source of sulfur
dioxide in the intermountain region covered
by the study (1), and sulfur transport is a
regional phenomenon (2). A meteorological
model based on upper- and ground-level
wind trajectories establishes the smelters as a
major source of sulfate in Colorado precipi-
tation in 1981 (3). These physical properties
underlie the inference of causality from our
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statistical study. In addition, a recent analy-
sis by others (4) of the same data set we used
establishes a spatial relation between smelter
emissions and sulfate concentrations at re-
mote stations: the slope of the regression of
concentration on emissions decreases with
_increasing smelter-monitor distance, as ex-
pected if smelter emissions cause sulfate
concentration variations. Finally, the annual
analysis is now confirmed by an analysis of
monthly data that shows a highly significant
relation between smelter emissions and sul-
fate concentrations at Colorado stations (5).

Of the nine measured ions in addition to
SO}, four covary with smelter SO, on an
annual basis. Much of this covariation is
fortuitous, particularly for Na* and CI™. An
examination of data from individual stations
indicates that from 1980 to 1981, concen-
trations of Na* and Cl~ (unlike SO3~, see
Table 1) decreased at cach of the three
stations for which 1980 data are available
(6). Yet the regional volume-weighted
means (VWM?s) increased from 1980 to
1981, resulting in correlation with increas-
ing SO, emissions, because Newman and
Benkovitz included several stations that
opened in 1981 and had very high concen-
trations that year (7).

Regression of monthly VWM concentra-
tions of each ion besides sulfate from the
combined records of the five Colorado sta-
tions on smelter emissions reveals that emis-
sions are significantly related to only Mg**
(P<0.01, F test), while Ca>*, Na*, and Cl~
are unrelated to monthly smelter emissions
(P>0.10, F tests) (8). We can suppose only
one reason (aside from simple coincidence)
for the correlation of Mg?* with emissions:
increasing atmospheric sulfur concentra-
tions affect droplet chemistry and, as a re-
sult, soil-borne Mg solubility. Support for
this hypothesis comes from the 13-year
record of the bulk precipitation chemistry
station at Hubbard Brook, New Hampshire,
where long-term changes in Ca’*, Mg*",
and other ions, including SO3~, were
related to regional SO, emissions (9). Be-
cause similar observations are made in stud-
ies conducted 2000 miles and several years
apart, we suggest that a general chemical
phenomenon is at work. Soil material disso-
lution rates are certainly sensitive to acidity
in the relevant pH range (10), and soil
material dissolves rapidly enough to affect
concentrations in ambient droplets. Other-
wise, how could so much dissolved Ca**
and Mg’" be found in wet precipita-
tion?

Hidy argues that the covariation of sulfate
concentration with other ions implies that
“meteorological factors, not smelter emis-
sions” control sulfate variability. But it is
fundamentally wrong to treat the various
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Figure 1. The least-squares regression line is
drawn through combined annual volume-weight-
ed means based on all 34 annual points. Regional
means are weighted by the number of stations
available in the corresponding year, as suggested
by Sokal and Rohlf (12). The slope is significant
(95% CL’s: 0.77, 2.09 mg/liter/10° tons SO,/
year; 95% CL’s on intercept: —0.56, 0.53). The
line is drawn only for the region of the x-axis
where the 95% confidence interval in the estimate
of regional average concentration is less than
+0.25 mg/liter. @, Colorado station; O, non-
Colorado station.

possible sources of concentration variation
as if they were mutually exclusive. All ionic
concentrations in this data set are partially
determined by meteorological variation.
Multiple regression of sulfate on both emis-
sions and other ionic concentrations (whose
variation may represent the effects of meteo-
rology) (4) suggests that SO~ concentra-
tion at specific stations is jointly determined
by both emissions and meteorology.

Hidy also argues that the correlation be-
tween calcium and sulfate concentrations
provides evidence that the sulfate originates
as gypsum dust. But the covariation of ions
reflects the partial determination of concen-
tration by meteorology and as a matter of
fact, on a monthly basis at western stations
SO%™, Ca?*, Mg**, Na*, CI, NO;~, and

NH," are statistically related to each other
in all pairwise correlations. There is no
significant evidence for a special role for
gypsum dust in these data. Furthermore,
Ca’" and SO3~ covariation has been ob-
served (9) where gypsum dust is a negligible
factor in precipitation chemistry. Thus,
Hidy’s inference from ionic correlations that
“soil makes a significant contribution to
sulfate levels in western precipitation” seems
unfounded. Only indirect evidence (Hidy’s
reference 5) exists for a soil gypsum contri-
bution to wet sulfate concentrations, while
two direct studies in this specific region do
not support the suggestion of a substantial
soil contribution to precipitation sulfate
(11).

We refrained from extrapolating the re-
gression line to zero emissions because of
the large uncertainty in the estimate of the y
intercept [95% confidence limits (CL’s),
1.37,0.97]. Similar uncertainties exist in the
regression of Newman and Benkovitz. Even
if the statistical uncertainty were reduced, as
it is in our Fig. 1, with the combination of
sources and receptors we used, the intercept
would not represent a background concen-
tration at a particular station. The intercept
can be physically interpreted as the concen-
tration resulting from background emissions
only when the regression is based on a
geographically coherent group of receptors,
where all substantially varying sources ac-
counting for deposition are included in the
source category and all other sources are
excluded. Large negative intercepts, such as
those in figure 1 of the comment by New-
man and Benkovitz, indicate that some of
the included emissions contribute little to
concentrations observed at some of the
monitoring stations. Varying distances from
sources suggest that emissions are not equal-
ly relevant to concentration at all receptors.

