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ABSTRACT

The U.S. Environmental Protection Agency is currently using the
dynamic watershed acidification codes MAGIC, ILWAS, and ETD to assess the
potential future impact of acidic deposition on surface water quality by
simulating watershed acid neutralization processes. The reliability of
forecasts made with these codes is of considerable concern. The present
study evaluates the process formulations (i.e., conceptual and numerical
representation of atmospheric, hydrologic, geochemical and biogeochemical
processes), compares their approaches to calculating acid neutralizing
capacity (ANC), and estimates the relative effects (sensitivity) of
perturbations in the input data on selected output variables for each
code. Input data were drawn from three Adirondack (upstate New York)
watersheds: Panther Lake, Clear Pond, and Woods Lake. Code calibration
was performed by the developers of the codes.  Conclusions focus on
summarizing the adequacy of process formulations, differences in ANC
simulation among codes and recommendations for further research to
increase forecast reliability.






SUMMARY

The need to assess the impact of acidic deposition on surface water
quality has led to the development of dynamic codes that simulate
watershed acidification processes. The U.S. EPA is currently using the
dynamic codes MAGIC (Model of Acidification of Groundwater in Catchments),
ETD (Enhanced Trickle-Down), and ILWAS (Integrated Lake Watershed
Acidification Study). Because public policy decisions may be partially
based on the results of simulations made with these codes, it is vital to
evaluate the reliability of code forecasts by analyzing the underlying
models, studying the behavior and sensitivity of the codes, and field
testing the codes.

An initial step in evaluation of the reliability of these codes is
taken in the present study, which includes: 1) a review and comparison of
features of the codes and the formulations used to simulate hydrologic and
chemical processes occurring in watersheds, 2) a comparison of forecasts
of acid neutralization capacity (ANC) generated by various watershed
processes in response to alternative future deposition scenarios, and 3) a
statistical analysis of the sensitivity of these codes to changes in the
values of selected input variables. Because of the relative abundance of
data available for calibration, three Adirondack watersheds were selected
for this study: Panther Lake, Clear Pond, and Woods Lake. Calibration was
performed by the developers of the individual codes.

The present study permits specific statements relative to the
adequacy and merit of process representations contained in the underlying
models and general conclusions concerning the types of acidification and
recovery studies to which the individual codes may be applicable.

However, the analyses reported here do not allow an explicit assessment of
the forecast reliability of these codes. -

The MAGIC and ILWAS codes contain process-oriented formulations based
on principles of thermodynamic equilibria and kinetics for the following
geochemical and biogeochemical processes: 1) silicate mineral weathering,
2) anion adsorption, 3) cation exchange, 4) aluminum hydroxide dissolution



and speciation, 5) carbonic acid equilibria, and 6) organic acid specia-
tion. The process formulations are much less extensive in the MAGIC code
than the ILWAS code. The additional process detail in the ILWAS code has
the advantages of allowing more measurement data in the calibration pro-
cess and more interpretation of the relative importance of various bio-
geochemical processes. However, the MAGIC code has the advantage of
requiring fewer input data, thereby requiring the estimation of values for
fewer variables, and less time to calibrate. :

The ETD code, in contrast to the MAGIC and ILWAS codes, integrétes
watershed processes by expressing their effects on the ANC mass balance.
This approach is based on the role of ANC as the prime indicator of
surface water acidification. Limitations inherent in this code include
the absence of reactions of important geochemical components (e.g., Al,
N), process detail (e.g., specific base cations), and the choice of
kinetic (rather than equilibrium) expressions for base-cation exchange
reactions. These limitations preclude both the use of available
characterization data in code calibration (thus reducing the confidence in
the calibration) and the interpretation of differences in tﬁe relative
importance of the major acidification processes among watersheds.

Single variable perturbations (+20%) of selected hydrologic variables
of the ILWAS and ETD codes indicated that the numerical formulations in
these codes were consistent with their respective conceptual models and
that the qualitative responses were in accord with expected behavior.
However, these tests do not assess the adequacy of the code's conceptual
representation of the complex processes controlling hydrologic flow paths
within a watershed. , .

The relative ANC contributions from individual processes (in MAGIC
and ILWAS) or aggregated geochemical processes (in ETD) were generally
similar among the codes and indicate that the displacement of base cations
(Ca, Mg, K, and Na) from cation-exchange sites and the supply of base
cations by weathering reactions are the dominant processes buffering
acidic components in the calibrated watersheds compared to S0}
adsorption. There were, however, significant differences among the codes
in the calculated net flux of ANC from the watersheds during the
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calibration years. In the acidic Woods Lake watershed, SO%’ adsorption
provided an ANC flux similar to that of weathering. However, the
weathering flux was considerably lower for this watershed than for the
other two watersheds. The ratio of ANC produced from base-cation exchange
versus that from weathering was found to be a useful means of examining
the consequences of code formulation and visualizing the relative
magnitude and variation of the dominant sources of ANC for watersheds in
different degrees of acidification. The use of a hydrogen exponent in the
weathering reaction formulation (tested only for MAGIC) had little impact
on the flux of ANC from weathering during a 50-year forecast period. This
was a consequence of the small forecasted changes in soil pH (<0.14 pH
units). However, inclusion of the H dependency in the calibration and
simulations is a desirable feature where pH changes of a few tenths are
possible.

Sensitivity analysis with these complex codes is somewhat problematic
due to the absence of information on the dependence structure of input
variables and the absence of a reliable basis for determining the extent
to which input variables can be perturbed without invalidating the "in
calibration" state. Meaningful comparisons among these codes are also
difficult because of major differences in their process formulations.
Using ANC as the primary response variable, it was found for the MAGIC
code that the input variable with the greatest influence on ANC was the
weathering rate (grouped for both soil layers). The weathering rate
explained at least 99% of the variability in lake ANC in the two non-
acidic lakes. The weathering rate was also important for the acidic Woods
Lake, but soil depth, SO;  maximum adsorption capacity, and S03" half-
saturation constant all had a significant effect on output ANC for Woods
Lake. For the ETD code, the set of variables with the greatest influence
on ANC varied significantly between watersheds. These variables included
the hydrolysis rate constant for the lake,(a) hydrolysis fraction rate
constant for the lake,(3) hydrogen ion reference concentration for

(a) Weathering variables.
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lake, (28) snow melt rate, soil porosity, soil depth, and soil sulfate
partition coefficient. With the ILWAS code, 82% to 86% of the ANC
variability was explained by layer thickness, sulfate wet deposition
factor, and annual evaporation adjustment factor.

The MAGIC code is particularly well suited to data-limited applica-
tions on a seasonal or annual time scale. Its temporal discretization of
months to years precludes its application to episodic phenomena. The
minimal computing and calibration requirements of the MAGIC code make it
feasible to perform multiple calibrations and to carry out multiple ‘
simulations to evaluate this source of forecast uncertainty. This code
can also provide valuable information during the planning stage of
watershed manipulation experiments when there is minimal data. The ILWAS
code, because of its emphasis on comprehensive coverage of processes that
contribute to the net alkalinity budget of a watershed, is particularly
suited to data-intensive research studies, such as those of the EPA
Watershed Manipulation Project. This code will also provide a useful
function in the EPA Watershed Manipulation Project by integrating the
various ANC-generating processes in a manner not readily accomplished by
examination of individual field data; application of this code may assist
in the prioritization of further data collection efforts. Of the three
codes studied, the minimal temporal discretization and high level of
process detail makes the ILWAS code the more appropriate code for study of
episodic events. However, the ILWAS code requires a much greater calibra-
tion effort than the more highly temporally and spatially aggregated MAGIC
code. The most appropriate application of the ETD code appears to be to
data-limited regional studies where the dominant sources of ANC are base
exchange, weathering, and sulfate adsorption, i.e., watersheds where Al,
nitrogen, and organic acid reactions do not contribute significant ANC.

Although this'study has identified limitations of the individual
watershed acidification codes in making long-term forecasts, it is
concluded that forecasts made with these codes may be useful in the
development of national policy for limiting the emissions of acidic

(a) Weathering variables.
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deposition precursors. This requires that adequate attention be given to
the inherent limitations of each code and quality of the data used in its
calibration. It is recommended that the forecast reliability of these
codes be evaluated by a series of studies:

1. to test the capability of these codes to predict recovery of
acidified watersheds for which multi-year monitoring is
available - Any lack of match between simulations and observed
data can be resolved by considering uncertainties of the input
data, the adequacy of process formulations, or the appropri-
ateness of process implementation.

2. to test the predictive capability of these codes at intensively
studied watersheds where the acidic deposition is being
manipulated - Alternative hypotheses can be tested for any lack
of match between code simulations and observational data.

To the extent that these three watersheds are representative of
sensitive watersheds in the northeastern United States, it is concluded
that emphasis in future data collection should be placed on the
characterization of base exchange and selectivity coefficients and
collection of data appropriate to calculation of weathering rates.
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GLOSSARY OF SYMBOLS

Al-org dissolved organically complexed aluminum

ANC acid neutralizing capacity

(aq) aqueous species

atm atmosphere

°c degrees Celsius

cal calorie

cm centimeter

eq equivalent

in. inch

g gram

(g) gas, gaseous species

AHy ‘ enthalpy of reaction

ha hectare

J ' Joules

k rate constant
equilibrium constant

kg kilogram

kJ kilojoules

keq kiloequivalents

km kilometers

L liter

m meter

mbar millibar

peq microequivalent

meq milliequivalent

69 microgram

mg milligram

mm millimeter

M moles per liter

mmol millimole

mol mole

mth month
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n.c.

sec
TIC
TOC
u.s.

~~ ™

o

not considered

ideal gas constant

second

total inorganic carbon

total organic carbon

user-supplied data

year

concentration of dissolved species
activity of dissolved species
percent
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1.0 INTRODUCTION

Acidic deposition can adversely affect sensitive watersheds because
of the resulting acidification of soils and surface waters. Acidification
has been defined as a decrease in the acid neutralizing capacity (ANC) of
surface waters and a decrease in the base saturation of soils over time
(NAS 1984). The amount of deposition required to cause acidification may
vary among watersheds because of complex and interrelated meteorological,
hydrological, and biogeochemical processes. The United States Environ-
mental Protection Agency (EPA) is responsible for estimating the number of
watersheds that may become acidic in the future at current and at reduced
acidic deposition levels. Therefore, the EPA is carrying out research to
determine which watershed characteristics are most important in predicting
the impact of acidic deposition on surface water chemistry and biology.

Because of the complexities of acidification processes and the years,
or decades, that may pass before acidification becomes evident, dynamic
codes of watershed acidification processes, applied in conjunction with
extensive field monitoring and research studies, are a promising tool to
simulate future acidic deposition on watersheds. The combination of math-
ematical code simulations and extensive research may allow the conse-
quences from current or reduced acidic deposition levels to be assessed.
Because policy decisions may be partially based on the results of these
code simulations, it is important to evaluate these codes. Assessment of
reliability of forecasts made with these codes will require testing them
on watersheds with multi-year monitoring data.

The present Pacific Northwest Laboratory study is part of a larger
effort to evaluate and apply these codes to investigate watershed acidifi-
cation and recovery. The work reported here represents an evaluation of
three dynamic codes of watershed response to acidic deposition: MAGIC
(Model of Acidification of Groundwater In Catchments), ETD (Enhanced
Trickle-Down), and ILWAS (Integrated Lake-Watershed Acidification Study).
Although other codes of watershed acidification have been developed (e.g.,
Christophersen, Seip, and Wright 1982; Booty and Kramer 1984), this study
is restricted to the three codes identified above, which are now being
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used by the EPA as part of their Direct-Delayed Response (DDRP) and Water-
shed Manipulation (WMP) projects.

Satisfactory calibration of watershed codes is essehtia] for making
reliable forecasts. The watershed codes used in this study were
previously calibrated by their developers for three intensively studied
watersheds located in the Adirondacks (Panther Lake, Woods Lake, and C]ear
Pond). Earlier investigations of these watersheds, which provided the
data used to calibrate these codes, were funded by the Electric Power
Research Institute (Goldstein et al. 1985) .

The code evaluation reported here consists of

* an in-depth review and comparison of the formulations used in
the codes to represent important physical and chemical processes
occurring in watersheds

* a comparison of code predictions resulting from changes in
selected variables that affect various hydrological and geochem-
ical processes

* a statistical analysis of the sensitivity of the output of
the codes to perturbations in the values of important input
parameters.

This report provides a basic reference for the three codes. It includes
an initial understanding of the underlying process models, evidence of the
need for extensive field data for calibration, an initial indication of
the respective predictive capabilities and limitations, and discussions of
the relative importance of various processes and variables that affect
acidification forecasts for selected watersheds. Although each of.these
activities provides information valuable in evaluating these codes, it is
beyond the scope of this report to validate(a) the three codes under study
or to draw conclusions concerning their forecast reliability. Testing of
the predictive capability of these codes for a variety of watersheds for

(a) Model validation, in its broadest sense, refers to those steps taken
to develop adequate confidence in the predictive capability of the
model in question and its accompanying code.
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which multi-year data is available will be necessary to assess the reli-
ability of their acidification and recovery forecasts. Nevertheless, the
information presented here provides an initial framework for evaluat-ing
the application of the codes to EPA monitoring and research studies of
specific watersheds and for risk assessment.

The scale of this study and its potential importance to other EPA-
funded studies has made it desirable to present the results obtained to
date. There is a real need to interpret further the significance of these
results in the context of the published literature.

The report begins (Section 2.0) with detailed comparisons of the
three codes studied: their differing conceptual models, numerical
methods, and algorithms for simulating atmospheric, hydrologic, geochem-
ical, and biological processes. Section 3.0 investigates the consequences
of differing formulations of ANC generating processes in each of these
codes. The effects of perturbing hydrologic variables (snowmelt, sublima-
tion, evapotranspiration, and subsurface flow) are examined in Sec-
tion 4.0. Finally, a sensitivity analysis (Section 5.0) evaluates the
relative effect of selected input variables on selected output variables
for each code. The general conclusions and recommendations for further
study of watershed acidification codes are found in Section 6.0.
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2.0 COMPARISONS OF PROCESS FORMULATIONS FOR MAGIC, ETD,
AND ILWAS WATERSHED ACIDIFICATION CODES
L. E. Eary, E. A. Jenne, L. W. Vail, and D. C. Girvin

Numerical codes of watershed acidification have been developed to
integrate current understanding of the interrelated meteorological, hydro-
logical, geochemical, and biogeochemical processes that affect acid
neutralization on a watershed scale. The intended use of the codes is to
predict the responses of watersheds to various scenarios of future and
past acid deposition. This section reviews the three dynamic codes listed
in Section 1.0, the MAGIC, ETD, and ILWAS codes, in major discussions of
conceptual models, numerical methods, and atmospheric, hydrologic, geo-
chemical, and biogeochemical processes. Each section includes a code-by-
code comparison of the underlying assumptions, process formulations,
computational methods, and data requirements. The primary authors and
main characteristics of the three codes are listed in Table 2.1. In addi-
tion to the references listed in Table 2.1, Church and Turner (1986) pro-
vide a few descriptions of previous applications of the codes.

2.1 CONCEPTUAL MODELS

The impact of acid deposition on a watershed is affected by
e the amounts of deposition of acid and acid-forming constituents

e residence time and flow routing of the acidified waters in the
watershed (i.e., the hydrologic characteristics)

e the extent to which deposited acids are neutralized by geochemical
and biogeochemical processes (Church and Turner 1986).

Each of the codes reviewed here incorporates these factors and processes
through explicit or implicit formulations (Table 2.2). However, concept-
ualizing the processes operating in complex ecosystems into mathematical
codes is imperfect because of limited understanding of the processes and
of the relationships among those processes. For instance, the effect of a
specific process within a group of related processes may not be thought
important enough to include in a watershed code, but in aggregate the
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TABLE 2.2. Major Processes Incorporated into the Codes (Parentheses
indicate limited treatment of process.)

MAGIC/TOPMODEL ETD/PEN ILWAS
Atmospheric Processes
- Dry deposition X X X
- Wet deposition X X X
Hydrological Processes
- Snow sublimation X X
- Evapotranspiration X X X
- Interception storage (x)  x X
- Snowmelt X X X
- Overland flow X X X
- Soil freezing X X
- Macropore flow X
- Unsaturated subsurface flow X X X
- Saturated subsurface flow X X X
- Stream flow X X
- Lake stratification X
- Lake ice formation X

Geochemical Processes

- Carbonic acid chemistry X X X
- Aluminum chemistry X X
- Organic acid chemistry X X
- Weathering X X X
- Anion retention X X X
- Cation exchange X X X
Biogeochemical Processes
- S02° reduction in lake (x) (b) X X
- Nitrification in soil (x) () X
- Nutrient uptake (x) (b) X
- Canopy interactions (x) (*) X.
- Litter decay (x) (*) X
- Root respiration (x) X

(a) Cosby, B. J. (written review comments, 1988) considers that canopy
interactions and root decay and respiration are implicitly included in
the MAGIC code by use of a dry deposition factor and by designation of
C0, partial pressure in soils and surface waters.

(b) Sulfate reduction, nitrification, and uptake of ions_can be simulated
with the MAGIC code by specifying uptake rates of S0Z° and NH; for
various hydrologic compartments.
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group of processes may be sufficiently important to include in the code.
Thus, lumping or aggregation of acid-neutralizing processes by areal
extent or depth, or across processes, may result from inadequate under-
standing of the processes involved or because the additional accuracy that
might be gained by considering each possible process may not improve the
predictive accuracy of the codes.

Events and processes important to watershed acidification occur over
several orders of magnitude of scale in space and time. For example, soil
depths occur at spatial scales of centimeters to meters, while watersheds
occur at spatial scales of 10s to 100s of square kilometers. Cation
exchange occurs at temporal scales of seconds to hours while significant
changes in weathering rates occur over decades. Two of the central prob-
lems in modeling watershed acidification are 1) to identify procedures for
aggregating or disaggregating data for processes occurring on different
scales and 2) to assess the reliability of forecasts made with models
where the scales of the process represented may not be consistent.

The conceptual limitations of the codes and the aggregation methods
used to parameterize the codes also require that many of the important
variables that are incorporated in the process formulations be derived
empirically through calibration procedures. Calibration is the iterative
process of adjusting the values of code variables to obtain agreement
between the values of code predictions and field data from monitored
watersheds. However, the selection of values for calibrated variables is
not a totally unguided effort. In many cases, values from well-studied
watersheds, such as the three Adirondack watersheds used in this report or
experimental data, are used to guide the calibration procedure and provide
bounds for the calibrated variables.

The codes differ primarily in the aggregation methods and mathemat-
ical formulations used to represent the natural factors and processes
affecting watershed hydrology and chemistry. The specific processes
incorporated in the codes are listed in Table 2.2, and this listing pro-
vides a generalized depiction of the aggregation of processes used in the
codes. However, the formulations used to represent these processes differ
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significantly among the codes. These differences are the primary focus of
discussion in this section.

2.1.1 The MAGIC Code

A two-soil-layer version of the original one-soil-layer MAGIC code
(Cosby, Hornberger, and Galloway 1985; Cosby et al. 1985) was used in this
study. The MAGIC code is a relatively simple, process-based code typic-
ally used to predict average annual watershed response to long-term depos-
ition of acidic precipitation (Table 2.2). This code was not designed to
simulate variations in water chemistry of less than a month in duration.
However, it can approximate seasonal variation in water chemistry through
input of monthly data on deposition chemistry and meteorological condi-
tions. The MAGIC code uses lumped parameters of soil and soil solution
properties and spatially discretized representations of topography to
drive the companion hydrology code TOPMODEL. The TOPMODEL code is run
in conjunction with the MAGIC code to describe watershed hydrologic pro-
perties. In the MAGIC code, both equilibrium and rate-controlled formula-
tions are used to represent geochemical processes. For example,
concentrations of aqueous aluminum and carbonic acid species are
controlled by the solubilities of aluminum hydroxide and CO,(g), respec-
tively, and S02" by adsorption to soil minerals. Rate expfessions are
used to describe the individual rates of base cation resupply and loss
caused by mineral weathering and uptake by vegetation, respectively. Mass
balances for the major cations and anions, and the effects of aqueous
aluminum and organic acid species on the acid neutralizing capacity (ANC)
of surface waters, are incorporated into the code. The primary goal of
the developers of the MAGIC code was to describe surface water chemistry
through well-understood physical and chemical processes that could be
aggregated over an entire watershed. The MAGIC code has been used for
predicting average annual stream chemistry for a small (5.15 km?) forested
catchment, White Oak Run, Virginia, that has little or no overland flow
and an intermittent snowpack (Cosby et al. 1985). It has also been used
to simulate the recovery of a small area of a Norwegian watershed from
which acid deposition was excluded (Wright and Cosby 1987).
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2.1.2 The ETD Code

The ETD code (Nikolaidis 1987), similar to the MAGIC code, is a
lumped-parameter code, but is based entirely on the concept of ANC mass
balance. Hence, various chemical processes in the ETD code (Table 2.2),
such as mineral weathering, anion adsorption and desorption, and cation
exchange, are incorporated into the code as either consuming or producing
ANC (Schnoor and Stumm 1985). Rate expressions are used to describe
mineral weathering, cation exchange, and SOE' reduction reactions, whereas
equilibrium expressions are used to describe carbonic acid chemistry and
S0%" adsorption and desorption. The ETD code specifically emphasizes
rates of mineral weathering and S03~ reduction, but does not explicitly
include any aqueous aluminum, NOs, or organic acid chemistry. Mass
balance calculations for individual ions were not incorporated into the
precursor trickle-down code (Schnoor, Nikolaidis, and Glass 1986) from
which the ETD code was derived (Nikolaidis 1987). The ETD code, however,
contains mass balances for 503', C1°, and ANC. This code was developed as
an intermediate complexity code that could predict seasonal and long-term
changes in the acidity of lakes receiving acid deposition based on a
single master variable, ANC (Schnoor and Stumm 1985; Schnoor, Nikolaidis,
and Glass 1986). The original application of the precursor trickle-down
code was to seepage lakes of the midwestern United States (Schnoor,
Nikolaidis, and Glass 1986). The ETD code has had limited usage, but has
been applied recently to three Adirondack lakes (Nikolaidis 1987).

2.1.3 The ILWAS Code

The ILWAS code is the most process-oriented of the three codes and,
consequently, the most complex of the codes considered in this report.
This code uses both equilibrium and rate-limited expressions that describe
mass balances for 18 chemical constituents to represent the effects of
geochemical and biogeochemical processes on water chemistry (Table 2.2).
Many of the formulations used to represent geochemical processes are
analogous to those used in the MAGIC code, but are more extensive. Mass
balances for the major cations and anions and the effects on water
chemistry of aqueous aluminum and organic acids are also incorporated in
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the code. In contrast to the other two codes, the ILWAS code also
explicitly incorporates the effects of numerous biogeochemical processes
on water chemistry (Table 2.2). The ILWAS code was designed to describe
episodic, seasonal and long-term changes in water chemistry caused by
acidic deposition. Because the controls of watershed chemistry are
extremely complex and involve numerous interrelated hydrologic, geochem-
ical, and biogeochemical processes that can vary in importance on a
seasonal basis, the ILWAS code incorporates detailed descriptions of the
majority of the processes thought to affect water chemistry (Chen et al.
1983; Gherini et al. 1985). Although this approach allows detailed con-
sideration of numerous geochemical and biological processes involved in
affecting water chemistry, it also requires a correspondingly large amount
of data on the watershed, making calibration of the code more difficult.
The primary application of the ILWAS code has been to drainage-type water-
sheds in the Adirondack lake region of New York State (Gherini et al. ‘
1985), and to seepage lakes in Wisconsin (Knauer et al. 1984).

