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ABSTRACT

Chlorine-36 is a valuable tool to study numerous processes in hydrologic systems,
and *°Cl applications expanded rapidly following measurement of this radioactive isotope
by accelerator mass spectrometry. Most *°Cl applications require knowledge of the initial
input function in both time and space, but relatively little research has focused on
establishing the form of this input function. A new model of atmospheric stable chloride
deposition, combined with a theoretical model of atmospheric *°C1 deposition, was
constructed to evaluate the spatial variability of *®CI/Cl ratios across the United States.
This new model incorporated dry deposition measurements from 89 stations across the
country, and is the first of its kind employing measurements of the dry deposition flux
rather than cursory approximations.

The wet component of atmospheric chloride deposition was linearly related to
precipitation, although deposition reached a ceiling value at extreme precipitation amounts.
The slope of this linear relationship was a function of the distance of the measurement
point from the coast, and the slope decreased as a power-law with increasing inland
distance. The chloride deposition / precipitation regression slopes were combined with a
precipitation model to calculate the wet chloride deposition. The wet deposition and dry
deposition were summed to calculate the total atmospheric stable chloride flux. Total
chloride deposition ranged from less than 100 mgm™ yr'' throughout the Midwest, to
several hundred mg m™ yr'1 in the eastern U.S., to over 1000 mg m™ yr™' in the Pacific
Northwest, Florida, and near the Great Salt Lake, Utah. Dry deposition accounted for 10
to 30 percent of the total deposition throughout the Midwest and eastern U.S., and for over
50 percent of the total throughout Texas and the Southwest.

Atmospheric *°Cl deposition was calculated using a recently proposed model,
where the *°Cl flux was a function of latitude and the fraction of mean latitudinal
precipitation falling locally. The model predicted deposition values of 40 to 65 atoms m’
s throughout the eastern United States, 5 to 20 atoms m™ s throughout the Midwest and
Southwest, and values of several hundred atoms m? s in the Pacific Northwest. The
model-predicted *°CI/Cl ratios ranged from less than 100 x 10™'* at several coastal locations
to greater than 1000 x 107" in portions of the northern Midwest, and shared a similar

distribution pattern with previous models.



The average absolute error of the wet deposition model was 10 percent, providing a
good match to the measured values over most of the country, with a slight bias toward

underprediction. The *°

CI model fit the measured data moderately well, with an average
absolute error of 27 percent. The model-predicted 8C1/C1 ratios were within £25 percent
of the measured values throughout much of the Midwest, but were significantly
overestimated in the eastern United States, and underestimated in the Pacific Northwest.
The **CV/C1 ratio model can be improved by implementing minor modifications to the

linear chloride / precipitation regressions, and by incorporating functional relationships

between model parameters and the distance from the coast.



CHAPTER 1 - INTRODUCTION

Chloride has been used extensively in environmental studies, particularly as a
hydrologic tracer. Chlorine has an exceptional electron affinity (second only to fluorine)
and thus exists as the chloride anion (Cl) in virtually all natural aqueous systems. Having a
negative charge, chloride is rarely adsorbed onto mineral surfaces and acts conservatively
in most groundwater systems, moving at the same rate as water. This, in combination with
chloride’s highly hydrophilic nature, makes chloride an ideal groundwater tracer. The
utility of chloride in the environmental sciences has been greatly expanded by the
recognition of its single long-lived radioactive isotope, *8C1. Chlorine-36 has a half-life of
(3.01£0.04) x 10° years, making it suitable for groundwater dating to a maximum of

approximately one million years (Bentley et al., 1986a).

1.1 Chlorine-36 as an Environmental Tracer

Measurements of *°C1 began in the 1950°s using screen-wall counters (Davis and
Schaeffer, 1955) which required very large sample sizes and were too insensitive for
application to most natural samples (Bentley et al., 1986a). The use of liquid scintillation
through the 1960°s improved the sensitivity but the required sample size was still very
large. In spite of this, Schaeffer et al. (1960) were able to measure the *°Cl bomb pulse in
rainwater, with a monumental sampling effort to collect 4000 to 8000 liters of rainwater
for analysis. The development and application of accelerator mass spectrometry (AMS) to
**C| measurement (Elmore et al., 1979) provided a radical improvement to the sensitivity
and decrease of the required sample size. The sensitivity was increased by a factor of

approximately S0 while the required sample size was decreased by a factor of 10%, from



~20 g of Cl to ~2 mg (Phillips, 1999). The use of AMS allowed the measurement of *°Cl
in nearly all natural systems and led to numerous new environmental applications. Initial
investigations included the measurement of the *°CI bomb pulse to identify recent
groundwater recharge (Bentley et al., 1982). An extensive study of 3*C1 in groundwater by
Bentley et al. (1986b) focused on groundwater dating in the Great Artesian Basin,
Australia. A comprehensive list of potential *°Cl applications was given by Fabryka-
Martin et al. (1987), and an extensive review of *°C1 was recently provided by Phillips
(1999).

Chlorine-36 is commonly used as a dating tool, particularly for groundwater.
Precipitation recharging to the subsurface contains both dissolved stable chloride and el
The concentration of chloride and *°Cl in recharge water can change drastically as a result
of evapotranspiration. However, the ratio of the amount of radioactive *°Cl to the amount
of stable chloride (the *°Cl/Cl ratio) remains the same, as neither is preferentially removed
or concentrated by evapotranspiration. Thus, the **CI/Cl ratio is typically used as the
measure of *°Cl in hydrologic systems, rather than its absolute concentration. As water
percolates into and through a groundwater aquifer, the e undergoes radioactive decay,
causing a change in the *®C/Cl ratio. The relative age difference of groundwater between
two points along a groundwater flowpath can be found by measuring the amount of decay
between the upgradient and downgradient points. However, in order to measure the
absolute age of groundwater at a point within an aquifer the initial amount of *°Cl in water
at the time of recharge must be known (Bentley et al., 1986a; Fabryka-Martin et al., 1987;

Davis et al., 1998).
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The decay of 39C1 can be described by a typical exponential equation (Bentley et

al., 1986a), which in the simplest case is of the form (Davis et al., 1998)

N, =N, ™ Egn 1.1

where A, is the decay constant for *°Cl, t is the elapsed time, N, is the initial amount of

3%Cl in a sample, and N, is the amount of *°Cl remaining at time t. This assumes that there
are no additional sources of **Cl and that radioactive decay is the only process acting to
change the 1 values. This assumption does not generally apply in groundwater systems
because there is a subsurface source of *°Cl. Chlorine-36 can be produced in the
subsurface by neutron activation of *>Cl and spallation of K and Ca (Phillips, 1999).
Neutrons in the subsurface can arise from the nuclear decay of uranium and thorium and
from cosmic rays which penetrate the atmosphere. Chlorine-36 decays and is
simultaneously produced in the subsurface. Over very long time periods, the production
and decay of *°Cl (in the subsurface) arrive at equilibrium, such that a constant abundance
of *Cl exists in the subsurface. This is termed ‘secular equilibrium’. The change in *°Cl
with time in a closed system where *°Cl is both produced and decays is described by

(Bentley et al., 1986a; Davis et al., 1998)

N, =Ne™ +N_{1—e™) Eqn1.2

where Ny, is the amount of *°CI in the sample at secular equilibrium (as t approaches

infinity). In the case where 38C1 is measured as the *°Cl/Cl ratio, the values of N in

11



Equation 1.2 can be replaced by the equivalent values of the ratio (R). Groundwater age

can be calculated by rewriting Equation 1.2 as (Bentley et al., 1986a)
R—-R
t= J—wln(—”j Egqn1.3

where R is the measured *°CI/Cl ratio, R, is the initial ratio, and Ry is the ratio at secular

equilibrium. A calculation of Ry, in the subsurface is provided by Bentley et al. (1986a).

1.2 Objectives of This Study

The initial *C1/C1 ratio is required for most of the applications of *°Cl listed by
Fabryka-Martin et al. (1987) but, to date, there have been relatively few studies to
determine the temporal and spatial atmospheric input function for 3C1. Initial studies to
determine this input function have concentrated on the spatial component of 1nitial crcl
ratios by either combining theoretical calculations of atmospheric 3%C1 production with
measured concentrations of total chloride in precipitation (Bentley et al., 1986a;
Hainsworth, 1994) or by assuming that **C1/Cl ratios measured in shallow groundwater
represent the initial recharge value (Bentley et al., 1986b; Moysey, 1999). The temporal
component of the *°C1 input function has been associated with Earth’s historical
geomagnetic field intensity using comparisons of 38C1/C1 ratios and "C from fossil rat
urine recovered from packrat middens in the western United States (Plummer et al., 1997),
and by measurements of *°Cl variation in a Greenland ice-core (Baumgartner et al., 1998).

The main goal of this study was to construct a new model to estimate the **ClCl

ratios in precipitation across the conterminous United States in order to determine the

12



spatial component of the atmospheric input function. An important aspect of this model
was that it would be parameter based. The model was intended to incorporate the climatic
and geographic controls on both the stable chloride and *%C1 atmospheric flux, such that the
effect of changes of these parameters on the *°CI/Cl flux could be assessed. For instance,
the amount of stable chloride deposited to the land surface was found to depend on the
amount of precipitation. Knowing the modern distribution of rainfall across the country,
the modern stable-chloride flux could be calculated. The advantage of the parameter-based
model is that it can also be applied for past (or future) conditions. If a reasonable estimate
of ancient precipitation distribution can be made, then the chloride flux during that time
period can be easily calculated with the parameter-based model. If the model were based
on modern atmospheric flux measurements alone (as with previous models), then it would
be unclear how to modify the modem distribution to account for past conditions. In
addition, the ancient distribution would not necessarily share the pattern of the modern
distribution, creating further difficulties in using a model based on modern measurements
alone to assess *°Cl/Cl ratios in the past. Given that *°Cl is useful for dating very old
groundwater, the *°CI/Cl ratio of water which recharged long ago can be expected to differ
from the measured modern value at the same location. Thus, the parameter-based model is
a powerful tool to estimate the initial *CI/Cl ratio, whether in the past, present, or future.
The parameter-based *°C1/Cl ratio distribution model described in this paper was
constructed by combining a new model of the stable atmospheric chloride flux with a
recent model of *°Cl deposition by Phillips (1999). Chapters 2 and 3 provide background
on the sources and deposition processes for stable chloride and *Cl, respectively. Chapter

4 describes the construction of each component of the model and presents the model

13



output. Chapter 5 presents a model error assessment, comparing the model results with
measured values and highlighting weaknesses in the current model. Chapter 6 discusses
the potential refinements and improvements that can be made to the model, and Chapter 7

provides the conclusions of this study.
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CHAPTER 2 - ATMOSPHERIC DISTRIBUTION OF CHLORIDE

After hydrogen and oxygen, chlorine is the most abundant element in the
hydrosphere, owing to its dominance in the oceans (Feth, 1981), and is the 15" most
abundant element in the outer lithosphere. The chloride anion is the primary form of
chlorine in the hydrosphere. Having a negative charge, the chloride anion is generally not
adsorbed to silicate surfaces (which are also negatively charged) and dissolved chloride is
advected at essentially the same rate as the water (Phillips, 1999). This property of the
chloride anion has led to its extensive use as a hydrogeologic tracer. A major goal of this
study was to assess and model the spatial distribution of the atmospheric deposition of
chloride and its long-lived radioactive isotope, *°Cl. This requires an understanding of the
source of atmospheric chloride, and the mechanisms by which it is deposited to the land
surface. This chapter discusses the sources and deposition of stable (non-radioactive)

chloride, while the following chapter describes the same for *°Cl.

2.1 Sources of Atmospheric Stable Chloride

The primary source of chloride deposited on the continents is ocean-derived salt
(Boyce, 1951; Eriksson, 1960; Feth, 1981). The bursting of bubbles at the sea surface
ejects salt particles, or aerosols, into the atmosphere. Breaking waves are the most
significant source of bubbles (Blanchard and Woodcock, 1957) but eject relatively few salt
particles by the direct mechanical disintegration of water (Boyce, 1951). High-speed film
has shown that as a bubble bursts a small jet of water 1s ejected into the air. The air-
entrained droplets may evaporate under low relative humidity, leaving a solid-gas aerosol,

or remain liquid as a liquid-gas acrosol (Feth, 1981). Aerosols produced at the ocean

15



surface are predominantly in the size range 1.0 <r < 10 microns (1) (Junge, 1972;
Cicerone, 1981). Particles smaller than approximately 20p remain suspended in the
atmosphere almost indefinitely, as their settling velocity is low enough that normal
atmospheric eddy currents are sufficient to keep them aloft (Junge, 1972). Once aerosols
are entrained in the atmosphere they can be transported around the globe by regional
winds. Typically, 90 percent of ocean-derived aerosols are redeposited over the oceans,
with only 10 percent falling on the continents (Eriksson, 1960). Aerosols transported over
the continents are subject to both wet and dry deposition mechanisms, discussed in greater
detail in following sections.

The oceanic source of atmospheric chloride is readily apparent in the distribution of
chloride across the continents. Chloride concentration in precipitation decreases at a
nearly exponential rate with increasing inland distance, up to a few hundred kilometers,
until becoming approximately constant in the continental interior (Simpson and Herczeg,
1994; Feth, 1981). Observations of precipitation chemistry by the National Atmospheric
Deposition Program / National Trends Network (NADP/NTN) illustrate this distribution,
as shown in Figure 2.1. The decrease in chloride concentration can be attributed both to
the cumulative loss of marine aerosols by precipitation (as air masses progress inland) and
to more intense vertical mixing of the lower atmosphere by convective eddy diffusion
within continental interiors (Simpson and Herczeg, 1994; Feth, 1981).

Other potential sources for atmospheric chloride are wind entrainment of fine
continental material (Simpson and Herczeg, 1994) and anthropogenic sources. Re-
suspension of evaporite dusts is the likely cause of the increased chloride concentration in

precipitation near the Great Salt Lake, Utah, as seen in Figure 2.1. The main
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anthropogenic source of chloride to the atmosphere is the burning of fossil fuels which

releases HCI (Simpson and Herczeg, 1994; Li, 1992; Eriksson, 1960).

2.2 Stable Chloride Deposition

Aerosols produced at the ocean surface, or derived from continental or
anthropogenic sources, are incorporated into the lower atmosphere and distributed by
global and regional wind patterns. As the aerosols are advected over the continents, both
wet and dry deposition mechanisms act to transport chloride to the land surface. Wet
deposition occurs during active precipitation (i.e. rain or snow) while dry deposition occurs

during the intervening periods.

2.2.T Wet deposition mechanisms

Two mechanisms are recognized for the transport of atmospheric aerosols to the land
surface by precipitation; rainout (or snowout) and washout (Fuquay, 1970). Rainout refers
to processes within a cloud whereby aerosols are incorporated into raindrops, which fall to
the ground. Washout refers to the interception of aerosols beneath the cloud by falling
raindrops.

Acrosols drawn into a cloud act as condensation nuclei, leading to the formation of
very small water droplets. Initially, these droplets are small enough to remain in
suspension and have been termed cloud drops (Sumner, 1988). Turbulent conditions
within the cloud cause these cloud drops to collide and coalesce into drops large enough to
fall from the cloud. This process is illustrated in Figure 2.2. In the case of snow, the co-

existence of ice particles and super-cooled water allows the growth of ice crystals at the
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Figure 2.2: Schematic illustrating the progression of aerosols to rain drops by
condensation and coalescence. (Scott, 1981)
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expense of adjacent super-cooled water drops, known as the Bergeron-Findeisen process
(Sumner, 1988). Two other mechanisms for raindrop coalescence have been proposed, the
wake effect and electrostatic attraction (Sumner, 1988). The wake effect results from the
induced reduction of pressure between two droplets falling closely together at similar
speeds, drawing the droplets together. Cloud drops can have opposing charges that may
encourage coalescence when drops are close together. The coalescence of rain drops by
collisions within the cloud and the Bergeron-Findeisen process are the dominant
mechanisms leading to rainout; the contribution by the wake effect and electrostatic
attraction is considered small (Sumner, 1988).

The processes of rainout and washout acting to remove aerosols from the atmosphere
are collectively known as scavenging. Scavenging is an efficient process, as the number of
aerosol particles contained within a single raindrop (or snowflake) is approximately 10°
(Davidson, 1989; Scott, 1981). Simple models of wet deposition incorporate a scavenging

coefficient (1) to describe the decrease in atmospheric aerosol concentration during

precipitation. The scavenging coefficient is given by Scott (1981) as

Y=—- Eqn 2.1

where L, is related to the rate of aerosol accumulation into cloud water, Ly, is related to
the rate of aerosol accumulation into precipitation water, and C, is the particle
concentration in the atmosphere. A simple model of wet deposition by Davidson (1989)
uses a first-order decay of atmospheric aerosol concentration dependant on the scavenging

rate
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L =—yC, Eqn 2.2(a)

The wet deposition flux then depends on the vertically integrated scavenging coefficient
and on the vertical distribution of atmospheric aerosols, given by (Scott, 1981; Davidson,

1989)
D,=-|yC,dz=C,P Eqn 2.2(b)
0

where D, is the wet deposition flux, C; is the concentration in precipitation, and P is the
net precipitation rate. Wet deposition can thus be determined by measurement of rainfall

chemistry and volume.

2.2.2 Dry deposition mechanisms

Dry deposition occurs as a result of particle transport by eddy diffusion, gravitational
settling, thermophoresis, and diffusiophoresis (Seinfeld and Pandis, 1998; Prodi, 1980).
Eddy diffusion is caused by turbulent air movement leading to particles impacting the land
surface. Thermophoresis and diffusiophoresis result from particulate drift in response to
non uniformities in atmospheric temperature and concentration, respectively (Slinn and
Hales, 1970). Dry deposition can be linked to atmospheric concentration by a deposition

velocity (Hicks et al., 1987; Erisman et al., 1999; Prodi, 1980)
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F
v,(z) =~ . ‘(‘(2) Eqn2.3

where v4(2) is the deposition velocity, Cy(z) is the particulate concentration in the
atmosphere, Fy is the net deposition flux, and z is altitude. The deposition velocity
incorporates the complexities of the transfer of atmospheric particles to the land surface

and is typically expressed using a resistance analog (Hicks et al., 1987)

1
viz)=—— Eqn 2.4
«(2) R, +R, +R, 1

R, is an acrodynamic resistance determined by atmospheric processes (predominately
turbulent exchange), Ry, is a quasi-laminar boundary layer resistance accounting for
molecular diffusivity acting near the receptor surface, and R. is a surface or canopy
resistance. I do not discuss the detailed functional forms of R,, Ry, and R, here, but the
terms can be calculated using standard atmospheric and surface field parameters. The
interested reader is referred to Hicks et al. (1987) for a detailed description, and to Erisman

et al. (1999) for an application to field study.

2.3 Modern Distribution of Stable Chloride across the United States

The NADP/NTN measures precipitation chemistry at stations throughout the
United States. The amount of chloride deposited to the land surface can be calculated
using the volume of precipitation captured by the collector (liters), the concentration of

chloride in the rainwater (mg/L), and the surface arca of the collector funnel (m*). Only
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chemistry from wet deposition is reported by the NADP/NTN, although the dry data is
available upon request. The atmospheric flux of chloride (wet deposition only) is shown in

Figure 2.3.
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CHAPTER 3 - METEORIC *°Cl
Chlorine-36 is a long-lived radioactive isotope produced on Earth by interactions
with incoming high-energy particles. The research reported here concerns 3°C1 produced
in the atmosphere (meteoric *°Cl), although *°Cl is also produced in the lithosphere. The
half-life of **Clis 3.01 x 10° years. Chlorine-36 decays by beta emission to produce CAr

(Bentley et al., 1986a; Hainsworth, 1994).

