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ABSTRACT 

Wetland hydrology is the most basic characteristic of wetlands. Without it hydric soils would 
not develop and hydrophytic vegetation could not be sustained. Controversy surrounds wetland 
hydrology, however, which may be summarized in two critical questions: 1. What method can be 
used to determine whether a given criterion is satisfied on a particular site? and 2. What criterion 
or set of criteria define wetland hydrology? This report examines both questions. 

The Threshold Wetland Simulation (TWS) method was developed to determine whether or not 
the wetland hydrologic criterion is met on a given site. The method compares the hydroperiod of 
a simulated wetland that just barely satisfies the hydrologic criterion with the hydroperiod of an 
actual given site. The TWS method was tested on thousands of computer simulated site-years of 
data and hundreds of field site-years of data. The wetness of sites varied over a continuum 
ranging from known uplands to known wetlands. The TWS method correctly assessed the 
hydrologic status of over 90% of site-years tested. It was concluded that the TWS method is a 
reliable and efficient method of assessing whether or not the wetland hydrologic criterion is met 
at a given site for given conditions. 

Frequency and duration of saturation are factors in wetland hydrology and are, in part, a function 
of precipitation. A study was conducted to determine the validity of confining observations, for 
the purpose of determining presence or absence of wetland hydrology, to periods of "average" 
rainfall only. An average rainfall record was compared to the actual rainfall record by two 
methods to determine whether the two records, when applied to a site, would result in similar 
frequencies and durations of saturation: 1. The reliability of a field method which utilized 
"average only" rainfall periods of precipitation was tested. 2. An average rainfall record was 
created, and the effects of its use on the frequency and duration of saturation were compared to 
that of the actual rainfall record. The first method found that high water table periods typically 
did not occur during "average" rainfall periods. The second method found that the frequency and 
duration of saturation periods both substantially decreased when "average only" rainfall was 
used; consequently, lands that satisfied a given durationlfrequency criterion for wetlands did not 
satisfy the same criterion when only "average" rainfall was considered. 

The duration of saturation period necessary to produce reduced conditions is also a factor in 
developing wetland hydrologic criteria. The duration of saturation is a function of soil 
temperature, organic matter, and soil pH. A relationship between soil temperature and the time a 
site must be continually saturated to bring about reduced conditions was developed. Twenty- 
three individual correlations between soil temperature and saturation time were determined from 
measurements taken in eastern North Carolina and a compilation of data from other studies. A 
regression analysis, performed on the data, showed that as soil temperature increases, there is a 
decrease in saturation duration required to reduce a site. The current wetland hydrologic criterion 
is based upon a growing season concept and therefore soil temperature variations are considered 
only in a limited way. Adding a soil-temperature-dependent time of saturation term to the 
wetland hydrologic criterion may better represent the process involved in wetland formation. 
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SUMMARY AND CONCLUSIONS 

This project examined three issues within the realm of the wetland hydrologic criterion. First, a 

simple method of wetland hydrology identification was developed and tested, using the current 

criterion. The second part of the research was a study of how distribution of rainfall with time 

affects wetland hydrology. The final aspect of research was an examination of the effect of soil 

temperature on the time required for a continually saturated site to become reduced. In particular, 

how dependent was this time upon soil temperature? 

A threshold wetland simulation (TWS) is a computer simulated water table depth with respect to 

time for a site that barely meets a specified wetland criterion. A TWS can be used as a simple 

tool which allows the wetland hydrologic status of a site to be analyzed. The TWS is created 

using site specific weather data, but does not necessarily need other site specific inputs such as 

soil properties or drainage configuration. Threshold wetland simulations for sites with varying 

characteristics (such as drainage configuration, surface treatment, and soils) have very similar 

hydroperiods when the water tables are within the top 30 cm of the surface. This versatility of 

TWS is important, allowing one TWS to be applied in assessing whether or not several sites 

within a specified area meet the wetland hydrologic criterion. The threshold wetland simulation 

method can be used to reliably assess wetland hydrologic status based on a relatively short-term 

measured water table record, which is not confined to the growing season. 

The reliability of the TWS method was tested in many ways. TWS were used to predict the 

hydrologic status based on more than 1000 hypothetical wetland site-years. The computer 

simulations used in this project showed that the TWS method could be used to reliably assess 

hydrologic status in a wide range of soils and climatological conditions. Tests were performed 

using data from several states: North Carolina, Florida, Indiana, and Wisconsin. For each state 

the wetland hydrologic status could be correctly assessed in 80% to 90% of all sites considered. 

The method was then tested with water table records from actual field sites in eastern North 

Carolina. At six locations the hydrologic status of field sites that were clearly uplands, clearly 

wetlands, and marginal wetlands or marginal uplands was assessed. The reliability of the TWS 

method in assessing the hydrologic status of those sites was very high, with over 90% of the 



more extreme and over 80% of the marginal cases correctly assessed. The TWS method was 

then tested using water table records of different durations. If properly chosen, a water table 

record as short as one month can be used to accurately assess the wetland hydrologic status of a 

given site. Also, continuous monitoring of water table records at the field sites was not required 

for the TWS method to yield accurate predictions. However, the reliability of any method, 

including the TWS method, is increased with the frequency of measurement (e.g., daily or every 

third day as opposed to weekly or bi-weekly). 