2.2 NUMERICAL METHODS

A11 three codes approach the forecasting of watershed acidification
by solving a transient initial- and boundary-value problem. The initial
conditions for these codes include the chemical compositions of the soil,
exchange complexes, soil solution, and surface waters, and the flow rout-
ing determined by the hydrologic submodels. The boundary conditions
include the meteorological conditions, precipitation amounts, and deposi-
tion chemistry. Predictions of future acidification require that
synthetic data (e.g., a multiyear record of precipitation chemistry) be
generated to represent future boundary conditions.

Many important watershed properties, such as slope, soil depth,
hydraulic conductivity, and canopy cover, vary spatially. The codes
account for spatial variability through discretization of areal and
vertical properties of the watershed. The numerical solution techniques
rely on standard Eulerian integration methods.
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2.2.1 Discretization

Spatial discretization in the MAGIC code consists of two areally
homogeneous subsurface compartments and a surface water compartment. The
TOPMODEL code, which provides the hydrologic data to the MAGIC code,
includes the effects on watershed hydrology of canopy interception and
storage, litter layer storage, and flow through both unsaturated and
saturated subsurface compartments (Hornberger et al. '1985). Areal repre-
sentation of a watershed in the TOPMODEL code requires discretizing the
watershed into numerous compartments to provide a spatial description of
watershed topography, thereby allowing representation of the effects of
variable flow contributions from the saturated subsurface zone compart-
ment. The specification of compartments in the TOPMODEL code, which per-
forms the flow routing for the MAGIC code, actually refers to saturated
and unsaturated zones rather than to differences in soil genesis or chem-
ical composition, as is presumed in the MAGIC code.

Discretization in the ETD code consists of a snowpack compartment, a
Take compartment, and three subsurface compartments that are labeled by
Nikolaidis (1987) as "soil," "unsaturated," and "ground water" compart-
ments. The various compartments serve to control the hydrological and
chemical fluxes in the watershed, where the "ground water" compartment is
simultaneously a hydrologic source and sink for the lake, whereas the
"soil" and "unsaturated" compartments are sources only for the lake. All
three subsurface compartments are actually variably saturated. As with
the MAGIC code, the lake, snow, and subsurface portions of the watershed
are each considered to be areally homogeneous.

In the ILWAS code, vertical discretization includes the canopy, a
snow layer, stream segments, and up to 10 subsurface layers for each sub-
catchment that is specified as part of areal discretization (Chen et al.
1983). The ILWAS code provides for up to 20 subcatchments and associated
stream segments in addition to the lake. The lake can be divided into as
many as 80 stratified layers, including ice and snow layers.
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2.2.2 Solution Techniques

Both the MAGIC and ILWAS codes use standard Eulerian numerical inte-
gration techniques in which the various snow, soil, and lake compartments,
which are specified as part of the spatial discretization scheme, are
treated as continuously stirred batch reactors. The fluxes of chemical
constituents leaving a compartment are calculated from the difference
between the amount entering and the rates of the reactions occurring
within the compartment during each time step. In the ETD code, all time-
dependent processes are formulated as first-order differential equations.
The ETD code solves these equations using a predictor-corrector integra-
tion routine. This routine is not self-starting; a Runge-Kutta algorithm
is used to start calculations at the beginning of each time step.

The TOPMODEL code uses 1-day time steps for calculations of hydro-
logic flow routing in the watershed, but the MAGIC code uses monthly or
yearly time steps in its numerical scheme. Thus, hydrologic data derived
from the TOPMODEL code need to be averaged on a monthly or yearly basis
before they can be used in the MAGIC code. Both the ETD and ILWAS codes
use l-day time steps to calculate hydrologic flow routing and rate-limited
chemical processes. '

2.3 ATMOSPHERIC PROCESSES

2.3.1 Meteorology

Because watershed acidification codes must account for fluxes of
chemical constituents into a watershed, they require data on character-
istic meteorological conditions. The specific meterological data used in
the codes are listed in Table 2.3. Each code requires precipitation quan-
tity and air temperature data. The TOPMODEL, ETD, and ILWAS codes require
daily meteorological data. The MAGIC code uses monthly or yearly average
values derived by TOPMODEL. Precipitation quantity is used to drive the
hydrologic submodels and to calculate the fluxes of chemical constituents
deposited on the watershed. Air, water, and soil temperatures are used to
correct temperature-dependent constants (e.g., evaporation rates,
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TABLE 2.3. Méteorologica] Data Required by the Codes

Meteorological :

Data MAGIC/TOPMODEL ETD/PEN ILWAS
Interval for data Month1ly (*) Daily Daily
measurement yearly
Precipitation m(®) mm (®) ‘ cm(®)
Relative humidity % %
or dewpoint
Min. air temperature - °C °c
Max. air temperature °C °c
Avg. air temperature °c
Mean daylight hours % %(®)

Cloud cover ;fraction) (unitless)

(unitless) ‘¢

Atmospheric pressure mbars
Wind speed mesec™! mesec”!

(a) TOPMODEL runs with a daily time step.
(b) Per averaging-time interval.
(c) Average values per month required.

equilibrium constants, and reaction rate constants) used in the hydro-
logic, geochemical, and biogeochemical submodels. Air temperatures also
are used to establish whether precipitation falls as rain or snow. In
both the ETD and ILWAS codes, precipitation is designated as snow if
temperatures are less than 0°C. Specifically for the ILWAS code, if the
minimum (Tain) and maximum (T,,x) daily temperatures are below and above
0°C, respectively, then the rainfall amount (P.) is calculated from the
following expression:

Pr = P(T..x - OOC)/(Tnax - Tlin) (2’1)
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where P is the total amount of precipitation. The remainder of the
precipitation is assumed to be present as snow (P,):

P. = P - Pr (2.2)

The ETD code also includes a utility code named PEN (Table 2.1).
This code is used to calculate evapotranspiration rateés given pertinent
meteorological data if measured rates are not available.

2.3.2 Deposition Chemistry

In each of the codes, the deposition chemistry is coupled with the
quantity of deposition to determine the fluxes of chemical constituents
into a watershed over the period of a modeling exercise. The fluxes of
chemical constituents deposited as dry deposition need to be specified
separately. The constituents considered as part of deposition chemistry
by each of the models are listed in Table 2.4. Both the MAGIC and ILWAS
codes require data on the major elemental chemistry of the deposition,
whereas the ETD code uses only ANC, sof', and C1°. For the MAGIC code,
monthly or yearly average values of constituent concentrations in wet
deposition are required. The ETD and ILWAS codes use daily or monthly
average values, respectively. The fluxes of chemical constituents depos-
ited in wet deposition can be easily determined from measurements of the
chemical composition of rainfall and snowfall. Dry deposition is less
easily measured, but can be estimated by combining measured airborne con-
centrations and deposition velocities of the S- and N-bearing gases, such
as SO,(g) and NO,(g). Because quantitative data are unavailable for most
watersheds, the dry deposition of a chemical constituent often is approxi-
mated by:

Cai = Di * Cyi (2.3)
where C4;, D;, and C,; are the dry deposition amount, dry deposition
factor, and wet deposition amount for constituent i. Because of measure-

ment difficulties, considerable uncertainty exists for the dry deposition
factors. The MAGIC code requires that the fluxes of various constituents
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TABLE 2.4. Chemical Constituents in Wet and Dry Deposition Considered
by the MAGIC, ETD, and ILWAS Codes

MAGIC ETD ILWAS
Constituent Wt Dy WeE by Wet  Dry
S04 () (x) *)
NOx () (x)
W
Al(total)
ca?*
Mg2*
K
Na*
NH3
S0%”
NO3
c1-
£
PO3"
ANC X X
Toc(e) X
TIc()
HeSi04 X X
Units | /4eqoL’1 meqem™®  megem”3 meqeL™! meqem”

Interval monthly or - daily - - monthly avg. -
yearly avg.

X X X X X X X X X

X X X X X X X X X
X X X X X X X X X X
X > X X X X X X X X X X

> > X X
X >X X X

3

(a) The MAGIC code requires that dry deposition be expressed by means
of a dry deposition factor.
(b) Cosby, B. J. (written communication, 1988) considers that SO,(g) and
NOx(g) are implicitly included by means of the dry deposition factor.
(c) Total organic carbon.
(d) Total inorganic carbon.
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in dry deposition be specified by using dry deposition factors as shown in
Equation 2.3. The ETD and ILWAS codes allow measured rates of dry deposi-
tion to be used, or, alternatively, deposition factors can be entered in
the model input data according to Equation 2.3.

The MAGIC code also requires a period of estimated background data on
wet and dry deposition quantities for the constituents listed in Table 2.4
for the region of study. Typically, Cosby et al. (1985) have used 140
years of background data. This background level of chemical deposition is
used to establish the initial base cation concentrations in soil solution
and on exchange sites in the watershed (Cosby, Hornberger, and Galloway
1985; Cosby et al. 1985). A historical trend in SO2(g) emission is used
by the MAGIC code to scale the resulting increase in acidic deposition
that occurred during the backcast period, resulting in presumed perturba-
tions to the initial conditions. The historical trends used by Cosby
et al. (1985) in studies of acid deposition effects at White Oak Run,
Virginia, were based on records of S0y(g) emission for the eastern United
States (OTA 1984).

2.4 HYDROLOGIC PROCESSES

A11 three of the codes discussed in this report provide formulations
of hydrologic and chemical processes. The hydrologic response of a water-
shed is independent of the chemical state of the watershed. However, the
chemical response is strongly dependent on the hydrologic state of the
watershed. Therefore, it is necessary to simulate the hydrologic flow-
paths within a watershed to understand its response to acidic deposition.

The hydrologic formulations used within these codes vary signifi-
cantly in their relative complexity. The ILWAS code is the most complex,
principally as a result of its greatér discretization. The ETD code's
hydrologic formulation is intermediate .in complexity between that of the
ILWAS and MAGIC codes. The MAGIC code does not include any hydrologic
process formulations. The aggregated flowpath estimates used in MAGIC are
provided by a separate code, TOPMODEL.
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The hydrologic process representations used in these codes are gener-
ally consistent with the state-of-the-art of watershed modeling. It must
be noted, however, that watershed modeling is generally performed on
watersheds larger than those typically considered in acid rain studies.
Additionally, watershed hydrological modeling is typically concerned with
forecasting outflow hydrographs, not predicting flowpaths within the
watershed. Highly aggregated watershed models usually can provide
accurate forecasts of watershed outflow. It is important to consider the
time scales of hydrologic phenomena. The outflow from a small watershed
may vary significantly over a period of less than one day. However,
meterological inputs to the codes (e.g., precipitation and air tempera-
ture) are aggregated to daily (or larger) averages. The flowpaths for
1 inch of rainfall occurring over a l-hour period will generally be dif-
ferent from the flowpaths of 1 inch of rainfall occurring over a 24-hour
period, even if the daily outflows are the same. Thus, small watersheds
tend to accentuate the significance of small time scales of hydrologic and
geochemical variables.

The accuracy with which predictions of hydrologic flowpaths can be
made is limited by spatial variability of hydraulic properties throughout
the watershed and typically a paucity of characteristic data. Although
using multiple signals during calibration (i.e., using chemical signals
as well as the hydrograph, rather than only the hydrograph) can reduce
the uncertainty in flowpath predictions (de Grosbois, Hooper, and
Christopherson 1988), the codes will typically remain overparameterized
(Hooper et al. 1988). Our review of the literature and the codes leads
to the inference that the reliability of estimating hydrologic flow paths
typically limits the reliability of forecasts made with watershed acidifi-
cation codes. The spatial variability of a watershed contributes to the
uncertainty in flow path estimation, limiting the predictive reliability
of all three watershed acidification codes.

A11 three codes discussed in this report contain unmeasurable vari-
ables. One might expect that more sparsely parameterized process repre-
sentations in the codes contain variables that are unmeasurable due to
process aggregation. However, variables in more densely parameterized
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codes may also be unmeasurable or require significant aggregation of
limited observations.

2.4.1 Canopy Hydrology

The quantity of precipitation that is intercepted by the foliage of a
forest canopy is referred to as "interception storage." Precipitation
that passes through the canopy (including stem flow) is called "through-
fall." The ETD code does not consider interception storage. In the
MAGIC/TOPMODEL code combination, the modeler specifies the portion of
precipitation that bypasses canopy interception as throughfall before
reaching maximum interception storage, such that

Py = {fq4 » 51,,1, (1 - fq)}P (2.4)
where I, = the amount of water intercepted.
I, = the maximum interception storage
fq = the fractional direct throughfall
& = the Kronecker delta (i.e., 61,5 = 1 when I =J) and
(61,4 = 0 when I # J)
P = precipitation
Py = throughfall.

Once the maximum value of interception (I,) is reached, all precipitation
(P) is treated as throughfall (Py). Seasonal variation in the maximum
interception storage (I,) is not considered in the TOPMODEL code. The
ILWAS code uses an expression similar to Equation 2.4 to describe canopy
hydrology, but allows the maximum interception storage to vary seasonally
in proportion to the user-specified monthly leaf area index, Laon, accord-
ing to ‘

In = (Luon/Laax)Daax (2.5)

where Laax is the maximum leaf area index for the year, and Ds.yx is the
potential interception storage for the month having the maximum leaf area
index.



TABLE 2.5. Expressions Used to Describe Surface Hydrology in)
the MAGIC, ETD, and ILWAS Codes in Length Units'®
(For the ETD code, wet and dry refer to melting
caused by rainfall and by air, respectively.)
Code Condition Snowmelt Evapotranspiration
MAGIC/ (Ci + CaPe) (T, - Te) PeT(S/Saax)©?
TOPMODEL
ETD/PEN dry Ca(1.8T,)1 28 CsPeT + CyPer
wet 1.8(0.007P¢ + 0.074)T, + 0.05

ILWAS (Ta-Tc){(Cs + Ce)

Per(8/8¢¢)
[0.4 + sin(0.00878)] + 0.0039}

(a) where C;-Cg¢ = constants
Py = throughfall
T. = air temperature, °C
T. = incipient snow formation temperature, °C
Per = potential evapotranspiration
S = root zone storage
Saax = maximum root zone storage
Cs, C; = pan correction coefficients for soil and lake compartments
8 = volumetric soil moisture content
B8sc = 8 at field capacity

2.4.2 Snowmelt, Sublimation, and Evapotranspiration

The formulations used in the three codes for the surface hydrologic
processes of snowmelt, sublimation, and evaporation flow are given in
Table 2.5, and are briefly discussed here.

Snowmelt

Snowmelt can be caused by rain or air temperatures that are above
0°C. However, melting snow will not drain from a snowpack until the snow-
pack has reached its field capacity. Each code uses an empirical expres-
sion that relates the snowmelt rate to the air temperature and, in the ETD
code, to the presence or absence of rainfall (Table 2.5). The ILWAS code
also includes a variable that represents the aspect of the subcatchment to
account for differences in melting rates for north- versus south-facing
slopes (Table 2.5). 1In each of the code formulations, the coefficients
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that describe the rate of snowmelt are often determined through calibra-
tion procedures. The redistribution of solutes in the snowpack by freez-
ing and thawing is not included an any of the codes. However, the ETD and
ILWAS codes allow the user to represent the effect of these processes by
increasing the concentration of the snowmelt over the remaining snowpack.
In both the ILWAS and ETD codes, the concentrations of ions, C;, in the
snowpack are calculated using the following expression:

Ci = M;/V, (2.6)

where M; is the mass of ion i in the snow and V, is the equivalent water
volume of the snow. As snow melts, the solutes contained in the melted
volume are removed, and the melted volume also may leach solutes from the
unmelted snow, resulting in higher solute concentrations in the first melt
water (Chen et al. 1983). The leaching of constituents from snow as the
snow melts is included in the ETD and ILWAS codes by the differential
equation

d(C;Vs)/dt = C; + KC;V, (2.7)

where K is a leaching coefficient. The solution to Equation 2.7 describes
an exponential decrease in solute concentration in melt water as the snow
melts.

Sublimation

A snowpack can also decrease by sublimation. Because solutes do not
leave the snowpack with the vapor phase, the sublimation of snow increases
the concentration of salts in the remaining snow. The ETD code estimates
the sublimation rate as an empirical function of the potential evapotrans-
piration rate. The ILWAS code uses annual average sublimation rates that
are estimated for open and forested areas. The MAGIC/TOPMODEL code com-
bination does not include any effects of sublimation on snow chemistry.
The inclusion of snow leaching and sublimation and one-day time steps
makes the ETD and ILWAS models more able to simulate the episodic
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increases in solute concentration often observed in spring melt waters in
comparison with the MAGIC code, which does not include these processes.

Evapotranspiration

The actual amount of water lost by evapotranspiration from a water-
shed is expressed as a function of the potential evapotranspiration rate
in all three codes (Table 2.5). The potential evapotranspiration is the
rate of moisture decrease in a saturated soil and canopy for a given set
of environmental conditions, such as air temperature, elevation, latitude,
wind speed, and humidity. In the TOPMODEL code, the potential evapotrans-
piration rate, Pgy, for the watershed is expressed as

Per = (1 - C)d? o ef %27 (2.8)

where C is a calibration coefficient, d is hours of daylight, and T is the
air temperature in degrees C. The actual evapotranspiration rate is a
function of Pgr and the amount of water stored in the soil root zone
(Table 2.5). 1In the ETD code, actual evaporation is estimated to be a
function of the potential evapotranspiration rate for the lake and soil
compartments of the watershed (Table 2.5). The values of Pgr in the ETD
code are calculated in the separate PEN code by using van Bavel's formula
(van Bavel 1966) to estimate the daily potential evapotranspiration. The
evapotranspiration rate in the ILWAS code is a function of both the volu-
metric soil-moisture content and the potential evapotranspiration rate
(Table 2.5) and is described by

Per = C o T o Ce(100 - W)} (2.9)
where C = calibration constant
T = temperature, °C
Ce = a local microclimatological parameter (determined through
calibration)
H = the relative humidity.
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2.4.3 Hillslope Hydrology

The components of hillslope discharge summarized from Whimkey and

Kirkby (1978) are:

Infiltration excess overland flow. When rainfall intensity or
snownelt rate exceeds the infiltration capacity of the watershed
soil, overland flow may occur. If this occurs over a signifi-
cant portion of the watershed, overland flow will 1likely domin-
ate the watershed's total discharge. Overland flow is rarely
observed in vegetated and soil-covered slopes, except when the
watershed's soil infiltration capacity has been decreased as a
result of freezing soil conditions.

Saturation overland flow. Once soils have become saturated from
either prior vertical percolation or downslope movement of water
in saturated zones of the hillslope, further precipitation or
snowmelt will result in overland flow. "Saturation overland
flow" occurs when all the soil beneath a site has saturated,
while "infiltration excess overland flow" occurs when the soil
is not entirely saturated. The area contributing to saturation
overland flow will grow as rainfall or snowmelt continues and
gradually recedes once rainfall or snowmelt ceases. Neither
saturation overland flow or infiltration excess overland flow
allow the rainfall or snowmelt an opportunity to interact geo-
chemically with the soil.

Return flow. Subsurface flow may return to the surface during
or after a rainfall or snowmelt event. This is often the result
of the convergence of flows from other portions of the hill-
slope, creating an increased saturated thickness. Return flow
provides a wide range of residence times within different soil
horizons.

Saturated subsurface flow. Generally, saturated subsurface flow
is significantly slower than overland flow. Saturated subsur-
face flow may occur at different layers of a stratified soil
column. For instance, water infiltrating through the soil
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surface may perch and flow laterally over a clay lens, while the
soils below the clay lens remain unsaturated. Upper soil layers
are generally likely to be more permeable to water movement than
deeper saturated soil layers.

o Unsaturated subsurface flow. Water flowing through unsaturated
soil is generally dominated by the force of gravity and, there-
fore, moves almost entirely in the vertical direction. Unsatur-
ated flow is generally very slow. A hillslope with deep
unsaturated soils will be very slow to react to a rainfall or
snowmelt event, because the water must travel slowly down the
unsaturated soil column before reaching a faster-responding
saturated zone. The hydraulic conductivity of an unsaturated
soil is a nonlinear function of moisture content.

¢ Ground-water flow. Saturated flow of water in the deepest por-
tions of the slope's soil is distinguished from saturated sub-
surface flow in that this flow is slower to respond to rainfall
or snowmelt than saturated subsurface flow. Water from ground-
water flow will have the longest residence times and generally
the highest ANC. ‘ '

The representation of each of these components of hillslope hydrology
by each of the three codes are discussed in the following sections.

Infiltration Excess Overland Flow

The TOPMODEL code does not consider surface-controlled infiltration
(i.e., infiltration-excess overland flow), however, the ETD and ILWAS
codes do provide explicit representations of this phenomena.

The ETD code controls surface infiltration through specification of
the saturated vertical hydraulic conductivity of the uppermost subsurface
compartment. This hydraulic conductivity is not a function of the soil
moisture content in the compartment but is reduced during soil-freezing
conditions by an empirical frost index, which is a function of air
temperature.
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The ILWAS code controls surface infiltration through specification of
the unsaturated vertical hydraulic conductivity of the upper subsurface
layer. This hydraulic conductivity is a function of both soil moisture
content and temperature and is reduced during soil-freezing conditions.

Saturation Overland Flow

The ETD and ILWAS codes simulate the occurrence of saturation over-
land flow only when the upper subsurface compartment has become fully
saturated. However, lower subsurface compartments are not required to be
saturated.

The TOPMODEL code requires the entire subsurface compartment to be
saturated. However, the fine resolution of spatial discretization in the
TOPMODEL topographic input provides a more reliable estimate of saturation
overland flow in watersheds with significant variations in areas contri-
buting to overland flow than is possible with the coarser spatial dis-
cretization of the two other codes.

Return Flow

With the limited exception of the ILWAS code, none of the codes
represent return flow. The ILWAS code can represent return flow if
several subcatchments are provided between the top of the watershed and
the lake. However, even the ILWAS code cannot represent return flow
within a single subcatchment.

Saturated Subsurface Flow

Saturated subsurface flow may be the most important of the six com-
ponents of hillslope discharge particularly when it occurs in the upper
soil horizons. This flow component is the most difficult to represent
accurately because of the extreme variability of hydraulic properties
throughout a watershed. A1l three codes use a form of Darcy's law to
describe saturated subsurface flow. Both the ETD and ILWAS codes allow
lateral flow in subsurface compartments which are only partially satu-
rated, where the lateral flow in each compartment is conceptualized as
being composed of saturated and totally unsaturated zones. Lateral flow
is estimated using Darcy's Law by assuming that the hydraulic gradient is
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equal to the average catchment slope. In the ILWAS code, this slope is
adjusted for the depth of the saturated zone and surface water elevation.
(This elevation correction is important only in areas of slight slope.)
The TOPMODEL code only provides for lateral flow in the saturated portion
of each subsurface computational element.