3.1 Atmospheric Production of e

The Earth is under continuous bombardment by high-energy cosmic-ray particles
produced by intense galactic events, such as supernovae. The majority of these incident
particles are protons, but the Earth is also the target of beta and alpha particles, and heavier
atomic nuclei. Upon entering the Earth’s atmosphere, these highly energetic particles
collide with the nuclei of atmospheric gas atoms, resulting in nuclear disintegration of the
target nucleus and the release of energetic neutrons and protons. The mass of the target
nucleus may be reduced by the ejection (spalling) of some nucleons, leading to the term
‘spallation’ reaction. The secondary particles produced by the initial spallation can in turn
(if energetic enough themselves) produce further nuclear disintegrations and a cascading
shower of particles. The residual nuclear mass of the target atom releases additional
particles to lower its energy state, becoming a new stable nuclide or radionuclide (Phillips,
1999).

Chlorine-36 is produced primarily by the cosmic-ray spallation of *’Ar (Bentley et
al., 1986a) in the atmosphere. It is also produced in the upper lithosphere by neutron

activation of *°Cl and spallation of K and Ca (Phillips, 1999). Lal and Peters (1967)
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estimated the spallation reaction cross-section of Ar to arrive at a calculated mean global
3%C1 production rate of ~11 atoms m~ s in the atmosphere. More recently, Parrat et al.
(1996) calculated a mean global production rate of 20 atoms m? s, using new
measurements of the reaction cross-section. Both of these production rates are below
historically measured deposition rates (Parrat et al., 1996), but the cause of this
underestimation is presently unclear. Phillips (1999) normalised the measured e
deposition rates and found that a linear scaling of the Parrat et al. (1996) deposition by

1.47 produced a good fit to measured data. The mean global *°Cl production rate estimated

using this method was ~30 atoms m™ s™ (Phillips, 1999).

3.2 Spatial Distribution of **C1 Fallout

The Earth’s atmosphere can be divided into a number of layers extending to
approximately 2400 kilometers (1500 miles) above the surface. The most important
atmospheric layers with regard to *°Cl production are the troposphere and the stratosphere.
The troposphere encompasses approximately the lower 10 to 12 kilometers (km) of the
atmosphere. The stratosphere extends from the top of the troposphere to a height of 45 to
50 km. Figure 3.1 illustrates the major layers of Earth’s atmosphere and, in particular, the
change in temperature with increasing height. The boundary between the stratosphere and
the troposphere is known as the tropopause and is located at the lower point of reversal in
the temperature gradient. Holton et al. (1995) defined the tropopause more specifically as
the lowest height in the atmosphere where the negative temperature gradient does not
exceed 2K km™ and remains so for at least two additional kilometers. Approximately 70

percent of meteoric *°Cl is produced in the stratosphere, and 30 percent in the troposphere
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(Lal and Peters, 1967; Bentley et al., 1986a). The processes by which stratospheric and
tropospheric air are mixed have been found to exert great influence on the spatial

distribution of *°Cl.

3.2.1 Latitude dependence of **Cl deposition

The Earth’s geomagnetic field modulates the atmospheric production of
cosmogenic nuclides (Elsasser et al., 1956; Lal and Peters, 1967) as charged particles are
deflected by the interaction with the dipole magnetic field. This effect is strongest over the
equator and diminishes toward the poles as a consequence of the changing field strength
with latitude. Cosmogenic nuclide production is thus greatest at the geomagnetic poles
and at a minimum at the equator (Lal and Peters, 1967), as shown in Figure 3.2. The
latitude dependence of cosmogenic nuclide production is strong in the stratosphere and
much weaker in the troposphere. The latitude dependency of cosmogenic production
differs from the latitude dependence of fallout for long-lived cosmogenic nuclides, shown
in Figure 3.3. Deposition of cosmogenic nuclides is greatest in the mid-latitudes (30° to
60°) while production is greatest at the poles. Inasmuch as tropospheric production shows
little latitude dependence, the difference between these two curves must be due to a
redistribution of nuclides produced in the stratosphere.

Two major processes are responsible for the redistribution of stratospheric air and
the concentration of fallout at mid-latitudes. Global-scale atmospheric circulation patterns
influence the distribution of **Cl fallout. Warm air originating at the equator rises and
moves toward the poles while cold polar air descends and moves toward the equator. Each

hemisphere has developed three major thermal-convection cells, illustrated in Figure 3.4.

28



7°__ a7 20° 30 40° S s9°m0%

B T i I f o _]
N, J
o
n
o
g ,
8 &
el
S
S .
Iragosphere (7948~43)
i ! | ] ]
g /74 a4 . a8 98 A7

sin A

Figure 3.2: Global cosmogenic isotope production (which can be scaled from star
production) as a function of latitude. (Lal and Peters, 1967)
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Figure 3.3: Global cosmogenic isotope fallout as a function of latitude. The three
curves represent total fallout (F), stratosphere-derived fallout (Fs) and
troposphere-derived fallout (Fr). (Lal and Peters, 1967)
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The Polar and Hadley cells operate in the same direction at the poles and the equator,
respectively, while the Ferrel cell circulates in an opposite direction in the mid-latitudes.
The Ferrel and Hadley cells can extend well into the stratosphere (Reiter, 1975) and act to
concentrate stratospheric fallout in the Horse latitudes (around 30%) where air descends.
Seasonal variability in the size and location of these cells causes the fallout to be focused
over the range of latitudes from approximately 20° to 45° (Reiter, 1975). The second
major influence on the redistribution of stratospheric nuclides is a process known as
tropopause folding, in association with the jet stream. The jet stream separates the flow of
warm air from that of cold air and can contain significant vertical vortices which act to
bend the tropopause. The tropopause is depressed where air is descending and raised
where air is ascending. Exchange of air from the stratosphere to the troposphere can then
occur along equithermal surfaces, as illustrated in Figure 3.5. The location of the jet
stream varies seasonally but is typically between 30° and 60°N in the northern-
hemisphere. Barry and Chorley (1992) discuss the seasonal variability of the jet stream
location and provide a map of the mean location of the summer-time jet stream in the
northern hemisphere,as shown in Figure 3.6.

The latitude dependence of fallout presented in Figure 3.3 was derived by Lal and
Peters (1967) for a hypothetical stable isotope with a global average production rate of 1
atom cm™. This curve can be modified to represent the expected latitude dependency of an
individual isotope, such as *°Cl, by multiplying the curve by the actual average global
production rate and a factor correcting for decay in the atmosphere. Lal and Peters (1967)
provide the following equations to scale the tropospheric (Fr) and stratospheric (Fs)

components of the curve for a particular isotope of interest:
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where:

Fr=—2 Eqn3.1

yQ'sKsr
Fs = Eqn 3.
ST A+ K1+ ) qn 3.2

Fr = global fallout of troposphere-produced nuclide

Qg = global production of nuclide in the troposphere
A =decay constant for nuclide

7 p-average tropospheric residence time

Fs = global fallout of stratosphere-produced nuclide
Q’s = global average spallations in stratosphere

y =nuclide yield per spallation

Kgr = inverse of troposphere/stratosphere exchange time

Bentley et al. (1986a) incorporated these scaling factors to calculate the latitude

dependence of 381 fallout shown in Figure 3.7.

3.2.2 Model of the spatial 3¢ distribution

Phillips (1999) provides a comprehensive review of *%C1 in the environment and its

applications in hydrogeologic systems. This review combines the most current

understanding of 61 production and deposition mechanisms and proposes a new model

describing the geographical distribution of meteoric 3%C1 fallout. The Phillips (1999)

model was incorporated into this research, and is described here.
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World-wide measurements of **Cl deposition (concentrated in the United States
and Australia) are provided in Table 3.1 and compared to the Lal and Peters (1967)
calculation of latitude-dependent **Cl deposition, as well as the more recent calculation by
Parrat et al. (1996), in Figure 3.8(a). There is significant scatter around the calculated
distribution. Sites with **Cl deposition in excess of the calculated amount typically
receive high annual precipitation while those below predicted values are located in more
arid regions (Table 3.1). Lal and Peters (1967) noted that *°Cl fallout would be
proportional to the amount of local precipitation (within a latitude belt) and data from
Knies (1994) illustrates a significant linear correlation between monthly precipitation and
monthly *°C1 deposition at West Lafayette, Indiana. Using a simple linear correlation,

Phillips (1999) postulates a relation between latitude, precipitation, and *0C1 deposition as

Dss(P, ) = Dss(A) + Se(P = P(L)) Eqn 3.3
where Dse(A) is the average *°Cl deposition rate as a function of geographic latitude, P (1)
is the average precipitation rate for each latitudinal belt, and Sp is the precipitation /
deposition correlation, normalized for the latitude. The precipitation / deposition
correlation (Sp) was determined using (1) six sites from Table 3.1 within the latitude range
of the broad deposition maximum, and (2) average monthly *°Cl deposition and
precipitation values (converted to annual values) from Knies (1994) (Figure 3.9). The
slopes of these regressions were 0.047+0.006 and 0.052+0.006 atoms m™ s (mm yr'')™,
respectively. The dependence of deposition on precipitation was normalized for latitude

using (Phillips, 1999):
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Table 3.1: Summary of **C] atmospheric deposition measurements. Asterisks
designate long-term sites (>1 kyr). Taken from Phillips (1999).

Latitude Measured *CI flux Precipitation Reference

‘Laoacation (atoms m3s™) {mm yr'")

Camp Century* TN 24+8 300 Conard (19!{6)

Summi* 72N 1923 230 Baumganner et af. (1997) .
Milcent* TON 24x7 ‘500 - Synal er ai. (1994)

Dye 3* 63°N 2046 500 Synal et af. (1994)
Worksop (UK)* 56°N 31£2 650 Andrews et alf. (1994)

 Weiss Fluhjoch (SW) 46"N 42+3 850 Baitensperger et al. (1993)
Hanford (WA, USA)* 46°N 1944 i60  Murphy ef ai. (1996)
Victor (NY, USA) 43N 6423 800  Hainsworth (1994)
Laingsburg (ML UUSA) 43°N 6313 700 Hainsworth (1994)
Black Hills (SD,USA) 43"°N 75+7 350 Hainsworth (1994)
Lafayette (IN, USA) 41°N 68=5 1060 Knies (1994)

Elms {(MD, USA) 38°N 59+8 1160 Hainsworth (1994)
Lewes (DE,USA) 38N 474 1150 - Hainsworth (1994)
Guliya fce Cap (Tibety* 35"N o Ils 200 Thompson e1 af. {1997)
Socorro (NM, USA)* 34°N 18£1.5 250 Phillips e al. (1988)
North. Terr. (AUS) 33 12°8 202 1200 Keywood ef ai. (1998
North. Terr. (AUS) 32 14°s 27x2 1000 Keywood et al. {1998)

. North. Terr. (AUS) 31 17°s 262 700 Keywood er af. (1998)
Nonth. Terr. (AUS) 30 20°8 10+1.5 330 Keywood ‘et al. (1998)
North. Termr. (AUS) 29 23S fOi-O.S 300 Keywood er al. (1998)
West. Aust. (AUS) 23-25 26"S 12x1.5 200  Keywood et ai. (1998)
West. Aust. (AUS) 19-21 287 133 220 Keywood et af. (1998)
South Aust. (AUS) 28 28"S - 1815 150~ Keywoad et al. (1998)
West Aust. (AUS) 16-18- 298 1525 400 Keywood er al. (1998)
South Aust. (AUS) 27 i2's 23«15 300 Keywood et al. (1998)

South Aust, (AUS) 26 34°s 23x2.5 400 Keywood er al. (1998)
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Figure 3.8: Comparison of predicted latitudinal distribution of **C] fallout by Lal
and Peters (1967) and Parrat et al. (1996) with measured fallout from
Table 3.1, Normalized *°Cl fallout distribution, and latitudinal
distribution of global precipitation. (a) Measured deposition compared with
predicted latitudinal distributions. (b) Deposition corrected for annual
precipitation using Equation 4.4. (¢) Latitudinal distribution of global
precipitation, from Baumgartner and Reichel (1975). Circles denote northern
hemisphere data, and squares southemn hemisphere. Solid symbols represent
long-term natural archives (>1000 yr); open symbols represent short-term
precipitation collection (one to several yr). (Phillips, 1999)
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Dcalc(ﬂ)

SP(Z) - Dcalc(/lo)

Sr(Ao) Eqn 3.4

where Deae(A) is the latitudinal dependence of cosmogenic fallout from Parrat et al.

(1996) and Ao is the latitude at which the slope was determined.

Phillips (1999) used Equation 3.4 to normalize the measured *8Cl1 deposition rates

D™ = Dy = Sp(A)(P ~ P(A) Eqn3.5

where Dj;is the measured 38C1 deposition rate. Normalized values of *°Cl deposition are

provided in Figure 3.8(b) and exhibit much less scatter. Mean latitudinal precipitation
values were taken from Baumgartner and Reichel (1975), as illustrated in Figure 3.8(c).
The normalized values in Figure 3.8(b) are greater than those predicted by either Lal and
Peters (1967) or Parrat et al. (1996). Phillips (1999) performed a linear scaling of the
Parrat et al. (1996) curve which minimized the weighted chi-squared residuals with the
measured values and found a curve yielding a globally-averaged deposition rate 47+5
percent higher than the prediction (dashed line in Figure 3.8(b)). The most likely
explanation for the current theoretical underestimation of 3°C] deposition is an additional,
unquantified cosmic-ray reaction (Phillips, 1999). The proton spallation of YAr at the
energy range of solar cosmic rays has been suggested, after the measurement of high cross-
sections for this reaction (Parrat et al., 1996).

Phillips (1999) derived a model for the geographical distribution of meteoric e

fallout by substituting Equation 3.4 into 3.3
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Se(J -
Dis(P, ) = D36(,1){1 + D;(’Z)) [P- P(ﬁ)]} Eqn 3.6

The value of the ratio Se(A0)/ Dis(As) is suggested to be 1.11 x 10 year mm™, P(4) can
be taken from Figure 3.8(c), and Dss(A) can be taken from the dashed curve in Figure

3.8(b).

3.3 The **CI/CI Ratio

The presence of *°Cl in water (meteoric or otherwise) is commonly reported by one
of two measures. One measure is the concentration expressed as the number of *°Cl atoms
per unit volume (typically one liter) of water. The second is the ratio of the number of 1
atoms to the number of stable chlorine atoms (Davis et al., 1998). Each measure has
advantages and disadvantages. Measures of *°Cl as concentration are not affected by the
addition of stable chloride to the system, but are highly sensitive to variations induced by
evapotranspiration. The opposite is true of measures using the ratio; the ratio is insensitive
to evapotranspiration but highly sensitive to the addition of stable chloride. Both measures
are affected by the introduction of **Cl to the system (i.e. in situ production) and by
radioactive decay (Davis et al., 1998). In previous studies, atmospheric deposition of *°Cl
has been expressed using the ratio of atoms of C1 to atoms of stable chloride, and this
convention is continued here. Typical °C1/CI ratios for atmospheric deposition are on the

order of 100 to 1000 x 107,
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CHAPTER 4 — *°CI/C1 SPATIAL DISTRIBUTION MODELING

The main purpose of this study was to construct a statistical model to estimate the
chloride and *°Cl deposition over the conterminous United States. The model is intended to
incorporate important climatic factors that influence atmospheric deposition. Analysis of
the relationship between climatic factors, geography, and deposition allows estimation of
deposition based on easily measured parameters. If a model based on simple climatic and
geographic parameters can be constructed to match measured deposition values, then the
model represents a powerful improvement over models based on interpolation of
measurements alone, in that the effect of parameter changes on the deposition pattern can
be assessed. For example, the parameter-based model can be used to estimate past
deposition patterns by incorporating known past climatic conditions. A model based on
modern measurements alone cannot be used in this way.

The primary factors controlling continental deposition of stable chloride are
amount of precipitation and distance inland from the coastal source (Simpson and Herczeg,
1994). Figure 2.1 illustrates the nearly exponential decrease of chloride concentration in
precipitation with increasing distance from the coast. Chloride is positively correlated to
the amount of precipitation and will be shown to exhibit a linear relation with rainfall. In
Chapter 3, *°C1 deposition was shown to depend on both latitude and the amount of
precipitation. A model for 38C1 deposition based on these parameters was developed by
Phillips (1999).

The spatial distribution of *Cl/Cl ratios over the United States was modeled by
combining the Phillips (1999) model for *°Cl deposition with a newly developed model of

stable chloride deposition based on precipitation and distance from the coast. The stable
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chloride distribution model was constructed using correlation of chloride deposition with
these two parameters developed from precipitation chemistry analyses of the National
Atmospheric Deposition Program / National Trends Network (NADP/NTN). A model of
precipitation over the United States was used as a base model for stable chloride
deposition. Precipitation from the Parameter-clevation Regressions on Independent Slopes
Model (PRISM) was converted to chloride deposition using the relationships found from
the NADP/NTN. The stable chloride distribution model is the first of its kind to
incorporate measured dry deposition values throughout the country. Previous models have
either multiplied the wet deposition component by a uniform value (typically 1.3) or have
ignored the dry deposition component completely. This chapter discusses the construction
of the *°CI/Cl ratio distribution model. First, three previous models of this distribution are
described. Next, a description of the NADP/NTN network and precipitation-chloride
deposition correlations is given, followed by a description of the PRISM model and its use
to calculate the wet stable chloride distribution. The distribution of dry deposition
measured by the NADP/NTN is then added to arrive at the total deposition of stable
chloride across the country. The new stable chloride model is combined with the Phillips

(1999) model of *°Cl deposition to calculate **Cl/C] ratios for the United States.

4.1 Previous Investigations

The spatial distribution of atmospheric 3CI/C] ratios across the United States has
been described by three previous models (Bentley et al., 1986a; Hainsworth, 1994;
Moysey, 1999). These models combined the separate estimation of the *°Cl and stable

chloride distributions to determine the spatial distribution of the *°Cl/Cl ratio. The two
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earlier models used differing methods of calculating the 1 deposition distribution, but
both relied on nationwide observations of precipitation chemistry to evaluate the stable
chloride contribution. The Moysey (1999) model used measured CI/Cl ratios from
shallow groundwater recharged between ~10,000 and ~50 years ago as a surrogate to the
meteoric input.

The first model of **Cl/Cl distribution was developed by Bentley, Phillips, and
Davis in 1986. The spatial variability of e deposition was developed by modifying the
latitude-dependent fallout of long-lived cosmogenic nuclides proposed by Lal and Peters
(1967, Figure 3.3) using the global average production rate of 3°Cl. The latitude
dependence of *°Cl fallout was shown in Figure 3.7. As previously discussed, the peak at
40° is due to stratospheric / tropospheric mixing processes in the mid-latitudes. Stable
chloride deposition was taken from calculations of chloride in precipitation made by
Eriksson (1960) using precipitation data combined with rainfall concentration data
measured by Junge and Werby (1958). The collectors used by Junge and Werby (1958)
were closed between precipitation events and only measured wet deposition. Bentley et al.
(1986a) corrected for the addition of dry deposition by multiplying the stable chloride
distribution from Eriksson (1960) by 1.3. Figure 4.1 shows the **Cl/Cl ratios in
precipitation as calculated by the Bentley et al. (1986a) model.