Table 1. Annual average sulfate concentrations at intermountain NADP stations (mg/liter). Small
differences in station-specific and regional mean values between our original report and this table result
from differences between our averaging methods and those used by the NADP. “Manitou 1980” was
inadvertently omitted from our report, and by criteria stated there, “Yellowstone 1983” should not have
been included. Asterisks indicate that the station was in operation, but coverage included fewer than 30
weeks of chemical data or data from fewer than 10 months of the year.

NADP Year

station 1979 1980 1981 1982 1983 1984
Alamosa, CO 1.82 1.49 1.39 *
Sand Spring, CO 1.07 1.58 0.96 1.02 1.00
Manitou, CO 1.66 1.38 1.62 1.07 091 1.12
Pawnee, CO 1.57 2.17 0.83 1.15 1.62
Rocky Mm. NP, CO 1.55 0.91 0.80 0.98
Yellowstone NP, WY 1.49 0.77 * 0.58
Craters of the Moon, ID 0.86 0.72 0.65 0.61
Organ Pipe, AZ 2.14 0.83 0.64 0.97
Combined volume-weighted mean 1.66 1.35 1.56 0.89 0.88 1.00
Total smelter emissions 1004.53  823.01 1130.35 654.60 699.77 663.55

(metric tons X 10%)
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Deposition and concentration are con-
fused in Hidy’s citing of monthly and sea-
sonal analyses. Statistical analysis (5) of
monthly data supports our original conten-
tion of a relation between sulfate concentra-
tion and smelter SO,. The other studies
cited (Hidy’s references 3 and 4) deal largely
with deposition, the product of VWM con-
centration, and precipitation amount. The
relation between deposition and emissions is
obscured by fluctuations in precipitation
amount because combined VWM sulfate
concentration is independent of precipita-
tion amount in this data set. Seasonal con-
centration variations further obscure the re-
lation of emissions to deposition in quarter-
ly data.

Newman and Benkovitz incorrectly assert
that our regression is “derived from essen-
tially three points.” As our Fig. 1 and Table
1 demonstrate, the annual relation over the
period from 1980 to 1983 is based on 26
points and has now been extended to in-
clude 1979 and 1984, for a total of 34
points. Figure 1 shows that during the
period from 1982 to 1984, when annual
emissions varied little, annual regional aver-
age sulfate concentrations were indistin-
guishable from year to year, as would be
predicted from a cause-and-effect relation
between emissions and concentration. The
regionally combined VWM’s on which the
regression is based are subject to less error
than station-specific observations. The ob-
servations that make up the combined aver-
age provide important additional informa-
tion, however, in that they allow an estimate
(independent of that obtained from the
standard error of the slope) of within-year
concentration variability (12).

Hidy observes that from 1982 to 1983,
while annual smelter emissions increased by
about 5% of total 1982 emissions, concen-
tration fell at five out of eight stations. In
view of the large variation from station to
station (see Fig. 1) and the fact that emis-
sions do not uniquely determine concentra-
tions, these fluctuations do not, in Hidy’s
words, “reveal a major contradiction” so
much as they underscore the efficacy of
using regional means to clucidate source-
receptor relations.

Extrapolation of the regression line to
high emissions values to predict eastern U.S.
concentrations is unwarranted: wet (and
probably dry) removal is much faster in the
East, so that long-range source-receptor
slopes are inherently smaller. However, sul-
fate and hydrogen ion concentrations in
these data resemble eastern values outside
the core of high pollution density, so that
the linear relation has implications for drop-
let chemistry in the East.

In summary, the annual analysis not only
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stands on its own, but geographical, multi-
ple regression, and monthly studies support
its conclusion: concentrations of sulfate in
precipitation are consistent with a linear
relation to smelter sulfur dioxide emissions.
MICHAEL OPPENHEIMER

CHARLES B. EPSTEIN

Environmental Defense Fund, Inc.,

New York, NY 10016

RoOBERT E. YUHNKE

Environmental Defense Fund, Inc.,

Boulder, CO 80302
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Evolution of Color Vision

The stimulating Perspective of David Bot-
stein (11 Apr., p. 142) contains two inaccu-
racies. Dichromats are not “the most com-
mon form of color blindness”; in almost all
populations deuteranomalous males are
most common (I). In addition, the state-
ment that “New World monkeys have only a
single pigment encoded on the X chromo-
some” is incomplete; the X chromosome of
any individual male Sasmiri sciureus—the
squirrel monkey—carries one gene encoding
a color vision pigment, but several alleles
encoding different pigments exist and fe-
males of course can be heterozygotes (2).

This situation suggests, at least to me (3),
ideas concerning the evolution of color vi-
sion in primates which add to those pro-
posed by Botstein. While human trichroma-
tism 1s indeed likely to have evolved by
duplication and diversification of a single X-
borne color vision locus, the Satmiri poly-
morphism probably originated by muza-
tion—rather than duplication—at a single
locus. Finally as any Perspective—even that
of a molecular biologist—must have a his-
torical component, one might mention J.
Scott (4), whose clear description of a man
and his uncle as dichromats (protanopes)
anticipated by 20 years that of Dalton. One
would also suggest that among the “great
names” of those concerned with color vision
might be added Goethe (5), who in addition
to publishing observations in the Fahrben-
lehre, conducted the first family studies of
color vision deficiency (6).

H. KaLmus
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