RECOMMENDATIONS 

The report consists of three distinct studies. There are, therefore, recommendations based on 
each area examined. 

1. This report supports the use of the TWS method for evaluating the wetland hydrologic 
status of a given site. The TWS method is versatile, that is, it can be reliably used to assess 
the wetland hydrologic status of a site regardless of the site's soil type, vegetative cover or 
drainage configuration. Provided accurate, site-specific, rainfall measurements are available a 
set of parameters for a single threshold wetland can be used to assess the hydrologic status of 
many varying sites. The TWS method can be used by hydrologists, engineers, and soil 
scientists to determine a site's wetland hydrologic status based on measured water table data 
for a relatively short period. It has been shown to be a very accurate and efficient method of 
assessing wetland hydrologic status, as tested in the flat, poorly drained soils of the Coastal 
Plain in eastern North Carolina. 

2. When assessing whether a site meets the wetland hydrologic criterion "on average" (or 
under average conditions), it is important to understand the impact of different methods of 
defining "on average." The U. S. Army Corps of Engineers' stated definition of "on average" 
is that the wetland hydrologic criterion should be satisfied in more than one out of two years 
on average (Environmental Laboratory, 1987). This definition is not the same as a popular 
interpretation of "on average," which assumes that the hydrologic criterion should be satisfied 
under average rainfall conditions. The interpretation is not a surrogate for the stated definition 
of the Army Corps. Our results show that sites satisfying the hydrologic criterion in 90% of 
years could fail to satisfy the same criterion if the analysis of water table observations is 
confined to months in which rainfall is "average." That is, a decision on wetland hydrologic 
status based on water table records during "average" rainfall conditions will often be different 
than if it is based on whether the criterion is satisfied in 50% of years. Decisions based on 
observations during "average" rainfall conditions will tend to identify sites as having upland 
hydrology (i.e., failing to meet the criterion) that are wetter than those adhering to the U.S. 
Army Corps' stated definition of "on average." This does not necessarily mean that decisions 
based on observations during "average" rainfall conditions are wrong. There has been much 
debate over the hydrologic criterion with many claims that the current criterion is too "dry." 
That is, that it identifies some uplands as wetlands. Requiring that the criterion be satisfied 
under "average" rainfall conditions would mean that a site would have to be wetter than if the 
corps' stated definition of "normal" is used. We recommend that the rather substantial 
difference in the two methods of defining "on average" or "normal" conditions be recognized. 
A single method should be chosen, published in the regulations and guidance documents, and 
used in interpretations. 

3. The NRC (1995) report on wetlands recognizes that there is insufficient data regarding the 
effect of soil temperature on time needed to produce reduced conditions on a continuously 
saturated site. As a result, the best available definition of wetland hydrology may be 
somewhat imprecise. Examination of the relationship between soil temperature and time 
needed for a site to become reduced suggests that a sliding temperature dependent scale of 



required saturation periods may result in a more reliable criterion. The sliding scale would 
allow soils with lower temperatures, such as those in late fall or early spring, to be saturated 
for sufficiently long periods before a site becomes reduced. Additional research is 
recommended to relate soil temperature to soil pH and the amount of organic matter to the 
duration of saturation required for development of reduced conditions in the soil profile. 

xxii 



I. Determination of Wetland Hydrologic Status Using Threshold Wetland 
Simulations 

Introduction 

Objective, technically sound methods for identifying and delineating wetlands are a key 
requirement for their protection and management. How wet does a site have to be to possess the 
functions and values of a wetland? There are basic differences of opinion on this question in both 
the scientific community and among land owners and various interest groups in the general 
public. Despite these differences, most scientists in the field agree that wetlands possess three 
important characteristics: (1) they have wetland hydrology characterized by frequently recurrent, 
sustained saturation of the substrate, (2) the soils are hydric, and (3) they support wetland 
vegetation (hydrophytes) andlor other organisms that require recurrent, sustained saturation. 
Much of the controversy involves wetland hydrology and may be summarized in two critical 
issues: 1. What criterion or set of criteria define wetland hydrology?, and 2. How to determine 
whether a given criterion is satisfied for a particular site. This section addresses the second issue. 
Skaggs et al. (1995) proposed a threshold wetland simulation (TWS) method to analyze short 
term water table records and determine wetland hydrologic status of a site. This section 
summarizes the method and presents results of analyses to demonstrate effects of soil type, 
surface depressional storage, type of natural or artificial drainage, and depth of drains. 

Hydrologic Criterion 

A number of criteria have been proposed for defining the hydrology of wetlands as 
regulated by Section 404 of the Clean Water Act. They include the criteria given in the 1987 
US .  Army Corps of Engineers (COE) Wetlands Delineation Manual (Environmental Laboratory 
1987), the 1989 Federal Manual for Identifying and Delineating Wetlands, and the 1991 proposed 
revisions to the 1989 manual. All have been criticized as being too inclusive of lands that are 
not wetlands and/ or too exclusive of actual wetlands. Since 1992, the 1987 COE manual has 
been applied for malung Section 404 jurisdictional wetland determinations. A committee 
appointed by the National Research Council conducted a detailed study on wetland 
characterization (NRC 1995) which was expected to provide the scientific basis for a new federal 
manual. That manual has not been produced to date. 