Hainsworth (1994) employed a substantially different method to estimate the 1
deposition. Atmospheric fallout from the stratosphere and troposphere were treated
separately and were summed to determine the total fallout. The model assumed that 70%

of the mean global *°Cl was produced within the stratosphere.
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Hainsworth (1994) recognized that longitudinal variations in *8C1 deposition were
important, in addition to the latitudinal variation shown in Figure 3.7. The longitudinal
variability arises from the affect of landforms, such as mountain ranges, on meteorological
processes. The deposition pattern of *’Sr provided evidence for the longitudinal variability
of cosmogenic nuclide fallout. Strontium-90 was injected directly into the stratosphere by
weapons testing during the 1950’s and 1960°s. Potential adverse health effects of *3r led
to the careful monitoring of its deposition across North America. Contours of 205y
concentration in soils are shown in Figure 4.2 and can be seen to follow the Rocky
Mountain range. This indicates that this range has an effect on stratospheric / tropospheric
mixing. Hainsworth (1994) used the measured *°Sr data to predict the deposition of
stratospheric *C1 by multiplying the mean stratospheric *%C1 production by a focusing
factor. The focusing factor was defined as local *°Sr concentration divided by the mean
northern hemispheric ?Sr concentration. Tropospheric deposition was calculated with the
assumption that *°Cl produced in the upper troposphere was immediately available to be
scavenged and deposited. Tropospheric deposition was a function of local precipitation
compared with the mean zonal precipitation (i.e. a precipitation focusing factor). The
stratospheric and tropospheric components of fallout were combined to determine the total
*°C1 deposition.

The stable chloride flux was determined using chloride concentrations from the
National Atmospheric Deposition Program / National Trends Network (NADP/NTN) for
the year 1989. The NADP/NTN data is more complete and reliable than that used in the
Bentley et al. (1986a) model but, as with Junge and Werby’s 1958 measurements, only

assess wet deposition. Hainsworth (1994) did not correct for dry deposition, and noted that
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stable chloride concentrations used in her model were a lower limit. The **CI/C] ratios
calculated using the Hainsworth (1994) model are shown in Figure 4.3. The contour lines
are similar to those from the Bentley et al. (1986a) model, but the predicted ratios are
approximately a factor of two higher.

Moysey (1999) described the *°Cl/Cl ratio distribution by measuring the ratio in
shallow groundwater recharged earlier than ~50 years ago but more recently than ~10,000
years ago. Recent recharge was undesirable in order to avoid the effects of anthropogenic
3%C1 from thermonuclear weapons testing. Groundwater greater than ~10,000 years old
was also avoided in order to provide an accurate measure of the modern 3%CV/Cl ratio and
because of evidence that *°Cl production was greater prior to this time as a result of a
decrease in the strength of Earth’s geomagnetic field. Moysey measured the ratio of one to
several groundwater samples within 37 groups across the country and incorporated
numerous measurements from previous studies. These groups and the empirical
distribution of **Cl/Cl ratios developed from them are shown in Figure 4.4. Moysey also
postulated that the 361 deposition could be considered constant across the United States,
based on his measurements, with a value of 21.3 atoms m™ s™'. The spatial variability of

the *°Cl/Cl ratio was then dependant only upon the distribution of stable chloride.
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Figure 4.4: Locations of sampling groups and empirical distribution of **CY/C1
ratios measured by Moysey (1999). Circles are control groups sampled by

Moysey, and stars are previous studies by other authors (see Table 5 3).
(Moysey, 1999)
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4.2 Modeling the Stable Chloride Distribution

Analysis of precipitation chemistry from the NADP/NTN revealed a positive linear
relationship between chloride deposition and precipitation, as predicted by Equation 2.2(b).
The slope of the regression line changed with distance from the coast. These relationships
were used to construct a model that estimated the deposition of stable chloride across the

United States by combination with a pre-existing model of precipitation.

4.2.1 NADP/NTN collector network

This program is administered by the NADP/NTN Coordination Office at Colorado
State University. Information on the program can be obtained through a web address, or
by contacting the Coordination Office or the Program Office; addresses are provided in the
bibliography. A brief summary of the program is included here.

The National Atmospheric Deposition Program (NADP) was established in 1978 as
a catalyst for research addressing the problem of acidic deposition. The main objective of
the network was to determine the spatial and temporal trends in chemical deposition to
support research on the depositional impacts to aquatic and terrestrial ecosystems. This
goal was to be met by establishing a long-term atmospheric deposition monitoring network
at a national scale, The first sites were installed in July 1978, growing to 22 stations by the
end of the year. The network grew to 39 stations by the end of 1979 and to 110 stations by
the end of 1982. At this time the federal National Acid Precipitation Assessment Program
(NAPAP) was initiated and, under the direction of the U.S. Geological Survey (USGS),
additional sites were added to the NADP network to meet the 150-site design goal of the

NAPAP National Trends Network (NTN). In 1983 the network was renamed NADP/NTN
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and continued to grow by the addition of NTN sites; the network contained 143 stations by
the end of 1983 and 204 by the end of 1986. The number of stations in the NADP/NTN
network has since stabilized at approximately 200 sites. Station locations are shown in
Figure 4.5.

The program characterizes regional deposition patterns on a national scale using
monitoring sites located far from point sources and large urban centers. The collection
network has operated continuously in order to produce the long-term data necessary to
determine temporal trends in precipitation chemistry. The network was originally
designed to measure total atmospheric deposition, both wet and dry. Concerns about the
methodology for collecting dry deposition led to the abandonment of dry collection at
many sites shortly after 1984. The available dry deposition data is discussed and evaluated
in detail in a subsequent section. The network consists of AeroChem Metrics model 301
wet/dry sampling devices from which the wet-side sampling container is collected once a
week. Samples are sent exclusively to the Central Analytical Laboratory (CAL), operated
by the Illinois State Water Survey at the University of Illinois. Precipitation is measured
on a daily basis with a 12-inch capacity recording rain gauge. Daily precipitation and
weekly precipitation chemistry are provided to the Coordination Office where a database is
maintained. Summary records are generated for annual, quarterly, and monthly periods
and are made available on the NADP/NTN website. Precipitation and chemistry data are
subject to rigid QA/QC checks and must pass certain Data Completeness Criteria for

inclusion in published maps and data summary tables.
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4.2.2 Regressions of precipitation versus chloride collection

To conduct this study, all available monthly precipitation and precipitation
chemistry data (through 1998) were obtained from the NADP/NTN website and filtered to
meet their Data Completeness Criteria. The relationship between chloride deposition and
the amount of precipitation was assessed by plotting the mass of chloride (mg) collected
each month against monthly precipitation (cm). Examples of such plots are shown in
Figure 4.6. In each case, there is increasing scatter with higher precipitation, but overall
there is a moderate to distinct linear trend. For each NADP/NTN station, the monthly
collected mass of chloride was calculated by multiplying the volume (L) of precipitation
collected during each month of record by the concentration of chloride (mg/1.) measured
for each corresponding month. This mass (mg) of chloride was then plotted against the
measured precipitation amount (cm) for each corresponding month, as in Figure 4.6.
These plots represent the relationship between chloride collection and precipitation for a
generic month, at a particular station. 1 say ‘generic’ month because the data in Figure 4.6
were not plotted with regard to a specific month (such as only all Januaries), but rather
represent the typical relationship between chloride collection and precipitation over any
one-month period, at a particular station. The plots in Figure 4.6 do not account for
seasonality, and the possibility that the relationship changes at different times of the year.
The issue of seasonality will be discussed in greater detail below.

The relationship between monthly chloride collection and monthly precipitation
(again, for a one-month period, not a specific month) was analyzed by fitting the data with
a least squares linear regression line. The wet side of each NADP/NTN collector is closed

between precipitation events, so the mass of chloride collected when there is no
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precipitation should be zero. Thus, the linear regression line was forced through zero.
Figure 4.7 shows the linear regression for the data from each station in Figure 4.6, and
includes the slope of the regressions. The slope of the least squares linear regression line
for each of the NADP/NTN stations is provided in Table 4.1. Careful inspection of the
table reveals that the slope of the regression changes depending on the distance of the
station from the coastal chloride source. This behavior is better illustrated in Figure 4.8,
which was created by interpolating (using an inverse distance weighting scheme) the
regression slopes measured at each NADP/NTN station. The slope decreases with
increasing inland distance due to decreasing chloride concentrations in precipitation. For
equal precipitation, chloride deposition is lower in the continental interior than along the
coast, leading to reduced regression slopes. One major exception is the region near the
Great Salt Lake, Utah where entrainment of evaporite deposits may provide an additional
local source of atmospheric chloride, and increased regression slopes.

The initial regression of chloride collection against precipitation (Figure 4.7) did
not account for seasonality and only provided an estimate of the average chloride
collection over any on¢-month time period. A more rigorous analysis of the relationship
between chloride collection and precipitation was performed by subdividing the data at
each station into individual months (January through December). For instance, all data for
a particular station during only January were plotted as in Figure 4.6. In this manner, the
relationship between chloride collection and precipitation during a particular month could
be determined, allowing for the possibility that the relationship changes during different
times of the year. In New Mexico, approximately 60 percent of annual precipitation falls

during the summer months (June through September) which represent only one-third of the
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Table 4.1: Least squares linear regression slopes for NADP/NTN stations

Cl Depaosition/
Precipitation
Regression Slope

Cl Deposition/
Precipitation
Regression Slope

Site ID | Latitude (°N) | Longitude (W) (ma/cm)* Site ID | Latitude (°N) | Longitude ("W) {mgfcm)*
AL10 32.4583 -87.2422 0.174 IL99 38.7100 -88.7492 0.079
AL99 34.2878 -85.9689 0.136 IN20 40.8400 -85.4639 0.080
ARD2 33.6050 -92.0972 0.157 IN22 38,7408 -87.4856 0.117
ARO3 34.1794 -93.0986 0.146 IN34 41,6325 -87.0878 0.093
AR16 36.0839 -g2.5869 0.108 IN41 40.4753 -86.9922 0.002
AR27 36.1006 -94.1733 0.100 KS07 37.6511 -94.8036 0.084
AZ01 31.7089 -110.0572 0.096 KS31 39.1022 -96.6092 0.075
AZ03 36.0717 -112.1550 0.071 KS32 38.6717 -100.9164 0.064
AZ0B 31.9506 -112.8000 0.203 KY03 37.7047 -85.0489 0.115
AZ99 33.0714 -109.8647 0.077 KY22 37.0778 -82.9936 0.077
CA34 37.3708 -118.3664 0.070 KY35 38.1183 -83.5469 - 0.076
CA42 342072 -117.7611 0.198 KY38 36.7906 -88.0672 0.106
CA45 39.0047 -123.0847 0.405 KY99 36.9014 -88.0136 0.111
CA68 33.3089 -116.8539 0.362 LADB 32.7514 -93.0508 0.172
CAT5 36.5669 -118.7772 0.063 LA12 29.9297 -91.7153 0.353
CAT76 41.7664 -122.4783 0.031 LA30 30.8114 -90.1808 0.313
CA88 38.5353 -121.7750 0.278 MAO1 41.9758 -70.0247 1.561
CA98 34,8061 -119.0114 0.059 MAQ8 42.3925 -72.3444 0.140
CAD9 37.7961 -119.8581 0.073 MA13 42.3839 -71.2147 0.402
Co00 37.4414 -105.8653 0.058 MD03 39.4089 -76.9953 0.187
Com 38.1178 -103.3161 0.066 MD13 38.9131 -76.1525 0.274
co02 40.0553 -105.5883 0.057 MEQD 46.8689 -68.0131 0.069
C008 39.4031 -107.3411 0.049 MEO2 44,1075 -70.7289 0.204
co1s 40.5075 -107.7019 0.065 MEQ9 45.4892 -59.6653 0.088
cot9 40.3642 -105.5819 0.057 MES7 46.6547 -68.0089 0.071
C0o21 39.1011 -105.0919 0.059 MEQ8 44.3739 -68.2606 - 0.761
co22 40.8064 -104.7547 0.058 MES9 44 4083 -68.2461 0.608
COgt 37.4686 -106.7903 0.034 MI09 45,5608 -84 6783 0.055
co92 39.4272 -107.3797 0.055 MI22 47.2269 -88.6308 0.063
coes 40.5347 -106.7800 0.041 MI25 47.9153 -89.1525 0.057
CO%4 39.9939 -105.4800 0.042 MI26 42.4103 -85.3928 0.073
Co95 37.6597 -107.7992 0.052 MI53 44.2242 -85.8186 0.063
CO96 37.7514 -107.6853 0.049 Mi97 48.0575 -88.6342 0.038
co97 40.5383 -106.6747 0.036 MI98 46.3742 -84.7414 0.047
Cco98 40.2878 -105.6628 0.049 Mi9g 47.1047 -88.5514 0.043
C099 37.1981 -108.4903 0.050 MNO1 45.4125 -93.2125 0.045
FLOOD 20.7603 -82.1989 0.282 MNO5 46.7131 -92.5108 0.034
FLO3 29.9747 -82.1981 0.253 MNO8 47.8472 -89.9625 0.034
FLOS 28.7494 -82.5542 0.482 MN16 47.5311 -93.4686 0.045
FL11 25.3900 -80.6800 0.516 MN18 47.9464 -91.4961 0.045
FL14 30.5481 -84.6008 0.288 MN23 46.2494 -94.4972 0.037
FL41 27.3800 -82.2839 0.363 MN27 44,2372 -95.3006 0.055
FLO9 28.5428 -80.6444 0.821 MN28 46.1208 -93.0042 0.036
GA09 30.7403 -82.1286 0.249 MNG9 47.3875 -91.1958 0.035
GA20 32.1411 -81.9714 0.244 MO03 38.7536 -92.1989 0.078
GA23 31.2253 -81.3922 0.466 MOO5 36.9108 -90.3186 0.130
GA41 33.1778 -84.4061 0.155 MO50 37.3986 -93.0425 0.107
GA50 31.4731 -83.5331 0.197 MS10 32.3067 -90.3183 0.192
GA99 31.5183 -83.5483 0.169 MS14 32.3344 -88.7450 0.188
IA08 42 9097 -91.4700 0.058 MS19 32.3347 -89.1658 0.144
1A23 40.9631 -93.3925 0.056 MS30 34.0025 -89.8000 0.136
D03 43.4614 -113.5547 0.078 MT00 45.5686 -107.4375 0.051
D04 46.6278 -115.8194 0.043 MT05 48.5103 -113.9958 0.033
D11 43.2053 -116.7492 0.053 MTO7 46,4850 -112.0647 0.041
D15 44.2978 -116.0636 0.041 MT13 48.4388 -105.2083 0.041

IL11 40.0533 -88.3719 0.093 MT97 45,6917 -113.9656 0.024
IL18 41.8414 -88.8511 0.074 MT98 48,4992 -109.7975 0.036
IL19 41.7011 -87.9953 0.108 MT99 48.7411 -113.4300 0.028
IL35 37.7100 -89.2689 0.109 NC03 36.1325 771714 0.268
IL47 38.6433 -88.9669 0.099 NC11 35.9025 -78.8700 0.120
IL63 37.4356 -88.6719 0.123 NC25 35.0606 -83.4306 0.125
IL78 40.9333 -90.7231 0.067 NC33 35.8064 -78.8606 0.132
NC34 35.6969 -80.6225 0.164 sSc18 34.6239 -82.7342 0.107
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Table 4.1: Least squares linear regression slopes for NADP/NTN stations

NC35 35.0258 -78.2783 0.301 SD00o 44.3842 -98.2206 0.055
NC36 34.9708 -79.5283 0.210 sD0o8 43.9492 ~101.8583 0.039
NC41 35.7283 -78.6803 0.215 SDa9 44,3550 -98.2908 0.051
NC45 35.7353 -82.2861 0.057 TNOO 35.0614 -84.2872 0.130
NDO7 47.6014 -103.2642 0.042 TN11 35.6644 -83.5903 0.068
NDO8 48.7825 -97.7542 0.038 TN14 35.4678 -89.1586 0.117
ND11 47.1256 -99.2369 0.046 TNO8 35.1825 -87.1964 0.114
NE15 41.1531 -96.4928 0.079 TN99 35.2847 -86.9033 0.103
NE99 41.0592 -100.7464 0.046 TX02 33.9578 -102.7761 0.083
NHO02 43.9431 -71.7033 0.107 TX03 28.4667 -97.7089 0.457
NJ29 40.3456 -74.6169 0.363 TX04 29.3022 -103.1772 0.075
NJ99 40.3150 -74.8547 0.235 TX10 29.6614 -96.2504 0.298
NMOA1 33.2203 -108.2347 0.064 TX18 30.2614 -100.6650 0.117
NMO7 35.7817 -106.2675 0.052 TX18 33.9242 -100.0469 0.085
NMO8 32.9004 -105.4706 0.042 TX21 32.3786 -94.7117 0.205
NMO9 36.0408 -106.9714 0.060 TX22 31.9083 -104.8067 0.053
NM12 36.7789 -103.9814 0.0566 TX38 31.5606 -54.8608 0.219
NVO0D 36.1358 -115.4256 0.054 TX51 33.2733 -99.2153 0.126
NVO1 41.2853 -115.8522 0.072 TX53 28.8453 -96.9203 0.454
NV03 38.7992 -119.2567 0.040 TX56 33.3917 -97.6397 0.141
NV05 39.0050 -114.2158 0.008 uTo1 41.6583 -111.8969 0.252
NYO08 42.7339 -76.6507 0.083 uTos 41.3575 -111.0486 0.114
NY10 42.2994 -79.3964 0.085 uTo8 38.9983 -110.1653 0.074
NY12 42.3783 -73.5028 0.100 uTee 37.6186 -112.1728 0.067
NY20 43.9731 -74.2231 0.060 VADD 38.0406 -78.5431 0.126
NY51 41.3500 -74.0394 0.202 VA13 37.3314 -80.6575 0.076
NY52 43.6261 -76.9472 0.088 VA28 38.5225 -78.4358 0.113
NY65 42.1064 -77.5358 0.066 VA29 36.6389 -81.6058 0.050
NYG8 41.9936 -74.5036 0.099 VA33 36.7367 -81.6869 0.108
NY98 443933 -73.8504 0.042 VTO1 42.8761 -73.1633 0.078
NY99 41.3508 -74.0486 0.259 V199 44.6283 -72.8689 0.042
OHD9 39.5314 -84.7242 0.088 WA14 47.8600 -123.9319 0.555
OH17 40.3553 -83.0661 0.097 WA15 48.8433 -117.2839 0.044
0OH49 39.7928 -81.5311 0.109 WA19 48.5408 -121.4453 0.133
OHT1 40.7822 -81.9200 0.090 WA21 46.8353 -122.2867 0.230
OKOD 36.8053 -98.2006 0.112 WA24 46,7606 -117.1847 0.043
OK17 34.9800 -97.5214 0.104 wI09 45.7964 -88.3994 0.046
OK25 34 5297 -95.3531 0.168 WI25 45.0533 -88.3728 0.054
OK29 36.5908 -101.6175 0.676 Wi28 44 6644 -89.6525 0.057
ORO02 44 3856 -123.6163 1.028 Wi36 46.0528 -89.6531 0.044
OR08 42 6678 -122.6831 0.003 WI37 45,8228 -91.8744 0.048
OR09 431217 -121.0578 0.038 WI198 43.7022 -90.6686 0.049
OR10 44 2122 -122.2558 0.206 WI89 42,6792 -88.6006 0.069
ORM1 43.8994 -117.4269 0.060 WV04 37.9800 -80.9500 0.070
OR17 45.6900 -118.8378 0.093 WV18 39.0897 -79 6622 0.073
OR18 45,2244 -118.5114 0.032 wWY00 41.3761 -106.2594 0.047
OR97 44.6347 -123.1900 0.443 WYo02 42.7339 -108.8500 0.035
OR98 45.4478 -122.1481 0.364 WY06 42.9289 -109.7867 0.071
OR99 44.6264 -123.2139 0.413 WY08 449172 -110.4203 0.052
PA15 40.7883 -77.9458 0.088 WY95 41.3647 -106.2408 0.0492
PA29 41.5978 -78.7675 0.094 WY96 41.3403 -106.1908 0.062
PA42 40.6575 -77.9397 0.100 WY97 42.4947 -108.8202 0.051
PAT2 41.3275 -74.8203 0.129 WY08 43.2228 -109.9911 0.045
SCO06 33.5304 -80.4350 0.236 WY99 43.8733 -104.1922 0.047

* Regression of monthly chioride collection (mg) versus monthly precipitation (cm)
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year. In much of California, very little precipitation falls during the summer months,
falling instead mainly during the winter months. By analyzing the chloride collection and
precipitation relétionship for each individual month, the potential effect of these seasonal
precipitation cycles could be assessed. For each month at every NADP/NTN station, a
least squares linear regression was fit through the subdivided data representing only that
month. The regression slope for each month at all NADP stations is presented in Table
4.2. The slope of the regression was found to, indeed, change during the course of a year.
For instance, in New Mexico the regression slope is steepest during the wet summer
months, and shallowest during the winter. The change in regression slope during the
course of a year is most pronounced in areas, such as New Mexico, with monsoonal
climates, where precipitation is concentrated during certain months of the year. Figures
4.9 and 4.10 illustrate the change in chloride collection / precipitation regression slopes
across the country over each month of the year. The overall pattern of decreasing
regression slopes with increasing inland distance (as shown in Figure 4.8) is still observed,
but the slope can change significantly at different times of the year throughout the midwest
and southwest. One explanation for the seasonal slope variation could be seasonal weather
patterns. In New Mexico, summertime monsoonal rainstorms originate from the Gulf
Coast, while winter precipitation originates from the Pacific Ocean. The effective
transport distance of winter precipitation is greater than that of summer precipitation and,
since the chloride concentration in an air mass is dependant on the distance from the coast,
more chloride can be delivered for an equal precipitation amount during the summer than

in the winter.
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Both the seasonal and ‘generic monthly’ regression analyses were used to construct
two separate models of wet chloride deposition. As both models will be discussed in
subsequent sections, a naming convention must be applied. In the first case, a linear
regression was fit through all monthly data, without regard to the relationship during a
particular month. The same regression slope was then used for every month throughout
the year. Since the same regression slope was applied over the entire year, the model
based on such ‘generic monthly’ data is termed the “annual wet deposition model”. In the
second case, the data were subdivided into each month, with a separate regression
performed for each month in order to assess seasonal variability in the regression slope.
Here, the regression slope changes for each month of the year, and the model based on this
seasonal data is termed the “monthly wet deposition model”. The “annual” and “monthly”
wet deposition models will later be compared to each other, and to the measured deposition
values during an evaluation of the models’ performance.