The MAGIC/TOPMODEL code combination allows a specified portion of the
water entering the top soil layer by infiltration to move to the lower
layer by macropore flow, thus bypassing the requirement that the amount of
water must exceed the fie]d'capacity of the top soil layer before flow to
the lower layer is permitted. Macropore flow is considered to include
those paths where the water can move down a "saturated pipe," such as
where a root has decayed, to a lower soil horizon. This treatment results
in water moving into the lower layer without becoming geochemically
altered by contact with the upper soil layer. Macropore flow is not con-
sidered in either the ETD or the ILWAS codes.

Unsaturated Subsurface Flow

The ILWAS code is the only one of the three codes which attempts to
represent unsaturated flow phenomena. Flow in unsaturated soils is pre-
dominately vertical. In the ILWAS code, vertical flow in a soil layer is
assumed to be zero at and below the field capacity. At higher moisture
contents, the vertical flow is estimated to be proportional to the degree
of saturation of the soil layer. This simplified approach cannot accur-
ately represent wetting and drying fronts in soils. However, this is
probably an insignificant limitation when compared to other uncertainty
resulting by the spatial variability of hydraulic properties.

Ground-Water Flow

Similar to saturated subsurface flow, all three codes use a form of
Darcy's Law to describe ground-water flow. The ground-water compartment
in the ETD code was developed to represent conditions in seepage lakes.

In contrast to other subsurface compartments in the ETD and ILWAS codes,
where the hydraulic gradient is estimated to be the average slope of the
catchment, the ground-water compartment of ETD uses a separate flow speci-
fied by the user.
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2.4.4 Lake Hydrology

Cooling of a lake surface in the fall often causes strong density-
driven mixing to occur in the lake. This "fall overturn" can rapidly turn
a stratified lake into a well-mixed lake. The MAGIC and ETD codes con-
sider the lake to be perfectly mixed. The ILWAS code considers stratifi-
cation within the lake, and up to 80 horizontal layers can be specified in
the lake discretization. The mixing of solutes and the flow of heat
between layers is taken into account by considering both diffusive and
advective flow. The ILWAS code also simulates the formation of ice on the
lake through calculations of the energy balance in the lake and the latent
heat of ice formation. Because snowmelt often occurs before the ice cover
on a lake has completely thawed, snowmelt flowing over or just under the
ice cover of a lake could result in a significantly lower ANC than snow-
melt that had mixed thoroughly with the lake waters. The MAGIC and ETD
codes do not include any explicit representation of lake ice effects.

2.4.5 Energy Balance

Soil temperature is important because it influences chemical pro-
cesses and infiltration. If the soil is frozen, surface infiltration will
be severely limited. The ILWAS code computes the temperature of each soil
layer by considering both thermal conduction between layers and the advec-
tion of energy between layers caused by the vertical movement of water.
Alternatively, the user of the ILWAS model can specify soil temperatures
on a daily or monthly basis. In the ETD code, an annual variation in soil
temperature for all three compartments with a maximum temperature of
22.5°C and a minimum temperature of -0.5°C. These temperatures in the ETD
code are assumed to be independent of air temperature and are only used to
estimate the COz(g) partial pressure in each subsurface compartment. The
MAGIC model uses monthly average temperatures for each of the soil layers
and the lake. :

The vertical distribution of the temperature in a lake may influence
both the hydrologic routing through the lake and mixing within a lake as a
result of fall overturn. Neither the MAGIC/TOPMODEL or ETD codes
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considers the effects of thermal energy in the lake. The ILWAS code com-
putes the temperature of each lake layer by considering the following:

e Jlong-wave radiation that is absorbed by the lake surface
e short-wave radiation that can penetrate below the surface
e Jlong-wave radiation back to the atmosphere

e evaporative heat transfer

e convective heat transfer between the atmosphere and the lake
surface

e diffusive transport between lake layers.

The diffusive coefficient for transport between lake layers is calculated
as a function of wind speed and three empirical constants that are deter-
mined by calibration.

2.5 GEOCHEMICAL PROCESSES

The geochemical processes important for neutralizing acidic deposi-
tion and for controlling the chemical compositions of soil and surface
waters (NAS 1984) include

e carbonic acid equilibria

e aluminum hydroxide dissolution and aqueous speciation

* mineral weathering

e anion retention

* cation exchange

e buffering by organic acid dissociation.
A11 three codes use different formulations to represent these processes.
However, the ETD code does not include aluminum, nitrogen, or organic acid
chemistry. Because of differences in representations of the geochemical
processes, the three codes also consider different suites of chemical
constituents. The chemical constituents included in the codes are listed
in Table 2.6. The MAGIC and ILWAS codes use similar lists of major
cations and anions. The ILWAS code also includes organically complexed
species of aluminum. Although the soil mineralogies of acid-sensitive
regions are dominated by silicate minerals, only the ILWAS code includes
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TABLE 2.6. Chemical Constituents Included in Soil Solutions and
Surface Water for the MAGIC, ETD, and ILWAS Codes

Chemical Constituent MAGIC ETD ILWAS

ANC

ca?*

Mg?*

»

Na*

NH3

Ho

Ma.

AT(OH)3""™  (n
A(F)a™"  (n
A1(S04)n %" (n
A1-R(®)

S0s~ _ X
NO3

c1-

-

HaPOZ
H4Si104(aq)
C02(g)

C02 (aq)
H,C03 (aq)
HCO3

co?-

HR'®, R'- ()
HoR''®, HR''~, R''2-(®) X

9 - (b)
Mg 212001 s
HR'''47, R

X

1 to 4)
1 to 6)
1 to 2)

M D DK. D D D D X X > X

>X X X X
>

X X X X X
X X X X X
><><><><><><><><><><><k><><><><'><><><><><><><><><><><

(a) A1-R refers to the various organic complexes of aluminum.
(b) R, R'', and R''' refer to monoprotic, diprotic, and triprotic organic
acids, respectively. ,
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dissolved silica in its simulations of solution chemistry. The ETD code
includes the smallest number of constituents, which is consistent with the
emphasis of this code on ANC mass balance (Table 2.6).

2.5.1 ANC Conventions

_ The continuous deposition of strong acids on a watershed will
eventually cause a change in the pH of the soil and surface waters if the
neutralizing capacity of the system is exceeded. The pH, however, quan-
tifies only the activity of the free H* ions in solution (pH = -log (H")).
The pH itself is not an indication of the capacity of a solution to resist
changes in the H® ion activity that might be caused by the addition of a
strong acid or base because the pH does not account for the association of
H* ions with other solution species, such as €03~ and aluminum ions. The
amount of acid or base that must be added to a solution to cause an
incremental change in pH is described by the buffer intensity, as follows
(van Breeman and Wielemaker 1974; Stumm and Morgan 1981):

B = -dCa/d(pH) = dCg/d(pH) (2.10)

where dCx and dCg are the incremental amounts of acid or base in molar or
molal concentration units required to cause an incremental change in pH.
The integral of the buffer intensity over a certain pH range provides the
general definition of the ANC of the solution, i.e.,

ANC = /p e d(pH) (2.11)

The ANC is independent of temperature and pressure (Stumm and Morgan 1981)
and is an important measure of water quality in acid rain studies because
it indicates the capacity of surface waters to resist changes in pH caused
by the deposition of strong acids.

The ANC of a solution can be defined by the integral of the buffer
intensity as in Equation 2.11 or equivalently by the summed concentrations
of the H* jon acceptors minus the H® ion donors (Stumm and Morgan 1981),
i.e.,
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ANC = £ [H® ion acceptors] - £ [H® ion donors] (2.12)

Based on the principle of electroneutrality and Equation 2.12, ANC can be
expressed alternatively as the sum of the nonhydrogen-containing cations,
[Mi], minus the sum of the strong acid anions, [A;] (Stumm and Morgan
1981; Gherini et al. 1985), as

ANC = X |Zi|[M1] -X IZJI[AJ] (2.13)

where z; and z; are the charges of cation M; and anion A;, respectively,
The primary H® ion acceptors in most natural systems include carbonate,
bicarbonate, and hydroxyl species, and the primary H* donor is the H* ion
itself. Consequently, the carbonate ANC (ANC¢) can be defined as (from
Equation 2.12)

ANCc = [HCO3] + 2[C0%"] + [OH™] - [H"] (2.14)

Complexities in the definition of ANC for soil and surface waters arise
from the presence of noncarbonate alkalinity. The primary components of
noncarbonate alkalinity include weak organic acids and hydrolyzable metal
jons such as A13’, and the ANC conventions in the codes account for these
components differently. The ANC conventions used in the MAGIC and ILWAS
codes are given in Table 2.7 excluding Al-sulfate and Al-fluoride ion
pairs, which are generally subordinate species in most surface and ground
waters.

Organic acids produce noncarbonate alkalinity by becoming protonated
at pH conditions that are dependent on the dissociation constants of the
organic acids. For instance, the protonation of a generic monoprotic
organic acid RCO0™ can be written as

RCOO™ + H* = RCOOH(aq) (2.15)
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The ILWAS code considers the contributions of mono- and triprotic organic
acids to ANC, whereas the MAGIC code includes a single diprotic organic
acid (Table 2.7).

The conventions used by the MAGIC and ILWAS codes to account for the
effects of hydrolyzed aluminum species on ANC are subtly different. An
explanation of this difference is facilitated by a brief discussion of
equilibria for the A1-H,0 system. Aluminum hydroxides are commonly con-
sidered to be the solubility-controlling solids for dissolved aluminum in
acidic watersheds (Driscoll et al. 1984; Nordstrom and Ball 1986). The
dissolution of A1(OH)3(s), which can be described as

TABLE 2.7. Definitions of Acid Neutralizing Capacity (ANC) Used by the
MAGIC, ETD, and ILWAS Codes (Brackets indicate concentration
in molar or molal units, and R', R'', and R''' represent
mono-, di-, and triprotic organic acids, respectively.)

Code Units ANC Definition

MAGIC eq e L! ANC = [HCO3] + 2[C02°] + [OH] + [HR''"]
+ 2[R"'2°] + [A1(OH)3] - [H°] - 3[M1%°]

- [A1(0H)3] - 2[A10H%"]

ETp¢®) meq ¢ m™® ANC = function (cation exchange, weathering,
v sof‘ adsorption, so%' reduction, partial
pressure of COz gas)

ILWAS eq o L} ANC = [HCO3] + 2[C03"] + [OH"] + [HoR'''"]
| 2[R+ 3R] 4 R
+ [A10H2°] + 2[A1(OH)3] + 3[A1(0H)%]
+ 4[A1(0H) 3] + 3[ATR'''®] + [AIR'2"]

+ 2[A1(R")3] + 3[A1(R*)3] - [H"]

(a) The ETD code operates on the principle of ANC mass balance.
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AT(OH)s(s) + 3H® + A13* + 3H,0 (2.16)

with Tog Ksp = 8.77 at 25°C for natural gibbsite (May et al. 1979), exerts
a pH buffering effect because of the consumption of H® ions. This effect
is diminished above about pH 6.5 because of the resulting increase in
hydrolysis of the aqueous aluminum species. However, for the pH range of
5.0 to 6.5 found in many lakes subject to acidic deposition, A1(OH)s(s)
dissolution and A13* hydrolysis reactions consume H® ions and, thus, can
contribute a small amount to the total ANC. The stepwise hydrolysis reac-
tions that follow illustrate the ability of aqueous aluminum species to
act as H® acceptors:

ATOH2® + H* = A13* + H,0 (log Ky = 4.98) (2.17)
A1(OH)3 + 2H* = A1®* + 24,0  (log Ko = 10.13) (2.18)
A1(OH)S + 3H" = A1®* + 3H,0  (log Ks = 16.76) (2.19)
AT(OH)7 + 4H* = A1®* + 4H,0  (log K4 = 22.16) (2.20)

where the equilibrium constants at 25°C (K; to K4) are from May et al.
(1979).

In the definition of ANC used by the ILWAS code (Table 2.7), the
hydrolyzed aluminum species are considered as H®.ion acceptors that con-
tribute to the total ANC. This definition is consistent with the general
definition of ANC given in Equation 2.12. The convention of the ILWAS
code also is consistent with the most common analytical methods for ANC,
which involve the titration of a solution sample with a strong acid to an
endpoint (Stumm and Morgan 1981). Generally, methods for determining ANC
yield only a total value and do not distinguish between the different
sources of ANC, such as those resulting from the protonation of aqueous
aluminum species. Driscoll and Bisogni (1984) report a small but measur-
able contribution of aluminum species to total ANC in Adirondack lakes,
indicating the need to consider the aqueous Al species as proton
acceptors.
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In the definition of ANC used by the MAGIC code, the positively
charged aluminum species are treated as H* ion donors and A1(OH): is
treated as an H* ion acceptor (Table 2.7). This definition is not
rigorously consistent with the general definition of ANC (Equation 2.12)
and leads to the following relationship between ANC for the MAGIC (ANCy)
code and for the ILWAS (ANC;) code

ANC: = ANCy + 3[A1:] (2.21)

where [Aly] is the total monomeric aluminum concentration in solution.
For most natural waters, this difference in definitions does not result in
a large difference in the numerical values of ANC calculated in the MAGIC
and ILWAS codes because of the low solubility of A1(OH)3(s). For
instance, in a solution with pH 5.5 that is saturated with respect to
atmospheric C02(g) (CO2(g) = 1072 *® atm) and natural gibbsite (Equa-
tion 2.16), the contribution of bicarbonate to total ANC is 46.6 pmth'1
(log K = -1.45 for CO5(g) = COz2(aq) and log K = -6.35 for COz(aq) + H.0 =
HCOz + H* at 25°C). For this solution, the contribution of the aluminum
hydrolysis species to total ANC can be calculated as a function of H® ion
concentration using the equilibrium constants given above for Equa-

tions 2.16 to 2.20 as

[A]f,] = 108.77/[H0]3 (1.0 + 10-4.98/[H0] + 10-1'.13/[H0]2
+ 10-16.76/[H¢]3 + 10-22.16/[H0]4) (2.22)

where unit values for activity coefficients are assumed. From Equa-

tion 2.22, [Al,] is equal to only 0.241 umoleL™! at pH 5.5, indicating

an insignificant contribution of dissolved aluminum to total ANC compared
to the carbonate ANC (46.6 pmo]oL'l). However, [Ali] increases to

1.65 pmobL'1 at pH 5.0 and to 26.15 pmo]oL'1 at pH 4.5 because of the
increased solubility of gibbsite. Obviously, at the lower pH values, the
contribution of [Al3] to total ANC becomes much more significant. For
most modeling applications involving lakes with pH values that range from
5.0 to 6.5, the differences in ANC calculated by the MAGIC and ILWAS codes
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will not be greatly different and should be comparable to analytical meas-
urements of ANC. However, significant differences in ANC emerge between
the two codes for pH less than about 5.0, depending on the equilibrium
constant used for gibbsite solubility. In such cases, the different
definitions of ANC used in the MAGIC and ILWAS codes should be considered
when comparing results between these codes and, in the case of the MAGIC
code, when comparing code calculations of ANC to analytical measurements
of ANC.

An explicit definition of ANC is not shown in Table 2.7 for the ETD
code because this code operates totally on ANC mass balance. Equilibrium
relationships and mass balances for specific H® ion acceptors are not
explicitly considered in this code in a manner that allows ANC to be calc-
ulated according to a mathematical relationship involving concentrations
of chemical constituents, such as Equation 2.12. Instead, reactions are
written with ANC as a reactant or a product so that specific geochemical
processes add or subtract from the total ANC present in the system
(Schnoor and Stumm 1985).

2.5.2 Carbonic Acid Equilibria

In most slightly acidic surface waters, carbonate ANC is the major
component of positive ANC (Equation 2.14) (Stumm and Morgan 1981). A1l
three codes treat the dissolution of C0z(g) in water and the resulting
carbonic acid speciation as an equilibrium process. Equilibrium in the
C02(g)-H20 system can be described by the following reactions:

Kei
C02(g) = CO2(aq) (2.23)
Ke2 |
COz(aq) + Ha0 = HCO3 + H (2.24)
Kes .
HCO3 = COs™ + H (2.25)
Ky
Ho0 = H® + OH” (2.26)
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The fully protonated H,co,(aq) species does not contribute to ANC; thus,
the codes all describe the formation of HCO3 directly from CO2(aq), as
shown in Equation 2.24. The equilibrium constants for the reactions
described in Equations 2.23 to 2.26 are dependent on temperature. All
three codes use very nearly equivalent functions to describe the depen-
dence of the equilibrium constants on temperature. These temperature
functions are as follows:

Tog Key = (2386)/T + (0.01563)T - 14.018 (2.27)
log Kc2 = (-3404)/T + (0.03280)T + 14.844 (2.28)
log Kes = (-2902)/T + (0.02380)T + 6.498 (2.29)
log Ky = (-4471)/T + (0.01706)T + 6.0875 (2.30)

where T is temperature in degrees K. The sources of these functions
include Harned and Davis (1943) for Kc; and Kca, Harned and Scholes (1941)
for Kcs, and Harned and Owen (1958) for K,.

Average monthly temperatures for the different soil layers are speci-
. fied by the user in the MAGIC code. The ILWAS code calculates soil
temperatures as a function of conductive and advective heat flow, as indi-
cated in Section 2.4.5, or user-supplied soil temperatures can also be
used. - Although air temperatures are input to the ETD code, they are used
only for the temperature-dependent hydrologic variables. Temperatures for
the geochemical variables are calculated internally in the ETD code by
means a sinusoidal function that allows temperatures to vary from -0.5° to
22.5°C over the year.

In an open system that does not include soil minerals, the concentra-
tion of HCO3 in solution is a function of the COy(g) partial pressure
(assuming fugacity is equal to the partial pressure of COz(g)), pH, and
temperature. Because an increase in CO2(g) partial pressure results in
an equal increase in both HCO3 and H® concentrations (Equation 2.24), no
net increase in ANC results. If soil minerals are added to the open
system, then ANC does become sensitive to changes in C0y(g) partial pres-
sure, as shown by Reuss and Johnson (1985). This effect is caused by the
exchange of H* ions for the base cations located on the surface exchange
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sites of the soil minerals. Because the H* ion concentration in soil
solution is buffered by cation exchange reactions, an increase in CO2(g)
partial pressure produces an increase in ANC through the resulting
increase in the HCO3; concentration (see Equation 2.24) (Reuss and Johnson
1985). Both the MAGIC and ILWAS codes include the combined effects of
CO2(g) partial pressure and cation exchange on ANC by using equilibrium
expressions for C02(g)-H20 reactions and for specific reactions that
describe the exchange of the major cations (i.e., ca?*, Mg?*, Na*, K°,
A13*, and H*) on the surfaces of the soil minerals. The ETD code does not
use specific reactions to account for the combined effects of C02(g)
partial pressure and cation exchange on ANC, but uses a lumped parameter
of base cation exchange rate to account for the total increase in ANC
resulting from exchange processes. Specific formulations for exchange
reactions are discussed in a later section.

To determine the distribution of the carbonate species, each of the
codes requires that the partial pressure of CO;(g) be specified in the
soil and surface waters in a manner that depends on the vertical discreti-
zation scheme. In the MAGIC code, the partial pressure of C02(g) is
specified by the user for each of the two soil layers and for the lake.
Partial pressures in soils are not often reported, but generally range
from 1073 4% atm (atmospheric) to 107%-52 atm (Lindsay 1979). Cosby,
Hornberger, and Galloway (1985) recommend values in the range of 10°%-%
to 10°1-® atm for the upper and lower soil layers used in the MAGIC code,
respectively, and 10"2-1® atm, which is equivalent to two times atmos-
pheric C0y(g), for the lake compartment. In the input data file for the
ETD code, a single value of C0,(g) partial pressure, which is indicated by
Nikolaidis (1987) to be relevant for all the soil compartments, is specif-
ied by the user, along with a constant that defines the level of COz(g)
supersaturation with respect to atmospheric COy(g) for the lake. The
values commonly used for Adirondack watersheds have been 10727 atm for
soil CO2(g) and 1.5 times atmospheric CO, for the degree of supersatura-
tion in the lake (Nikolaidis 1987). However, in the ETD FORTRAN code,
the C02(g) partial pressures in the soil, unsaturated, and ground-water
compartments are reset to 3, 3, and 10 times atmospheric COz(g),
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respectively. The purpose of overriding the values input by the user for
the soil are not clear. In both the MAGIC and ETD codes, the CO2(g)
partial pressures specified for soil and lake compartments are held con-
stant throughout a simulation. Also, ideal gas behavior for COz(g) is
assumed in the MAGIC and ETD codes, so that the CO2(g) fugacity is assumed
to be equivalent to the COz(g) partial pressure. However, the treatment
of C02(g) in the ILWAS code is more complex. Partial pressures of C02(g)
for each soil layer must be specified for layers 2 through 10. The con-
centration of dissolved COz(aq) is determined from its partial pressure
and Henry's law,

[C02(aqg)] = Ku * P(C02(g)) (2.31)

However, the partial pressures of CO;(g) specified for the soil layers may
not be constant during an ILWAS code simulation because of biogeochemical
processes that produce COz(g). These processes, which include litter
decay and root respiration, can be simulated by the ILWAS code and are
discussed in more detail below. The effects of these processes on ANC in
the soil solution, plus the loss of CO,(g) from soil layers and the lake
by advection, gas transfer, and diffusion, are also simulated by the ILWAS
code.

2.5.3 Aluminum Chemistry

Acidic deposition can result in the mobilization of aqueous Al
species in natural watersheds because of increased dissolution of
A1(OH)3(s) phases, such as gibbsite under acidic conditions (Driscoll
et al. 1984; Bache 1986). In some acidified waters, concentrations of
dissolved aluminum can reach levels that are toxic to fish (Baker and
Schofield 1980; Driscoll et al. 1980). Aluminum solid phases and aqueous
species also form a weak acid/base system that can be an important buffer
in the weakly acidic waters often found in watersheds receiving acid
deposition. Both the MAGIC and ILWAS codes consider the buffering effects
of aluminum solid phase solubility and aqueous speciation in their calc-
ulation schemes of water quality. The ETD code does not include any alum-
inum chemistry.
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The solubility-controlling solid for dissolved aluminum is assumed to
be a form of A1(OH)3(s) in both the MAGIC and ILWAS codes. The solubility
products (Ksp) for the A1(OH)s(s) phases used as solubility controls for
dissolved aluminum in the MAGIC and ILWAS codes are listed in Table 2.8.
However, aluminum concentrations in streamwaters have not always agreed
with the solubility versus pH relationship expected for A1(OH)s(s) (Cronan
et al. 1986; Hooper and Shoemaker 1985; Sullivan et al. 1986). To account
for variations in aluminum concentrations that are not caused by pH or
complexation, the user of the MAGIC code can specify different solubility
products for different forms of aluminum-hydroxide solids. The values of
these solubility products are determined during calibration.