Identification and delineation of wetlands does not always require direct evaluation of 
wetland hydrology. In some cases the presence of wetland vegetation and hydric soils may 
provide sufficient evidence that wetland hydrology exists. However, the NRC report (1995) 
specifically states that hydrology must be directly evaluated on sites where the hydrology has 
been disturbed or altered (e.g. sites that have been cleared or modified by the construction of 
drainage ditches, diversions, dams, etc. or due to natural events such as landslides and 
earthquakes). Because of the temporal and spatial variability of precipitation and the many 
factors that affect hydrology, such evaluations are difficult. Regardless of whether the present 
or revised regulations are in force, it is likely that methods for determining whether a site 
satisfies the wetland hydrologic criterion (either the existing criterion or a new criterion) will 
continue to be needed. 



The hydrologic criteria of the past and current manuals, and proposed revisions, have 
been based on both the water table depth and the water table's duration near the surface. The 
currently used criterion (1987 COE manual) for irregularly inundated or saturated wetlands may 
be summarized as follows: The soil should be normally inundated or saturated to the surface 
during the growing season, for a duration greater than 5% to 12.5% of the growing season. 
Saturation to the surface is normally assumed if the water table is within 30 cm of the surface. 
In practice the lower range of the 5% to 12.5% bracket is usually applied, and the criterion 
becomes: "the water table depth must be less than 30 cm for a continuous duration greater than 
or equal to 5% of the growing season under norrnal conditions." "Normal" is usually interpreted 
to mean that the criterion must be satisfied in more than half of the years (e.g. 5 1 of 100 years, 
on average) (Environmental Laboratory, 1987). [The growing season may be defined in a 
number of ways, but for purposes of determining wetland hydrologic status, it is usually 
approximated as the period between the average last date of 28°F air temperature in the spring 
to average first date of 28°F in the fall.] The water table depth and duration criterion is based 
on the time required for soil to become anaerobic after initiation of saturated conditions. The 
NRC (1995) report recommended development of a more sophisticated approach that considers 
the interaction of temperature and time of saturation. In the interim the NRC recommended that 
the water table should be within 30 cm of the surface for a continuous period of 14 days during 
the growing season. This criterion is similar to that of the 1987 COE manual for much of the 
country. 

Methods for Assessing Wetland Hydrology 

Water table monitoring is commonly used to determine whether or not a site satisfies the 
wetland hydrologic criterion. Although water table depth is relatively easy to measure, 
determining the duration and frequency of high water table conditions is not always 
straightforward. Variability of the weather may make it necessary to monitor water tables for 
a long period of time to be sure that the results represent normal conditions. This is 
demonstrated in Figure 1-1 where the length of the longest period that the water table is within 
30 cm of the surface each year is plotted for a 40 year period (1951-1990) at Wilmington, NC. 
Although this site satisfied the criterion in 20 of 40 years, there are intervals when the conditions 
were not met for a three- or four-year period (e.g. 1975-78 and 1980-1982). Water table 
monitoring is relatively simple and inexpensive if performed over a short time period. But 
results in Figure 1-1 indicate that long monitoring periods may be required to make a reliable 
wetland determination. This is especially true on threshold or borderline sites. Such long-term 
measurements are not feasible for most cases, due to time constraints and increasing levels of 
cost. Decisions based on short-term water table data, even when precipitation patterns appear 
to be normal, may result in a significant error, as will be demonstrated in a later example. 

An alternative to water table monitoring for wetland determination is simulation modeling. 
The water table depth can be predicted on a day-to-day basis over a long climatological record 
for certain types of wetlands. One such model, DRAINMOD (Skaggs, 1978), was developed for 
shallow water table soils with agricultural drainage systems. It can also be used for undrained 
lands and for conditions where drainage occurs by vertical or lateral seepage. Reliability of the 
model has been verified in extensive field experiments on a wide range of soils, crops and 
climatological conditions (e.g., Skaggs et al., 1981, Skaggs 1982, Fouss et al. 1987, McMahon 
et al., 1987). It has been tested on wetland sites (Broadhead and Skaggs 1989) and modified and 
tested for drained forested sites (McCarthy and Skaggs 1991, Amatya 1993). DRAINMOD can 
be used to describe long term water table fluctuations in periodically saturated wetlands and thus 
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Figure 1-1 -- Yearly length of longest continuous period that the water table is within 30 cm 
of the soil surface near Wilmington, NC. This site satisfies the hydrologic criteria for a 
wetland in 20 of 40 years. 

could be directly applied to determine whether the wetland hydrologic criterion is satisfied for 
a given site (Skaggs and Evans 1990). The major advantage of using simulation models is that 
long term weather conditions and variability can be considered. 

The Threshold Wetland Simulation (TWS) Method 

Determining the wetland hydrologic status of a site is often a classic problem of system 
identification with incomplete data. Short-term water table data is a measure of system response 
for current and recent conditions, but such data are often not reflective of long term average 
conditions. Long term hydrologic conditions can be predicted using simulation models, but the 
inputs and level of expertise necessary to simulate individual sites are often prohibitive. Our 
hypothesis is that models can be used to generate "Threshold Wetland Simulations" (TWS) to 
serve as a guide for the interpretation of short-term water table measurements. An example of 
how reference simulations can be developed and applied is given below. 