This study was concerned only with long-term average chloride deposition, rather
than prediction of deposition associated with individual precipitation events, and thus data
within precipitation intervals were averaged at a few selected stations in order to assess the
long-term correlation of chloride deposition with precipitation. For a selected station, the
monthly precipitation was subdivided into the intervals 0-2 cm, 2-4 cm, 4-6 cm, 6-8 cm, 8-
10 cm, 10-15 cm, and every 10 cm thereafter up to the maximum monthly precipitation
measured. Smaller intervals were used in the lower range because more data were
available. Within each precipitation interval, the average mass of collected chloride was
calculated over all months with precipitation within the range. This reduced the data to

individual average chloride collection values for each precipitation interval, revealing
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long-term trends. An example of this analysis is shown in Figure 4.11, where the average
chloride within each interval is plotted against the median precipitation of each interval. A
distinct linear trend is evident over the majority of the precipitation range. This linear
trend offers significant support for the use of a linear chloride / precipitation regression to
model long-term average chloride deposition. At precipitation amounts approaching the
maximum recorded value, a ceiling value of chloride collection is apparent. This ceiling
suggests that all available chloride within the atmosphere above a collector is effectively
removed during months of extreme precipitation. Any additional precipitation does not
add appreciable amounts of chloride. Typically, only one to five percent of recorded
months at any station have precipitation values within the range producing a ceiling value
for chloride collection. Thus, the linear chloride / precipitation relation applies for the
great majority of time, and is the most appropriate measure of the average long-term
correlation. An alternative to the linear correlation would only be required for a few
exceptionally high precipitation areas and to model the chloride / precipitation relationship
at the scale of individual precipitation events, where precipitation amounts exceeding the
ceiling value of chloride collection would be important for extreme events.

The average chloride collection within precipitation intervals analysis was
performed purely to assess long-term average behavior, and to verify whether a linear
relationship was justified. This approach was not used in the chloride deposition model.
The complete data (either all monthly data or data subdivided into specific months) were
fit with least squares linear regressions as discussed in the preceding paragraphs. The
continental distribution of stable chloride could then be estimated from precipitation using

a linear relation with rainfall amount whose slope varied with inland distance. This
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Figure 4.11: Long-term average relationship between chioride
collection and precipitation.
Data from NADP/NTN (1998).




required a suitable map of monthly precipitation and the regression slope for stations
throughout the country. For this study, a digital form of precipitation map was desired.
The PRISM precipitation model was chosen because it was based on 30 years of measured
precipitation and has undergone extensive peer review. The PRISM model output was also

easily accessible from the internet.

4.2.3 Discussion of the PRISM precipitation model

The Parameter-elevation Regressions on Independent Slopes Model (PRISM) 1s a
linear-interpolation precipitation model developed by the combined efforts of Oregon State
University (OSU) and the United States Department of Agriculture Natural Resource
Conservation Service’s (USDA-NRCS) National Water and Climate Center in Portland,
Oregon. The main objective of the project is to produce base climate layers for the
multitude of climate-related projects administered by the USDA. The PRISM modeling
approach is described by Daly et al. (1994 and 1997) and Daly and Johnson (1999).
PRISM data sets were freely available on the internet at the time of this writing
(http://www.ocs.orst.edu/prism). The data sets used in this study were monthly
precipitation maps at 4 km by 4 km resolution over the United States. The PRISM
precipitation model underlies the new model of chloride and *°C1 deposition developed in
this study, and is therefore described in some detail here.

The PRISM model utilizes point data, a digital elevation model (DEM), and other

spatial data sets to estimate climatic elements, such as precipitation or temperature. The
model is based on the premise that numerous climatic elements show a strong correlation

with elevation. For instance, local temperature is inversely related to elevation while
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precipitation is generally greater at the peak of local topographic features than at lower
elevations. In modeling precipitation, the PRISM model utilizes a linear regression of
precipitation with elevation. Other non-linear methods such as polynomial regression, or
curve-fitting functions such as splining, are avoided because: (1) altitudinal variations of
precipitation often approximate a linear form; (2) the linear function can be extrapolated in
a stable fashion far beyond the elevational range of the data; and (3) the linear function is
easily manipulated to compensate for data inadequacies (Daly and Johnson, 1999).
Elevation is not the only factor influencing the spatial distribution of precipitation. Other
important factors include coastal proximity and the orientation of local topography (such
as west-facing slopes versus north-facing slopes). A multiple regression incorporating
many factors is rejected in favor of a simple regression involving only elevation due to
difficulties in controlling and interpreting the complex relationship among multiple
independent variables. Additional influences on precipitation are accounted for using
weighting factors.

The simple linear regression used in PRISM has the form

Y =JX+1, Eqn 4.1

where Y is the predicted precipitation (or other climate element), X is the DEM elevation

at the target grid cell, and J, and J, are the regression slope and intercept, respectively

(Daly and Johnson, 1999). As the regression function is evaluated, each station is assigned

a weight, W, based on
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W =1 {Wa, Wy, We, W), W, Wp,, W} Eqn 4.2

where Wy, W,, W, Wy, Wg, W, and W, are the distance, elevation, cluster, vertical layer,
topographic facet, coastal proximity, and effective terrain weights, respectively (Daly and
Johnson, 1999). Weighting based on distance, elevation, and cluster is relatively
straightforward; a station is down-weighted when it is relatively distant or at a much
different elevation than the target grid cell, or when it is near several other stations
(preventing over-representation). Vertical layer weighting accounts for the fact that
precipitation at a local topographic peak is not always greater than at the base or midslope.
Near mid-latitude coastal areas with a relatively thin, moist marine layer, orographic
precipitation resulting from uplift of this layer can cause midslope precipitation maxima,
with drying at higher elevations. PRISM divides stations entering the regression into two
vertical layers, a boundary layer and a free atmosphere layer. Stations within the same
layer as the target grid cell receive full weight, while those in the adjacent layer receive
lower weighting. This weighting limits over-gstimation of precipitation at high elevations
(resulting from steep regression slopes within the moist boundary layer) in areas where
midslope maxima are likely to occur. Topographic orientation can dramatically influence
local precipitation. The most common example is the rain shadow, which occurs on the lee
sides of many mountain ranges in the western U.S. Mixing of windward and leeward
local-station data would produce very inaccurate estimates of precipitation based on
elevation (a clear, linear relationship would not likely exist). PRISM accounts for this by
dividing the terrain into major topographic orientations, or facets, based on an eight-point

compass. Facets can be defined at multiple scales in order to incorporate a sufficient
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number of stations on similar facets. Stations on the same facet as the target grid cell
receive the highest weight, while others are down-weighted accordingly. Coastal
proximity affects both temperature and precipitation gradients. For example, summer
maximum-temperature gradients can exceed 20 °C within thin coastal strips, and coastal
precipitation can be different from adjacent inland areas (Daly and Johnson, 1999). In
coastal areas, PRISM preferentially weights stations with similar inland distance
(measured as the shortest distance to water) as the target grid cell, reducing sensitivity to
relative differences in the density and location of coastal and inland stations. The effective
terrain weighting accounts for the variable orographic precipitation enhancement of
different terrain features. Orographic precipitation enhancement depends on the ability of
a landform to block and uplift moisture-bearing air. PRISM compares the elevation of the
target cell (from the DEM) with the elevation of the cell given a smoothed, large-scale
representation of the terrain. Features rising well above the background elevation are
assumed to have a significant effect on precipitation. In areas of orographically-effective
terrain, PRISM operates in a full 3D fashion, while acting as a 2D interpolator in regions
of non-effective terrain. Only distance, clustering, and coastal proximity weighting factors
are used within non-effective terrain. Figure 4.12 shows those regions where PRISM
operates in full 3D mode, and those where it acts as an interpolator.

The point data used in the PRISM model were collected from observations from the
National Weather Service (NWS) cooperative network, the National Resource
Conservation Service (NRCS) SNOTEL network, storage gauges, snow courses, and
estimated ‘pseudo’ stations at monthly or annual resolution for the time period 1961 to

1990. Annual-only precipitation data (from storage gauges, snow courses, and ‘pseudo’
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Figure 4.12: Orographically effective terrain distribution used by the PRISM
model. Shaded areas denote terrain features that are expected to produce
significant terrain-induced (3D) precipitation patterns. 2D interpolation of
station data used in unshaded areas. (Daly and Johnson, 1999)
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stations) were processed into mean monthly values based on subjectively chosen, nearby
monthly stations. ‘Pseudo’ station data were estimated by state climatologists or Oregon
State University (OSU) personnel when station data were deemed insufficient in an area.
The ‘pseudo’ station data were typically based on vegetation type, short-term observations,
or streamflow records. Approximately 8,500 stations from the NWS cooperative network
are used in the PRISM model; the station distribution is shown in Figure 4.13. A 15-
second DEM was degraded in resolution using a Gaussian filter to create a 2.5-minute
DEM gridded base coverage. PRISM operates using a moving-window approach in which
a separate regression is calculated for each cell in the domain. Stations located within the
local window surrounding a cell are weighted as previously discussed as they are
incorporated into the regression.

The PRISM model has undergone extensive peer review since 1993 when a
committee of climatologists and hydrologists (from several state and federal agencies) was
formed to evaluate the PRISM methodology in four test states (Oregon, Idaho, Nevada,
and Utah) chosen for their spatially complex precipitation regimes. Committee members
were asked to evaluate draft PRISM mean annual precipitation maps within their area of
expertise by: (1) inspecting precipitation patterns for accuracy, reasonableness, and detail;
(2) inspecting high and low precipitation amounts and their locations; (3) inspecting the
interrelationships between extremes; and (4) producing factual evidence supporting major
differences between the PRISM model and member viewpoints (Daly and Johnson, 1999).
This review lasted two years and concluded with all members sanctioning the PRISM
model as able to produce precipitation maps of equivalent or superior quality to those

prepared manually by expert climatologists. Improvements to the PRISM model, in
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Figure 4.13: Distribution of National Weather Service cooperative network

precipitation stations used in the PRISM precipitation model. (PRISM,
1998)
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response to the initial review, included increasing the grid resolution from 5-minutes to
2.5-minutes and delineating topographic facet orientation on an eight-point compass rather
than four. Draft monthly and annual precipitation maps for the entire U.S. were then
generated, with a mean annual map for each state sent to climatologists for further review.
This review took two additional years and resulted in improvements including the effective
terrain height and coastal proximity weighting factors. Final precipitation grids were
produced in 1997, and updated in 1998 at higher numerical precision. Figure 4.14 shows
mean annual precipitation (in cm) in the conterminous United States calculated by the

PRISM model, while Figures 4.15 and 4.16 show the PRISM precipitation each month.

4.2.4 Calculation of the wet stable chloride deposition

The calculation of the wet component of stable chloride deposition (and other
components of this model) was performed using the Geographic Information Systems
(GIS) software package ArcView® (version 3.0) and the extension Spatial Analyst®
(version 1.0), distributed by the Environmental Systems Research Institute, Inc. (ESRI).
The PRISM output is made available for direct use within GIS applications and consists of
gridded precipitation data (or coverages) at a 4 km by 4 km resolution. The monthly
gridded coverages available on the website were in the awkward units of mm times 100.
The data were first converted to precipitation in cm, to match the units used for the
regressions of collected chloride mass versus monthly precipitation. The high-resolution
PRISM coverage has a value within every grid cell of the coverage, while the regressions
were performed at approximately 200 point locations across the country. In order to

calculate the chloride flux within each PRISM grid cell, the regression slope point data had
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to be remapped to the same resolution as the precipitation grid. This was done by
interpolating the regression slopes using an inverse distance weighting scheme. The
regressions were performed using all undifferentiated monthly data (the “annual”
approach) and for each specific month (the “monthly” approach), as discussed previously.
The interpolated regression slope field for the annual approach was shown in Figure 4.8,
while the interpolated regression slope fields for each individual month were shown in
Figures 4.9 and 4.10. With the monthly PRISM precipitation grids and the interpolated
regression slope fields at the same scale and resolution, they were combined to calculate

the wet chloride deposition each month using

*

Deposition = Eqn 4.3

where P is the monthly precipitation (¢m month™) in a PRISM grid cell, S is the slope of
the chloride collection / precipitation regression (mg cm™) in a grid cell, and A is the
collection area of each NADP/NTN collector (678.9 cm?). The monthly depositions were
summed to calculate the annual wet chloride deposition. The “annual” wet chloride
deposition model used the same regression slope field each month (Figure 4.8) multiplied
by each monthly PRISM gridded coverage (using Equation 4.3). The “monthly” wet
chloride deposition model used individual monthly regression slope fields (Figures 4.9 and
4.10) multiplied by each corresponding monthly PRISM gridded coverage. The annual
distribution of wet chloride deposition calculated using both the “annual” and “monthly”
wet deposition models is shown in Figure 4.17 1n units of mg m? yr''. The two models

calculate nearly identical deposition over the eastern United States, and in the Pacific
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'‘Annual' Wet Chloride Deposition Model

'Monthly' Wet Chloride Deposition Model
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Figure 4.17: Annual wet chloride deposition over the U.S. calculated using the
"annual” and "monthly™ wet deposition models.
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Northwest. The major difference between the models is within the Southwest, particularly
in Arizona, Utah, and Nevada. The “monthly” model predicts higher wet deposition in

these states due to increased regression slopes during the rainy summer months.

4.3 Incorporation of Dry Deposition

An aspect distinctly lacking from previous models of the *9C1/C1 ratio distribution
has been the incorporation of dry deposition. Both Bentley et al. (1986a) and Moysey
(1999) accounted for the dry deposition component by multiplying the wet component by
130 percent. Hainsworth (1994) did not address dry deposition directly. While the dry
component has not been actively studied, it is commonly hypothesized to account for the
lack of agreement between modeled and measured results. A goal of this study was to
determine the availability of dry deposition measurements from across the country and, if

available, to incorporate them directly into a new model of the **Cl/Cl distribution.

4.3.1 NADP/NTN dry deposition measurements

The NADP/NTN collector network was used to assess the wet deposition
component as previously discussed. When reviewing the specifics of the network design,
it was noted that the samplers used for the network are AeroChem Metrics (model 301)
wet/dry collectors. While only wet deposition data are posted and available on the
NADP/NTN website, one might assume that the use of a wet/dry collector meant that dry
deposition was also measured, though perhaps not made readily available. Scotty R.
Dossett of the NADP Program Office (Illinois State Water Survey) was contacted to

determine whether the dry-side collection buckets were ever sampled, whether chemical
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analyses were performed; and if dry-side data could be obtained. Dossett responded that,
yes, the dry-side buckets had been analyzed, but the data had not been reported. According
to Dossett, field collection of the dry-side bucket was a required protocol at all
NADP/NTN stations until the summer of 1984 when it became optional. The reason for
the change was the increasing controversy on the use of surrogate surface techniques to
measure dry deposition. This issue is discussed in more detail below. The dry-side bucket
was rinsed with a 250 ml charge of reagent grade water, with the rinse water analyzed for
the same chemical parameters as the wet bucket sample. The dry-side bucket was not
sampled as frequently as the wet-side bucket (weekly); the typical sampling interval was
every ome to two months. After 1984, the number of stations participating in dry
deposition collection fell rapidly. Approximately 24 stations continued measurements
through 1986, and only about 12 stations continued until the fall of 1998 when all
measurements of the dry-side samples were discontinued.

All available dry-side analytical data were requested and received from the NADP
Program Office. The data included qualifiers denoting the presence of various
contaminants found in the dry-side bucket at the time of collection, including insects, grass
clippings, and water. The data were culled to include only those samples for which the
sample volume was less than or equal to 260 ml, 10 ml more than the volume of rinse
water used. The data culling criterion was not lowered to 250 ml in order to maintain an
adequate number of stations in the database. The 10 ml of additional water was assumed
not to add an appreciable amount of chloride to the sample. This assumption was
supported by the lack of significant concentration differences between samples over and at

the 250 ml volume, measured at the same station. All data with a sample volume of 260
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ml or less were used, regardless of other potential contaminants, in order to maintain as
many measurcments as possible. The potential effect of insect and vegetation
contamination on chloride concentration was not assessed, but was assumed to be
negligible.

The annual sum of dry-bucket chloride collection (mg) was calculated for all
stations in which a complete year of consecutive measurements was available. If several
years with complete data were available, an average annual value was calculated. Prior to
the data culling discussed above, 113 stations had at least one complete year of consecutive
measurements. After the data were culled, this number dropped to only 53 stations.