The list of solubility products values suggested for use in the MAGIC
code by Cosby and others (Cosby, Hornberger, and Galloway 1985; Cosby
et al. 1985) includes all of the A1(OH)s(s) phases that are likely to be

TABLE 2.8. Equilibrium Constants (K,p) for A](OH)s(sz So]ubility for
the MAGIC and ILWAS Codes where Ksp = (A1°7)/(H")
(Parentheses indicate activity.)

Teaperature
_Code Al (OH)3(s) Phase Log Ksp _._Lg°g Dependence (log Ksp=)
MAGIC Synthetic gibbsite 8.11
Natural gibbsite 8.77
Microcrystalline gibbsite 9.36 10.61(7 - 208)/T + 935>
Amorphous Al (OH)3(s) : 16.86
ILWAS Unspecified Al (0H)3(s) _ 8.18 (9262) /T + (8.8513)T - 38.19

or rate-controlled ©
dissolution/precipitation’

(a) van’t Hoff expression with AHp = 64.54 kJ ® lol'1 at 298°K and gas constant R = 8.314 kJ ® deg'l d lnl'l.
(b) Using thermodynamic data from Wagman et al. (1982): AHp = 95.1 k.l,lol'1 which gives log Ksp =
16.87(T-298) /T + 9.35.

u)duuwnunnt=kuu*hq uﬁj)muepﬁq“aM[u*]uwumtw.«mHMw-md
actual Al" concentrations (mol ® L °) in soil solution, and k is specific rate constant (day ).
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found in a watershed (Table 2.8). However, from thermodynamic considera-
tions, it is unlikely that more than one aluminum hydroxide solid could
affect dissolved aluminum concentrations to a significant extent. The
precipitation of poorly crystalline aluminum silicates, organic complex-
ing, or disequilibrium conditions are more likely explanations for dis-
solved aluminum concentrations that deviate from aluminum hydroxide
solubility.

In the ILWAS code, the solubility product for A1(OH)3(s) is fixed at
a single value close to that determined by May et al. (1979) for synthetic
gibbsite (Table 2.8). This value is not specified by the user, although a
minor modification of the FORTRAN code would make this possible. The
ILWAS code allows the user to account for the possibility that surface
waters and soil solutions may not be in equilibrium with the solubility of
A1(0H)3(s) through the optional use of a rate expression for A1(OH)s(s) .
dissolution and precipitation. This expression describes the rate of
dissolution or precipitation as a linear function of the distance from
equilibrium with respect to A1(0OH)3(s) solubility (Table 2.8). The user
can adjust the rate constant in the rate expression during code calibra-
tion to improve matches of code results to measured data.

Cronan et al. (1986) have reported that dissolved aluminum concentra-
tions may be controlled by adsorption onto solid-phase humic substances at
pH values below about 5.2, compared to solubility by aluminum hydroxide at
higher pH. None of the codes includes the adsorption of aqueous aluminum
to humic substances, although it should be noted that sorption reactions
involving aluminum and organic materials are not well known. The kinetic
controls in the ILWAS code and the selection of different A1(OH)3(s) solu-
bility products for different soil layers allow much latitude in the cali-
bration process for matching code predictions of dissolved aluminum
concentrations to observed data. However, it is possible that in organic-
rich, Tow-pH systems where aluminum is affected by sorption processes,
aluminum calibrations may be achieved for incorrect reasons because they
contain only dissolution and precipitation controls for aluminum. For
these systems, predicted values of dissolved aluminum and pH, which is
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strongly affected by A1(OH)s(s) solubility at low pH, may be significantly
in error when compared to observed data.

The temperature dependence of A1(OH)s(s) solubility is incorporated
into the MAGIC code by use of the van't Hoff equation, which is expressed
as

din(K)/dT = AH,/R ¢ T2 (2.32)

where K is an equilibrium constant, AH, is the enthalpy of reaction at
298°K, R is the ideal gas constant (8.314 Jedeg lemo1!), and T is in °K.
Integration of Equation 2.32 between temperature limits of 298°K and
another temperature, T, and assuming dAH./dT = 0 gives

log Ky = AH./2.303R {(T - 298)/T + 298} - log Kags (2.33)

From Equation 2.33, the equilibrium constant, Ky, at the new temperature
can be approximated from the value at 298°K (25°C), given by Kags. Cosby,
Hornberger, and Galloway (1985) cite Hem (1968) and Robie and Waldbaum
(1968) as sources of the thermodynamic data used to calculate a AH, of
60.5 kdemol™! for A1(OH)s(s) solubility, giving the temperature correction
shown in Table 2.8. The earlier data currently in the MAGIC code should
be replaced with the more recent value of AH, (95.1 kJemol~!) from Wagman
et al. (1982). This change would result in a stronger temperature depen-
dence for A](OH)S(S) solubility than presently incorporated in the MAGIC
code (Table 2.8). For example, log Ks;p at 25°C is 9.35 for microcrystal-
line gibbsite (Table 2.8), but at 15°C is 8.98 using the AH, in the MAGIC
code, compared to 8.77 using the AH, from Wagman et al. (1982). In view
of the range of values shown in Table 2.8, the different AH, values pro-
duce significantly different log Ksp values for a small temperature dif-
ference. The ILWAS code does not use a van't Hoff expression to describe
the temperature-dependence of A1(OH)s(s), but uses a polynomial-type equa-
tion, which produces log Ks, values consistent with a AH, of 95.1 kJemol~!
(Table 2.8).
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The solubility of A1(OH)s(s) also is a function of pH and anion con-
centrations because of A1%" hydrolysis and complexation. The hydrolysis,
complexation, and organic acid dissociation reactions that are included in
the MAGIC and ILWAS codes to describe aqueous aluminum speciation are
listed in Table 2.9. The equilibrium constants for the hydrolysis and
inorganic complexation reactions in these two codes are nearly the same,
with a few exceptions. One exception is the third hydrolysis constant
describing the formation of A1(0OH)s(aq). The ILWAS code contains a very
low value for the third hydrolysis constant because in the study by May
et al. (1979), which is the data source for the hydrolysis constants,
evidence of a neutral species was not conclusive. In the MAGIC code,
equilibrium constants for some of the hydrolysis and inorganic complexa-
tion reactions are corrected for temperature using van't Hoff expressions
(Table 2.9). However, the small AH, values cited by Cosby, Hornberger,
and Galloway (1985) for the first and fourth hydrolysis reactions result
in almost no dependence on temperature of the equilibrium constants for
these reactions. Other data from Wagman et al. (1982) and Naumov et al.
(1974) indicate that the enthalpies for these reactions should be greater
than those cited by Cosby et al. (1985), resulting in much greater temper-
ature dependencies (Table 2.9). Temperature corrections for the complexa-
tion reactions of aluminum are not included in the ILWAS code. The dif-
ferent temperature-dependencies used in the MAGIC and ILWAS codes will
lead to different predictions of the seasonal dynamics of dissolved alumi-
num concentration. Although the ILWAS code does not use temperature cor-
rections for the aluminum hydrolysis and complexation reactions, whereas
the MAGIC code does, the ILWAS formulations for the relatively more impor-
tant process of A1(OH)3(s) solubility can be expected to provide a more -
accurate representation of seasonal aluminum dynamics than the formula-
tions contained in the MAGIC code.

2.5.4 Organic Acid Chemistry

Both the MAGIC and ILWAS codes consider the effects of generic
organic acids on solution chemistry. The constants for the dissociation
of the organic acids included in the ILWAS code are listed in Table 2.9.
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The MAGIC code has the option of including a diprotic organic acid for
which the code user specifies two dissociation constants. The primary use
of the diprotic organic acid in the MAGIC code is as an additional H® ion
acceptor that contributes to ANC (Table 2.7). The MAGIC code does not
include any complexation of A13* by the organic acid. In the ILWAS code,
two organic acids are included, one monoprotic and one triprotic. Com-
plexation of A1%* by the organic acids and the effects on ANC caused by
protonation of organic acids are included in the ILWAS code (Table 2.9).
An appreciable amount of organically complexed aluminum has been reported
in Adirondack lake waters by Driscoll et al. (1984).

The importance of including detailed descriptions of aluminum and
organic acid chemistry in codes of watershed acidification can be demon-
strated by examining the acid buffer intensities exerted by different
reactions. The acid buffer intensity, pa, is defined in Equation 2.10 as
the amount of acid or base in molar or molal concentration units required
to cause an incremental change in pH. By differentiating (with respect to
pH) the components listed-in the definition of ANC from the ILWAS code
(Table 2.7), the buffer intensities of the four major acid/base reactions
important in natural watersheds can be expressed as follows (van Breeman
and Wielemaker 1974):

B(H20) = 2.303([H'] + [OH™]) (2.34)
B(C02-Hy0) = 2.303([HCO3] + 4[C0%7]) (2.35)
B(A1-H20) = 2.303(9[A1%"] + 4[A10H2"] + A1(OH)3 + [Al (0H)31) (2.36)
Blorg) = 2.303([HaR''*"] + 4[HR''*?°] + 9[R'*'3"]) (2.37)

where only a single triprotic organic acid is considered. A plot of the
individual buffer intensities as a function of pH is shown in Figure 2.1
for the following conditions: C0,(g) = 10°3-*® atm, [F'] = [S03"] = 0, no
organic acid complexing of aluminum, unit activity coefficients, total
organic acid concentration = 10°° M, and log Ksp = 8.77 for A1(OH)3(s)
solubility. Thermodynamic data for the aluminum hydrolysis species and
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FIGURE 2.1. Buffer Intensities of Four Ag;d/Base Systems Pgrtinent to
Watersheds. = (CO2(g) = 107%-*® atm, [F'] = [S05"] = 0, no
organic complexing of Al, unit activity coefficients,
triprotic organic acid = 10°° M, and log Ksp = 8.77 for
AT1(OH)3(s) solubility.) Thermodynamic data are taken from
Table 2.9 and Equations 2.27 to 2.30.

for dissociation of the triprotic organic acid are taken from Table 2.9
from the ILWAS code and for the COz(g)-H20 system from Equations 2.27 to
2.30.

The importance of organic acid in providing acid buffering depends on
its concentration and dissociation constants, but for the conditions desc-
ribed above, it can theoretically provide significant buffering capacity
over the pH range of 5.0 to 6.5, as shown by the buffer intensity curves
in Figure 2.1. Although the aluminum hydrolysis reactions provide some
buffering at pH values between 5.0 and 6.5, they become most important
below pH 5.0. Both the MAGIC and ILWAS codes include sophisticated
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algorithms that quantitatively describe the buffering effects of organic
acid protonation and aluminum hydrolysis on ANC by using well-established
thermodynamic constraints. This approach reduces the amount of empiricism
inherent in such codes. However, the ETD code does not contain these
reactions, so it is more difficult to evaluate its adequacy in simulating
the dynamics of ANC in surface waters.

2.5.5 Mineral Weathering

Geographic regions that are susceptible to acidification often have
shallow soils and underlying exposed bedrock that consist predominantly of
silicate minerals that formed under crustal conditions of high temperature
and preSsure. These high-temperature silicates are not thermodynamically
stable at earth surface conditions and undergo weathering reactions that
ultimately lead to assemblages of solids that are stable in surface
environments. Weathering reactions involving silicate minerals can be
thought of as the hydrolysis of basic salts (Johnson 1984) because most
silicates consist of combinations of a weak acid (silicic acid) and strong
bases (calcium, magnesium, potassium, sodium, and iron). Hydrolysis of a
basic salt results in the production of excess OH™ ions or, conversely,
the consumption of H* ions. The hydrolysis of aluminosilicate minerals
can be described by the following generalized reaction (Lasaga 1984):

silicate mineral + H* + silica + alumina + cations (2.38)

where the cations usually include calcium, potassium, sodium, magnesium,
and iron. Experimental studies of aluminosilicate dissolution (Lasaga
1984) have found that weathering reaction rates depend on the H® ion
activity (H') to some fractional power, n, such that

R=ke (H)" (2.39)
where R is the dissolution rate and k is a specific rate constant for
silicate hydrolysis that is dependent on the surface area of the reacting

mineral. The expressions used to describe the kinetics of mineral
weathering are listed in Table 2.10 for all three codes, and all are
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similar in form to Equation 2.39. In the ETD code formulation for
weathering rate, the subscript "ref" associated with H*, S, and Q

(Table 2.10) denotes reference values that are used to normalize the rate
parameters to a base value that is determined through code calibration.
A1l the codes express the functional dependence on H® ion in concentration
rather than activity. For the dilute solutions in most watersheds, the
use of H® ion concentration, as opposed to activity, will not cause any
significant difference in rate calculations. None of the codes includes a
temperature correction for the rate constants; however, the magnitudes of
the rate constants are estimated by calibration procedures. Therefore,
the lack of temperature corrections is unlikely to produce any significant
error in the predictive accuracy of the codes, compared with the more
important problem of determining representative values for the rate con-
stants for specific watersheds.

The important step in silicate hydrolysis is the adsorption of H'
ions onto active surface sites, which leads to the observed dependence on
H* ion activity in solution (Lasaga 1981). The fractional .order depen-
dence on H® ion results from the presence of a range of active surface
sites on silicate minerals that have different adsorption and reaction
energetics (Lasaga 1981). Experimental studies with most of the common
silicate minerals have found the dissolution rate dependence on H® ion to
range from 0.5 to 1.0 in acidic solutions (Lasaga 1984). The authors of
the ETD code suggest using a value of 0.5 for the fractional dependence on
a normalized H® concentration (Nikolaidis 1987). For the ILWAS code, a
range of 0.1 to 0.5 has been suggested by Chen et al. (1983). Although a
H* dependence for weathering rate has been incorporated in the MAGIC code,
a recommended range of values has not been reported, and Cosby and others
have used a zero-order dependence on H* (Cosby, Hornberger, and Galloway
1985; Cosby et al. 1985).

Although the forms of the kinetic expressions for weathering rate are
similar in each of the codes, the actual representations of mineral
weathering processes are different. In the MAGIC code, the weathering
rate is expressed as the rate of production of a specific cation or anion
per unit area of the watershed (Table 2.10). Specific dissolving minerals
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are not identified. Generally, when using the MAGIC code, no production
of S03~, NHi, or NO3 and only a limited amount of C1~ is assumed to result
from weathering reactions (Cosby et al. 1985). The weathering of amphi-
boles and mica minerals may release small amounts of C1~ to surface waters
(Chen et al. 1983), but more important sources of C1~ that are not con-
sidered in the models may include road salt, seawater spray in coastal
areas, or fertilizers. The principal ions produced by weathering reac-
tions are the basic cations. In using the MAGIC code, the production
rates of specific cations are determined by adjusting the rate constants
that control the individual weathering rates of the cations until agree-
ment is reached with field observations of cation concentrations in the
surface waters. In past usage, a zero-order dependence on H' concentra-
tion has been assumed (Cosby, Hornberger, and Galloway 1985; Cosby et al.
1985). The recommended calibration procedure (Cosby et al. 1985) suggests
that the relative weathering rates should correspond to the relative abun-
dances of the different base cations contained in minerals present in the
soil layers. Because silica is not included in the MAGIC code, the
stoichiometries of the dominant weathering minerals cannot be used to
constrain relative rates of cation production. However, Cosby et al.
(1985) have found that calibrations of the MAGIC code to field measure-
ments of water chemistry at White Oak Run, Virginia, result in a narrow
range of acceptable weathering rates for the basic cations.

In the ETD code, neither individual base cations nor reacting
minerals are considered. Instead, the net result of all weathering reac-
tions is directly linked to the rate of ANC production (Schnoor and Stumm
1985). In addition to a fractional dependence on H*, which is normalized
to a reference H® concentration, the expression for mineral weathering in
the ETD code also contains the option of including the effect on weather-
ing caused by ligand attack (Table 2.10). This expression follows from
the work of Furrer and Stumm (1986) and Zinder, Furrer and Stumm (1986),
who have reported that the presence of ligands which complex the metal
cation in oxide minerals increases the dissolution rate. Fractional
dependencies of mineral weathering rate on the flow rate through the soil
(Q/Qret)® and the ratio of effective to actual surface area (S/Sref)® of
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the weathering minerals are also contained in the weathering rate formula-
tion incorporated in the ETD code, where the subscript "ref" refers to
reference flow rate and reference surface area (Table 2.10), respectively.
However, the actual use of these modifications is limited by lack of
experimental and field data, so that in practice the exponents q and s are
usually set to zero or the ratios are set to 1.0 (see Table 2.10) to
cancel their effects of effective flow rate and effective surface area on
the weathering rate (Nikolaidis 1987). The high level of detail in the
mineral weathering expression of the ETD code leaves open the possibility
of using experimentally derived data on mineral kinetics, which may be
available in the future. However, methods for extrapolating laboratory
weathering rate data to the field are not well established; thus, in the
actual application of the ETD code to natural watersheds, the additional
rate variables confound the calibration process because appropriate values
are not known, as indicated by the fact that in practice these variables
are set equal to 0 or 1 to cancel their effects. Additionally, the level
of detail in the ETD rate expression for mineral weathering appears con-
tradictory with the aggregation of all weathering processes by a single
expression in ANC. In the actual application of the ETD code, the rate of
ANC production caused by mineral weathering is determined by adjusting the
magnitude of the hydrolysis rate constant until code results match field
observations of ANC.

There are two unusual aspects in the mineral weathering coding of the
ETD code. One is that mineral weathering is permitted in the unsaturated
zone, the saturated or ground-water zone, and the lake sediments, but not
in the uppermost soil zone (e.g., 0, A, and B soil horizons). This treat-
ment is based on the assumption that in the short term (e.g., < 50 years)
weathering will have little effect on base saturation in the upper soil
layers. Second, the ETD code assumes that C1° is a conservative substance
that can be used to assess ANC and SO%~ mass balance during calibration
procedures. However, this assumption requires the exclusion of internal
sources of C1™ in watersheds, such as mineral weathering or road-salt
contamination, which may make calibration of the ETD code difficult for
some watersheds. '
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In the ILWAS code, weathering rates are specified by the mass dis-
solution rates of specific minerals (Table 2.10). The rates of cation and
anion production, including silica, and consumption of H® resulting from
dissolution are determined from the stoichiometries of the reacting
minerals and their dissolution reactions (Chen et al. 1983). In previous
applications of the ILWAS code to Adirondack watersheds, where the soils
often consist of glacial till derived from Precambrian shield regions in
Canada and the anorthositic terrain of the Adirondacks, the dissolving
minerals have incltuded hornblende, sodic plagioclase, and potassium
feldspar. These silicate minerals dissolve incongruently in slightly
acidic solutions, and the reaction stoichiometries used by the ILWAS code
to describe mineral weathering account for the formation of vermiculite
and kaolinite (Gherini et al. 1985). The rate expression in the ILWAS
code also involves the masses of the dissolving minerals in the soil
layers. Although dissolution rates are more appropriately dependent on
surface area, rather than on mass, the determination of the reactive sur-
face area of a specific mineral in a soil matrix is extremely difficult.
The mass of a mineral is more easily measured and its inclusion in the
rate expression ensures a proportional dependence on the amount of the
dissolving mineral present in the soil. The absolute rates of the dis-
solution reactions are determined by a calibration procedure that involves
adjusting the hydrolysis rate constant for silicate mineral dissolution to
match field observations of cation and silica concentrations in surface
waters and/or soil solution. The inclusion of silica in the ILWAS code,
as opposed to its absence in the other two codes, potentially provides a
means for determining the total amounts of cation production and hydrogen
ion consumption caused by silicate mineral weathering under ideal cir-
cumstances of correct reaction stoichiometries and reactive mineral
masses. Thus, the ILWAS code contains the capability, where data are
sufficient, to assess the relative importance of mineral weathering com-
pared to cation exchange in affecting solution compositions.

2.5.6 Cation Exchange

Cation exchange reactions are similar to mineral weathering reactions
involving silicates in that they consume H® ions and generate base cations
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(Schnoor and Stumm 1985). In contrast to mineral weathering reactions,
exchange reactions are rapid and the quantities of exchangeable cations
present on soil minerals represent the degree to which soils can instan-
taneously respond to acidic deposition. The amounts of exchangeable base
cations are usually significantly larger than the amounts present in soil
solution (Reuss and Johnson 1986), and mineral weathering contributes to
the resupply of base cations in soils. However, weathering rates are much
slower than rates of cation exchange reactions, so that continued deposi-
tion of acid may eventually cause the depletion of exchangeable base
cations in soils. Schnoor and Stumm (1985) have estimated that if
weathering reactions did not replace the base cations on exchange sites of
soils receiving acidic deposition, then the exchange capacity of the soils
could be exhausted in 50 to 200 years.

The relationships used in each code to represent cation exchange
reactions in soils are given in Table 2.11. Both the ILWAS and MAGIC
codes use equilibrium-type relationships and selectivity coefficients, S,
to describe cation exchange. In the ILWAS code, the reference cation is
Ca?*, so that the exchange reactions are written as the exchange of Ca?®
for other cations. For divalent-divalent exchange reactions, such as Mgz‘
for Ca’*, a Kerr-type relationship is used; for a monovalent-divalent
exchange, such as H* for Ca?*, a Gapon-type expression is used (Chen
et al. 1983). The exchange of A13* for H® is not included in the ILWAS
code. The cation exchange capacity (CEC) is designated as the sum of Ca®’
+ Mg?* + NHj + K* + Na* + H* cations present on the exchange sites
(Table 2.11). When using the ILWAS'code, measurements or estimates of the
CEC, degree of base saturation, and selectivity coefficients are required
for each of the soil layers. The selectivity coefficients can be deter-
mined from laboratory experiments or calculated from soil solution-
composition and the concentrations of the adsorbed ions. Individual meas-
urements of soil exchange properties must be aggregated to obtain values
that are representative of a catchment (Chen et al. 1983). The values of
these coefficients are evaluated and possibly modified during code cali-
bration to achieve improved agreement between measured and predicted
results for soil-solution composition.
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The MAGIC code uses Gaines-Thomas relationships to define selectivity
coefficients for cation exchange (Cosby, Hornberger, and Galloway 1985),
as shown in Table 2.11. The exchange reactions are described by the
exchange of base cations with A13* (Cosby et al. 1986b), although they
were described as base cation exchange reactions in previous literature
accounts (Cosby, Hornberger, and Galloway 1985; Cosby et al. 1985). The
use of A1®* as the reference cation in the MAGIC code is conceptually
equivalent to the use of Ca?* as the reference cation in the ILWAS code.
For example, the exchange of Ca?* for H* in the ILWAS code is equivalent
to the exchange of Ca®* for A1®* in the MAGIC code because the concentra-
tion of A1®** in solution is determined in the MAGIC code from the pH and
the solubility product for A1(OH)3(s) (Equation 2.16). Although the
exchange relationships are conceptually equivalent in the MAGIC and ILWAS
codes, differences in solubility products for A1(OH)3(s) can lead to dif-
ferent numerical results. The CEC in the MAGIC code is defined as the sum
of A1®* + Ca?* + Mg?* + Na* + K* (Table 2.11). Like the ILWAS code, the
MAGIC code requires measurements or estimates of the CEC and either the
fraction of base cation saturation or selectivity coefficients for up to
two soil layers. Individual laboratory or field measurements from soil
samples taken from more than two layers must be averaged together vertic-
ally and areally to obtain lumped values for the soil-exchange properties
for the entire watershed. These values may be modified during code cali-
bration but should fall within a reasonable range determined from indi-
vidual field samples.