DRAINMOD was used to determine the threshold drainage treatment that would allow 
a site to just barely satisfy the wetland hydrologic criteria for a location near Wilrnington, NC. 
Simulations were conducted for a sandy loam soil with parallel drainage ditches 1.2 m deep and 
100 m apart. The soil was assumed to have a constant drainable porosity of 5% and an average 
surface depressional storage of 25 rnm. The growing season was defined from the average dates 
of 28°F in the spring and the fall as given in the New Hanover County soil survey: February 27 
to November 26. This gives a growing season of 273 days, five percent of which is 14 days. 
Inputs to DRAINMOD were set to identify the years when the water table was closer to the 
surface than 30 cm for more than 14 consecutive days during the period February 27 to 
November 26. Several 40 year simulations were conducted for different hydraulic conductivity 
values until a combination that satisfied the wetland hydrologic criterion in exactly one-half of 



the years (20 of 40) was found. The simulations predicted the water table depth for each day and 
determined whether the wetland hydrologic criterion was met .for each year. 

Results given in Table 1-1 indicate that the threshold hydraulic conductivity (K) for which 
the wetland hydrologic criterion is satisfied in one-half of the years is 6 cm/hr. These parameters 
define a "threshold wetland" for this location. Note that this is not an average or typical wetland, 
but rather, a site that satisfies the minimum hydrologic requirements of a wetland. By definition, 
such a site is on the "dry" boundary of the wetland in the continuum from wetland to upland. 

Application of the TWS is demonstrated by considering the following example for a 

Table 1-1 -- Number of years out of 40 (195 1- 1990) that the predicted water table was in the top 
30 cm of the soil profile for 14 or more consecutive days during the growing season for a sandy 
loam soil with drainage ditches 100 m apart near Wilmington, NC. 

site near Wilmington, NC. The water table was measured for a six month period starting 
February 1 (day 32). The data are plotted in Figure 1-2. The water table was not in the top 

Hydraulic Conductivity, K (cmhr) 

30 cm for 14 consecutive days during the entire monitoring period on the subject site. 
Furthermore, the water table was over 45 cm deep through March and April (days 75-120) 

Number of Years Criteria Satisfied 

even though rainfall during those months was greater than average. Heavy rains on May 28- 
29 caused the water table to rise to the surface for only six days. Based on a direct 
interpretation of the data, it could be concluded that the site does not satisfy the wetland 
hydrologic criterion. The water table was not in the top 30 cm of the profile for 14 
consecutive days even though rainfall in March, April and May (days 60-151) was greater 
than normal in all three months (see Table 1-2). Results for the TWS for 1990 are also plotted 
in Figure 1-2. These results show that the predicted water table on a reference site that 
satisfies the wetland hydrologic criterion in 20 of 40 years did not rise closer than 70 cm to 
the surface for the months of February- April. Rainfall for the months of January and 
February (days 1-59) was lower than normal, and ET during March and April was higher than 
normal; so the water table on this threshold wetland was not close to the surface during the 
entire period. The predicted water table in the threshold wetland rose to the surface in 
response to rains in late May (days 148-152), but it remained in the top 30 cm for only 5 
days, as compared to 6 days on the actual site. This additional information shows that the 
subject site, although not satisfying the wetland hydrologic criteria during the observation 
period, is clearly wetter than the threshold wetland; it would therefore satisfy the wetland 
hydrologic criterion over the long term. Determination as to whether the subject site is a 
wetland would also depend on soils and vegetation. This example shows how the TWS can 
be used in combination with short term water table data to determine wetland hydrologic 
status. 
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Figure 1-2 -- Comparison between measured water table values on a site near Wilmington, 
NC, and simulated water table for the threshold wetland. 

Threshold wetland simulations can be prepared for any location for which 
climatological data (rainfall and temperature, or other data necessary to calculate potential 
ET) exist. They can be updated as needed to analyze field measurements taken during the 
previous few months. Once the soil properties and drainage system parameters are 
determined for a "threshold wetland," inputs to the model would be fixed. A threshold 
wetland simulation could be updated by simply adding the recent weather data from the site 
and running the model. The reference simulation could be continually updated and used for 
similar sites in the vicinity as needed. 

The TWS provided a means of considering effects of weather variability, a major 
problem in the assessment of wetland hydrology. However, the utility of the approach would 
be significantly reduced if the water table depths predicted for the TWS vary strongly with 
soil properties, topography, drainage system parameters, vegetation, etc. Clearly, water table 
depth and the response to rainfall and ET depends on all of these factors and others. 
However, we do not know whether the water table in a threshold wetland, defined by 
choosing drainage system parameters and soil properties such that it barely satisfies the 
hydrologic criterion, will strongly depend on these factors. If the predicted water table for 
threshold wetland simulations is independent of these factors, or if it is independent during 
the time that the water table is close to the surface, simulations for a single threshold wetland, 
updated with the appropriate weather record, could be used to interpret measured water table 
data for other sites in a given area. 