Figure 4.18(a) shows the location of stations for which at least one complete year of
measurement was available, both before and after the data culling. Overall, there 1s broad
coverage of the entire United States, but there are areas which do not have adequate
representation after the data culling. In an effort to fill data gaps, an additional station, and
stations with only partial-year data were added. A station in the Sevilleta National
Wildlife Refuge (SNWR) near Socorro, New Mexico was added to the dry deposition
dataset. As part of the Long Term Ecological Research (I.TER) project, in connection with
the University of New Mexico’s (UNM) Biology Department, the SNWR contains
numerous atmospheric deposition collectors. Data from one of the wet/dry collectors has
been collected for more than five consecutive years, and is considered to provide a highly
reliable estimate of the local dry deposition (Moore, 1998). Contact information for the
SNWR is provided in the bibliography. Many of the NADP/NTN stations with only a
partial year of consecutive measurements were added, after correction to an annual

amount. For instance, if a station contained 9-months of consecutive data, those data were
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A) Stations with at least one complete year of data before and after data culling process.

o Stations remaining after data culling
@ At least one year of dry deposition measurement

B) Dry deposition stations used in this study, including partial-year stations.

P

Dry Deposition Measurement Stations
#« Partial-Year Station
o Complete Consecutive Year Station

Figure 4.18: Location of dry deposition measurement stations.
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summed and multiplied by 1.33 (twelve-ninths) to calculate the annual total. This
approach could produce erroneous annual totals if seasonal variation is important to dry
deposition, and periods of lower or higher deposition are not accounted for. The approach
was deemed appropriate for a general average, though, and was thought better than not
having an annual estimate whatsoever. Figure 4.18(b) highlights the location of stations
with only partial-year records.

The dry deposition pattern is generally similar to the wet deposition pattern, with
elevated values along the coasts and lower values in the continental interior. The data from
Figure 4.18(b) were interpolated in ArcView® (using an inverse distance weighting
scheme) to the same resolution as the PRISM precipitation and wet chloride deposition
data, as illustrated in Figure 4.19.

It is important to note the uncertainties involved with using these dry deposition
data. There has been increasing controversy regarding the ability of a surrogate surface
(such as a collector funnel) to emulate the capture characteristics of the native ground
surface. Indeed, this led to the lifting of mandatory dry-side bucket analyses for
NADP/NTN stations in 1984, and the complete elimination of such analyses in 1998,
Further, it 1s well documented that different collector geometries can lead to highly
variable deposition measurements. Dolske and Gatz (1984) compared measured dry
deposition of sulfate using numerous sampling surfaces and geometries. They found that
flux measurements in petri dishes were twice as high as on flat plates, and that dry-
collection bucket measurements were five times higher. The sampling bias may be due to
acrodynamic turbulence produced by air moving across the sampler, which can enhance or

discourage capture by the collector. Presently, it is unknown which method (or geometry)
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most accurately represents natural dry deposition. While it is uncertain whether the
NADP/NTN data over- or underestimate the actual dry deposition flux, they provide
essentially the only available continental-scale measurement of such flux, and provide an
important contribution to the study of atmospheric deposition. The advantage of the
NADP/NTN network over a compilation of individual site measurements made by
different investigators is the use of a common collector and common sampling
methodology which allows more direct comparison of values measured at different

locations.

4.3.2 Total stable chloride deposition

The wet and dry deposition components were summed to calculate the total
atmospheric chloride deposition over the conterminous United States. This was done using
both the “annual” wet deposition model output and the “monthly” wet deposition mode]
output. Total atmospheric stable chloride deposition is shown in Figure 4.20, for both wet
deposition models. The map of the dry deposition component was divided by the total
deposition map to determine the percent of the total deposition due to dryfall. The dry
deposition component typically accounts for between 15 to 60 percent of the total
deposition, as illustrated in Figure 4.21. These values are in agreement with the ranges
reported or estimated by Eriksson (1960; 25%), Hainsworth (1994; 25%), Bentley et al.
(1986a; 30%), Li (1992; ~50%), Whitehead and Feth (1964; ~50%), and at the SNWR

(40%).
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A) Total stable chloride deposition using the "annual" model

B) Total stable chloride deposition using the "monthly” model

Total Cl Deposition (mg/m2/yr)
0-40

40 - 80

[ 180-120
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B 200 - 300

B 300 - 400

400 - 600
600 - 900
900 - 1200

1200 - 2000
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Figure 4.20: Total atmospheric stable chloride deposition over the U.S. using both
the "annual" and "monthly"” wet deposition models.
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Figure 4.21
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4.4 Modeling the *Cl Deposition

The recent model of **Cl deposition proposed by Phillips (1999) was incorporated
into this study. As previously discussed in Chapter 3, the *°Cl deposition is dependent on
both latitude and the amount of precipitation, and is described by Equation 4.6. Solution

of Equation 4.6 requires knowledge of the local mean precipitation (P ), the mean

latitudinal precipitation (P(4) ), the latitude dependence of *°Cl deposition ( D, (1)), and

the value of the ratio S, (4,)/ D;4(2,) (suggested as 1.11 x 10~ yr mm™). The terms

P(1)and D, (A)are taken from Figure 3.8(c) and the dashed line in Figure 3.8(b),
respectively. In order to apply Equation 4.6 at all locations across the country, the curves
representing the P (1) and D, (A) terms were fit by polynomial expressions, to facilitate
calculation of these parameters at any latitude over the United States. The mean latitudinal

precipitation ( P(A) ) was described between 25°N and 65°N by the third-order polynomial

P(1)=-0.03094" +3.3967.2° —110.254 +1783.1 Eqn 4.4

where A is the latitude. The latitude dependence of **Cl deposition was described between

25°N and 60°N by the third-order polynomial

D, (A) = 0.000751122° — 0.16134? +9.58481 —125.05 Eqn 4.5

The *°C1 deposition across the country was calculated using ArcView® at the same

resolution as the PRISM precipitation gridded coverage using the precipitation value
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within each grid cell, the latitude of each grid cell, equations 4.5 and 4.6, and the suggested

value for the term S, (4,)/ D,;(4,) . Figure 4.22 illustrates the result of the calculation.

4.5 Spatial Distribution of the 3%C1/CI Ratio

A new model of the spatial distribution of the *8C1/C] ratio was constructed by
combining the recent model of xe deposition proposed by Phillips (1999) with the new
model of stable chloride deposition developed as part of this study. Using ArcView®, the
model output shown in Figure 4.22 was divided by each of the total stable chloride outputs
shown in Figure 4.20. Two different maps of the *°Cl/Cl ratio are shown in Figure 4.23,
one using the “annual” wet deposition model to calculate total stable chloride deposition
and the other incorporating the “monthly” wet deposition model. The two **CI/Cl ratio
distributions share the same overall distribution pattern, but the map incorporating the
“monthly” wet deposition model shows generally lower ratios within the southwestern
United States. The pattern of the 3$C1/Cl ratio distribution is also similar to that from
previous models, although this new model produces steeper gradients along the coasts. An
analysis of the measured errors of the new **Cl/Cl model and its components is presented

in Chapter 5.
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A) 36CI/CI ratio distribution using ‘annual’ wet deposlition model, dry deposition Interpolation, and modeled 36CI| deposition

Measured Chlorine-36 Ratios ./~ sl >
» Location estimated “
o Location known

36Cl / Cl Ratio (x 10%)

250 - 500
500 - 750

7| 750 - 1000
1000 - 1250
1250 - 1500

I > 1500

Figure 4.23: Distribution of 36CI/Cl ratios over the U.S. calculated using
the new model developed in this study.
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CHAPTER 5 - MODEL ERROR ASSESSMENT

The **CI/C1 model constructed for this study represents a new approach to the
modeling of the spatial distribution of chloride and *°Cl across the country. The model and
its components were compared with measurements throughout the country to assess the
performance of the new model, and to determine whether it offered improvement over
previous modeling efforts. The major components of the **Cl/C1 model were the PRISM
precipitation model, the new wet chloride deposition model, the dry deposition component,
and the *°Cl deposition model. Each of these components of the 3%C1/Cl model was
assessed independently, and is discussed in the following sections. The identification and
quantification of the modeling errors reveals the current weaknesses in the modeling

approach, and the areas where improvements should be pursued.

5.1 PRISM Precipitation Model Errors

The PRISM model is the base model on which the new wet deposition model and
the *°Cl deposition distributions are based. Errors in the PRISM model would thus have a
significant effect on the modeling results of this study. The PRISM model, however, has
undergone extensive peer review by expert climatologists in each state, and is probably one

of the smaller sources of error in the models presented in this study.

5.2 Errors in the Wet Chloride Deposition Model
The wet chloride deposition model developed in this study was based on a linear
relationship between chloride deposition and precipitation, determined using

measurements from the NADP/NTN. Two versions of the wet deposition model were
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constructed, the “annual” version and the “monthly” version. The “annual” model used a
single regression at each NADP/NTN station based on all available monthly chloride and
precipitation data; the same regression was used with each month of PRISM data to
calculate the wet deposition each month. The “monthly” model used twelve separate
regressions at each NADP/NTN station, one for each month of the year. Each monthly
regression was used with the corresponding monthly PRISM data to calculate the wet
deposition each month. In both models, the monthly wet deposition values were summed
to obtain the annual wet chloride deposition over the United States, as shown in Figure
4.17.

The two wet deposition models were compared to the measured data at each of the
NADP/NTN stations to assess which one more closely matched the observations. The
percent difference between the model predictions and the measured values was calculated

at each NADP/NTN station using

[Model] —[Measured |
[Measured |

Percent difference =

*100 Egn 5.1

A positive percent difference indicates model overprediction, while a negative percent
difference indicates model underprediction. The distribution of the percent difference for
each of the two models is shown in Figure 5.1, and Table 5.1 summarizes the errors
calculated at each station. The “monthly” wet chloride deposition model offers a much
better fit to the measured data than does the “annual” model. This indicates that the
change in chloride / precipitation regression slopes throughout the year is significant. The

“monthly” wet deposition model is within £20% of the measured data over most of the
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A) Stations used for interpolation in the wet deposition model, - Stations used for vwet deposition interpolation
All blue stations are used to interpolate values, but only the red ® Cross-validation stations

stations are used in the cross-valid ation
.I’

B) Stations used for interpolation of the dry deposition component.
All blue stations are used to interpolate values, but only the red
stations are used in the cross-valid ation

" [

« Stations used for dry deposition interpolation
@ Cross-validation stations

-

F

L
Exs ;!’;' i

——

Figure 5.3: Distribution of stations available for the analysis of interpolation errors
for the wet deposition model and the dry deposition distribution.

112



TANY] [ANL 8G°G.LE cco cco ri'6ve 01'58¢ 682¢L0L- S.0L v Z03ANW
010 010~ ¥0'901 610 61°0- 0’66 o181 1€£10°89- 6898°9% 003N
€00 €00 AN 44 100 L00 0Z'8cvy o ect G2s1'9.- LELB'BE cLan
€00 €00 L0°162 ¥0'0 ¥0'0 18°¥62 12'28¢ £G666'9.- 680¥6¢ £0aw
600 60°0 1A T 000 000 96 ¥89 £9'489 FAATA YN 8E8eCh CLYIN
200 L0°0- 98'65¢ eLo g€Lo- ¥r'zre ov'8.c yyyecs- gz6eCh 80V
100 L0°0- ¥6'E6¥2 S0°0 S0'0- 61'€9sC 876692 FAAAVRVA 866 LY LOVYIN
900 90°0- 6e'0¢cL Y00 ¥0°0- ov'Zv. ri'0Ll 8081°06- i1870¢€ 0ev
] LLo- Ge'cen 1o £L0- L¥'96. ECBL6 £G1LL16- LBT6 8T [4A-8
<00 200 06'861 ¥0°0 Y00 187102 E8'¥61 229088~ 906.°9¢ BEAM
500 G00- GlLlgl 800 80°0- LLlel 98'trt 6915€£8- £€glLlge SEAM
910 910- vzocl Y10 ¥L0- 90'€Zi FANra4) 9£66'28- 82/0°/€ [AAN
L0°0 00 €¥'v0C 60°0 600 €802 €0'L61 68+0°68- FAZVVAVAS E0AM
S0 S1L0- AN 44 600 60°0- S TAVA 4 ¥0°2s ¥916°001- L1/9°8¢€ ZESH
S0°0 G0'0- €106 <00 Z00- a3 91°G6 ¢609'96- ¢col et LESH
€Lo cLo- oL'sel €10 €10 SOvEL GE'ESL 9€08 ¥6- L159°/E L0SH
S00 G0'0- 06'8¢l 800 80°0- 350 A 4417 €266'99- €G/¥ 0F FPNI
900 80°0- g€Leel ¥L0 ¥1°0- PR 1A 96'051 8/80°/8~ GZEQ' LY FENI
00 100- 60°/81 000 000 S9681 £6'681 968y /8- 80¥. '8¢ Z¢NI
€00 £0°0- £8'601 ¥0°0 ¥0°0- 58801 [A A% 6E£9¥°G8- 00¥8 0¥ 0ZNI
S00 S0°0 6L'16 S0°C G000 FXANY:] €798 LECL 06 ECEs 0v 7]
20'G 90'0- lgece 80°C 80°0- Zy'8ic Zroge 61.9'88- 9Gevr LE el
200 <00 8€'¢csl 000 000 Ge051 €L'051 699698~ cEYO'8E L¥
200 00 98'Z81 10C 100 £67181 158 A VAR 689268~ 00LL'LE SeETl
000 000 89'6%1 200 20°0- 1AV 4 61051 £566°/8- LLOL LY 617
€00 €00~ Ly'eol S0°0 S0°0- 29004 L#'901 116988 1424034 87l
60°0 600 £9'8El L0°0 L0°0 GG ogl AN 61.£°88- £e50°0r LI
600 800~ LL6F 1 £AY ¥Zo- 08’ Ly SL S 9€90°91 - 8.6Z v g1al
10 ¥ 0- 60°'6C §20 T 2l'1¢ 8lL'6¢C Z6¥.L 9L~ €50z ey Lial
<00 c00- 9199 100 L0°C- oLes L9L9 ¥618GLL- 8.29°9F Y0
200 20'0- [l 4 €00 €00~ 68°vp €L9F L¥SGELL- LAV EY £0al
00 £0°0- 0L¥8 L1°0 L}°0- LG'S. L6 G¢6% €6~ LEQ6 0V £evi
10113 Joung ceNE\mEv 10113 Jolg chE\mEv Q;\NE_&EV (n,) spnibuo | (N, epnie | qisus
aANOSAY | [BPOW  |ucyisods( pejoipald | SINosqy {2PON uopisodaq papipaid uonisodaqg
AUWON, | AUIUONL, | jepoy Auoly, | WJENUUY, | enuuy, [SPC LJENUUY, 10 18pA Painsespy

s|epouwr uonisodap jJom  ALpuowl, pue  |enuue,, ay).Joj SI0La pajejhafes :1°G ajqel

103



c00 c0'0 .y'G8 ¥0°0 ¥00 og'/8 c0'¥8 8¢6¥'96- LESL LY S13N
900 90°C- 9/.%2 800 80°0- FAR 74 geoe [A4erAN Ay ¥109'Ly Z0aN
10 Lo P ovl 610 61°0- STl 9/.'/S1 198¢ 8- £6eL°5¢E SPON
€00 €00 ¥ GOt G00 G00- FANNG eI ¥6'9.¢E €089'8/- £92/.°5¢ (20
€00 €0°0- ct'G6¢E 600 60°0- 96'1.¢ S¥' 60 £8¢5'6.- 80.6'+¢ 9¢ON
rANV AN 1609 200 200 LZAAS 61°C¥S £€8.2°9./- 8620'S€ GEON
.00 100 ¢9'6.¢2 60°0 60°0- lg'ele LG'B862 GZzo08- 6969'G¢E FEON
100 100 95°'69¢ £C0 €C0- 89502 10’892 9098'8./- 7968°'G¢ £EON
S0°0 S0°0 £0'gee 900 900 G8'ive £6'¢éee 90Er'€8- 9090'se GZON
G0 G0 £G°0LC €L €L o- 10'60¢ 06'6eC 00.8°8L- GZ206°GE 11ON
<00 200" 9t01s 0Lo 0l0- 25697 CE'ECS IATAWYS gZelee £0ON
910 910 LLozg 2e0 ANy o] Z8'ec 616,601 ¢66Y 8P 88.LIN
00 10°0- 88'€C 8c0 820~ €88l 1962 £€80C'SCL- 0881%'81 e1LlIN
610 6L0- 99°'1¢ FANY £1°0- cr'ee 88°'9¢ LPO0'ChL- 068y '9v LO0LIN
¥C0 ¥Z'0- 08'vg 820 8¢2'0- ilee ¥0'9¥ gse6tli- £0Lg'8y SOLN
€10 €10 9g'0¢ €l'o €10 ¥i0¢ 9.°9¢ GlEY L0L- 989G9°G¥ COLIN
900 900 89'98¢ 900 90°0- 10°/8¢ (B2 400% 000¢'68- §200'¥E 0esSN
800 80°0- 98'¢ClE 010 0lL0- 66°G0¢€ PB'BEE 8691°68- LPEETE 61SIN
00 100- 8.'88¢ Y00 y0°0- Z29°'86¢ 62 9Ly 06¥.°88- ¥Feece FLSW
<00 c00 ¥9'86¢ 200 200 £9'66¢ €0'lee €81£°06- £90¢°2¢ OLSW
100 10°0- coric 800 900 £9'82¢ LB'GLE o81¢'06- 8016'9¢ SO0
Lo clo- 09¢ll ZLo o Flell 188zl 6861726~ 9€G/ 8¢ €00
Lo LL0- 0L ¥S ¥l0 ¥10- ¥1'2S c9'l9 900¢€°66- CLET VY LZNIN
ZL0 ZL0- L8t L10 L0 8e9¢ 86°ty CLBY ¥6- 612 9F EZNIN
o0Lo 0lo £6'SYy ¥1L0 AN Ly iy 9L'Lv 196%°L6- YOF6 L 8LNIW
FANY £L°0- Gl'oF 020 0c0- 09'v¥ 216G 989¥'¢6- LLeS /¥ SLNIW
120 ico- (AR 9z'0 920 1882 €460l o9818'68- [AdAA 44 eSIN
100 o0 21°%01 y0'C ¥0°0- 2066 6E'E0lL 826E'68- €olvecy ST
¥0°0 ¥00- 1689 800 80°0- 66'G9 6¥'LL £8L918- 8099 6 60Iin
¥0°0 ¥0'0- Svieel 00'c 000 67'98¢1 SlL'g6el 909¢'89- 6ELE VY 263N
800 600 09'8LL eLe €L0- oc'v6 6¥'801 680089 LG9 9F FASE 4
100 100 ¥1 0%} 00 200 ¥lL'Grl 8811 £599'69- ¢6B¥ GY 603N
Jol3 o3 CbNE\mEv Jol3 Jog QZNEBEV :;\NEBEV (AA,) apmiBuoT | (N,) apnien qaj aus
aNosqy | IBPOW  [uomisodac pajoipald | SINlosAy I9PO uonisoda(] psjoipald uoisodaq
CMUUOW, | Ajiuop, |[2po JAlyiuop, JENUUY, | JBenuly, IBPO ,Jenuuy,, D 19AA PaInseap

s[apow uonisodsp 1om ,Afyjuoul,, pue , jenuue,, sy} 10} SI0LS PoleINJES (L°G 2|qel