In the ETD code, an .equilibrium relationship for cation exchange is
not used. Instead, the bulk cation exchange is determined from a kinetic
expression that is a function of H® concentration and the degree of base
cation depletion in the soil layers, as shown in Table 2.11 (Nikolaidis
1987). The amount of ANC generation resulting from cation exchange is
linked directly to the bulk cation exchange rate without requiring know-
ledge of the exchange behavior of specific cations in the soil. 1In using
the ETD code, the magnitude of the rate coefficient for cation exchange
rate is determined for the entire watershed by calibrating the code
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results of ANC to match measured ANC values determined for soil solutions
and/or the lake.

The equilibrium-based formulations for cation exchange used in the
MAGIC and ILWAS codes allow the modeler to base his selection of exchange
coefficients on experimental measurements that are representative of a
specific site. Although cation exchange coefficients may vary over an
entire watershed and may also be pH-dependent, the modeler can use what-
ever data are available to set up his input files. The selection of
exchange coefficients is extremely important because it defines as an
initial state the degree to which a watershed can quickly buffer acid
deposition through rapidly occurring cation exchange reactions, and deter-
mines the amount of acid buffering resulting from exchange reactions rela-
tive to mineral weathering. The rate of depletion of the initial exchange
capacity and degree to which it is replenished by weathering reactions are
expected to be important indicators of future watershed acidification
rates. In contrast, the cation exchange formulation used in the ETD model
relates the rate of ANC generation to base saturation. Experimental meas-
urements of base saturation for a watershed can be used to select repre-
sentative initial values, but the important parameter is the rate coeffi-
cient (see Table 2.11), which governs the rate of cation depletion.

Except for prior calibration experience, the modeler has no reference
point to determine the rate coefficient and, in fact, has no way to
separate the amounts of ANC generated by cation exchanged relative to
mineral weathering because both relate a rate (that is, the rate of ANC
generation) to calibrated parameters. Neither process can be related to
experimental measurements that are specific to a watershed.

2.5.7 Anion Retention

Nitrate and sulfate are the principal strong acid anions that are
present in acid deposition (Galloway, Likens, and Edgerton 1976; Bishoff,
Paterson, and MacKenzie 1984). Increases in the concentrations of strong
acid anions cause a direct reduction of ANC, as can be seen from the
charge balance definition of ANC giveh in Equation 2.13. The soils of
many forested watersheds are nitrogen-deficient. As a result, NO3 is
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taken up in vegetation, where it may be reduced to NHs and incorporated
into organic molecules (e.g., R-NHz). This biochemical reaction requires
the uptake of one H' jon, which is the equivalent of the release of one
OH™ ion, thereby balancing the acid/base cycle for NO3 (Reuss and Johnson
1986). In past simulations by the MAGIC and ETD codes, it has been
assumed that the majority of the NO3 in acidic deposition is taken up by
plants and does not make a significant contribution to the reduction of
ANC. This assumption is not valid if significant NO3 leaches from the
soil before being taken up by plants. Nitrate leaching may be important
during episodic periods such as spring snowmelt or heavy rainfall when
accumulated NO3 and associated H' can be transported to the surface waters
of a watershed over a period of only several hours or days (Reuss and
Johnson 1986; Schofield, Galloway, and Hendry 1985; Tranter et al. 1987).
During this time of the year, the residence time of the meltwater in the
soil zones is too short to permit significant NO3 uptake by vegetation.
Uptake also is slowed by cold weather dormancy of plants during early
spring. A]so, in geographic regions that receive NO3 deposition through-
out the year in excess of vegetation requirements, such as in southern
Scandinavia and northern Europe (van Breeman et al. 1982; van Breeman and
Jordens 1983; Hofken 1983), NO3 leaching may significantly contribute to
chronically lowered ANC values of surface waters. However, SO2~ is gener-
ally assumed to be the major anion in deposition that causes long-term
annual average acidification of surface waters for most watersheds located
in the eastern U.S.

Acidic deposition results in an increase in SO3  concentration in
soil solution and, consequently, a decrease in ANC, assuming the sum of
base cations remains approximately constant. However, the concentration
of S02° in soil solution is limited by the adsorption capacity of the soil
minerals for S03-. Modeling and conceptual studies (Galloway, Norton, and
Church 1983; Cosby et al. 1986b) have indicated that systems with high
capacities to retain so%‘ in the soil will suffer less extensive and
delayed rates of acidification. The expressions used in the MAGIC, ETD,
and ILWAS codes to describe SO2~ adsorption are given in Table 2.12.
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The MAGIC code uses a Langmuir-type expression (Cosby et al. 1986)
to describe the adsorption of SO%' as a nonlinear function of the
equilibrium SO}  concentration in soil solution that is independent of pH
(Table 2.12). The important constants in this expression are the maximum
S03- adsorption capacity, [Asax]. and the half-saturation constant for
s0?-, [A1/2], which is the concentration of SO3~ at which the amount of
adsorbed SO%~ is equal to one half of [A,.x] (Cosby et al. 1986b). In the
application of the MAGIC code to watersheds, these constants represent
areally and vertically lumped variables that must be estimated over the
entire watershed by aggregation of measured values or by calibration pro-
cedures. Cosby et al. (1986b) report that reasonable values of [A,.x] and
[A1;2] can be determined from deposition history, average stream concen-
trations of so%‘, and the rate of change of the SO¢~ concentration in the
watershed during the period of the calibration data. These authors also
report that the response time for a system receiving SO3~ deposition is
dependent more on the magnitude of [Asax] than [A;;2], but that the over-
all response is a complex function of both parameters.

Both the ETD and ILWAS codes use linear relationships to describe the
adsorption of S07" as a function of the equilibrium S07" concentration in
soil solution (Table 2.12). An average value for the so%‘ adsorption
constant, Ks, is required for each soil layer in both the ETD and ILWAS
codes. The ILWAS code also uses a linear formulation for the adsorption
of HoPOy and a nonlinear formulation for the adsorption of a triprotic
organic acid (Table 2.12). The change in speciation of the adsorbing
organic acid species with pH is incorporated into the adsorption equation
by the appropriate dissociation constants (Table 2.12).

In general, the Langmuir-type formulation used in the MAGIC code is
more descriptive of the adsorption characteristics of soils over a larger
range of SO%  concentrations than are linear relationships. Experimental
studies of SO3° adsorption onto oxide solids (Hingston, Posner, and Quirk
1972; Davis and Leckie 1980) and soils (Chao, Harward, and Fang 1962;
Couto, Lathwell, and Bouldin 1979) have found that Langmuir-type expres-
sions are required to adequately describe SO}  adsorption. However, con-
centrations at which SO~ adsorption becomes nonlinear may not be reached
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in forest soils receiving acidic deposition. For example, anion adsorp-
tion experiments with soil from the Hubbard Brook Experimental Forest, New
Hampshire, by Nodvin, Driscoll, and Likens (1986a, 1986b) showed that S0; 2
concentration as a linear function of the amount adsorbed in solutions
containing 0 to 146 pmohh‘ter'1 s0:2 and 1:10 solid-to-solution ratios.

Perhaps more important than the question of using linear or nonlinear
relationships to describe anion adsorption is the lack of pH dependence in
the formulations used in the codes (Table 2.12). The adsorption capacity
of the soils is strongly influenced by the amphoteric natures of the oxide
minerals in soils, hence is pH-dependent (Schindler 1981). Experimental
studies of SO0%" adsorption by soils have shown that pH is a master vari-
able that controls adsorption capacity (Chao, Harward, and Fang 1962;
Nodvin, Driscoll, and Likens 1986b). However, cation exchange capacities
and weathering generally stabilize soil pH values. Thus, for simulation
periods of less than 50 or 100 years, the dependence of S0Z" adsorption on
pH may be of little importance. Also, the lack of available data on the
pH dependence of SO~ adsorption in watersheds prevents the actual
application of such data in forecasts of watershed acidification. The
aggregation process used in the three codes would require that the pH
dependence be determined for the majority of the soils and horizons in a
watershed. Both the MAGIC and ETD codes adjust the S0%~ adsorption param-
eters through the calibration process. Thus, it is not clear whether the
capability to simulate the pH dependence of SOj  adsorption would increase
the accuracy of forecasts although it would be useful for carrying out
sensitivity analyses.

2.6 BIOGEOCHEMICAL PROCESSES

Biogeochemical processes are also important for controlling the
response of a watershed to acidic deposition. The reduction of sulfate to
sulfide and nitrification are redox processes that involve interaction
with organic matter and catalysis by microorganisms. Other biogeochemical
processes involve uptake of nutrients from soil layers by vegetation,
canopy processes, and decomposition of organic matter with the subsequent
return of nutrients to the soil. The ILWAS code includes explicit

- 2.55



representations of many biogeochemical processes in its code formulations,
whereas the MAGIC and ETD codes have much less extensive capabilities.

The incorporation of numerous biogeochemical process formulations in the
ILWAS model does not necessarily equate to more accurate predictions.
Representative data for many of the biogeochemical processes are available
only for intensively monitored watersheds, such as the three Adirondack
lakes studies under the ILWAS project (Gherini et al. 1985). For other
less well-studied watersheds, the magnitudes of biogeochemical process
variables can be obtained from the ILWAS project watersheds or estimated.

2.6.1 Sulfate Reduction

The reduction of S0}~ is predominantly an in-lake or wetlands process
and can be described (Schnoor and Stumm 1985) in general terms by

S04~ + 2CHa0 + 2 H* + HpS(aq) + 2C02(aq) + 2H,0 (2.40)

The stoichiometry of this reaction shows that S0Z" reduction can result in
a net consumption of H* ions, thereby increasing the ANC. A1l three codes
have some capability to account for ANC increase in a lake, which would
result from sof‘ reduction (Table 2.13). In the MAGIC code, a quasi-
first-order rate expression is used to describe SO7™ reduction as a func-
tion of the amount of SO3° input to the lake (Table 2.13). The user
specifies a fraction of the total S0%- coming into a lake that is reduced
to sulfide during each year of code simulation. The removal of SO from
the lake is actually treated as an uptake rate in the formulations used in
the MAGIC code (Cosby et al. 1985), but for calculating the lake ANC, this
formulation is analogous to SO3  removal by a reduction process.

In both the ILWAS and ETD codes, S07° reduction is described by
first-order rate expressions with temperature-dependent rate constants
(Table 2.13). In the ILWAS code, different rate constants can be used to
simulate different rates of SO§{~ reduction in each lake layer specified by
the user. In the ETD code, however, reduction is considered to occur
throughout the entire lake volume at an equivalent rate. In lakes that do
not develop anoxic layers, S02° reduction may still occur in the lake
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TABLE 2.13.

MAGIC

ILWAS

(a) where

Sulfate Reduction
(Lake)

Biogeochemi
ILWAS Codes'®

-d[S03°)/dt = k
-d[S027]/dt = kT[$037)

~d[S03 1/dt = [kA/V][S03 ]

A = aquatic area
k = teaperature-dependent
rate constant
kT = u,..o“'
=%
t = tine
0=102-1.80

V = lake volume

Nitrification

(Soil and Lake)

-d[NH]/dt = k

~d[NH4] /dt = k{[NH4]/
{[NH4l5m + [NH4])}

a = pH-dependent factor

k = a-raax i _

[NH4]5g = conc. at which
rate is 56X of maximua

raax = saxisum rate at 2I°C

oT’” = temp. corr. factor

531 Processes Used in the MAGIC, ETD, and

Nutrient Uptake
(Soil)

-d[uj]/dt = k

-dfuj]/dt = uj(bg) + uj(lg)

uj(fer)

(bg) = bole growth

(fer) = foliar exudation

(ig) = leaf growth

[ui] = conc. of chemical
species i, taken up

by vegetation

not develop anoxic layers, SO2~ reduction may still occur in the lake

sediments. The ILWAS code can simulate this process by calculating the
diffusive flux of S04~ from the lake into the uppermost sediment layers
where the S0~ is reduced to H,S(aq).

2.6.2 Nitrification

The oxidation of NH: is another microbially mediated redox reaction.
Nitrification results in a production of H® ions, as shown by the follow-
ing general reaction

NHi + 20, + NO3 + Ho0 + 2H°

(2.41)

The MAGIC code has a limited capability to simulate the loss of NHj
It does so by using a zero-order rate
expression that treats the loss of NH; from the soil as a nutrient uptake

resulting from nitrification.
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process (Table 2.13). The user can specify an average amount of NH; lost
by the combination of nitrification and uptake processes for a given year
of code simulation. The ILWAS code includes the nitrification reaction
for the soil and lake and uses a Michaelis-Menten expression (Chen et al.
1983) to describe the reaction rate (Table 2.13). The user specifies the
rate constant for the nitrification rate in the soil and in the lake. The
ETD code does not include any nitrogen chemistry.

2.6.3 Nutrient Uptake

During the growth of vegetation, equivalent amounts of strong acid
anions and base cations may not be taken up (Reuss and Johnson 1986),
resulting in a charge imbalance that is made up by H* and OH™ ions. The
uptake of nutrients by vegetation and the resulting effects on soil ANC
are included in the MAGIC and ILWAS codes.

In the MAGIC code, a zero-order rate expression is used to describe
the fraction of specific chemical species (e.g., NO3, NHi, S027) taken up
each year by vegetation (Table 2.13). The MAGIC code does not distinguish
between the loss of nitrogen or sulfur species by plant uptake and redox
reactions, but the user can specify the sum. Previous uses of the MAGIC
code have included nutrient uptake only for N-containing species (Cosby
et al. 1985), but uptake rates for other anions and cations can be
specified.

The ILWAS code tracks the uptake of chemical species by various
growth processes such as bole growth, leaf growth, and foliar exudation
(Table 2.13). The rates of these growth processes are controlled by the
net tree productivity (kgeha leyr~!), which is specified for various
canopy types. The user can specify monthly nutrient uptake rates to
incorporate the seasonal pattern of tree growth into the nutrient uptake
rates. The ILWAS code uses equivalent rate coefficients for NO3 and NHj
and assumes that the rates of uptake of these species are directly propor-
tional to their masses in soil solution (Chen et al. 1983).
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2.6.4 Other Biogeochemical Processes Included in the ILWAS Code

The ILWAS code also includes formulations for the following biogeo-
chemical processes: 1) canopy-induced changes in throughfall chemistry
(canopy types include deciduous, coniferous, and open), 2) foliar exuda-
tion, 3) litter fall and decay, and 4) root respiration. Detailed
descriptions of the formulations used for these processes in the ILWAS
code are provided in Chen et al. (1983) and Gherini et al. (1985). Much
of the following information is from these two references.

Canopy Throughfall Chemistry

The ILWAS code relies on user-supplied information about the area of
each canopy type and the monthly leaf area indices to calculate the canopy
interception storage volume and the volume of precipitation that falls
through the canopy. The masses of chemical constituents in the canopy
storage and throughfall are calculated from the wet deposition chemistry
and the collection efficiency of the canopy for dry deposition. The
deposition of various chemical constituents in the throughfall (D;)
resulting from dry deposition onto the canopy is calculated from the
relationship '

Dit = 0.01 « Ef e Vg e Cpaj oL, oA (2.42)
where E; = the collection efficiency
Vg = the deposition velocity in cmesec™?
Cai = the concentration of constituent i in the air in yeq-m'3
L, = the leaf area index (unitless)
A = the land surface area in m2.

Gaseous and ionic constituents such as SOx(g), NOx(g), and NH; are assumed
to be oxidized to S0~ and NOs on the leaf surfaces. A rate expression,
with a first-order dependence on NH; mass and a temperature-dependent rate
constant, is used to calculate NH; oxidation on the leaf surfaces.

Foliar Exudation

The ILWAS code includes foliar exudation of chemical species onto the
leaf surfaces although few data on the rates of foliar exudation are
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available. The ILWAS code assumes that the foliar exudation rate for a
chemical species i, X;, is proportional to the leaf chemical composition,
i.e.,

Xi =ae®q; *Ci oW *L, *»A/n (2.43)
where a = effective leaf turnover rate in day'1
~i = an ion amplification factor for species i
CLi = the concentration of species i in the leaf in ;;eq-g'1
W = a factor for converting leaf dry weight to leaf area in gem™?
n = the number of seconds in a day
L, = the leaf area index (unitless)
A = the land surface area in m?.

The effective leaf turnover rate and amplification factors are calibration
parameters that are determined through comparisons of code results with
field observations. The ILWAS code uses the amounts of dry deposition and
foliar exudation determined from the above expressions, wet deposition
chemistry, and the canopy interception volume to calculate the concentra-
tions of chemical species in the throughfall precipitation.

Litter Fall and Decomposition

The effects on soil chemistry of the fall and decay of leaf litter
are also included in the ILWAS code. The rates of litter fall, L¢
(kg ]itter-m’zomth'l), and the weight fraction that is immediately leach-
able are input parameters that are specified for each canopy type. The
immediate release of a chemical species to soil solution is determined
from .

Xei = CLi ® F o Ly o Ao At (2.44)

where Xg; is the release rate for species i in yeq-sec'l, F is the frac-
tion of leachable ions for one of the three canopy types (deciduous, con-

iferous, or open), and At is the time step in seconds used for numerical
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calculations. The decay of the fallen litter is described by the rates of
the four general reactions that follow:

litter + fine litter (2.45)

fine litter + humus + cations (2.46)

humus + organic acid + NHy + SO3~ + H® + CO, (2.47)
humus + NH; + S04~ + H® + CO, (2.48)

The rates of these reactions are assumed to be directly proportional to
the concentrations of the reactants, and the first-order rate constants
are specified by the code user. The user also specifies the fractions of
NH: and SO%~ that are released to soil solution by these decomposition
reactions and the amounts of nitrogen, sulfur, and carbon present in the
produced organic acid.

Root Respiration

The ILWAS code determines the production of CO2(g) in the root zone
by the following expression:

R=Rg+aeRye Uy (2.49)
where R = the total root respiration rate in mg Cecm 2esec™!
Re and Ry = the basal and active metabolism rates, respectively, for tree
growth in mg Cecm™ 2esec”?
| Uy = the fraction of total yearly uptake that occurs in a given
month
a = a unit conversion factor.

The user specifies Uy, Rg, Ra, and root distribution as functions of depth
for each canopy type. Root respiration and litter decay are the main
sources of CO,(g) in the soil zone. Some of the CO2(g) may vent to the
atmosphere, dissolve in the soil solution, or be moved spatially by fluid
advection. The ILWAS code calculates the loss of CO2(g) to the atmosphere '
by means of a simple diffusion equation, and the amount dissolved in the
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soil solution by a Henry's law expression (see Equation 2.31). The advec-
tive transport of C0y(g) is determined from the percolation rates of the
fluid phase in the soil layers and from changes in moisture content, which
cause liquid displacement of the CO2(g) present in the gas phase in the
void volume of the soil.

2.7 SUMMARY

The MAGIC and ILWAS codes contain all of the processes currently
thought to be most important for affecting the chemical compositions of
soil and surface waters in watersheds receiving acid deposition (NAS
1984), including carbonic acid equilibria, aluminum hydroxide dissolution
and speciation, silicate mineral weathering, anion retention, cation
exchange, and pH-buffering by organic acid dissociation. These two codes
also contain similar suites of major cations and anions present in surface
and soil waters, except that the ILWAS code also considers silica and
organically complexed aluminum.

The primary differences between the MAGIC and ILWAS codes are in the
formulations used to represent various processes and the level of detail
contained within those formulations. Among the more important differences
are the ANC conventions. The ILWAS code uses an ANC convention that is
consistent with analytical methods for ANC determination, whereas the
MAGIC code uses a slightly different convention. For most slightly acidic
waters, the different conventions result in negligible differences in
predicted ANC values. However, for waters with pH less than about 5.0,
ANC values predicted by the two codes will be significantly different and
should be kept in mind when comparing results.

The ILWAS code also contains formulations for complexing of aluminum
by organic acids. This capability may be important for organic acid-rich
waters, where total dissolved aluminum concentrations are higher than
would be expected from A1(OH)s(s) solubility. Neither code includes alum-
inum adsorption to organic materials or pH-dependent relationships for
S02- adsorption. The MAGIC, but not the ILWAS code, includes a pH-
dependent relationship for cation exchange. However, these relationships
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are not well known, making it difficult to assess their importance for
predittive accuracy. The ILWAS code contains a more current representa-
~ tion of the temperature dependence of A1(OH)s(s) solubility than does the
MAGIC code, which currently uses outdated thermodynamic data. The more
complex representations of aluminum chemistry in the ILWAS code make it
more suited for predicting the seasonal dynamics of aluminum concentra-
tions compared to the MAGIC code.

_ The rate expressions for mineral weathering are grossly similar in
form in both codes, but differ in detail. In the MAGIC code, weathering
is specified by the user as the rate of production of an individual cation
or anion per unit area of watershed. The composition of soil minerals can
be used to guide the relative proportions of different ions produced by
weathering reactions. In the ILWAS code, specific minerals present in the
soil are dissolved according to the stoichiometry of the mineral. The
inclusion of silica in the mineral stoichiometries provides a means for
estimating the total amount of mineral weathering occurring in a water-
shed, assuming one has correct representations of the dissolution reac-
tions. This permits the estimation of base cations from weathering to be
separated from base cations supplied by cation exchange.

The ILWAS code also contains a number of biogeochemical processes
that are not included in the other two codes and that potentially affect
surface and soil water chemistry. The inclusion of these processes does
not necessarily provide for better accuracy in predicting watershed acidi-
fication because data for many of the processes are available for only
very intensively monitored watersheds. However, for watersheds where data
are available, inclusion of the biogeochemical processes in the ILWAS code
makes it more able to predict episodic and seasonal changes in soil and
surface water chemistry. The inclusion of these processes in ILWAS also
allows sensitivity aha]ysis of the effect of forest fires or clear-cutting
on watershed acidification.

In contrast to the other two codes, the ETD code does not include
aluminum dissolution, cation exchange equilibrium, or organic acid buffer-
ing, and only considers a limited set of chemical species (i.e., ANC,
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so?-, C1°, H*, and carbonic acid species). The lack of aluminum chemistry
forces one to use a secondary code to determine aluminum concentrations
after predictions of surface water chemistry are made, and it precludes
using the ETD code to make any predictions in acidic systems (i.e., pH
less than 5.0 to 5.5), where A1(OH)3(s) dissolution exerts a major effect
on solution pH. The lack of nitrogen chemistry in the ETD code precludes
its use in systems receiving a significant proportion of acidity in the
form of nitrogen oxides and hydrates. Also, the rate formulations used to
represent cation exchange in the ETD code do not allow the modeler to use
available data on exchange coefficients to determine the relative impor-
tance of cation exchange versus mineral weathering for generating ANC
because both are effectively calibrated variables. In large part, the
formulations and the limited chemistry in the ETD code do not allow the
modeler to use available data on soil chemistry to define the initial
chemical state of a watershed.