Table 1-2 -- Monthly rainfall (in mm) during 1990 and average monthly rainfall for a 50-year 
period at Wilmington, NC. 
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Month 

January 

February 

March 
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May 
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Testing the TWS Concept 

1990 

69 

59 

140 

77 

July 

Annual 

Computer analyses to test the feasibility of the proposed methods were conducted for 
four soils. Simulations were run for a wide range of ditch spacings for each soil. Each 
simulation was conducted for a 40-year period of climatological record from Wilmington, NC. 
The ditch spacing that satisfied the wetland hydrologic criterion in 20 of the 40 years was 
designated as the threshold spacing, which could then be used as an input to generate 
threshold wetland simulations. Threshold spacings for all four soils are given in Table 1-3. 
Values are given for two surface depressional storages and two ditch depths for each soil. As 
would be expected, the threshold ditch spacing decreases with increasing surface storage and 
increases with increasing ditch depth. 

One of the main questions about the feasibility of the proposed methods involves the 
dependence of TWS on soil type and site parameters such as surface depressional storage, 
ditch depth and drainage system configuration. Results indicate that the threshold simulations 
are not heavily dependent on the soil properties. This is shown in Figure 1-3 where threshold 
simulations for four soils are plotted for 1994 Wilmington weather data. While the four 
water table plots for the reference simulations differ somewhat when the water table is more 
than 80 cm deep, they are nearly identical when the water table is near the surface. The 
single exception is the response of the Arapahoe soil to the first heavy rainfall after a 
relatively dry summer (about day 260). This means that one TWS can generally be used for 
that location for all four of these soils and probably others. However, decisions on wetland 
status should be based on comparisons of the TWS and measured data when the water table is 
near the surface, rather than on comparisons when the water table is at deeper depths. 

Threshold wetland simulations for two different ditch depths on the Portsmouth E soil 
are plotted in Figure 1-4 for 1994. Note that the water table plots for the two ditch depths are 
nearly identical during the growing season (Feb. 27 to Nov. 26 or Julian Days 58 - 329). 
Except for some differences near the end of the year (outside the growing season), reference 
simulations for the two cases were especially close when the water table was in the top 30 cm 
of the profile. Similar results were obtained for the surface depressional storages of 2.5 and 
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5.0, as is shown in Figure 1-5. When the drain spacing is adjusted for each surface storage 
value, such that the wetland hydrologic criterion is satisfied in exactly 50% of the years, 
predicted water table depths are essentially the same for both surface storage depths. 

Table 1-3 -- Threshold ditch spacings for four soils at two ditch depths and two values of 
surface depressional storage. These threshold spacings will result in the wetland hydrologic 
criteria being satisfied in one-half of the years at Wilmington, NC. 

Portsmouth E I 

Portsmouth E 

Portsmouth E 

I Portsmouth E I 60 

Threshold 
Ditch Spacing (cm) 

Surface Storage 
(cm) 

Soil Type 

120 

60 

Ditch Depth (cm) 

Rains 

Rains 
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5 .O 
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Arapahoe 

39 
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39 

Arapahoe 

Arapahoe 
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60 
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60 
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Figure 1-3 -- Water table predictions for TWS on four soils (Portsmouth E, Rains, 
Portsmouth A, and Arapahoe) near Wilmington, NC for 1994. Each soil is drained by 
parallel ditches that are 120 cm deep and has surface depressional storage equal to 5 cm. 
Ditch spacing for each soil was chosen to satisfy the wetland hydrologic criterion in 20 out of 
40 years. 

A comparison of water table depths for threshold wetlands having different drainage 
system configurations is shown in Figure 1-6. Predicted water table depths for a laterally 
drained site (site drained by parallel ditches spaced so that it is a threshold wetland) are 
compared to the water table response on a threshold wetland where water seeps vertically 
through a leaky confining layer. In the latter case the hydraulic conductivity of the confining 
layer was adjusted such that the wetland hydrologic criterion was satisfied in one-half of the 
years. The two threshold wetlands had nearly identical predicted water table depths during 
the course of the entire year (Fig. 1-6). There was rarely more than one day difference in the 
time the water table stayed in the top 30 cm of the profile for the two cases considered. 
These results are similar to the figures shown previously. Each of the figures show data from 
only one year of comparison for simplicity concerns; however, five year periods from 1986 to 
1990 were examined with similar results. 

Results of these analyses indicated that the threshold simulations are nearly 
independent of soil properties and site parameters that influence drainage rates. The choice of 
a ditch spacing or hydraulic conductivity value that results in the wetland criterion being 
satisfied in one-half of the years over the long-term tends to normalize the effects of other 
factors that impact shallow water table depths. That is, if the drainage intensity is adjusted 
such that a site satisfies the wetland hydrologic criterion in exactly one-half of the years, the 
predicted water table fluctuation near the surface does not depend strongly on soil properties, 
surface storage, or drainage configuration. 
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Figure 1-4 -- Threshold wetland water table comparison of two ditch depths (120 cm and 60 
cm) for a Portsmouth E soil at Wilmington, NC for 1994. The surface depressional storage 
for both threshold wetlands was 5.0 cm. 
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Figure 1-5 -- Water table comparison of two threshold wetlands near Wilmington, NC in 
1994. Each threshold wetland has a different level of surface depressional storage (5.0 cm and 
2.5 cm). The threshold wetlands are both for a Portsmouth E soil and have ditch depths of 
120 cm. 
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Figure 1-6 -- Comparison of predicted water tables for two threshold wetlands. One threshold 
wetland is drained by ditches (laterally). The other loses water through a leaky confining 
layer (deep seepage). Both threshold wetlands were simulated for Portsmouth E soil, a 
surface depressional storage of 2.5 cm and 1994 Wilrnington, NC, weather data. 