104



G20 T gg'cl GE0 Gceo- 8L ¢l 01 8260°LCL- Lieley 6040
£0°0 L0°0- 20801 €00 €00~ ¥OoCchL GO'GLL Legoecl- 8/992% 8040
or'0 o¥ 0 69 280¢ 80 8%0 (AW XAN ¥.°50CC EGLOETI- 968 vy 20d0O
€10 €10~ £G 9y 010 0L0- 8l'8¥ [AS% G/1L9'101L- 8065 '9¢ 6200
¥c0 ¥Zo- FANA T4 6L°0 61°0- 010L¢ 61€9¢ LEGEG6- VAT 4% STHO
10 SLo- G8ovl 810 210 L6LPL AN A" LA TA A 0086°¥E LIMO
€20 €T0- 68'cll 610 61°0- 29811 FAAVA 4 900286~ £508'9¢ 00MO
100 L00 9/.°0¢) 900 90°0- 59CcL €00cl 00¢6°L8- 8L 0y LZHO
600 60°0- €591 €Lo ELo- S6'951 00081 Ligsig- 8Z6.°6¢ 6¥HO
000 000 LBFFIL 900 90°0- L¥etl €Syl 1990°€8- £95¢° 0% ZIHO
00 200" L GElL 600 60°0- FASR AN 81 9¥l [AgAR4 ¥les6e 60HO
Y00 ¥0°0- 8G'8.¥F 910 910~ 62°¢ZYy ¥5'004 98v0'¥.- 80GE L ¥ B66AN
210 L1°0- 0959 610 610" 8G'¢€9 68'8L y6s8'eL- £E6E PV 26AN
¥0°0 rO'0 £6'60¢ €00 €00 [A 4114 £5'861 9e0s¥.- 9866’ LY 29AN
100 L00- ov'e8 €00 €0°0- 80z LT%8 BGEG .- Yool zv GOAN
¥0°0 $0°0- 20°/81 SL'0 910~ 26281 20661l [AAL R BeTA RN 4 C¢GAN
000 000 998y FANY Lo [N 3%4 [XNFA4 y6e0¥.L- 00se’ Ly LGAN
000 000 Z9'G6 £0°0 €00- 00'¥6 £6°96 Leec vl RWASE% 4 0CAN
£e0 €e0 or'G61 G1'0 g0 69691 eV ivi 8205'¢l- £8.¢°CY CLAN
¥0°0 ¥0'0 09'¥%G1 000 000 [A 414" 8¥'8blL $96€°6.- reee ey 0LAN
200 200 ¢601L1 ¥0'0 ¥0°0- #8804 ceelt 1659'9L- 6eEL’CY 80AN
elo Lo 18°vS ¥Z'o ¥Z'0- 8z '8¥ €C't9 8slTviL- 0900'8¢ SOAN
000 000 €C9l ¥co ¥Z0- [ASrAL G191l 296281 - 86.°8¢E £OAN
10 L1°0- or'ze €50 £€5°0- £9¢Cl ¥6'92 9%y Gl1- 8gel 9t 00AN
200 <00 Svev ieo L20- £E'8E 19'8¥ ¥186'€0L- 6841'9¢ ZLAN
¥Lo FL0- G8'0¢€ gL'o 910~ rl0¢€ 19°'se ¥1.6'901- 80+0'9E 60NN
ST 920- 9¢' 0y oF'0 v 0- 09'6¢C SOve 90.¥'G01- y606¢ce S0WN
610 610 G6'1e 120 LE0- 16°'8¢C y9'6¢e G.9C° 901~ Li8LGE LOWN
900 800~ S0'9% 120 (FAlg z8'8¢e L0'6¥ L¥YET 801~ £0cTee LONN
S00 S0'0 Yo' Ly ¥0'0 ¥0°0- Y2 sov g80'Cey LyS8 V.- 0sie 0F 66N
600 600 88¢Cl¢C Ll0'0 100 L6'961 1E'561 EE0L'LL- LEVE EF COHN -
900 90'0- £6°¢CE S0°0 S0°0- Syee Ll'Ge yor.L001- 650 LY 663N
J011g 10413 C?_NEEEV Joug jclg E\NEBEV AC>\NE\&EV (M) epnuBuc | (N,) apren al a1us
snjosqy | ISPON  [uopisodeq pejoipald | SINOSAY [PPON | uoisodeq paipa.d uoysodaq
SAlUoin, | AIBUOW, | jepopy Ajpuop, | JENUUY, | Jenuuy, BPON Jenuuy, [9) oM poInseEsy

sjepow uonisodap jom , A[Lpuoil,, pue ,jenuue,, ay} .10} SI0LI9 Palenodfes :1°'g ajqel

105



¥0'0 ¥0'0- £8°9%¢C €10 €10 gg'ede 1A T4 leve'gL- o0¥0'8¢ 00YA
€00 £0°0- ey 2Z0 220 8v'B6E 06°0% gzlLziL- 98l9° /€ 661N
L0 bLO- £9°ET 9e°0 9¢€°0- 8691 5692 €G9L°0LL- £866'8¢ 261N
200 00" 42°00¢ 120 Le'o- Z00L1 9L6le 6968 LL1- £899'L¥ LOAN
200 FAVN Vo 95281 800 80°0- 6¥ 081 96961 16€9°26- LIBEEE 98X L
610 61°0- 8¥°099 220 220 ¥9'5eQ £€8'618 £0Z26'96- €5+8'8¢ £9X1
90'C 90'¢- 89°C7¢! 600 60°0- 18'8¢C| €9 L¥L €517°66- £eLTEE 19X
91°0 9L'0- G9'L9¢ 910 910- lo'lge 9582y 8098°+6- 9095°1¢ 9EXL
610 610" 6l EF oe'e 0e0- cLie LLES 4908701~ £€806°1€ ZexXLl
600 60°0- $8°1L5¢ .00 10°0- 6¥'85¢ 8¥/8¢ LiLL V6 98/¢ce XA AN
910 91°0- £9°9L AN L1°0- G9'6L 88°06 69¥0°001- [AZARES 81XL
S00 G0'0- 6E'eCl A £€2°0- 187101 8.'¢cel 0555°001- ¥192°0¢€ 91LXL
8L 0 810 81'66¥% Y20 ¥Z0- £9°LOF 08609 652 86~ ¥199'6¢C CLXL
0oL 0 ol o- ab'9e 0L0 0L0- 29°'9¢ 89°0F 2L €0k Zeoese FOXL
00 <00 08995 L00 10°0- 89'8¥%G G6'eqs 690. /6~ L99%'8¢C COXL
600 60°0- L1798 600 60°0- 12768 2s'lg 192247201~ 8256'€E c0XL
800 800~ Zh'eee 00 L0°0- L29ge 9evse Y961 /8- GZel'se 86NL
200 L0°0- 18°1¢gC 800 80°0- Geoee 18'6%¢ 989168~ 8.9%'GE PINL
AN AN rAANE 80°0 80°0- oeerl oy'sel £066°€8- ¥¥99'GE FINL
100 L0°0- £9'€S¢ L0°0 100 GT'8GC Zl'gse /8T 8- ¥196°GE OONL
ol'o oL0 98'85¢ 9’0 9e°0- £960¢ £9'9¢e rALWNAY B6ECOPE 8108
200 20°0- 8G°6ZY (] 1o GG80¥y 9.8y 0geEy 08 ¥6eESEE 900S
AN} rAN 9e'gle 910 910~ £920¢ 0¥ 9¥C A TA N SLTe LY ¢ivd
70 ¥l o- gesyl L0 L1°0- 60l 80691 LBE6 LL- G.G9°0% rvd
7L 0 ¥10- /8991 810 810" ¥O'6G1 15v61 G/9/.'8.- 8.6G° LY B6CVd
L0 Y10 g8eel 610 610- ol'ect 6¥'951 886 L. £88/°0% Givd
(AN} AR 9,82, ¢0'0 G0'0 127689 SL169 6elgECL- $9¢9'tv 6640
000 000 56 Li0L ¥0°0 Y00 LeZsol 09°¢Lol iekicci- 8.Lv¥ SY 8640
0z0 0Z0 €6 LLL 6L0 610 L9102 90265 0061°€Ci- LPEI ¥V 1640
c00 <00 Slie 800 80°0- £i'B6e §l'le VLG 8Ll yvee Gv 8L¥0
900 90’0 16'Le 100 LO0- gq'0e 89°0¢C 89cr LL1- ¥668°cY LHO
0¢'0 02°0- 90'¢ces Slo Gl °0- 5059 GG'8¥9 8GS22T1- Zelevb 010
Joug . iolg CENE\mEv Jou3 10013 ?@NEBEV :;\NEBEV (A,) epnuBuoT | (N,) eprine ai aus
aniosqy | [BPOIN  |uonisoda( paloipald | SIMesay 12PO uonisode(q pajoipald uonisoda(Q
AUUOW,, |LAUOIL, | Japoy AjLpuop, JENUUY, | jenuuy, 19POR Jenuuy, [ 19 PoINseay

s[opou uonisodap jam A|YJuoLl,, pue  Jenuue, ay} 10j SI0Ld pajenoles 1L's sjqe},

106



oL0 €10 Jolg aynosqy abelany
S0°0- 60'0- |loug abeiany
¥l0 vLo- 66°9¢ 810 g10- 88°6C FA A z261'y01- €eL8Er B66AMN
c00 200 v6'LE S0'0 G0°0 gl'6¢g FXAVAS €0CrOLlL- [A%: 824 80AM
910 910 Fe'6¢E 820 8c’o 6EEY 68°CE £98/1°601- 6826'Cr 90AM
L00 100 8.'8¢ 100 10°0- 16'8¢ 8E'6¢ 0058801~ I A C0AM
500 G0'0- scerl 200 90°0- Yo'lvi 81051 Z99'6.- £680'6E 8LAM
S0°C G0'0- 88 vcl S0°C S0'0- 60°6¢l BG°LEL 0056°08- 0086°LE YOAM
00c 000 6V 86 S0°C S0°0- 09'¢c6 ly'86 9005'88- AYA NA 4 661/
90°C 900~ Pl ¥9 AN cLo- 1685 2089 989506~ ¢c0l'er 861
SO0 50'0- 8.°¢CS 900 80°0- 00°¢s 1865 ¥ri816- 8Cer S LEIM
€00 €00~ 06'¢s ¥0'0 ¥00- ¥0°¢s ¥ VS 1£59'68- 8cs09y 9CIM
¥lo ¥L0 Sv Ll 200 <00 1769 28'/9 GZS9'68- ¥F99' v 8ZIM
L00 10°0- 12'89 900 80'0- ¥3vS A4 82/€'88- £EGO'SY ScTIM
90°0 900 18G5 100 L0'0- 66°LS ST A ¥66€£°88- ¥968. Gt B80IAN
c00 ¢c0'0- lo'og SO0 50°0- 19°6¢€ (A L¥8LALL- 909/ 9v LA
£E0 €E0 00'8¥¥ ce0 AN BGEYY 1g'oce 298¢'¢ct- £GEB 9P LEVYM
410 L1°0- vl ove 020 A g9g'eee Iy 8Ly (A 2 AR 90FS 8t 6 1YAA
610 610 0% LL0€ €20 A Zro6le 81652 6leeeet- 0098’ LY YIYM
90°0 90°C 0z’ .8 G0'0 S0°0- Y6 L. 1028 6899°¢.L- £8CS VY 66.1A
900 90°0- Legel L0 L0 cozel 19°9¢gL ceolel 19.8°CY 101A
800 80°0- 68'¢Z2 AN [ANe Geeie SGEYC 85e¥'8.- G2ca'8e 8TV
500 500~ LAX4 600 60'0- #2801 0581} G/G5°08- yieele CIVA
Jou3 Jon3 CZNE\mEv o3 Joug CZNEBEV QS\NE.&EV (A, epnyiBuo | (N,) @pnme | Q1 8us
aNosqy | ISPOW  |uomisodaq paloipaid | BINOSAY |SPoIN uopisoda(] pejoipald uopisodag
AUow,, | Alupuon, 19po N LAIUIUOW,, JENUUY, | JEnUUY, [OPON Jenuuy,, 1D 18 pRINseEs

sjopol uonisodap jam  Ajiuow,, pue ,jenuue, ayj 10} SI01i8 pajeINde) 11°G a|qe]

107



A) Percent error distribution for ‘annual’ wet deposition model

.« Wet deposition measurement locations (NADP)
Percent Ermror
£0% to -40%
-40% to -30%
30% to -20%
[ 20% to -10%
410% to 5%
] 6% to+6%
+5% to +10%
[ +10% to +20%
+20% to +30%
I +30% to +40%
[] +40% to +65%

Figure 5.1: Wet deposition model error distributions for the "annual™ (a) and
"monthly" wet deposition models. Points represent stations with
measured values (Table 5.1) to which the modeled values were compared.
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country, and within £10% over a significant portion. The average absolute error of the
“monthly” wet deposition model was 10 percent, versus 13 percent for the “annual” model
(Table 5.1). Figure 5.1 illustrates that both wet deposition models are biased toward
underprediction across most of the country. This may be a result of the ceiling value in
chloride collection at high precipitation values. The linear regressions may be overly
influenced by these ceiling values, which would act to reduce the regression slope slightly.

The chloride collection / precipitation slopes were evaluated at each NADP/NTN
station, and had to be remapped to the same resolution as the PRISM precipitation data.
This was done using an interpolation with an inverse distance weighting scheme. The
interpolation process introduces another source of potential error. To assess this potential
interpolation error, a cross-validation technique was incorporated whereby individual
stations were removed from the map followed by reinterpolation without the presence of
that station. The predicted values from the interpolation performed with and without the
station’s presence could then be compared. To simplify the interpolation error analysis,
the “annual” wet deposition model was used. With the “annual” model, a single regression
slope was used over the entire year at each station such that a single interpolation of these
slopes across the country was required after each station removal. Using the “monthly”
model to assess the interpolation error would require twelve interpolations each time a
station was removed. As previously shown, the "monthly” model offered superior fit to
the measured data in many areas of the country, particularly in the Southwest. In order to
avoid compounding errors arising from use of the poorer fitting “annual” model, the

percent difference between the two model predictions was calculated to delineate those
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regions where the two models were in good agreement. The percent difference between

the two models was calculated using

Percent difference = [Monthiy} ~[ Annual] , 100 Egn 5.2

[Monthiy]

The distribution of this percent difference across the country is shown in Figure 5.2. While
areas of significant difference exist in the Southwest, the two models are within +5% over

much of the country. Only those stations within regions of £10% “annual” versus
“monthly” percent differences were used for the interpolation error assessment. Further,
because the interpolation error was also quantified for the dry deposition component
(discussed later), only stations where both wet and dry deposition measurements were
available were used for the interpolation error assessment. Sixty-two NADP/NTN stations
met both the percent difference (within 10%) and measurement (wet and dry) stipulations
and are highlighted in Figure 5.3, which illustrates the total number of stations available
for both the wet and dry interpolations. Each of these 62 stations was individually
removed with a reinterpolation of the chloride collection / precipitation slope field (using
all available points in Figure 5.3) performed after each removal, and recalculation of the
wet deposition distribution. The deposition value interpolated at the location of the
missing station was compared with the measured value at that station and summarized in
Table 5.2. The interpolation error was calculated as the percent change in deposition value
with and without a station’s presence. The average absolute interpolation error for the wet
deposition model was 20 percent (Table 5.2). The distribution of the wet deposition model

interpolation error is shown in Figure 5.4. The interpolation error is within +:10% over
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@® Cross-validation stations

Percent difference between 'annual’ & 'monthly’ models
B -40% to-30%
B -30% to -20%
-20%1t0-10%
-10% 10 -5%

| -5% to +5%
7] +5%1to +10%
B +10% to +20%
Bl +20% to +30%
B +30% to +40%
B +40% to +65%

Figure 5.2: Calculated agreement hetween "annual” and "monthly” wet deposition
models (calculated as the percent difference between the two model predictions).
Points indicate stations where the model agreement is within 10 percent and both
wet and dry deposition measurements are available (62 points).

111



Table 6.2: Wet interpolation errors from cross-validation analysis

“Annual" Model

Value from
Interpolation

Wet Deposition Without Station | |nterpolation | Absolute
Site ID Latitude (°N) | Longitude (°W) (ma/m?3fyr) (mg/m?/yr) Error * Error
AR27 36.1006 -94.1733 164.83 131.83 -0.20 0.20
AZ03 36.0717 -112.1550 2875 28.75 0.00 0.00
AZ99 33.0714 -109.8647 39.04 32.51 -0.17 0.17
CA45 39.0047 -123.0847 570 886.97 0.56 0.56
CA75 36.5669 -118.7772 87.14 71.31 -0.18 0.18
Co15 40.5075 -107.7019 39.46 51.81 0.31 0.31
C021 39.1011 -105.0819 4429 49.52 0.12 0.12
Cco22 40.8064 -104.7647 29.02 31.73 0.09 0.09
C099 37.1981 -108.4903 33.26 33.08 -0.01 0.01
FLO3 29.9747 -82.1981 500.04 435.33 -0.13 0.13
GA41 33.1778 -84 4061 298.48 294.08 -0.01 0.01
1DO3 43.4614 -113.5547 44.89 34.66 -0.23 023
IL11 40.0533 -88.3719 136.55 134.71 -0.01 0.01
IL18 41.8414 -88.8511 100.62 82.72 -0.18 0.18
IL19 41,7011 -87.9953 147.75 183.68 0.24 0.24
IL35 37.7100 -89.2689 181.93 178.33 -0.02 0.02
IL47 38.6433 -88.9669 150.35 174.52 0.16 0.16
IL83 37.4356 -88.6719 218.42 248.38 0.14 0.14
IN34 41.6325 -87.0878 129.97 133.25 0.03 0.03
KS31 39.1022 -96.5092 93.44 76.54 -0.18 0.18
LA30 30.8114 -90.1808 742.4 983.86 0.33 0.33
MAQ1 41.9758 -70.0247 2563.19 454573 0.77 0.77
MA13 423839 -71.2147 684.56 539.56 -0.21 0.21
MDO3 39.4089 -76.9953 294.57 300.59 0.02 0.02
MEQO 46.8689 -68.0131 954 79.18 -0.17 0.17
MEQ2 44,1075 -70.7289 349.14 237.12 -0.32 0.32
MES7 46.6547 -68.0089 94.3 82.35 -0.13 0.13
Mio9 45.5608 -84.6783 65.99 70.33 0.07 0.07
MI53 44,2242 -85.8186 78.57 81.12 0.03 0.03
MN16 47.5311 -93.4686 4486 51.63 0.16 0.16
MN18 47.9464 -91.4961 47 .41 55.52 0.17 0.17
MN27 442372 -95.3006 52.74 60.21 0.14 0.14
MS14 32.3344 -88.7450 399.82 473.23 0.18 0.18
MT05 48.5103 -113.9958 33.11 35.94 0.09 0.09
NCO03 36.1325 -77.1714 469.52 603.75 0.29 0.29
NC25 35.0606 -83.4306 341.85 443,58 0.30 0.30
NC34 35.6969 -80.6225 273.61 367.06 0.34 0.34
NC35 356.0258 -78.2783 552.74 770.91 0.39 0.39
NDOQ7 47.6014 -103.2642 24.37 23.89 -0.02 0.02
NE15 411531 -96.4928 87.3 103.39 0.18 0.18
NHOZ 43.9431 -71.7033 196.91 93.35 -0.53 0.53
NMo7 35.7817 -108.2675 28.91 26.83 -0.07 0.07
NMOg 36.0408 -106.9714 30.14 3537 0.17 0.17
NY08 42.7339 -76.6597 108.44 106.43 -0.02 0.02
NY20 43.9731 -74.2231 94 101.93 0.08 0.08
OH17 40.3553 -83.0661 136.47 146.34 0.07 0.07
OH71 40.7822 -81.9200 122.65 111.56 -0.09 0.09
OK17 34.9800 -97.5214 141.97 108.64 -0.23 0.23
ORO02 44 3856 -123.6153 3271.32 5258.06 0.61 0.61
OR11 43.8994 -117.4269 20.55 23.57 0.15 0.15
PA15 40.7883 -77.9458 126.1 108.67 -0.14 0.14
TNOO 35 9614 -84.2872 258.25 346.81 0.34 0.34
TX03 28.4667 -97.7069 548.68 625.74 0.14 0.14
TX04 29.3022 -103.1772 36.62 18.58 -0.49 0.49
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Table 5.2: Wet interpolation errors from cross-validation analysis

Vaiue from
"Annual" Model Interpotation
Wet Deposition Without Station Interpolation | Absolute
Site ID Latitude (°N) | Longitude (°W) (mg/mzlyr) (rng/mz/yr) Error * Error
TX38 31.5606 -94.8608 361.01 389.67 0.08 0.08
TX53 28.8453 -96.9203 635.64 752.95 0.18 0.18
VA13 37.3314 -80.5575 108.24 95.41 -0.12 0.12
VTO1 42.8761 -73.1633 122.03 92.56 -0.24 0.24
WA14 47.8600 -123.9319 3196.42 4328.9 0.35 0.35
WI36 46.0528 -89.6531 52.04 4507 -0.13 0.13
WV18 39.0897 -79.6622 141.04 85.96 -0.39 0.39
wWY02 42 7339 -108.8500 28.97 14.5 -0.50 0.50
Average Error 0.03
Average Absolute Error 0.20

* The interpolation error is calculated using {([interpolated] - [measured}) / [measured]}
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large regions of the country. Significant interpolation errors are generally concentrated
near the coasts. This error is greatest near coastal stations because, when a coastal station
is removed, inland stations are used by the interpolator and coastal conditions are not
maintained. The interpolator is not constrained to uphold known relations near the coasts,

such as increased chloride / precipitation regression slopes.