Many of the differences in the codes also reflect the modeling
approach of the code authors and the time scales for which the codes were
intended to be used. For example, the MAGIC. code incorporates nearly all
of the major geochemical processes affecting watershed chemistry but does
so with considerable temporal aggregation of variables. This approach is
consistent with the MAGIC code's intended use of predicting average
monthly to yearly changes in soil and surface water chemistry. Thus, the
MAGIC code is very useful for making predictions of water chemistry for
watersheds where detailed monitoring data are not available and for
analyzing the effect of uncertainties in input data on predicted results.
By contrast, the long time scales in the MAGIC code do not allow it to be
used for predicting episodic events.

On the other hand, the high degree of process detail and short time
step (generally one day) of the ILWAS code make it suitable for predicting
episodic and seasonal events, and for conducting detailed numerical
experiments to analyze the effects of different processes on soil and
surface water chemistry. Although its input data sets are extensive, the
ILWAS code can also be used for watersheds where monitoring data are
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sparse. However, this requires that many variables, especially the
biogeochemical ones, be estimated from the modeler's past experience or by
analogy with well-studied watersheds. The ILWAS code also contains
several output options that can be used for bookkeeping chores to track
the mass balance relationships of all chemical constituents. This capa-
bility is helpful in analyzing code behavior in calibration, numerical
experiments, and field testing of process representation.

In summary, the MAGIC and ILWAS codes are advanced models of the
combined meteorological, hydrological, and biogeochemical processes that
govern watershed acidification. In comparison, the ETD code appears to
be less useful in predicting watershed acidification or for understanding
acidification processes because it does not include many chemical
processes and constituents accepted as being important in watershed acid-
ification, and does not take advantage of measured soil chemistry char-
acteristics to define an initial state from which calibration "and modeling
can be started. Although all three codes appropriately simulate discharge
hydrographs, the state-of-science limitations in the modeling of flow
routing limit the predictive capability of watershed acidification models.

Each of the codes incorporates to varying degrees process formula-
tions that are consistent with theoretical and experimental studies of
natural systems. Although the inclusion of a greater number of process
representations in a watershed acidification code does not necessarily
translate into increased predictive reliability, it improves the like-
lihood of reliable forecasts. Predictive reliability can only be assessed
through comparison of code predictions to observed data from monitored
watersheds and not solely from comparisons of process formulations or
degrees of aggregation. |
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3.0 ANC GENERATING PROCESSES IN MAGIC, ILWAS, AND ETD CODES

D. C. Girvin, E. A. Jenne, L. E. Eary, and L. W. Vail

The evaluation of watershed response to acidic deposition and the
ability of a specific watershed code to describe this response typically
focuses on the acid neutralizing capacity (ANC) of surface waters. How-
ever, the conceptual and computational adequacy of a watershed acidifica-
tion code cannot be readily evaluated by comparing measured surface water
ANC with code simulations of the watershed response because a maximum
period of only 1 to 2 years of data is likely to be available for testing
after the calibration period. The critical examination of ANC generation
by individual processes for short-term forecasts that are presented in
this section establish the reasonableness of predictions of the ANC con-
tributed by individual processes. However, this analysis cannot serve as
a substitute for comparisons of model forecasts with multi-year field data
in establishing the reliability of long-term forecasts using the watershed
acidification codes considered here.

This section also assesses the relative importance of cation exchange
and mineral weathering, the major watershed processes contributing to the
neutralization of acidic deposition, and other acid neutralizing processes
(e.g., S03- adsorption). Three watershed acidification codes MAGIC, ETD,
and ILWAS have been used to examine the variation in forecasted ANC fluxes
(mass/unit watershed area) from individual processes in the Panther Lake,
Woods Lake, and Clear Pond watersheds for two deposition scenarios (three
for MAGIC).

3.1 APPROACH

For Panther and Woods Lakes and Clear Pond, calibrated input
data sets for the MAGIC code were received from B. J. Cosby and G. M.
Hornberger (University of Virginia) and for the ETD code from N. P.
Nikolaidis (University of Iowa). Calibrated input data sets for the ILWAS
code were received from R. K. Munson and S. A. Gherini (Tetra Tech, Inc.,
Lafayette, CA) for Panther and Woods Lakes; the ILWAS code's calibrated
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input data set for Clear Pond was not available. The input data sets for
these three Adirondack watersheds contain daily values (ETD and ILWAS) or
monthly (MAGIC) average values of observed data (see Table 2.1 for time-
averaging intervals) and values of calibration variables. Based upon
these calibrations, 12 to 15-year predictions or 50-year predictions
(MAGIC only) were made for the deposition scenarios described below to
examine the magnitude and variation in ANC generation for specific pro-
cesses as a function of time and acid deposition amount. Some factors
affecting this analysis are noted below.

The quantity of precipitation falling in a given period of time
affects the ANC of immediately down-gradient surface waters. In the
absence of long-term records of precipitation for these watersheds, the
2 years (Clear Pond) or 3 years (Panther and Woods) of available daily
precipitation data were cycled during the 12- to 15-year prediction period
for the ETD and ILWAS codes. Although year-to-year variations in ANC are
of significant interest, the annual average ANC values reported below for
the ETD and ILWAS codes have been averaged over the 3 years corresponding
to the precipitation record cycle (1-1/2 cycle in the case of Clear Pond)
in order to evaluate model response and compare models. Since monthly
precipitation values are used by the MAGIC code, average values were
derived from the 3 years of available daily precipitation data. These
average monthly values were used for all years for which the MAGIC code
was run.

The weathering rates in all three codes can depend on the H® con-
centration in the soil solution raised to a fractional power, n. In the
original calibrated data sets recgived for the MAGIC code, this fractional
power was set to zero (n = 0). That is, the weathering rates of silicate
minerals in the three Adirondack watersheds considered here were assumed
to be independent of H™ ion concentration and, as a consequence, the
weathering rates in MAGIC were constant during the forecast periods. This

is the standard weathering scenario used by the authors of the MAGIC
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code.(a) However, in calibrating the ETD and ILWAS codes for the water-
sheds considered here, n was set equal to 0.5 by the authors of these
codes. To facilitate comparison between MAGIC and the other two codes,
and to examine the difference in the weathering rates calculated by the
MAGIC code, both cases n = 0 and n = 0.5 were examined. The MAGIC code
was recalibrated for n = 0.5 by PNL, resulting in only relatively minor
changes in calibration parameters (weathering rates, selectivity
coefficients, and base saturation). '

A major uncertainty in evaluating the probable impact of future
reductions in sulfur emissions is the extent to which base cation deposi-
tion rates will vary as anthropogenic sulfur emissions are reduced. It is
assumed that base-cation deposition fluxes are derived from local sources
which may be unrelated to sources of sulfur. The three atmospheric depos-
ition scenarios used (base case, Type A, and Type B) encompass this prob-
lem. In the first scenario, the deposition fluxes were maintained at the
same values used for the calibration (base-case scenario). In the second
scenario, the S0¢~ and NO3 fluxes were increased or decreased by 20% rela-
tive to the base case, while the fluxes of base cations were held constant
at base-case values. In concert with the change in anions, hydrogen ion
was increased or decreased to maintain charge-balance in the precipita-
tion; for the ETD code, only soi' was varied because NO3 is not an input
to this code. This approach assumed that the dominant contributions to
"acidic deposition" are sulfuric and nitric acid. Thus, since charge
balance is maintained between cations and anions in the precipitation, no
net change would result in the ANC of the precipitation, relative to the
base case for the 220% deposition scenario. However, for the 220% deposi-
tion scenarios, changes have occurred in the concentrations of 1) the H'
ion relative to base cations (in the precipitation) and base-cation
sources, and 2) S04~ relative to soil adsorption capacity. This is
referred to as a +20% Type-A deposition scenario. The +20% perturbation
of total acidic deposition can be visualized as a change of 40% in dry

(a) B. J. Cosby, personal communication 1987.
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deposition only. This falls between the dry deposition uncertainty
estimates of 50% (Sirois and Barrie 1988) and 30%(a).

In the third scenario, the flux of all constituents was increased or
decreased by 20% relative to the base case (+20% case, Type-B scenario).
This scenario was included because it had been used previously in an
unpublished study carried out on 10 northeastern United States watersheds
for the U.S. EPA by the Pacific Northwest Laboratory in 1987. Only a
limited test using the MAGIC code was included since this does not appear
to be a realistic scenario. For each deposition scenario, the base-case
calibration parameter set was used. For the MAGIC code, a 3-year linear
ramp from the base-case deposition to the £20% deposition values was used.
For the ETD and ILWAS codes, the £20% deposition values were imposed at
the start of the calibration years and maintained at those values through-
out the forecast period. Because of the time required for the simulation
to adjust to changes in deposition scenario, the initial 3 years of an
ILWAS code simulation were discarded.

The relative roles of cation exchange and mineral weathering in fore-
casting contributions to ANC budgets along with ANC production from other
processes are examined below for each code: the MAGIC code in Section
3.2, the ETD code in Section 3.3, and the ILWAS code in Section 3.4. They
are summarized and compared'in Sections 3.5 and 3.6, respectively.

3.2 THE MAGIC CODE

The ANC contributed by cation eXchange is not explicitly calculated
in the MAGIC code. Therefore, it was obtained by difference from those
processes whose fluxes are explicitly calculated by the MAGIC code, as
follows:

cation exchange = net flux - base-cation weathering - base-cation
uptake by plants - anion uptake by plants - adsorption (3.1)

(a) T. P. Meyers and B. B. Hicks, personal communication, September 1988.
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These processes and fluxes are given for Panther and Woods Lakes in
Tables 3.1 and 3.2 for n = 0.0 and in Tables 3.3 and 3.4 for n = 0.5.
Because of the similarity between Panther Lake and Clear Pond watersheds,
the flux data for Clear Pond watershed are not given. Scenarios are
plotted versus forecast year in Figures 3.1 to 3.4.

Within each watershed, the variations in R (the ratio of ANC con-
tributed by cation exchange to the ANC contributed by base-cation weather-
ing for all scenarios, as noted in Tables 3.1 to 3.4 and Figures 3.1 to
3.4) are dominated by changes in cation exchange in the watershed soils.
Where the weathering is constant with time (n = 0), the temporal variation
in R within each watershed (Figures 3.1 and 3.2) results from variations
in ANC contributed to the watershed by the exchange of A1%3* for base
cations (Ca?®, Mg?*, K*, and Na*) via cation exchange. Where n = 0.5
(Figures 3.3 and 3.4), the ANC flux due to weathering varies slightly with
time (the maximum variation being 6% for Woods Lake) because of small
changes (A pH < 0.1 pH unit) in soil-solution pH. Thus, the change in R
is still dominated by cation'exchange. The greater divergence in 220% R
trajectories in Woods Lake as compared to Panther Lake watershed is due to
the variation in gibbsite dissolution for Woods Lake (see last column of
Tables 3.1-3.4). The difference in the ANC fluxes from weathering and
exchange processes for the n = 0 and n = 0.5 cases were relatively small
during the forecasts for all deposition scenarios, as can be seen in
Tables 3.1 to 3.4. The reason for this is that the change in soil pH
during the forecast period was less than 0.1 pH units. It should also be
noted that for the 50-year MAGIC forecasts, described below, the differ-
ence in the n = 0 and n = 0.5 ANC fluxes from weathering and exchange
processes was also relatively small, again because the change in soil pH
during the forecast was < 0.14 pH units. Because of these small changes
in soil pH for all three watersheds and all deposition scenarios, the n =
0 weathering scenario originally used by the authors of MAGIC is a reason-
ably good approximation to the n = 0.5 weathering scenario, which we con-
sider to be more representative of weathering processes as they occur in
soils. However, experimental data for common silicate minerals indicates
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a fractional hydrogen ion dependence of dissolution reaction rates in acid
solution of 0.5 < n < 1.0 (Lasaga 1984; see discussion in Section 2.5.5).

~ The difference in the magnitude of R for Panther Lake (and Clear
Pond) compared to that for Woods Lake (Figure 3.1) is because of the code
structure and the calibration values selected for the base-cation weather-
ing rates. For example, for the 1981 calibration year in Tables 3.1 and
3.2, in which the weathering for Panther Lake is 10 times greater than
- that for Woods Lake, the cation exchange for Panther Lake is only twice as
great. The net result is that the value of R for Woods Lake is a factor
of five greater than R for Panther Lake (Figure 3.1). Similar situations
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are found in Figures 3.2, 3.3, and 3.4. This increase in R for Woods Lake
relative to Panther Lake is because the MAGIC code does not include A1®°
from gibbsite dissolution as a base cation; thus, Al is not included in
the base cation (Ca?*, Mg?*, K*, and Na') weathering flux in Tables 3.1 to
3.4. This makes a significant difference for Woods Lake, where the flux
of Al from gibbsite dissolution is a factor of two greater than the base-
~ cation weathering flux (Tables 3.2 and 3.4). For Panther Lake, however,
the Al flux is only 3% of the base-cation weathering flux (Tables 3.1

and 3.3). Thus, the weathering flux at Woods Lake relative to that at
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Panther Lake drops by a factor of 10 because of the exclusion of Al from
"weathering." The denominator in R is consequently less for Woods Lake
than for Panther Lake.

The MAGIC code assumes that there is equilibrium with gibbsite and
that an unlimited quantity of gibbsite is present. The formulation of
cation exchange in the MAGIC code includes Al as one of the exchange ions
(A13*, ca?*, Mg?*, K*, and Na®). Dissolved Al concentrations in the soil
solutions are forecasted to be 55% to 85% higher in the Woods Lake than
the Panther Lake watershed, depending on the deposition scenario. There-
fore, exchange reactions, such as

3 CaXy + 2 A13* = 2 AlXg + 3 Ca?* (3.2)

where X denotes the soil exchange site, are driven to the right to a
greater extent at Woods Lake than at Panther Lake. This increase in the
numerator in R and the decrease in the denominator in R (described above)
produces higher values of R for Woods Lake than Panther Lake and contri-
butes to greater divergence in R for Woods Lake during the forecast period
for the 220% deposition scenarios (Figures 3.1 to 3.4).

Finally, it should be noted that the values of R are less for the
cases of n = 0.5 than for n = 0. This difference results from the neces-
sary recalibration of each watershed and the resulting increase in base-
cation weathering and decrease in cation-exchange fluxes for n = 0.5
(compare Tables 3.1 through 3.4).

For Panther Lake and Clear Pond, the MAGIC code predicts the ANC of
the basin outflow to be 107 and 65 meqem 2eyr~!, respectively. The
changes in cation exchange during the forecast period for the various
scenarios are typically less than 6% of the basin outflow. This is
reflected in the minor changes in R relative to the base case during the
forecast period for all 220% deposition scenarios (Figures 3.1 to 3.4).
Given the accumulated error in all the experimental data used in these
predictions and all of the assumptions and uncertainties inherent in any
watershed code such as MAGIC, the changes with time or deposition scenario
in R for Panther Lake and Clear Pond are of little significance. This is
in sharp contrast to Woods Lake, which has a forecasted basin outflow ANC
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of -35 meq-m”oyr'l. Variations in base cation exchange for Woods Lake

are typically 20% during the forecast period for the £20% deposition
scenarios. Thus, the changes in R for Woods Lake are significant relative
to the base case for all the £20% deposition scenarios.

Perhaps the most important observation to be made from Figures 3.1 to
3.4 is the reversal in the slope of the forecasted value of R, depending
upon whether only SO3~ and NO3 (Type A) or all constituents (Type B)
are changed in a given deposition scenario. The same is true for both
H*-independent and H'-dependent weathering (n = 0, 0.5). We suggest in
the discussion below that deposition scenarios in which all constituents,
cations and anions, vary by equal percentages (e.g., the cases shown in
Figures 3.2 and 3.4) are not generally representative of the expected
consequences of decreased emissions of acidic-deposition precursors.

For the Type-A +20% case deposition scenario, there is no increase in
the atmospheric flux of base cations associated with the increased flux of
S0:~ and NO3 (see last column in Tables 3.1 and 3.2). Thus, the increase
in R (Figures 3.1 and 3.3) is plausible, because the additional acidic
deposition decreases the soil-solution pH and thereby increases the dis-
solution rate of aluminosilicates and gibbsite. The associated increase
in Al concentrations in the soil solutions displaces greater amounts of
base cations from cation-exchange sites in the soils, causing the fore-
casted increase in R. A similar argument accounts for the observed
decrease in R for the -20% Type-A scenario.

The response in R differs for Type-A and Type-B scenarios. Type-B
scenarios (Figures 3.2 and 3.4) result in a decrease in R due to a reduced
ANC contribution from cation exchange. This is because the Type-B
scenarios does not represent, respectively, a +20% and -20% increase and a
decrease in just "acidic" constituents but in all constituents, including
base cations. Indeed, there is no net difference between the equivalents
of strong acid anions and base cations among any of the Type-B scenarios.
For the +20% case, the atmospheric flux of base cations to the watershed
increases (see last column in Tables 3.1 and 3.2), but because weathering
is constant (for n = 0) or changes only slightly (for n = 0.5), therefore,

3.15



the flux of base cations from exchange sites is decreased to compensate
for the increased atmospheric flux of base cations. Thus, the ratio R
decreases. The difference in the behavior of R between Type-A and -B
deposition scenarios demonstrates the marked buffering effect of base
cations in the precipitation.

The effect of using Tybe-A and -B deposition scenarios on the 50-year
forecasts of lake ANC for Woods and Panther Lakes is shown in Figure 3.5.
As can be seen for Woods Lake, the forecasted lake ANC for the -20%
scenario would be 30 meqom‘s less for the Type-B scenario than it would
be for the Type-A scenario. Similarly, the +20% scenario results in a
lake ANC value for the Type-B scenario of 30 meq-m'3 greater than for the
Type-A scenario. By contrast, Panther Lake and Clear Pond show no
significant differences in forecasted lake ANC for the Type-A and -B
scenarios for either +20% cases. Thus, we conclude that both the type
of deposition scenario and the watershed have a major effect on forecasted
ANC.

The Type-B scenario was included because of its prior use as noted in
the Approach section. However, current emission controls on fossil fuel
power plants result in minimal release of particulates. Furthermore,
particulates tend to be deposited much closer to the source than are
gases. Thus, it is assumed that base cations in atmospheric deposition
are largely of local origin. Therefore, deposition scenarios in which
only SO?~ and NO3 are varied, along with the equivalent change in H* to
maintain electrical neutrality, are believed to more realistically repre-
sent changes in deposition chemistry that would result from applying mit-
igation technologies to minimize atmospheric SOx(g) and NOx(g) emissions.

The relative contribution of cation exchange, weathering, and S0%-
adsorption to ANC are affected by the choice of calibration parameters
relating to these processes for the MAGIC code. Cation exchange and base-
cation weathering contribute 86% of total ANC for Panther Lake and 99% for
Clear Pond (Table 3.5). On the other hand, SO  adsorption is an impor-
tant process for Woods Lake representing 49% of the total ANC from soil
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TABLE 3.5. MAGIC Code, 1982-1984 Average ANC Budget for Base-Case
Deposition Scenario for Panther, Clear (1984-1986), and
Woods Watersheds (n = 0.5; calculations normalized to
terrestrial area)

Panther Clear Woods
2. -1

- = = - meqgem “eyr - - - -
Atmospheric Inputs

Terrestrial/Lake
Wet : -107.5 -76.4 -103.0
Dry 0.0 0.0 0.0
Total -107.5 -76.4 -103.0
.
Internal Sources
Soil Solution
NH, Uptake (Nitrification) -12.9 -9.2 -11.7
NOs Uptake (Nitrate Reduction) 17.6 24.1 27.7
Net . 4.7 14.9 16.0
Soil Processes
Cation Exchange 21.3 24.7 13.7
S04 Adsorption 27.9 -1.5 25.7
Weathering 151.1 98.1 15.8
Net 200.4 121.3 55.2
Lake
NH, Uptake (Nitrification) -15.1 -4.8 -18.3
NOs Uptake (Nitrate Reduction) 23.1 9.6 15.0
-S04 Reduction 0.0 0.0 0.0
Net 8.0 4.8 -3.3
Sum Internal Sources 213.0 141.0 67.9
Basin Outflow(®’ 105.4 64.6 -35.1
Sum Atmospheric Inp?t +
Internal Sources‘®’ 105.6 64.7 -35.1
Basin OQutflow of Aly 3.9 2.2 25.5

(a) Values of basin outflow must agree with summed atmospheric input + internal
sources since the cation exchange contribution to ANC is calculated by
difference between them.



processes, because of the markedly less contribution from weathering.
Sulfate adsorption contributes 14% to Panther Lake and is insignificant
for Clear Pond.

Three additional observations can be made based upon the results for
the MAGIC code given in Table 3.5. First, the lake is an insignificant
source of ANC. Second, sulfate reduction in the lake is not invoked as a
source of ANC for any of the watersheds. Third, total Al in the basin
outflow contributes a significant amount of ANC for Woods Lake but not for
Panther Lake and Clear Pond.

3.3 THE ETD CODE

The deposition chemistry that drives the ETD code is less extensive
than that required by the MAGIC code. The ETD code requires the fluxes
for the net ANC, SO3", and C1” (but not for NO3), whereas the MAGIC code
accepts the atmospheric fluxes for nine constituents (i.e., ca?*, Mg?*,
Na*, K*, NHi, C1°, NO3, SOi™, and F*). Because the ETD code does not
explicitly treat atmospheric base-cation fluxes, only Type-A deposition
scenarios, in which S03™ and the equivalent ANC are varied, can be con-
sidered. In addition, only H'-dependent weathering (n = 0.5) is

considered.

The ANC fluxes for the ETD code were derived using the companion
BUDGET code. This code calculates hydrologic, ANC, and SO%  budgets using
output from the ETD code. The ANC fluxes from cation exchange and
weathering for Panther Lake, Clear Pond, and Woods Lake are given in
Table 3.6 for the base case and the +20% deposition scenarios. These
fluxes are averaged over the 3-year periods at the beginning and end of
the forecast period. The average values of R for these time periods,
shown in the last column in Table 3.6, were calculated using the sum of
the weathering in the unsaturated, ground-water and lake compartments.

The majority of the weathering occurred in the unsaturated zone.