Example Comparisons 

The TWS method has been used to assess the wetland hydrologic status of three actual 
sites in the Tidewater region of eastern North Carolina. The driest site - a site on the Parker 
Tract located near Plymouth, NC - initially appears to have upland hydrology; the wettest site, 
also near Plymouth, NC, initially appears to have wetland hydrology, while the third site's 
hydrology is difficult to ascertain based upon a one-to-two year hydroperiod. A threshold 
wetland simulation (TWS) was created for the Parker Tract site using methods described 
earlier and long term weather records from the Tidewater Research Station located four miles 
away. The water table was then simulated using site specific precipitation for the period 
February and March, 1993, and simultaneously, the water table at the site was monitored and 
a short hydroperiod was generated. As shown in Figure 1-7, a hydrologic assessment is made 
by comparing the measured water table depths to those predicted by the TWS. In the Parker 
tract site, the water table predicted for the TWS remained within 30 cm of the surface for 
most of the two months. The actual water table never rose to within 30 cm of the surface. 
The TWS is clearly indicative of a site that is much wetter than the site being evaluated. 
Thus, we may conclude that the Parker Tract site does not satisfy the wetland hydrologic 
criterion. 

This assessment was tested by two methods. First, measured water table depths for a 
longer term (three years) were examined, and, second, a computer simulation using long term 
weather data was conducted and analyzed. Results for the longer term measured record 
(Figure 1-8) justifies the assessment based on the TWS. During the three-year period, the 
water table never continually remained within 30 cm of the surface for more than six days, 
far short of the required 14 days. In other words, the site failed to meet the hydrologic 
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Figure 1-7 -- Comparison of predicted water table depth for a threshold wetland with 
measured water table for a field site on the Parker Tract near Plymouth, NC, during the early 
spring of 1993. 

Days from 1993 through 1995 
Figure 1-8 -- Measured water table depths on a site on the Parker Tract near Plymouth, NC. 



criterion in each of the three years observed. A long term water table record was simulated 
for the Parker Tract site using DRAINMOD. Forty year precipitation and temperature records 
were used along with site specific inputs for soil properties and drainage system parameters, 
to predict a forty year water table record for the site. Predited results for the site only met 
the wetland hydrologic criterion in six of 40 years. Analysis of both the three years of 
observed data and the 40 year simulated water table record validates the assessment made by 
the TWS method based upon only two months of water table and precipitation data. 

Measured water table data are compared in Figure 1-9 to TWS predictions for a site on 
First Colony Farms near Columbia, NC. Input data for the site were obtained from previous 
work by Badr (1978) and Purisinsit (1982). As seen in Figure 1-9, the water table on the site 
did not rise to within 30 cm of the surface during the entire 90 day observation period. In 
contrast, the predicted water table for the TWS rose into the top 30 cm and remained there 
for 10 days during a rainy period on about day 180, and again for about 5 days on day 200. 
Based on this comparison, the field site appears to be drier than the TWS and would be 
judged to not satisfy the wetland hydrologic criterion. Examination of a 3-4 year period of 
measured water table record (Figure 1-10) shows that the field site only met the Corps' 
hydrologic criteria in one of three years. While there are several high water table periods at 
the field site, only one that was long enough (Spring of 1978, about day 850) to meet the 
Corps' criterion occurred during the growing season. A long term water table record 
generated by DRAINMOD showed that, while this site is wetter than the Parker Tract site 
examined previously, the First Colony Farms site would satisfy the wetland hydrologic 
criteria only 14 of the 40 years simulated. Thus, it would not satisfy the wetland hydrologic 
criterion as determined by the TWS method based on a 90 day measured water table record. 
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Figure 1-9 -- Comparison of a predicted water table depths for a 
data for a field site on First Colony Farms near Columbia, NC. 
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Figure 1-10 -- Measured water table depths on a First Colony Farms field site near 
Columbia, NC for the period summer 1976 through fall 1979. 

The third field site evaluated is also near Plymouth, NC. The Plymouth site is clearly 
the wettest of the three locations examined. As before, the water table predicted by the TWS 
was compared with field measurements during the winter of 1993. As shown in Figure 1-11 h 
water tables are within 30 cm of the surface for much of the 60 day observation period. 
However, while the water table of the field site remains within 30 cm for the entire period, 
the predicted water table for the TWS falls below the top 30 cm depth several times. Based 
on the time that the water table is in the top 30 cm, the field site is wetter than the threshold 
wetland. Thus, we would conclude that the site in question does satisfy the wetland 
hydrologic criterion. The assessment was again tested by the two methods described earlier. 
Examination of the long term measured water table record (Figure 1-12) shows the site met 
the criterion in all three years of the observation. A long term DRAINMOD simulation using 
soil properties and drainage parameters for the site showed that the wetland criterion would 
be satisfied in 36 of 40 years. Both of the evaluation methods support the TWS method 
assessment which was based on only a 60 day water table and precipitation record. 
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Figure 1-11 -- A comparison of measured water table depths on a field site near Plymouth, 
NC, with predicted depths for a water table from a threshold wetland for a 60 day period 
beginning in late February, 1993. 
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Figure 1-12 -- A multi-year hydroperiod for a field site near Plymouth, NC. 
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11. Reliability of Threshold Wetland Simulations for Determining Wetland 
Hydrologic Status 