5.3 Errors in Dry Deposition

The dry deposition data collected by NADP/NTN stations could be questionable
due to the unknown ability of a surrogate surface (such as a collector funnel) to emulate the
ground surface chloride capture characteristics. However, as virtually no other data exists
with the number of stations in the NADP network, the NADP/NTN dry deposition data
provided the best current source for analysis. The dry deposition component used in the
*C1/Cl ratio model is simply an interpolation of measured values. It was not modeled like
the wet deposition component, so comparison between modeled and measured dry
deposition was not appropriate (it would show a perfect match). Since the dry deposition
component was an interpolated field of values, however, the interpolation error could be
assessed in the same way as the wet interpolation error. In the same manner as with the
wet deposition model, each of 62 stations was removed from the map and the dry
deposition reinterpolated. The interpolated value at a station both with and without the
station’s presence was compared, and is summarized in Table 5.3. The average absolute
interpolation error for the dry deposition component is 109 percent. A map of the dry
interpolation errors is shown in Figure 5.5. The dry interpolation error greatly exceeds the

wet interpolation error due in large part to the far fewer data points on which the dry
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Table 5.3: Dry interpoiations errors from cross-validation analysis

Value from
Measured Dry Interpolation
Deposition without station | |nterpolation | Absolute
Site ID | Latitude (°N) | Longitude ("W) |  (mg/m?yr) (ma/m*yr) Error * Error
AR27 36.1008 -94.1733 83.52 52.82 -0.37 0.37
AZ03 36.0717 -112.1650 50.41 30.97 -0.39 0.39
AZS9 33.0714 -109.8647 15.58 39.63 1.54 1.54
CA45 39.0047 -123.0847 104.15 64.83 -0.38 0.38
CAT5 36.5669 -118.7772 34.3 42.09 0.23 0.23 .
CO15 40.5075 -107.7019 15.91 16.36 0.03 0.03
C0O99 37.1981 -108.4903 15.76 19.44 0.23 0.23
CO21 39.1011 -105.0918 9.3 18.57 1.00 1.00
co22 40.8064 -104.7547 13.42 14.65 0.09 0.09
FLO3 29.9747 -82.1981 223.24 219.25 -0.02 0.02
GA41 33.1778 -84.4061 43,96 56.27 0.28 0.28
1D03 43.4614 -113.5547 61.86 82.75 0.34 0.34
IL11 40.0533 -88.3719 51.83 120.13 1.32 1.32
IL18 41.8414 -88.8511 56.85 197.29 2.47 2.47
1L19 41.7011 -87.9953 253.41 113.02 -0.55 0.55
IL35 37.7100 -89.2689 374 68.03 0.82 0.82
1L47 38.6433 -88.9669 52.28 63.85 0.22 0.22
L83 37.4356 -88.6719 68.92 47.46 -0.31 0.31
IN34 41.6325 -87.0878 208.39 170.9 -0.18 0.18
KS31 39.1022 -96.6092 17.56 47.16 1.69 1.69
LA30 30.8114 -90.1808 109.59 62.79 -0.43 0.43
MAO1 41,9758 -70.0247 706.32 97.63 -0.86 0.88
MA13 42.3839 -71.2147 137.35 280.8 1.04 1.04
MDO03 39.4089 -76.9953 74.14 69.8 -0.08 0.06
MEOQO 46.8689 -68.0131 68.01 30.99 -0.54 0.54
MEO2 44.1075 -70.7289 63.59 114.64 0.80 0.80
MES7 46.6547 -68.0089 29 64 69.09 1.33 1.33
MI09 45.5608 -84.6783 16.11 57.69 2.58 2.58
MI53 44,2242 -85.8186 14.95 86.55 4.79 4.79
MN16 47.5311 -93.4686 11.44 27.58 1.41 1.41
MN18 47.9464 -91.4961 12.58 31.49 1.50 1.50
MN27 44 2372 -95.3006 74.53 23.1¢ -0.69 0.69
MS14 32.3344 -88.7450 57.12 78.47 0.37 0.37
MTO05 48.5103 -113.9958 15.02 9.93 -0.34 0.34
NCO03 36.1325 771714 60.69 77.61 0.28 0.28
NC25 35.06 -83.43 14.83 29.39 0.98 0.98
NC34 35.6969 -80.6225 14928 43.65 -0.71 0.71
NC35 35.0258 -78.2783 110.4 62.86 -0.43 (.43
NDO7 47.6014 -103.2642 10.9 14.13 0.30 0.30
NE15 41.1531 -96.4928 38.44 34.62 -0.10 0.10
NHO02 43.94 -71.70 18.85 113.96 5.05 5.05
NMO7 35.7817 -106.2675 20.28 18 -0.1 0.11
NMO9 36.0408 -106.9714 16.2 20.22 0.25 0.25
NYO08 42.7339 -76.6597 54.18 74.87 0.38 0.38
NYZ20 43,9731 -74.2231 8.99 56.78 5.32 5.32
OH17 40.3553 -83.0661 56.03 69.52 0.24 0.24
OH71 40.7822 -81.9200 76.4 47 .42 -0.38 0.38
OK17 34,9800 -97.5214 514 159.03 2.09 2.09
OCRO2 44 3856 -123.6153 91.71 76.79 -0.16 0.16
OR11 43.8994 -117.4269 21.85 42 .84 0.98 0.98
PA15 40.7883 -77.9458 40.15 72.98 0.82 0.82
TNOQ 35.9614 -84.2872 19.74 29.08 0.47 0.47
TX03 28.47 -97.71 498.53 568.07 0.14 0.14
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Table 5.3: Dry interpolations errors from cross-validation analysis .

Value from
Measured Dry Interpolation
. Deposition without station | interpolation | Absolute
Site ID | Latitude °N) | Longitude W) |  (mg/im?/yr) (mg/m?/yr) Error * Error
TX04 29.3022 -103.1772 36.89 243.69 5.61 5.81
TX38 31.5606 -94.8608 100.9 301.72 1.99 1.99
TX53 28.8453 -96.9203 621.56 449.73 -0.28 0.28
VA13 37.3314 -80.5575 10.42 80.47 8.72 6.72
VT01 42.8761 -73.1633 27.84 65.27 1.34 1.34
WA14 47.8600 -123.9319 121.52 64.75 -0.47 0.47
WI36 46.0528 -89.6531 23.57 46.97 0.99 0.99
WV18 39.0897 -79.6622 19.91 45.71 1.30 1.30
WY02 42.7339 -108.8500 30.66 12.3 -0.60 0.80
Average Error 0.82
Average Absolute Error 1.09

* The interpolation error is calculated using {(finterpolated] - [measured]) / [measured}}
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ion stations

Dry Interpolation Error

Cross-vali

-700 to -400
-400 to -200

-200 to -100
-100 to -50

-50 to -20

-20 to -10
-10 to 10
10 to 20
20 to 50
50 to 90

Points represent stations from the cross validation (Table 5.3) where comparisons were made.

Figure 5.5: Distribution of dry deposition interpolation error.
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interpolation is based. Removing a single dry deposition value from the interpolation
significantly alters the local station density, resulting in a poor match to the measurements

after reinterpolation of the data.

5.4 Exrors with the **C1 Deposition Model

A limited number of meteoric *°C1 deposition measurements exist with which to
compare to the new *°Cl model developed by Phillips (1999). The *¢C1 deposition model
was compared to the measured values in Table 3.1, and to some additional measurements
by Hainsworth (1994), with the exception of the Black Hills, South Dakota sample which
presented problems in Hainsworth’s study. Table 5.4 and Figure 5.6 illustrate the
performance of the model. The model fits the measured data moderately well, with an
average absolute error of 27 percent. The model does not seem to preferentially over- or
underestimate the *°Cl deposition across the United States, as indicated by Figure 5.6. The

value of the S, (4,)/ D,4(4,) ratio in Equation 4.6 is not well constrained and Phillips

(1999) proposed a value of 1.11 x 10~ yr mm™', but has indicated that this value could be
modified as a fitting parameter (Phillips, personal communication, 2000). A simple
analysis was performed to determine whether modification of the .§ » (A,)/ Dy (4,)term
improved the performance of the *Cl model. The stations from Table 3.1 considered the
most reliable by Phillips (1999) were Hanford, Lafayette, Elms, and Socorro. Using these

four stations, the value of the S, (4,)/ Dy4(4, ) ratio was varied from 5 x 10*to 1.5 x 107

yrmm’', and the resulting *°Cl deposition at each station calculated. Minimization of the
sum of squared residuals using these four stations yielded a value 0 9.6 x 10 yr mm™ as

providing the best fit to the measured data. This indicates that a slight decrease in the
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Table 5.4: Calculated errors for the *°CI deposition model

Measured *C! Model-Predicted B
Deposition *Cl Deposition | Deposition | Absolute
Site ID Latitude (°N) |Longitude (°W) (atoms/mzls) (atoms/mz/s) Model Error Error
Elms, MD 38.42 -78.37 59 83.13 0.07 0.07
Lewes, DE 3875 -75.13 47 64.11 0.36 0.36
Harpers Ferry, WV 39.33 -77.92 42 55.81 0.33 0.33
State College, PA 40.68 -77.92 82 56.99 -0.31 0.31
Victor, NY 42.97 -77.47 64 45.68 -0.29 0.29
Laingsburg, Ml 42.92 -34.25 83 43.86 -0.30 0.30
Lafayette, IN 40.45 -87.01 68 53.08 -0.22 0.22
Socorro, NM 34.29 -106.92 18 20 0.1 0.1
Hanford, WA 46.58 -119.38 19 11 -0.42 0.42
Average Error -0.07
Average Absolute Error 0.27
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Figure 5.6:

Modeled versus measured atmospheric **Cl deposition.
Measured values are from Table 5.4,

12z



S, (4,)/ Dy (4,) ratio is warranted. Decreasing the S ,(4,)/ Ds;(4,) ratio will have the

effect of lowering the *°Cl deposition in areas of high precipitation while increasing the

*®C] deposition in arid regions.

5.5 Errors in the **ClC] Ratio Distribution

The **CY/Cl ratio distribution map presented in Figure 4.23 includes measured
values of the ratio across the country from numerous sources, summarized in Table 5.5.
The model’s performance was evaluated by calculating the percent difference between the
model-predicted values and the measured values using Equation 5.1, as presented in Table
5.5. Positive values of this difference indicate model overprediction while negative values
indicate underprediction. The distribution of error in the ®CV/Cl ratio model is presented
in Figure 5.7. Since the “monthly” wet deposition model provided better fit to the
measured wet deposition data, only the **Cl/Cl ratio model based on the “monthly” wet
deposition model was evaluated. The new *®CI/Cl ratio model significantly overestimates
the ratio over most of the eastern United States, and significantly underestimates the ratio
in the northwest. The new model performs well in the northern midwest states, and
moderately well in the south-central U.S. The average absolute error for the *8C1/Cl ratio
model was 89 percent. The “monthly” wet deposition model provided excellent fit to the
measured data over most of the eastern United States and the *°Cl deposition model fit the
measured data moderately well, so this magnitude of error in the *°C1/Cl model was not
anticipated.

Overprediction of the **CI/Cl ratio is caused either by an overestimation of the Cl

deposition, or an underestimation of the stable chloride flux. An analysis of the 3¢
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Measured Chlorine-36 Ratios
» Location estimated
= Location known

Percent Error

I -100 to -50

B -50 to -25
25 to =10

[_|-10to 10
10 to 25
25 to 50
I 50 to 100
I 100 to 200

B > 200

Figure 5.7: Distribution of errors in the 36CVKCI ratio model.

Error is interpolated between measurement stations from Table 5.5,
The high errar interpolated for the northeast U.S. is based on very few
measurement points, as discussed in the text.
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deposition model error indicated that a decrease in the S, (4,)/ Dy (4,) ratio was justified.

This would lower the effective *°Cl deposition over the eastern U.S. where the
precipitation is generally high, and improve the **CIl/Cl ratio prediction. While the
“monthly” wet deposition model fit the measured data rather well throughout most of the
eastern United States, the bias of the model was toward underprediction of the wet
deposition. This underprediction of wet deposition would cause overprediction of the
3Cl/Cl ratio. The dry deposition component is likely a major source of the current error in
the *°CI/Cl ratio model. The dry deposition was interpolated over the United States, using
approximately 90 measurement stations. The dry interpolation error discussed previously
shows that this interpolation can present large errors when even a single station is removed
from the dataset. A method to allow smoother interpolation of the dry deposition data is
needed, and is discussed later in Chapter 6. This new interpolation method should
incorporate some form of dry deposition / distance from the coast relationship, as the map
of dry deposition shown in Figure 4.19 suggests that such a relationship may exist.
Constraining the interpolation to honor known relationships would help to smooth the
interpolation and would allow better estimation of values even if a station is removed from
the dataset.

In an effort to compare the new *°CI/Cl ratio model more directly with those of
previous investigators, an approach more similar to these previous models was analyzed.
The Hainsworth (1994) model did not incorporate dry deposition, and used a theoretical
model of *°Cl deposition in combination with the measured stable chloride deposition from
the NADP. The Bentley et al. (1986a) model used the same approach, but the wet

deposition was calculated using only a single year of measurements, and was multiplied by
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130 percent to account for dry deposition. To compare the new *°C1/Cl ratio model to the
Hainsworth (1994) model, the **C1 deposition model was divided by the annual average
wet chloride deposition measured at all NADP/NTN stations. The dry deposition was not
incorporated. To compare the new *C1/Cl ratio model to the Bentley et al. (1986a) model,
the NADP/NTN wet deposition measurements were multiplied by 130 percent prior to
division into the *°Cl deposition model. The distribution of the *°CI/Cl ratio using these
two approaches is shown in Figure 5.8. The output using the Hainsworth and Bentley et al.
approaches (Figure 5.8) is generally similar to that using the new **C1/Cl model (Figure
4.23), with the notable exception along the west coast. The percent difference between the
Hainsworth approach and the Bentley et al. approach models and measured 8CY/C1 ratios
across the country was calculated using Equation 5.1; a map of the percent difference 1s
shown in Figure 5.9. These two modeling approaches have similar error distributions, with
significant overprediction in the eastern United States, and significant underprediction in
the west. Table 5.5 compares the calculated errors using all three models of the el
ratio distribution. The new *°Cl/Cl ratio model developed in this study seems to provide

the best overall fit to the measured data, particularly along the west coast.

5.6 Additional Error Assessment Comments

There are numerous factors that influence the various errors that have been
discussed in the preceding sections. These factors include the reliability of the
measurements used for comparison, the number of available measurements, and the

method used to map these errors.
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A) Chlorine-36 Ratio distribution using the Hainsworth approach (no dry deposition)

Measured Chlorine-36 Ratios
s Location estimated
s Location known

36CIJ Cl Ratio (x 10'%)
g 0 - 100

100 - 250

| 250 - 500

500 - 750

750 - 1000

1000 - 1250

[ 1250 - 1500

B > 1500

Figure 5.8: Distribution of 36 CI/Cl ratios using the Hainsworth and Bentley modeling ap proaches.
Measured 3BCI/Cl ratios are provided in Table 5.5.
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A) Error distribution using the Hainsworth approach

Measured Chlorine-36 Ratios
s Location estimated
» Location known

Interpolated Error
I -100 to -50
I 60to 25

] 25 to 10

| -10 to 10

110 to 26

| 26 to 50
[ 50 to 100
B 100 to 200

B > 200

Figure 5.9: Distribution of error for the Hainsworth approach (a) and Bentley
approach (b) 36 CI/Cl ratio models (compare with Figure5.7).
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5.6.1 Reliability of measured values

The error assessments for the new *°Cl/Cl ratio model, and its components, were
performed by comparing the model outputs with measured data at points throughout the
country. The amount of error is thus dependant upon the quality of the measured data used
for comparison. In the case of the wet deposition model error assessment, the measured
values were average wet deposition at each NADP/NTN station, and were based on
numerous years of available data. The use of average values over many years should have
reduced the effect of temporal anomalies, and provided reliable measurements for
comparison. The “monthly” wet deposition model provided good fit to the measured
NADP/NTN data (Figure 5.1). It is possible that the regions of very localized high errors
are due to the presence of less reliable measured data at those stations.

Many of the *°Cl deposition measurements used for comparison with the new 3l
deposition model proposed by Phillips (1999) were based on a single year of measurement,
or on an individual sampling event (Hainsworth and Knies results from Table 3.1). The
reliability of these measured data to represent the long-term average el deposition
calculated by the model is questionable due to the short duration of measurements. Had a
measurement been taken during a year of anomalous *°Cl deposition, the model error could
be compounded over the true error. The *°Cl deposition model fit the measured data
presented in Figure 5.6 only moderately well but, if comparison could be made with more
long-term measurements (such as at Hanford and Socorro), could possibly be performing
better than Figure 5.6 would suggest.

Similar to the **Cl deposition measurements, the measurements of the **Cl/C] ratio

(Table 5.5) across the United States have varying reliability. Some of the measurements
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(such as those by Hainsworth (1994)) are based on a single year of data. Most of the
measurements used for comparison are from Moysey (1999), who measured the ratio in
shallow groundwater. This method of measurement should provide somewhat of an
average meteoric ratio, over many years of recharge. The method is subject to error when
stable chloride or **Cl is introduced to groundwater from non-meteoric sources. Only the
data deemed the most reliable by Moysey (1999) were included in Table 5.5, but some of
those data contain substantial uncertainty. The suitability of each of these measurements
for comparison with the CYCI ratio model needs to be further assessed, and lower model

error may exist after the removal of less reliable measurements.