The ratios of cation exchange to weathering are essentially identical
for Panther Lake and Clear Pond, with Woods Lake being only slightly
higher. The base-cation weathering rate and the cation-exchange rate both
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TABLE 3.6. ETD Code, Forecasts for 3-Yr Averages of Annual Average
Fluxes of ANC from Cation Exchange and Weathering for
Each Compartment for Panther Lake, Clear Pond, and
Woods Lake: Base-Case and x20% Deposition Scenarios
(n = 0.5; calculations normalized to terrestrial area)
Cation '
Exchange Weathering .
- . _ Cation Exchange
Deposition Years Unsaturated Ground Ratio = :::'::ath::‘:: .
Natershed Scenario Averaged Soil Zone Vater  Lake 8
- - = - ..q.|2.’r-1 - - - -
Panther Lake Base Case 1982-1984 4.0 161.9 14.8 22.3 .47
-20% S04 1982-1984 84.8 165.7 “s 222 8.4
+28% S04 1982-1984  163.7 168.5 4.8 224 6.51
Base Case  1991-1993 91.8 163.6 1“4 223 6.48
-20% S04 1991-19903 82.7 157.8 “s5 222 6.43
+26% S04 1991-1993  181.2 169.4 4.4 224 6.49
Clear Pond  Base Case  1984-1986 76.1 132.6 6.3 175 8.51
-26% S04 1984-1968 67.8 123.6 6.3 174 8.47
+20% S04 1984-1988 85.2 141.7 6.3 1.7 6.53
Base Case  1994-1996 1.8 138.3 . 83 173 8.48
-28% S04 1994-1996 62.9 126.1 63 172 0.4
+20% S04 1994-1996 79.8 146.9 0.3 175 8.48
Woods Lake  Base Case  1982-1984 34.9 48.5 18.7 4.5 8.57
-26% S04 1982-1984 31.8 44.0 18.7 4.2 8.53
+20% S04 1982-1984 39.1 49.3 18.8 5.8 6.66
Base Case  1991-1993 33.8 4.9 16.1 44 6.55
-26% S04 1991-1993 38.2 44.2 10.8 4.1 6.52
+26% S04 1991-1993 37.8 - 49.9 16.1 4.9 §.58
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TABLE 3.7. ETD Code, 1982-1984 Average ANC Budget for the Base-Case
Deposition Scenario for Panther, Clear (1984-1986), and
Woods Watersheds (calculation normalized to terrestrial

area)

Atmospheric Inputs
Terrestrial/Lake/Snowpack
~ Wet
Dry
Total

Internal Sources

Soil Compartment
S04 Adsorption
Cation Exchange
Net

Unsaturated Zone
S04 Adsorption
Weathering
Net

Ground Water Compartment
S04 Adsorption
Weathering
Net

Lake Compartment
S04 Reduction
Weathering
Net

Sum Internal Sources

Sum of Release from Storage

Atmospheric Input + Internal
Sources + Release from
Storage

Basin Outflow

Difference

Panther

-100.5
-37.9
-13804
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depend on calibrated variables. For the ETD code, the flux of exchange
cations from the soil and the flux of weathered cations from the unsatu-
rated zone, ground-water, and lake compartments both decrease by a factor
of approximately three in going from Panther Lake to Woods Lake

(Table 3.6). Thus, the ratio R remains relatively constant among the
watersheds in the ETD code. The variation in R forecast by the ETD code
during the forecast period is small for all three watersheds (Figure 3.6).

For the ETD code, the ANC contribution from cation exchange and
weathering dominates that from SO§~ adsorption and S03~ reduction (lake)
for all three watersheds (Table 3.7). The ANC budget in Table 3.7 is an
average base-case deposition scenario for the period 1982-1984. The year-
to-year variation for each source of ANC are relatively small (see
Tables C.7 to C.15 in Appendix C). The ETD code is the only code of the
three studied that was calibrated to invoke SO%' reduction in the lake
compartment of these three watersheds, although all codes have that
capability. The sum of the S0Z- adsorption in the various compartments
varies from 2% to 8% of the total ANC budget. Thus, for the ETD code,
s03" adsorption plays a relatively minor role in neutralizing acidic
deposition. The release from storage term in Table 3.7 represents the
difference in the total mass of dissolved ANC within the watershed over
the time period under consideration. At a given time, the total mass of
dissolved ANC is equal to the sum over all compartments of the product
[(ANC concentration) ¢ (volume of water)]. The sum of these releases from
storage should be zero by conservation of mass over multiple annual
cycles. Considering yearly or 3-year averages (Table 3.7), the sum of the
releases from storage differs slightly from zero for each watershed. The
sum of the atmospheric input, internal sources, and release from storage
should be identical to the basin output forecasted by the ETD code
(Table 3.7). The lack of agreement shown in Table 3.7 as "Difference"
indicates that the ANC mass balance in the ETD and/or Budget codes is not
self-consistent. Because the annual average ANC flux from Woods Lake is
“Tow (-10.0 meq-m'zoyr'l), the difference given in Table 3.7 for Woods Lake
is a significantly greater fraction of the basin outflow ANC than it is
for Panther Lake or Clear Pond. The absolute magnitude of this difference
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(approximately «5 meqem™2eyr-!) is a factor of 50 greater for ETD than it
is for the other two models considered in this study. The inconsistency
in the ANC budget of the ETD code may be due to the assignment (within the
code) of the equivalent moisture depths to zero when the soil and unsatur-
ated compartments reach a certain moisture content, and/or concurrently
assigning the dissolved constituent masses to zero. In a recent modifica-
tion of the ETD code, made subsequent to these simulations, the dissolved
constituent masses are no longer set to zero as they were in the version
of the code available for these simulations.(3) This change may have
corrected the inconsistency in the ANC mass balance.

3.4 THE ILWAS CODE

The deposition chemistry that drives the ILWAS code is similar to
that of the MAGIC code in that the atmospheric fluxes of Ca*, Mg?*, Na°,
K*, NHi, SOf', C17, NO3, and F~ must be specified to define the deposition
scenario. The deposition fluxes of several additional constituents must
also be specified, namely H,P0;, H4Si0f, R', R'', R''' (see Table 2.6),
Aly, total inorganic carbon, SOx, and NOx. Only Type-A deposition scenar-
ios are considered, covering +20% changes in so%' and NO3 and the equival-
ent decrease or increase in the ANC of the deposition. The £20% changes
were made concomitantly for both wet and dry deposition. In addition,
only H'-dependent mineral weathering rates (n = 0.5) were considered.
These rates are for specific minerals (i.e., hornblende, plagioclase, K-
feldspar, and gibbsite) having a specified stoichiometry. These weather-
ing rates are calibrated in such a manner as to provide the best fit to
all major constituents of these minerals.

Using the calibrated data sets for Panther and Woods Lakes, 15-year
forecasts for the base case and the £20% cases were run. (A calibrated
data set was not available for Clear Pond from the authors of the ILWAS
code.) The ANC fluxes from cation-exchange mineral weathering and other
processes considered in the ILWAS code were calculated using CYCLE, a

(a) J. L. Schnoor, personal communication, July 5, 1988.
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FIGURE 3.7. ILWAS Code, Variation in R (3-Yr Annual Average) for Woods
Lake, Panther Lake, and Clear Pond: Base-Case and Type-A
Deposition Scenarios (n = 0.5)

companion code that prepares an ANC budget from the output of each ILWAS
code run. The annual average fluxes calculated for each watershed and
deposition scenario are given in Table 3.8. The averages are taken over
the second 3-year period (1982, 1983, 1984) and at the end of the forecast
period (1991, 1992, 1993). Three-year averages were calculated because
the same 3-year precipitation sequence that was used during the calibra-
tion years (1979, 1980, 1981) was repeatedly used during the forecast.
Because there is significant variation in average annual ANC values within
this sequence of deposition chemistry, 3-year average values were con-
sidered to provide the most meaningful comparison between beginning and
ending time periods. It should be noted, however, that major yearly vari-
ations in ANC fluxes from cation exchange and weathering during the 3-year
cycles do not occur, as can be seen from the actual yearly data shown in
Tables D.5 to D.10 in Appendix D. The ratio R of the cation exchange to
weathering is given in the last column of Table 3.8. The variation in
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this ratio during the forecast period for all scenarios is shown in Fig-
ure 3.7 for both watersheds. '

The annual average ANC budget for Panther and Woods Lakes, as calcu-
lated by the ILWAS code, is given in Table 3.9 and summarizes all sources
of ANC. The ANC fluxes from the canopy/trunk/leaf compartment is approxi-
mately canceled out by the ANC contributions from soil solution and soil
organic matter. The net ANC contributed by lake processes is relatively
small and no SO?~ reduction is invoked. The major contribution to the ANC
budget is from the soil processes, with cation exchange and weathering
contributing 90% of the ANC from the soil processes. Anion adsorption,
consisting of SO3~ and humic acid adsorption, is a relatively insignifi-
cant source of ANC for both watersheds (i.e., 7% of the ANC from soil
processes for Panther Lake and 3% for Woods Lake). The agreement of the
basin output forecasted by the ILWAS code and the sum of the atmospheric
input and the internal sources (Table 3.9) indicate that the mass balance
in the ILWAS code is self-consistent. The ILWAS code provides a detailed
summary of the ANC stored in each of the major compartments (Tables D.5 to
D.10). The largest reservoirs of stored ANC for both Panther and Woods
Lakes is that of soil cation exchange and soil organic matter. The cation
exchange reservoir of ANC for Panther Lake (1315 eqom'z) is a factor of 70
greater than that of the soil organic matter. For Woods Lake, the cation
exchange reservoir (66.6 eqom'z) is 26 times less than that of Panther
Lake and only a factor of 3 greater than that of the particulate organic
carbon. The quantity of ANC stored as soil organic carbon in both water-
sheds is virtually identical.

3.5 DISCUSSION OF RESULTS

This discussion focuses on a comparison among the three codes based
on the information presented in the preceding sections. Comparisons
logically begin with the representation and magnitude of the acidic depos-
ition to the watersheds used by each model. A1l three models distinguish
between the atmospheric deposition to the terrestrial and lake regions of
the watersheds; however, we have presented these as a sum in Tables 3.5,
3.7 and 3.9. In the MAGIC code, the atmospheric flux of wet and dry ANC
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TABLE 3.9.

ILWAS Code, 1982-1984 Average ANC Budget for the Base-Case

Deposition Scenario for Panther and Woods Watersheds
(calculation normalized to terrestrial area)

Atmospheric Inputs
Terrestrial/Lake
Wet
Dry
Total

Internal Sources
Canopy/Trunk/Leaf
Release from Storage
Nitrate Reduction
Net
Soil Solution
Release from Storage
Nitrification
Fulvic Acid Decay
Net
Soil Processes
Cation Exchange
Anion Adsorption
~ Weathering
Gibbsite Dissolution
Net
Soil Organic Matter
Release from Storage
Fulvic Acid Formation
Net
Lake Processes
Release from Storage
Nitrification
Fulvic Acid Decay
Gibbsite Precip.
Algal Growth
Net

Sum Internal Sources

Basin Qutflow

Atmospheric Input +
Internal Sources

- 3.28
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are treated identically. The wet and dry ANC fluxes can be entered separ-
ately; however, for the three watersheds being considered, the wet and
dry ANC flux were summed by the authors of MAGIC and entered as "wet"
deposition for each watershed. In the ETD and ILWAS codes, the total
deposition has been partitioned into wet and dry components. This dis-
tinction is of little consequence because the sulfur and nitrogen species
(SOx (gy and NOy(gy) in the dry deposition are implicitly converted to SO~
and NO3 by each code (the ETD code does not consider n{trogen species).
The atmospheric flux of ANC used by the MAGIC and ILWAS codes differ by
3%. However, the ANC flux of the calibrated input files received from the
authors of the ETD code for Panther and Woods Lakes is more acidic by a
factor 1.3 than MAGIC and ILWAS and a factor of 1.7 more acidic than MAGIC
for Clear Pond. Discussions with the authors of the ETD code have failed
to identify the cause of this discrepancy. This additional flux of acid
used by ETD is probably the major contributor to the difference in the
basin outflow ANC between the ETD code and the MAGIC and ILWAS codes dis-
cussed at the end of this section (see Table 3.11).

Several differences in model calibration and formulation are evident
from comparison of the ANC budgets (Tables 3.5, 3.7, 3.9, Appendixes B, C,
and D). First, the net contribution of the lake to the ANC budget in the
ETD code is consistently greater than that for the MAGIC and ILWAS codes.
This is a result of 1) the positive ANC contribution from the ETD code for
S03~ reduction and mineral weathering in each of the lakes (calibration of
- the MAGIC and ILWAS codes for these watersheds do not invoke SO%~ adsorp-
tion, reduction, or weathering in the lake) and 2) the negative .ANC con-
tribution of the MAGIC and ILWAS code's lake nitrification reactions (the
ETD code does not include nitrogen chemistry).

Second, the equivalents of "exchangeable" ANC or base exchange capac-
ity allocated by the models to storage in the soils of each watershed vary
for each model among watersheds and for a given watershed among models
- (Table 3.10). The ILWAS code consistently has the greatest reservoir of

exchangeable base-cation ANC. For the MAGIC code, the difference in the
exchangeable base-cation ANC storage among the watersheds is consistent
with the difference in the assumed soil depth for Panther Lake, Clear
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Pond, and Woods Lake of 24, 55, and 2.5 meters, respectively. For the
ILWAS code, a similar variation between the reservoir of exchangeable
base-cation ANC and soil depth holds for Panther and Woods Lakes. For the
ETD code, the depths of the soil compartments for Panther Lake, Clear
Pond, and Woods Lake are 0.63, 0.55 and 0.37 m, respectively. The dif-
ference in the reservoir of exchangeable base-cation ANC between Panther
and Woods Lakes is consistent with the variation in soil depth; however,
the exchange capacity for Clear Pond is not consistent with depth. In
ETD, it should be noted, exchangeable base-cation ANC is derived from only
the uppermost soil horizons and not, as is the case with MAGIC and ILWAS,
from the entire depth of the till. '

Third, estimates for each model of the time (tgg) required for the
stored exchangeable bases of the watershed soils to be depleted by acidic
deposition can be derived from the base-exchange capacity and base
exchange fluxes summarized in Table 3.10. This estimate assumes that
1) weathering reactions do not replace the base cations on soil exchange
sites, 2) base exchange fluxes are held constant at the calibrated base-
case values, and 3) base-cation export decreases linearly with decreasing
base-cation saturation. The estimated base-exchange depletion times for
Woods Lake are similar for all three models, however for Clear Pond there
is a factor of 30 difference between times forecasted by the MAGIC and ETD
codes. With the exception of the ETD code estimate for Clear Pond
(265 years), these values of tgg are significantly greater than the liter-
ature estimates that assume no replenishment from weathering reactions and
are on the order of 50 to 200 (Schnoor and Stumm 1985). Finally, the
assumption made above that no replenishment of exchange cations by
weathering reactions occurs is correct for the ETD code, however the base-
exchange flux decreases with time (Table 3.6), thus the times estimated by
the ETD code represent lower limits. On the other hand, because weather-
ing reactions do indeed replace the base cations on soil exchange sites in
both the MAGIC and ILWAS codes and the base exchange fluxes decrease with
~ time for both of these codes the base exchange depletion times will be in
significant excess of the times given in Table 3.10 for both the MAGIC and
ILWAS codes.
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Fourth, differences in the magnitude and variation in the trajectory
of R between the MAGIC (Figure 3.3) and ETD (Figure 3.6) codes during the
12- to 15-year forecasts are due to model structure and calibration values
which affect both weathering and cation exchange fluxes. For all three
water-sheds, the ETD code forecasts nearly equal values of R during the
15-year period (Figure 3.6). These R values differ from those forecast by
the MAGIC code (Figure 3.3), due to inherent differences in the calibra-
tion of weathering and cation exchange fluxes between the two models, and
are of little consequence. The magnitude and variation in the trajectory
of R forecast by the MAGIC code for Woods Lake differed significantly from
the predicted variation in R for Panther Lake. This difference is due to
the major role played by the Al chemistry in the Woods Lake watershed
(1ake pH = 4.7) compared to Panther Lake watershed where Al is an insig-
nificant component in the ANC budget (pH = 7.0). No change in R was fore-
cast by the ETD code for Woods Lake relative to Panther Lake (Figure 3.6),
because the ETD code does not explicitly treat Al chemistry. Thus,
description of the weathering process for Woods Lake by the ETD code omits
an apparently important acid neutralizing process.

The values of R predicted by the ILWAS code for Panther Lake are not
affected by the 220% change in Type-A deposition scenario (Figure 3.7).
This is similar to the results obtained with the MAGIC and ETD codes where
the 220% change in deposition scenario had a relatively minor effect upon
the value of R for Panther Lake and Clear Pond (Figures 3.1 to 3.4 and
3.6). The difference in R between Panther and Woods Lakes predicted by
the ILWAS code for all scenarios (Figure 3.7) is related to the role Al
plays in the ANC budget of Woods Lake. The predictions made by the MAGIC
code for Woods Lake also showed significant variation with the deposition
scenario (Figures 3.1 and 3.3), however the displacement relative to the
base case of the £20% trajectories for the MAGIC code are opposite to
those in Figure 3.7. This is due to the fact that the ILWAS code includes
A1 in the base cation weathering flux, while the MAGIC code does not. An
additional factor is that the ILWAS code does not include A13* as one of
the exchangeable cations (Ca?*, Mg2*, Na*, K*, NHi, and H') but calculates
the exchange of base cations with H* rather than A1®* as in the MAGIC
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code. Aluminum is a relatively minor contributor to weathering flux for
Panther Lake, but it dominates the weathering flux for Woods Lake

(Table 3.8). For the +20% scenario, the increase in the gibbsite weather-
ing dominates over the increase in the H'-driven cation-exchange flux for
Woods Lake (Table 3.8) causing R to decrease relative to the base case
(Figure 3.7). The increase in R for the -20% scenario is dominated by the
decrease in gibbsite weathering. It can be seen that these differences in
the behavior of R between the MAGIC and ILWAS codes are due to differences
in code formulation with respect to inclusion of Al chemistry. Both the
MAGIC and ILWAS codes incorporate Al chemistry, which appears to be of
major importance in the ANC budget of acid lakes (pH < 5.0) and acidic
surface soil horizons, and thus predict variations in cation exchange and
weathering fluxes associated with Al. This is a significant difference
between these two models and ETD. Aluminum chemistry is quite important
for acidic lakes, although the number of lakes with pH < 5.0 is relatively
small. Aluminum chemistry is also important in surface soil horizons
where the pH predicted by the MAGIC code in soil layer 1 for Panther,
Woods, and Clear watersheds is 4.2 to 4.4, and by the ILWAS code in soil
layers 1 and 2 for Panther and Woods Lakes is 4.0 to 4.5.

Fifth, the only source of base cations in the soil compartment of the
ETD code is from time-dependent base-cation exchange as no weathering is
included in the soil compartment. In addition, no cation exchange is
included in the unsaturated soil, ground-water, and lake compartments, the
only source of base cations in these compartments is weathering. In con-
trast, both the MAGIC and ILWAS codes include cation exchange and weather-
ing processes in all soil compartments. However, this separation of pro-
cesses among layers. is not of major consequence since both process repre-
sentations are totally calibrated variables. The ANC flux from weathering
does differ from that of base-cation exchange in that weathering depends
on a fractional power (e.g., square root) of the H' concentration while
base-cation exchange depends linearly on H*. Further, the base-cation
exchange flux decreases with time depend-ing upon the difference between
the total base cations in the soil (CEC e % base saturation) and the base-
cation depletion from the soil.
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The average annual basin outflow ANC flux predicted by the three
codes for each of the watersheds provides an overall basis of comparison
among models. The specific intent here is to compare model simulations
during the calibration period rather than forecast simulations because all
models are bounded by observed dates during the calibration period.
Because both ETD and ILWAS require a period of time to stabilize after the
simulations are started, the second 3-year cycle of the simulation, rather
than the first year, was used to avoid "start-up" biases in the 3-year
averages. The annual average basin outflow ANC flux, averaged over the
second 3-year cycle of the base case simulation, have been given for the
three codes in Tables 3.5, 3.7 and 3.9 and summarized in Table 3.11.
However, a comparison of these ANC fluxes ({ ANC }) must take into account
the d1fference between ANC; (ILWAS) and ANCy (MAGIC) due to a d1fference
in the Al species considered as proton donors and acceptors (see Sec-
tion 2.5.1). The ANC for the two models are related by the expression,

{ ANC }1 = { ANC }u + { Al7 }u = { ANC' }u (3.3)

where the quantities in { } are ANC or total Al fluxes (megem 2ey~!). For
Panther Lake and Clear Pond (pH 7.0) the Al term represents a small cor-
rection to {ANC}y (Table 3.11). However for Woods Lake (pH = 4.7) the Aly
term represents a significant adjustment to {ANC}y. For both Panther and
Woods Lakes {ANC}: and {ANC'}y are in reasonable agreement; a 9% and 17%
difference for Panther Lake and Woods Lake, respectively. Unfortu-nately,
for Clear Pond no comparison can be made because calibrated input files
for the ILWAS code were not available from the authors.

Because the ETD code does not define ANC in terms of explicit chem-
ical constituents no functional relationship, such as the one above, can
be derived for relating ANCg to that in_either the MAGIC or ILWAS codes.
The comparison of {ANC'}y and {ANC}¢ (Table 3.11) for all three watersheds
shows that for two of the three watersheds there is significant disagree-
ment; a 46% and 73% difference for Panther Lake and Clear Pond, respec-
tively. For Woods Lake, {ANC}e¢ is identical to that of the MAGIC code,
however the lack of self-consistency in the mass balance in the ETD model
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TABLE 3.11. Comparison of Annual-Average (1982-1984) ANC of Basin
Outflow for Panther, Woods and Clear Watersheds as
Predicted by ILWAS, MAGIC, and ETD (calculation normalized
to terrestrial area)

ILWAS MAGIC ETD
Lake AT} {ANCP
Lake pH {ANC} {ANC}y in outflow + {Al}¢ {ANC}e
........ meqom'zoyr'l - - ® . . =----=
Panther 7.0 +122 +108 +3.9 +112 +163
Lake : (+169)
Woods 4.7 -8.3  -35.0 +25.0 -10.0 -10.0
Lake (-6.3)
Clear 7.0 - +64.9 +2.2 +67.1 +116
Pond (+120)
(1984-1986)

(see Section 3.3) yields an alternate estimate of the basin outflow ANC
flux shown in parentheses in Table 3.11 (this value was equal to the sum
of the atmospheric input, the internal sources, and the release from stor-
age terms in Table 3.7). Thus, for Woods Lake we have either a 0% or 37%
difference between the MAGIC and ETD codes. Since -6.3 represents the
calculated value (which includes the problematic "release from storage"
term), it will be used for Woods Lake. For the two watersheds where we
have average annual ANC forcasts for all three models the mean, standard
deviation and coefficient of variation (CV) of the ANC values were calcu-
lated and the CV values plotted in Figure 3.8. These CV values are
similar for both Panther and Woods Lakes. The pairwise CV values calcu-
lated from the ANC values for the MAGIC and ILWAS codes, and the MAGIC and
ETD codes are also given in Figure 3.8. The standard deviation for the
pairwise CV values (two data points) were calculated using the expression
(X; - X2)/(2)%-®, where X; are the ANC values. The relatively small
MAGIC-ILWAS CV values and the high MAGIC-ETD CV values for Panther and
Woods Lakes show that the major source of CV variation in the three models
arises from the ETD model estimates of basin outflow ANC. Although no
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ILWAS ANC value is available for Clear Pond, the fact that the MAGIC-ETD
CV values are of the same magnitude as that for Panther and Woods Lakes
confirms the trend that ETD is consistently the dominant contributor to
the standard deviation of the mean basin outflow ANC among the three
models. The reason for this may be that the atmospheric flux of ANC to
each of the watersheds was consistently more acidic for ETD than for the
other two models as noted at the beginning of this section.