Introduction 

As the importance of wetlands has become more apparent, so has the number of 
questions surrounding wetlands. Section 404 of the Federal Clean Water Act, the 
Swampbuster Provision of the Food Security Act of 1985 and the Agricultural Wetland 
Reserve Program of 1990 have been passed in recent years to conserve and protect wetlands. 
The main federal regulation protecting wetlands is the Clean Water Act. Congress is working 
on reauthorization of this act, and is considering changes in the definition and regulation of 
wetlands. Regardless of the final form of the regulations, objective, technically sound 
methods for identifying and delineating wetlands is a key requirement for their protection and 
management. 

One such technically sound method is simulation modeling. This is an alternative to 
water table monitoring as discussed in the first section of this report. This approach allows 
prediction of long term hydrologic conditions for a site and thus direct determination as to 
whether or not wetland hydrologic criteria are satisfied. However, model inputs are difficult 
to determine for specific sites and modeling expertise is required for reliable application of 
simulation models. An approach that uses simulation models to provide threshold wetland 
Simulations (TWS) that can be used to reliably interpret short-term water table records is 
discussed in the previous section. The advantage of this approach is that the TWS can be 
generated using weather data from the vicinity of the subject site, but does not require site 
specific model inputs. Determination of wetland status can then be made by comparing 
measured water table depths from the site with the TWS generated for the same period. 

An example of the application of the TWS concept is shown in Figure 11-1. The 
predicted water table for the threshold wetland (solid line) is clearly in the surface horizon (0 
cm to 30 cm) of the profile more frequently and for longer durations than the measured water 
table on the site. Since the threshold wetland barely satisfies the wetland hydrologic 
criterion over the long-term (20 of 40 years) and since the threshold wetland is clearly wetter 
than the monitored site, it can be concluded that the site does not satisfy the wetland 
hydrologic criterion. Comparisons between the TWS and measured data are not always as 
straightforward as in Figure 11-1. An example is shown in Figure 11-2. In this case it is not 
clear whether the monitored site is wetter or drier than the threshold wetland. Analytical 
methods are developed in this section for objectively comparing TWS with measured water 
table on sites like those shown in Figure 11-2. The accuracy of using TWS to determine 
wetland hydrologic status of monitored sites is then examined. The purpose of this section is 
to evaluate the reliability of the TWS method for determining wetland hydrologic status of 
irregularly saturated wetlands. Two points in particular will be addressed: 

1. Can threshold wetland simulations be applied to accurately identify sites that have wetland 
and upland hydrology? 
2. What length of a water table record is needed to make a reliable prediction of wetland 
hydrologic status using the TWS method? 
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Figure 11-1-- Comparison of TWS with a measured water table from a site to be evaluated. 
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Figure 11-2 -- Comparison of TWS with a measured water table from a site being 
analyzed. 



Procedure 

Three water table indicators were developed to compare measured water tables with 
the TWS: water table difference (WT Diff), duration, and volatility. 

WT Diff - The simplest of the three indicators, WT Diff (Figure 11-3) compares the measured 
water tables and the water table predicted by the TWS when both are within 30 cm of the 
surface. When the water table in the TWS is closer to the surface than the measured water 
table, the site in question is judged to be an upland. If the water table for the site in question 
is closer to the surface than that of the threshold wetland, then the land in question is judged 
to be a wetland. This indicator is applied only when both the TWS and the measured water 
tables of the site are within 30 cm of the surface. 

Jun 1 Jun 3 Jun 5 Jun 7 
Date 

1 TWS - Measured 1 
Figure 11-3 -- The W.T. Diff Indicator. The measured water table is closer to the surface, and 
therefore, the site is wetter than the TWS 

Duration - Like WT Diff, Duration compares measured water tables with those predicted by 
the TWS. The critical difference, however, is that Duration indicator compares the time -- or 
duration -- a water table is within 30 cm of the surface. If the TWS water table is within 30 
cm of the surface for a longer period of time than the measured water table on the site in 
question, then the longer duration of the TWS would indicate wetter conditions and the site 
would be judged to have upland hydrology. If the measured water table is within 30 cm of 
the surface for a longer period of time (Figure 11-4), then the site would be judged to satisfy 
the wetland hydrologic criterion. 



Jun 1 J m  3 Jun 5 Jun 7 
Date 

1 -  TwS Measured I 

Figure 11-4 -- The Duration Indicator. 

Another unique aspect of the Duration indicator is that a prediction could be made 
when either the TWS or the monitored site has a water table within 30 cm of 
the surface. For purposes of evaluation, and to eliminate situations in which the water table 
"spikes" to near the surface for a short period of time, a minimum duration of five 
consecutive days was selected as a threshold for this method. This method allows 
consideration of situations when the TWS and the site in question are near the surface during 
slightly different dates. For dry years there may be no periods when the water table is within 
the 30 cm of the surface for either the TWS or a subject site for the minimum of five 
consecutive days. A decision on wetland status cannot be made for such dry year cases using 
this method. A shorter threshold could be used, particularly when the water table (either 
TWS or measured) frequently rises into the surface 30 cm. However, such analyses should 
be applied carefully. Shorter thresholds are not considered in the analyses of the methods 
presented herein. 