5.6.2 Number of available measurements

The number of measurements available for comparison with the modeling fesults is
important, and more confidence can be placed on the results of an error assessment that
incorporates a larger number of measurements. Relatively few data exist on meteoric 6l
deposition with which to compare the new 6C1 deposition model presented in this study.
More data on meteoric *°Cl deposition, particularly over several year intervals, is needed to
more adequately assess the performance of the el deposition model. While more data are
available on the *°Cl/Cl ratio throughout the country, additional measurements would
provide greater confidence in the modeling results, or reveal additional shortcomings of the

model. The model can best be improved by the collection of additional data.
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5.6.3 Error mapping discussion

An important consideration when evaluating the errors presented in the preceding
sections is the method used to display the errors. The error assessments compared the
model components to measured data at particular points across the country. The amount of
error was only known at these points but, in order to determine trends in the error
distribution, the error values were interpolated across the United States. The interpolation
process allows the visualization of regions with under- or overprediction, but can
exaggerate the extent of these regions. For example, Figures 5.7 and 5.9 illustrate the
distribution of model errors for different versions of the *°Cl/Cl model. In each case, large
errors exist over the entire eastern United States, particularly near the coast. However, the
large error (> 200%) shown along the entire east coast is based only on two points where
an actual comparison was made. There is no data to support whether the error in the far
northeastern states is actually this large. Similarly, the interpolation of errors in the
northwest (Oregon and Washington) is based on only three comparison points, and there
are no data to support whether the high errors extending into northern Nevada and eastern
Utah are actually as high as the map suggests. A similar situation exists in Figures 5.4 and
5.5, where there are relatively few points in certain areas of the country on which to base
the interpolation. The distribution of errors shown for the wet deposition model (Figure
5.1) 1s interpolated from a much larger number of comparison points than the other error
maps, giving a more reliable estimate of the error distribution. The error values calculated
at each comparison point are provided in tables in the preceding sections, and represent the

true measure of error in the **Cl/Cl model and its components. The error distribution maps
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only provide a general idea of the spatial variability of errors across the country, and the

limitations of the interpolation process should be kept in mind when viewing them.

5.6.4 Summary of error analyses

The **CV/CI ratio model presented in this study is composed of three basic
components, the wet deposition model, the dry deposition distribution, and the ]
deposition model. Each of these components has associated error, leading to error in the
3C1/Cl ratio model. The calculated error for each component, and for the full model, were
presented in tables earlier in this chapter.

Two types of error were measured to assess the performance of the model and its
components. The first type of error calculation involved the simple comparison of the
model-predicted values with the actual measured values at numerous points across the
country. The second type of measured error was an interpolation error, which was
calculated using a cross-validation technique. The interpolation error was a measure of the
dependence of the model on individual measurement points. The importance of individual
measurements was assessed by removing points from the interpolation field prior to
interpolation. The interpolated value at the location of the missing station was compared
with the actual measurement at the station. Large errors following individual station
removal indicate that the model is heavily dependent upon individual measurement points,
while low errors indicate little dependence. The wet deposition model had a low
interpolation error of 20 percent, indicating that it remains robust even when data are
removed from consideration. In contrast, the dry deposition component had large

interpolation error (109 percent) when individual stations were removed, indicating a
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strong dependence on individual measurements. In this case, the dry deposition
component benefits from the inclusion of as many stations as possible in the analysis.

The average absolute error of the wet deposition model was 10 percent, indicating
the ability to accurately predict wet deposition using a linear relationship between chloride
deposition and rainfall. The average absolute error of the *C1 deposition model, proposed
by Phillips (1999) was 27 percent. The average absolute error in the 3®C1/C1 ratio model
was 89 percent. This amount of error was unexpected given the excellent predictions from
the wet deposition model and the moderately good predictions from the “°Cl deposition
model. The dry deposition may be one source of the current high amount of error.
Another problem is that several of the measured *°CI/C] ratio values used for comparison
(Table 5.5) may be unreliable, and should be further assessed regarding the appropriateness
of their use. Despite the large average error in the *°Cl/Cl ratios, the model performs quite
well within much of the Midwest, particularly to the north. The high average error is due
in large part to the systematic overprediction of values over the eastern United States, and
systematic underprediction in the Pacific Northwest. The geographic distribution of errors
indicates that the distance from the coasts may be an important consideration to include in
the model. The model exhibits the poorest performance near the coasts, and good
performance further inland. The incorporation of certain coastal relationships may

improve the performance of the model, and are discussed in Chapter 6.
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CHAPTER 6 - MODEL DISCUSSION AND FUTURE IMPROVEMENTS
After assessing the errors involved with each component of the 30C1/C1 ratio model,
some components were found to work quite well and some did not match measured values
as well as anticipated. The new wet chloride deposition model (particularly the “monthly”
version) was found to match the measured data quite well across the majority of the
country, although it was slightly biased toward underprediction. The *8C1 deposition

model fit the measured data moderately well, but there was justification for a decrease in

the §,(4,)/ D,5(4,) ratio. The overall °C1/C1 ratio distribution was overpredicted in the

eastern United States, and underpredicted in the west. Methods to improve cach of the

*8C1/C] model components are discussed below.

6.1 Future Improvements to the Wet Chloride Deposition Model

In general, the wet chloride deposition model constructed as part of this study
provided good fit to the measured data from the NADP/NTN stations. The model was
based on a linear regression between chloride deposition and precipitation, identified using
the NADP/NTN data. The slope of this linear regression was found to change across the
country, with high slopes found near the coasts and shallow slopes in the continental
interior. A mathematical relationship between the chloride deposition / precipitation
regression slope and the distance from the coast was not incorporated, and the change in
slopes across the country was simply interpolated from the measured values. This
represents an area of potential model improvement. One of the original goals of this study
was to construct a mathematical model that was parameter based. The model in its current

form is not technically a fully mathematical model, since it incorporates two major
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interpolations. These interpolations are of the chloride deposition / precipitation regression
slopes across the United States and the dry deposition distribution across the country. To
construct a complete mathematical model requires that these two interpolations be replaced
with functional relationships.

The wet chloride deposition model can be converted to a fully mathematical model
by replacing the interpolation of the chloride deposition / precipitation regression slopes
with a functional relationship between the two. Analysis of Figures 4.8, 4.9, and 4.10
indicates that a simple relationship may exist, as the regression slope seems to change
smoothly from high values along the coasts to low values in the continental interior. To
identify whether a simple relationship existed between the regression slope and the
distance from the coast, the value of the regression slope at each NADP/NTN station in
Figure 4.8 (from the “annual” model) was plotted against the shortest straight-line distance
of that station from the coast, as presented in Figure 6.1. The regression slope decreases
rapidly up to approximately 300 kilometers inland, and then decreases very slowly with
increasing distance. The data in Figure 6.1 are fit using a power-law relationship, although
other relationships, such as a log-normal distribution, should be explored. Figure 6.1
provides strong evidence that a simple relationship between the regression slope and inland
distance exists, and could be incorporated into the wet chloride deposition model. Thus, a
complete mathematical model describing wet chloride deposition could be constructed. A
major difficulty in incorporating the wet deposition / distance relationship arises from the
fact that the regression slope changes throughout the year, as determined using the
“monthly” wet deposition approach (Figures 4.9 and 4.10). The change in regression

slopes 1s likely a function of large-scale weather patterns over the course of a year. A
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separate regression slope / distance from the coast relationship could be calculated for each
individual month. However, an approach more in keeping with a parameter-based model
would require a functional relationship describing the cyclic change in regression slopes
throughout the year to be developed. Such a relationship has not yet been pursued.

Both the “annual” and “monthly” wet deposition models were biased toward
underprediction of the wet chloride deposition. One possible explanation for this
underprediction arises from ceiling values in chloride deposition at very high precipitation,
discussed in section 4.2.2. A linear regression fit through data that includes relatively
constant chloride deposition at high precipitation amounts will have a slightly lower slope
than a linear regression fit through data without such ceiling values. Over most of the
country, average monthly precipitation does not approach amounts that lead to ceiling
values in chloride deposition. Since the PRISM model output is a long-term average of
precipitation, the PRISM precipitation used in the model will not produce a ceiling value in
chloride deposition over most of the country. In order to reduce the overall
underprediction of the wet chloride deposition model, the ceiling data represented by the
highest precipitation values (greatest one to five percent) could be removed for most
stations prior to fitting a linear regression through the data. This would tend to slightly
increase the chloride deposition / precipitation regression slopes over most of the country,
which would lead to greater chloride deposition and improve the fit with the measured
deposition.

The wet chloride deposition model overpredicts the chloride flux in the Pacific
Northwest. In this case, the ceiling value in chloride deposition at high precipitation

amounts is more important. Within the Pacific Northwest, even average monthly
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precipitation may be sufficient to remove nearly all available chloride from the local
atmosphere, and attain a ceiling value in chloride deposition. Applying a linear regression
to the data from stations in the Pacific Northwest can lead to chloride deposition values
greater than the ceiling value by extending the linear relationship farther than warranted.
This may lead to overprediction of the wet chloride deposition. In order to improve the
model in the Pacific Northwest region, a separate regression should be explored that places
a ceiling value on chloride deposition. A regression with the form of the spherical
variogram would be one possibility. The spherical variogram increases linearly until

reaching a sill value, after which it remains constant.

6.2 Future Improvements to the Dry Deposition Component

The *Cl/CI ratio model constructed in this study is the first to incorporate
measured dry deposition from across the country. Dry deposition was measured at all
stations within the NADP/N'TN prior to 1984, and continued at several stations until 1998.
Although there is controversy over the collection technique used at the NADP/NTN
stations, these data represent the only dry deposition measurements available from a large
number of stations across the entire country. The current 8CV/C1 ratio model uses an
interpolation of the NADP/NTN dry deposition measurements across the country. This
interpolation is combined with the wet deposition model to calculate the total stable
chloride deposition, which is then divided into the Cl deposition model output to produce
the *°Cl/Cl ratio distribution across the United States. As mentioned in the previous
section, a true mathematical model requires that the dry deposition interpolation be

replaced by a functional description of the dry deposition distribution. Examination of

139



Figure 4.19 suggests that, like wet deposition, dry deposition is related to the distance from
the coast. The region surrounding the Great Salt Lake, Utah is a local exception. The dry
deposition values from each station in Figure 4.19 were plotted against the shortest
straight-line distance of the station from the coast to determine whether a simple
relationship existed, as presented in Figure‘ 6.2. As with the chloride deposition /
precipitation regression slopes, dry deposition decreases rapidly with increasing distance
from the coast. Dry deposition reaches an approximately constant value beyond about 300
kilometers from the coast. Three stations are distinct outliers, one in Illinois, one in
Indiana, and one near the Great Salt Lake, Utah. The Utah outlier was expected, and is
likely due to local atmospheric entrainment of evaporite deposits. The Illinois and Indiana
stations are near the Great Lakes region, and may be affected by significant use of road salt
during the winter months. Figure 6.3 presents the same data without three outlier stations.
The data in Figures 6.2 and 6.3 were fit with a power-law relationship although other
functional forms should be explored, such as a log-normal distribution. This analysis
supports the use of a functional relationship between dry deposition and the distance from
the coast. Local anomalies, such as near the Great Salt Lake, Utah, would not be

represented by such a relationship.

6.3 Future Improvements to the 8¢l Deposition Model

The *CU/Cl ratio model incorporated the recently proposed **Cl model by Phillips
(1999). This model is already in a purely mathematical form, and is dependent on both
precipitation and latitude. The *8C1 deposition model output matched the measured data

moderately well, although there were relatively few measurements with which to compare.
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The main variable which can be adjusted in the **C1 deposition model, to improve the fit

with measured data, is the value of the S,(4,)/ D,5(4,) ratio. This ratio is determined in

part using the linear relationship between *°Cl deposition and precipitation, illustrated in

Figure 3.9. The slope of this relationship is not well constrained. An analysis was

performed to determine the value of the §,(4,)/ D;(4,) ratio that provided the best fit to

the *°Cl deposition values at four of the most reliable measurement stations. This analysis
supported a slight decrease in this ratio, from 1.11 x 10 (suggested by Phillips (1999)) to

9.6x 10™* yrmm™. Decreasing the § »(4,)/ Dy(4,) ratio will decrease the *8C1 deposition

in regions of high precipitation, such as the eastern United States, and increase the *°Cl
deposition in arid regions. This would improve the ®CI/Cl ratio model by creating better

fit to the measured ratios in the eastern United States. Further changes in the

S,(4,)/ D;s(4,) ratio could be justified if additional measurements of meteoric *C1

deposition are incorporated.

6.4 Future Improvements to the Overall Modeling Approach

The **CI/CI ratio model was constructed from three main components, the wet
deposition model, the dry deposition distribution, and the **C1 deposition model.
Improvements to the **CI/Cl ratio model can be made by incorporating the suggested
changes from the preceding sections. The *°Cl/Cl ratio model is currently based on both
mathematical relationships and on interpolations of values. A major goal of this study was
to produce a mathematical model of the spatial distribution of *8CV/Cl ratios across the
country that was based on simple climatic and geographic parameters. The current model

is not a fully mathematical model because it relies on two interpolations, one of the
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chloride deposition / precipitation regression slopes and one of the dry deposition
distribution across the country. A complete mathematical model of the spatial C1/CI ratio
variability can be completed by incorporating the distance from the coast relationships
discussed in the preceding sections. These relationships will remove the interpolations
from the model, and allow the *°*CI/Cl ratio model to be purely parameter based. The
parameters required for calculation of the *°Cl/Cl ratio anywhere in the United States
would be the distance from the coast (or simple a station’s location), the amount of
precipitation, and the latitude. The distance from the coast and the precipitation would be
used to calculate the wet chloride deposition, while the dry deposition would be calculated
knowing only the distance to the coast. The *8C1 deposition would be calculated knowing
the amount of precipitation and the latitude. The advantage of a model that does not rely
on interpolations arises from the ability to modify the functional relationships between the
various parameters to arrive at the best possible fit to the measured data. The model would
also not suffer from interpolation errors, introduced as a consequence of limited data
points. There are some current difficulties involved with incorporating the distance from
the coast relationships, such as determining the cause and functional form of the chloride
deposition / precipitation regression slope changes during the year. Additional work needs
to be done to describe these changes. The dry deposition / distance from the coast
relationship could be added to the model more easily, but additional work to accurately
describe the relationship should be performed, and the data should again be carefully
screened.

Once each component has been modified as discussed, the *°CI/ClI ratio model

could be recalculated by allowing each functional relationship to be modified until the best
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fit with the measured data is found. For instance, the functional relationship between the
chloride deposition / precipitation regression slope and the distance from the coast could be
varied to provide the best fit to the measured wet deposition values at each NADP/NTN
station. Simultaneously, the dry deposition / distance from the coast relationship and the

value of the §,(4,)/ Dys(4,) ratio from the *%C1 deposition model could be varied to

produce the best fit to the measured 38C1/Cl ratios across the country. The functional
relationships could be modified as new data becomes available, and the model easily
recalculated. Additionally, new parameters could later be incorporated into the model, as

new relationships are discovered.
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CHAPTER 7 - CONCLUSIONS

Chlorine-36 applications in the hydrogeologic sciences have grown rapidly since
the application of accelerator mass spectrometry (AMS) to ®Cl measurement. Most of
these applications listed by Fabryka-Martin (1987) require that the initial ®°CI/Cl ratio is
known but, to date, there have been few studies to determine both the temporal and spatial
atmospheric input function for *6C1. The main purpose of this study was to construct a
mathematical model describing the spatial distribution of atmospheric *°CI/Cl ratios across
the United States. This study incorporated a new approach to the modeling of the spatial
distribution of **Cl/Cl ratios, involving the use of a parameter-based model such that the -
*8C1/Cl ratio could be calculated at any point in the country using simple climatic and
geographic parameters. The *°Cl/Cl ratio model incorporated three major components, a
wet chloride deposition model, the dry deposition distribution, and a 3®C1 deposition model
proposed by Phillips (1999).

The stable chloride distribution was determined using a new model of the wet
deposition component, and using measurements of dry deposition at numerous stations
across the country. The wet deposition model incorporated a linear regression between
chloride deposition and precipitation, where the slope of the regression changed with
varying distance from the coast. The regression slope was highest near the coasts and
decreased with increasing distance from the coast, due to the reduction in atmospheric
chloride concentrations further from the coast. An analysis of the long-term average
chloride / precipitation relationship revealed a strong linear relationship at low to
moderately high precipitation amounts, and that a ceiling value for chloride deposition was

reached at extreme values of precipitation. The presence of ceiling values in chloride

146



deposition was most important in the Pacific Northwest, where a modification to the
simple linear regression may be necessary. The model constructed in this study used an
interpolation of the chloride deposition / precipitation regression slopes, rather than
incorporating a functional relationship to describe the change in these slopes across the
country. The dry deposition distribution was interpolated from numerous NADP/NTN
measurement stations. The *°Cl deposition was calculated using a model proposed by
Phillips (1999) where **Cl deposition was dependent on both the latitude and on
precipitation.

The *°C1/Cl ratio model overpredicted the ratio throughout the eastern United States
and underpredicted the value in the Pacific Northwest. An assessment of the errors in each
of the model components was undertaken to determine where the model could be
improved. The new wet chloride deposition model was in good agreement (10 percent)
with measured values from the NADP/NTN over most of the country, but was biased
toward slight underprediction. This underprediction was attributed to the presence of the
ceiling values in chloride deposition at extreme precipitation values. A linear regression fit
through such data has a reduced slope compared with a linear regression through data
without such ceiling values. Removing the data representing the ceiling values may
improve the model fit over much of the country by slightly increasing the chloride
deposition / precipitation regression slopes and increasing the wet deposition component.
The wet deposition model could also be improved by incorporating a functional
relationship with the distance from the coast, rather than using the current interpolation.
The chloride deposition / precipitation regression slopes were found to exhibit a power-law

decline in value with increasing distance from the coast. A similar power-law decline in
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dry deposition was found with increasing inland distance, and the incorporation of such a
relationship was suggested as a method to improve the dry deposition distribution. The
38C1 deposition model fit the limited measurements moderately well, but an analysis of the

S ,(4,)/ D5 (Z,) ratio indicated that it should be decreased from the suggested 1.11 x 107

t0 9.6 x 107 yr mm™.

While the current form of the **Cl/Cl ratio model has met most of the original goals
of this study, it has not been fully developed into a complete mathematical model. The
current model is dependant upon two major interpolations, one of the chloride deposition /
precipitation regression slopes and one of the dry deposition distribution across the
country. In order to construct a complete mathematical model of ®C1/Cl ratios, these
interpolations should be replaced with functional relationships. Both the chloride
deposition / precipitation regression slopes and the dry deposition are related to the
distance from the coast, and a power-law relationship (or similar) was suggested to
describe their distributions across the country. Incorporation of these distance from the
coast relationships will produce a completely mathematical model of **CY/Cl ratios over
the United States. The functional relationships can then be modified, independently or
simultaneously, to provide the best fit to the measured data.

The pursuit of models to describe the spatial and temporal variability of *CI/Cl
ratios over the United States (and the world) can only be continually enhanced by the
collection of more data. This study has provided evidence of particular relationships
between climatic variables (such as precipitation) and chloride and **Cl deposition based
on a large number of measurements by the NADP/NTN. New data regarding the

relationship between *°Cl deposition and precipitation allowed for an improved model of
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?®C1 deposition to be developed. There are still a number of relationships that are presently
unclear, and warrant additional study. Among these are the cause and functional form of
the variability in chloride deposition / precipitation regression slopes at different times of
the year, the most suitable relationship between *%C1 deposition and precipitation, and
additional climatic or geographic controls on stable chloride deposition. An updated,
nationwide study of the dry deposition component using currently accepted techniques
could provide more reliable measurements than the NADP/NTN measurements
incorporated in this study, and would greatly advance the study of atmospheric chloride
deposition. Finally, additional measurements of meteoric *°Cl deposition and meteoric
*®CY/Cl ratios throughout the country are needed to improve the understanding of the
spatial distribution of *°Cl over the United States. Of particular use would be new studies
on the change in *Cl/Cl ratios (or *°Cl deposition) with increasing distance from coastal
areas, and additional studies on the relationship between **Cl deposition and precipitation

at several locations across the country.
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