3.6 SUMMARY

The relative ANC contributions from individual (the MAGIC and ILWAS
codes) or aggregated geochemical processes (the ETD code) were generally
similar among the codes. However, relative changes in these ANC contribu-
tions occur with different atmospheric deposition scenarios because of
differences in the process formulations and in aspects of the calibration
of different codes for specific watersheds. The code comparisons can be
summarized by the following points.

First, the displacement of base cations (Ca, Mg} K, and Na) from
cation-exchange sites, either by H* (ILWAS) or A13* (MAGIC), and the
supply of base cations by weathering reactions are the two dominant con-
tributors to the neutralization of the atmospheric flux of acidic deposi-
tion. The single exception was for the Woods Lake watershed, where
Soff adsorption was the dominant source of ANC forecasted by the MAGIC
code. For all other watershed-code combinations, so%‘ adsorption (and
SO3~ reduction in the lake compartment for the ETD code) was a relatively
minor source of ANC for these three Adirondock watersheds.

Second, the ratio of base-cation exchange to weathering is a useful
tool for examination of code formulation and visualization of the relative
magnitude and variation of the dominant sources of ANC for watersheds in
varying degrees of acidification.

Third, for the MAGIC code, the change in the flux of ANC from
weathering during the 12- and 50-year forecast periods was not highly
dependent upon the choice of n (exponential dependence of weathering rate
on hydrogen ion concentration); that is, similar results were obtained for
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n=0and n = 0.5 for each of the three Adirondack watersheds and the
deposition scenarios considered. This is a consequence of the fact that
the predicted change in soil pH during the forecast periods was < 0.14 pH
units. However, for watersheds such as Panther and Woods Lakes and Clear
Pond, where soils are dominated by silicate minerals, the use of n = 0.5
as an approximation of H® ion dependence is more representative of
experimentally observed silicate weathering processes and is thus prefer-
red over the use of n = 0. Additionally, a value of n = 0.5 would be more
generally applicable, for example, in watersheds which are in rapid trans-
ition and for which changes in soil pH > 0.4 or 0.5 are expected or
observed.

Fourth, the distinction between cation exchange and weathering in the
ETD code is one of semantics only, since both are calibrated, rate-
dependent sources of approximately equivalent amounts of ANC. The major
distinctions are that cation exchange occurs in the soil compartment and
varies linearly with H® while weathering occurs in the unsaturated and
ground water compartments and varies with the square root of the H' con-
centration. A

Fifth, an important difference in the MAGIC and ILWAS codes was found
for Woods Lake where gibbsite dissolution influenced the cation weathering
flux for the ILWAS code but not for the MAGIC code as a result of dif-
ferences in definition of ANC.

Sixth, a significant deficiency in the formulation of the ETD code
for acidic lakes (pH < 5.0) is its inability to treat the influence of Al
chemistry upon watershed ANC.

Finally, two general observations are in order. First, if atmos-
pheric inputs of base cations are largely of terrestrial origin and acid
deposition is largely of anthropogenic origin, the Type-A scenarios
(decreasing only SOZ~ and NO3 and the equivalent quantity of H*) more
realistically represent changes in atmospheric deposition that would
result from the application of mitigation technologies to minimize
atmospheric SOy (g) and NOy(q) emissions than do Type-B scenarios. Second,
to the extent that these three watersheds are representative of sensitive
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watersheds in the northeastern United States, it can be concluded that
emphasis in data collection should be placed on the characterization of
1) base-exchange fractions and selectivity coefficients and 2) weathering
rates, as opposed to the characterization of so%‘ adsorption. This
assumes that the objective is to increase the reliability of forecasts
with dynamic watershed acidification codes by bounding the range of code
calibration parameters for the dominant sources of ANC with field data.
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4.0 BEHAVIORAL ANALYSIS WITH HYDROLOGIC VARIABLES
L. W. vail, L. F. Hibler, and E. A. Jenne

Hydrologic behavior analyses were performed to test the numerical
implementation of the hydrologic conceptual model imbedded in each code.
These analyses did not assess the adequacy of each code's conceptual model
to represent the complex processes controlling hydrologic flow paths in an
actual watershed. These analyses were carried out by evaluating the
change in the forecasted basin output ANC resulting from a 20% change in
selected hydrologic input variables. (See Appendix E for the tabulated
data and additional discussion of these behavior analyses.) Calibration
data sets, for both Woods and Panther lakes, were provided for the ILWAS
code by S. A. Gherini and R. K. Munson of Tetra Tech, Inc., Lafayette,
California; for ETD code by N. D. Nikolaidis of the University of
Connecticut; and for the MAGIC code by B. J. Cosby and G. M. Hornberger
of the University of Virginia. Clear Lake was not included in the
behavior analysis because calibration data sets for this watershed were
unavailable from Tetra Tech, Inc., for the ILWAS code.

Hydrologic behavior analyses were not performed on the MAGIC/TOPMODEL
codes. The "current conditions" employed by the MAGIC code are actually
the results of a forecast begun 150 years in the past. These simulated
"current conditions" (e.g., lake outflow ANC) are used for calibration of
the model, whereas the ETD and ILWAS codes' "current conditions" are
explicitly specified as input variables. Therefore, changing hydrological
input variables in the MAGIC code would result in a change in the geochem-
ical "current conditions." Thus, in order to match the "current condi-
tions," the geochemical input variables must also be recalibrated if the
values of hydrologic input variables are changed. This recalibration
would confound any comparison between predictions from the original cali-
bration data set and predictions from the modified data set, since the
modified data set would include a new set of "recalibrated" geochemical
variables. v
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For Woods and Panther Lakes, a 15-year period was simulated by repli-
cating the 3 years of available meteorological data five times. To remove
the between-year effect of the meteorological data, the flow-weighted
annual-average ANC concentrations for the final 3 years of behavior
analysis simulations were compared with the final 3 years of the base-case
simulation. The behavior analysis was intended to test the following
hypothesis:

A change in the value of a hydrologic input variable
that increases the predicted fraction of the total
basin discharge that passes through subsurface layers,
especially the deeper layers, will result in an
increase in the forecasted ANC of the basin outflow.

4.1 RESULTS

This section considers the effect on forecasted ANC of basin outflow
to changes in hydrologic variables governing snowmelt, sublimation, evapo-
transpiration, and subsurface flow for both the ETD and ILWAS codes.
Summaries of the results of changes in selected hydrologic variables of.
both models are also given in the tables for Woods Lake and Panther Lake.

4.1.1 Snowmelt

Both the ETD and ILWAS codes provide melt-rate variables. The melt
rate of the snowpack in the ETD code is specified by the variable KAPPA
(see Table 4.1 for all variables considered in the analysis of the ETD
code). Increasing KAPPA causes the snowpack to melt more rapidly, while
decreasing KAPPA causes the snowpack to melt less rapidly. A rapid snow-
melt may flush H* and NO3 formed under the snow cover (Peters and Driscoll
1987; Rascher, Driscoll, and Peters 1987). With a slower melt rate, the
water melted from the snowpack percolates deeper into the soil, resulting
in a higher forecasted ANC. This phenomenon is observed with the ETD code
for both Woods and Panther Lakes (see Tables 4.2 and 4.3, respectively).
Similarly for the ILWAS code (whose variables are found in Table 4.4), a
decrease in the melt-rate variables, OSMRAT and FSMRAT, resulted in a
higher forecasted ANC (see Tables 4.5 and 4.6). However, the magnitude
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TABLE 4.1. Hydrologic Variables Considered in the Behavioral
Analyses of the ETD Code

Variable Compartment Description

CBED Ground water Hydraulic conductivity (lake bed)

KAPPA Snow Melt rate

KPAN2 Snow Pan evaporation correction coefficient

KPAN3 Soil Pan evaporation correction coefficient

KPANS Lake Pan evaporation correction coefficient

KPERC3 Soil Vertical hydraulic conductivity correction

coefficient

KPERC4 Unsaturated Vertical hydraulic conductivity correction
' coefficient

KLAT3 Soil Horizontal hydraulic conductivity

correction coefficient

KLAT4 Unsaturated Horizontal hydraulic conductivity
correction coefficient

of the change in forecasted ANC resulting from a 20% change in these vari-
ables was significantly greater for the ETD code than for the ILWAS code.
For Panther Lake for instance, a 20% increase in the ILWAS code's melt-
rate variable resulted in a change in forecasted ANC from 131 to

130 peq-L'l, whereas a 20% increase in the ETD code's melt-rate variable
resulted in a change from 155 to 139 peq-L'l. By contrast, the ILWAS
melt-rate variables affect both the magnitude and timing of the ANC
depression that is induced by the spring snowmelt, but have little effect
on forecasted flow-weighted annual-average ANC.

4.1.2 Sublimation

Sublimation concentrates the solutes present in the snowpack. When a
snowpack containing acidic deposition has experienced significant sublima-
tion, the H* concentration will be increased in the runoff as a result of
the decreased volume. More importantly, the initial melt of a snowpack
may remove a high percentage of the total acidity contained in the
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TABLE 4.2. Effect of 220% Changes in Hydrologic Variables on
Flow-Weighted Annual-Average ANC Concentrations
Forecasted by the ETD Code for Woods Lake (last
3 yr of a 15-yr simulation)

Change from Base Value

Variable Base Value -20% 0% +20%
---- peqel’t - - ---
(a) - -10.5

KAPPA 1.14 -5.2 -11.4
KPAN2 1.01 -9.2 -5.7
KPAN3 1.55 -10.9 -9.9
KPAN5 1.64 -10.6 -10.5
KPAN2/KPAN3/KPAN5 1.01/1.55/1.64 -9.3 -4.8
KPERC3 0.0131 -12.7 -8.2
KPERC4 0.0117 -10.5 -10.5
KPERC3/KPERC4 0.0131/0.0117 -12.7 -8.1
KLAT3 243 -6.5 -12.7
KLAT4 14.8 -9.6 -11.2
CBED 0.32 -10.9 -10.3
KLAT3/KLAT4/CBED 243/14.8/0.32 -5.5 -12.8

(a) A11 variables are at their base values.

snowpack (Rascher, Driscoll, and Peters 1987). If such a snowmelt follows
extensive sublimation, a major acid pulse may occur. However, increased
sublimation also reduces the total volume of the snowpack, thereby reduc-
ing the likelihood of significant overland or shallow saturated subsurface
flow being generated during snowmelt events resulting in a greater frac-
tion of the total basin discharge coming from the deeper high-ANC subsur-
face compartments.

The results suggest that for both the ETD and ILWAS codes, the vari-
ables controlling sublimation of the snowpack are not well suited for use
as calibration parameters (except to achieve a hydrologic water balance)
because they have insignificant or ambiguous impacts on forecasted ANC.
For Woods Lake, the ETD code shows an increase in predicted ANC from an
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TABLE 4.3. Effect of £20% Changes in Hydrologic Variables on
Flow-Weighted Annual-Average ANC Concentrations
Forecasted by the ETD Code for Panther Lake (last
3 yr of a 15-yr simulation)

Change from Base Value

Variable Base Value =20% 0% +20%
- - - - peqoL'l - - - -
(a) - 155

KAPPA 1.14 165 139
" KPAN2 0.177 154 153
KPAN3 1.55 153 157
KPAN5 1.54 150 160
KPAN2/KPAN3/KPAN5 0.177/1.55/1.54 148 161
KPERC3 0.000431 156 156
KPERC4 0.000417 155 155
KPERC3/KPERC4 0.000431/0.000417 156 156
KLAT3 4.52 157 155
KLAT4 4.98 158 155
CBED 4.58 154 158
KLAT3/KLAT4/CBED 4.52/4.98/4.58 159 157

(a) A11 variables are at their base values.

TABLE 4.4. Hydrologic Variables Considered in the Behavioral
‘Analyses of the ILWAS Code

Variable Description

OSMRAT Melt-rate coefficient for open area
FSMRAT Melt-rate coefficient for forested area
SNOSBO Open area sublimation rate

SNOSBF Forested area sublimation rate

ECOEFF Annual evaporation adjustment factor
PERM Horizontal hydraulic conductivity

SMI Vertical hydraulic conductivity

4.5



TABLE 4.5. Effect of 220% Changes in Hydrologic Variables on
Flow-Weighted Annual-Average ANC Concentrations
Forecasted by the ILWAS Code for Woods Lake (last
3 yr of a 15-yr simulation)

Change from Base Value

Variable Base Value -20% 0% +20%
...... “eqol_ 1o
(3) - -10.13
OSMRAT/ () 0.075 -9.56 -10.64
FSMRAT
SNgsgg/ (b) 0.005 -10.14 -10.12
NOSBF
ECOEFF 0.700 -7.97 -11.88
PERM [10,120] () -16.72 -3.00
- SMI [10,120] -10.30 -10.02

(a) A1l variables are at their base values.

(b) values for open and forested areas were equal.

(c) Brackets indicate the range (minimum and maximum) of the specified
input variable in the data set. The Woods Lake data set included
seven subcatchments, each with about five soil layers.

increase or decrease in KPAN2 (see Table 4.2). For Panther Lake, the ETD
code shows a negligible increase in ANC resulting from either a decrease
or an increase in KPAN2 (see Table 4.3). In the ETD code, the variable
KPAN2 controls the evaporation from the snowpack (sublimation). The sub-
limation variables for the ILWAS code are SNOSBO and SNOSBF. An increase
or decrease in these variables resulted in an ANC change of less than 1% .
(Tables 4.5 and 4.6).

4.1.3 Evapotranspiration

Increased evapotranspiration from the upper soil horizons decreases
the fraction of the total basin output coming from these relatively low-
ANC layers. The ETD code provides three variables for calibrating the
evapotranspiration from snowpack (KPAN2), soil (KPAN3), and lake (KPANS).
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TABLE 4.6. Effect of 220% Changes in Hydrologic Variables on
Flow-Weighted Annual-Average ANC Concentrations
Forecasted by the ILWAS Code for Panther Lake (last
3 yr of a 15-yr simulation)

Change from Base Value
Variable Base Value -20% 0% +20%

----“eqoL'l----

(a) - 130.94
OSMRAT/ 0.070 131.94 130.31
FSMRAT ()
SNOSBO/ .

SNOSBF (%) 0.005 130.71 131.18
ECOEFF 0.540 123.24 139.54
PERM [5,150]¢<) 94.86 157.12
SMI [5,150] 127.09 133.49

(a) A1l variables are at their base values. -

(b) values for open and forested areas were set equal.

(c) Brackets indicate the range (minimum and maximum) of the specified
input variable in the data set. The Panther Lake data set included
five subcatchments, each with about five soil layers.

The KPAN2 variable can affect the magnitude and time of arrival of the
spring snowmelt depression in lake pH. The KPAN3 variable has a limiting
effect on the fraction of basin discharge coming from the upper (1ow-ANC)
soil layer. The KPAN5 variable has an unambiguous effect of increasing
solute concentration in the lake. Thus, an increase in the KPAN3 variable
increases the evapotranspiration of moisture from the "soil" compartment,
which increases the forecasted ANC for both Woods Lake and Panther Lake
(Tables 4.2 and 4.3). Similarly, decreasing KPAN3 decreases the fore-
casted ANC.

In the ILWAS code, the variable ECOEFF adjusts the annual evapotrans-
piration for the terrestrial portion of the watershed. Increasing the
annual evaporation from a watershed with an acidic lake decreases the
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forecasted ANC (Table 4.5), whereas decreasing the evaporation from a
watershed with an alkaline lake increases its forecasted ANC (Table 4.6).

Evaporation from the lake tends to concentrate the dissolved con-
stituents. Therefore, increasing the evaporation rate from a lake with
positive ANC should make the lake more alkaline, whereas increasing the
evaporation from an acidic lake should result in a decrease in forecasted
ANC. This hypothesis was confirmed for Panther Lake with the ETD code, as
shown in Table 4.3. For the low-ANC Woods Lake (Table 4.2), an insig-
nificant change in lake alkalinity was observed with a change in the
evaporation variable. The ILWAS code variable ECOEFF has no impact on
lake evaporation.

4.1.4 Subsurface Flow

Flow within the various subsurface layers is controlled by the ver-
tical and horizontal hydraulic conductivities. In the ETD code, the
KPERC3 and KPERC4 variables are coefficients for the vertical hydraulic
conductivity of the soil and unsaturated compartments, respectively,
whereas KLAT3, KLAT4, and CBED are coefficients for the horizontal
hydraulic conductivity in the soil, unsaturated, and ground water compart-
ments, respectively. In the ILWAS code, the variables SMI(I) and PERM(I)
define the vertical and horizontal hydraulic conductivity for each subsur-
face layer 1.

An increase in hydraulic conductivity in the deeper, less-weathered
layers should result in an increased portion of the basin discharge moving
through the deeper, base cation-rich layers, thereby increasing the fore-
casted ANC. Both the ILWAS and ETD codes yield results consistent with
this hypothesis.

Increases in the vertical hydraulic conductivity variable for the
soil compartment (KPERC3) in the ETD code yield the expected result of
increased ANC. For both lakes, the ETD code is insensitive to changes in
the vertical hydraulic conductivity for the unsaturated compartment
(KPERC4) . However, interpretation of results obtained when the lateral
hydraulic conductivities were perturbed are slightly more complicated.
For Woods Lake, increasing either of the lateral hydraulic conductivity
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variables (KLAT3 or KLAT4) resulted in a decrease in forecasted ANC. This
resulted from an increased portion of the total flow entering the lake
without contacting lower layers. For Panther Lake, the KLAT4 and KLAT3
behave similarly to that observed for Woods Lake (i.e., an increase in
KLAT4 produced a decrease in lake ANC). Increasing CBED increases lake
ANC, a situation which is also consistent with the hypothesis.

As shown in Tables 4.5 and 4.6 for both Woods and Panther Lakes, an
increased vertical conductivity (all subsurface layers being perturbed
simultaneously by the same factor) also increased the annual average ANC
calculated by the ILWAS code. These tables also show that an increased
horizontal hydraulic conductivity resulted in an increase in the fore-
casted ANC.

4.2 CONCLUSIONS

Calibration methods are employed to select acceptable values of
hydrologic variables that cannot be directly measured. The calibrated
values of such variables are defined by adjusting these variables to match
observed data. It is important to understand the effect of changes in
calibration variables both to guide calibration and to qualitatively
assess the significance of such changes on forecasts.

The procedure for calibrating the ILWAS and ETD codes involves
~adjusting the evapotranspiration rate to match annual cumulative basin
outflow. The initial stage in calibrating these codes involves adjusting
the value of the appropriate evapotranspiration variable to provide a
match between simulated and measured annual basin discharge. Then, the
hydraulic conductivity values are -adjusted to further calibrate the models
to the available chemistry data. Increasing the horizontal conductivity
variables (KLAT3, KLAT4, and CBED in the ETD code, or PERM(I) in the ILWAS
code) in upper compartments tends to decrease forecasted ANC. However,
increasing the horizontal conductivity in the lower layers tends to

- increase forecasted ANC. Increasing the movement of water to deeper soil
layers by increasing the vertical hydraulic conductivity variables (KPERC3
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and KPERC4 in the ETD code or SMI in the ILWAS code) also tends to
increase forecasted ANC.

It was found that the two codes' qualitative response to 20% pertur-
bations in selected hydrologic variables was consistent with the initial
hypothesis that increasing the predicted fraction of total basin discharge
passing through subsurface layers also increases the forecasted ANC of
basin outflow.

These analyses tested the numerical implementation of the hydrologic
conceptual model imbedded in each code rather than assessing the adequacy
of each code's conceptual model to represent the complex processes con-
trolling hydrologic flow paths in an actual watershed. The 20% pertur-
bations are much less than the confidence range within which many of these
hydrologic variables can be measured or estimated; e.g., uncertainty in
hydraulic conductivity measurements typically exceeds an order of mag-
nitude. Therefore, the direction of change from the base case in
Tables 4.1 to 4.4 should be considered rather than the magnitude of the
change. A formal sensitivity analysis of these variables and selected
geochemical variables is presented in Section 5.0.

These results show that numerical formulations in both the ILWAS and
ETD codes are consistent with their respective conceptualizations. These
results also provide useful information on the selection of hydrologic
variables for use in code calibration to achieve improved agreement
between simulated and measured hydrologic and geochemical data. For
example, increasing the vertical conductivities of the deeper soil layers,
which are generally less weathered and more alkaline than upper layers,
results in an increase in the ANC.of the drainage from the soil layers
to the surface water.
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5.0 SENSITIVITY ANALYSIS

A. M. Liebetrau, T. B. Miley, M. J. Monsour, and L. F. Hibler

The MAGIC, ETD, and ILWAS codes are being used to predict the changes
in lake chemistry resulting from an increase or decrease in acidic deposi-
tion and to predict when lakes of low ANC (sensitive lakes) will become
acidic. For this application, it is necessary to know the relative impor-
tance of input variables for forecasting the ANC of sensitive lakes. This
sensitivity information will assist modelers with the prioritization of
data collection needs and with calibration of the three codes.

The three codes were applied to three Adirondack lakes (Panther Lake,
Woods Lake, and Clear Pond) to determine which of the input variables have
the greatest effect on selected code output variables. The watershed
data sets used in this study, which are from investigations funded by the
Electric Power Research Institute (EPRI) (Goldstein, Chen, and Gherini
1985), are some of the most extensive watershed data available.

The sensitivity analyses involved a two-stage approach that consisted
of an initial screening, followed by a regression analysis. The initial
screening provided the basis for choosing the input variables to be
included in the sensitivity analysis. The screening consisted of evaluat-
ing the results of the behavioral analysis described in Chapter 4.0 to
obtain the initial list of variables to be considered for the sensitivity
analysis. For the selected variables, runs of each code were made to
determine the approximate ranges over which to conduct the sensitivity
analysis. The major response variable for each code was selected to be
flow-weighted annual average surface water ANC.(3) At the second stage,

a response surface or regression equation was fitted to predicted ANC
values using the Statistical Analysis System (SAS) computer software pack-
age (SAS 1985). This regression analysis was used to identify the input
variables that were most important for explaining changes in ANC.

(a) For convenience, flow-weighted annual-average surface water ANC is
referred to as lake ANC or, more simply, as ANC.
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The number of input and output variables and the complexity of the
three codes vary considerably, as is reflected by the computer time
required to run the codes. The MAGIC code is the simplest of the three
codes and, for a 140-year (hindcast) simulation, has a run time of less
than one minute on the VAX 11/780. For a 15-year forecast, the ETD code
requires about an hour of run time on the same computer. The run time for
the ILWAS code depends on the number of catchments and soil layers used
and, for a 15-year forecast, was more than 2 hours for the selected water-
sheds (see Tables 4.5 and 4.6 for the number of catchments and subsurface
layers used). Thus, there was no difficulty in obtaining a sufficient
number of runs for sensitivity analysis with the MAGIC code. However, for
the other two codes it was more difficult to determine the relative impor-
tance of the input variables because of limitations on the number of runs
that could be performed. Because of the long run-times for the ETD and
ILWAS codes, the runs obtained from the initial screening were used when
possible, together with the subsequent runs that were made specifically
for the sensitivity analysis. This strategy required a decision, based on
the initial screening, as to which input variables to consider further for
the sensitivity analysis. By considering only those input variables that
showed an important effect on output A<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>