Volatility - This indicator may also be applied when water tables of both the threshold 
wetland (Figure 11-5) and the site in question are within 30 cm of the surface. The Volatility 
indicator compares the distance the water table moves or fluctuates when within 30 cm 
of the surface. The hypothesis is that water tables will fluctuate less on wetter sites 
than on drier sites. If the TWS is less volatile than measured water table on the site, then 
the site would be judged to have upland hydrology. Conversely, if the water table of the site 
in question is less volatile, then the site would be judged to satisfy the wetland hydrologic 
criterion. In Figure 11-5 the TWS's water table remains within 30 cm of the surface for much 
of the period and does not fluctuate, while the field site's water table also remains within the 
top 30 cm, but its position is not stable, that is it fluctuates often. Based on the TWS method, 
this site does not satisfy the wetland hydrologic criterion. 
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Figure 11-5 -- The Volatility Indicator. 

Testing the TWS Method 

The accuracy of the TWS method for predicting the wetland hydrologic status of a 
site was tested in both simulation studies and field studies. The simulation studies used 
weather and soil data from four states. DRAINMOD (Skaggs, 1978) was used to predict 
water table fluctuations for sites ranging from very well drained, upland conditions to very 
poorly drained wetland sites. Predicted water tables for a six year period were then treated as 
if they were "measured" data. The TWS method was used to analyze "data" for each year 
and determine whether or not the site satisfied the wetland hydrologic criterion. 

Results of tests using North Carolina data will be discussed first. The analysis was 
conducted for sites near Wilmington, NC. Using the weather data from Weather and Climate 
in North Carolina (Epperson et al., 1988), the growing season was determined to extend from 
March 17 to November 14. From this information the threshold duration of 5% of the 
growing season was calculated to be 14 days. DRAINMOD inputs included hourly rainfall 
and daily maximum and minimum temperature, and drainage system parameters such as ditch 
spacing, ditch depth, and surface storage. Other inputs dealt with vegetation cover such as 
root depth and wilting point. A summary of the input parameters is given in Table 11-1. 
Example input files for each of the four soils analyzed are given in Appendix A. The four 
soils analyzed were Arapahoe, Rains and two Portsmouth soils, Portsmouth A and Portsmouth 
E. The Arapahoe had the highest hydraulic conductivity (K); the Rains had the lowest, with 
the Portsmouth soils in between. Soil property inputs, in addition to K values, include the 
soil water characteristics and the relationships between water table depth, volume of drained 
pore space and upward flux from the water table. These inputs are given in the example input 
files in Appendix A. 



Identification of a Threshold Wetland 

Following methods described by Skaggs et al. (1995), DRAINMOD was used to 
determine drainage conditions that would result in a site satisfying the wetland hydrologic 
criterion in exactly 20 of 40 years. Forty year simulations (1951 through 1990) were 
conducted for each soil and a range of ditch spacings. The spacing that resulted in a water 
table regime that just met the wetland hydrologic criterion (i.e., in 20 of the 40 years) 
characterized a site that was called a threshold wetland. These spacings are given in Table 11- 
1. Because a site with these characteristics is on the threshold between wetlands and uplands, 
lands that are drier would not satisfy the hydrologic criterion and are uplands, while wetter 
sites do satisfy the wetland hydrologic criterion. Predicted water table fluctuations were 
similar for all threshold wetlands as discussed in the previous section. This means that a 
TWS defined for one soil can be applied across soil types and at least some other boundary 
conditions with acceptable reliability for most cases. The accuracy of the method would 
always be greater if the TWS is defined for the soil properties and other parameters of the 
specific site being evaluated, but this is often not feasible. The method evaluated herein 
assumes application across soil types and specified boundary conditions. 

Table 11-1 -- Summary of threshold wetland Information for Five Sites Varying in Soil and/or 
Ditch Depth Tested at Wilmington, NC 

Soil Type 
Weather 

Drain De~ths  
Drain 
Spacings (m) 
Surface 
Storage (cm) 
Deep Seepage 

Wilting Pt. 
Root Depth 

Portsmouth E 
Wilmington, 
NC 
60 cm. 120cm 

Testing the Accuracy of TWS 

None 

0.18 

Whether or not a site met wetland hydrology was tested by comparing the TWS with 
the predicted water table for conditions which varied from being very dry to marginally 
drylwet to very wet. Sites which met the wetland criterion in only 10% of years or in 90% 
of the years, were judged to be extreme cases, dry and wet, respectively. Moderate cases 
included sites that satisfied the wetland hydrologic criterion in 25% and 75% of the years. 
Finally, the hydrology of marginally dry sites, which satisfied the criterion in 40% of years, 
and marginally wet sites satisfying the criterion in 60% of years, were simulated using 
DRAINMOD. Water table predictions for these cases were used as "test sites" and treated as 
measured data for testing the threshold wetland simulations. For example, the TWS for the 
Rains soil (drain spacing = 30 m, drain depth = 120 cm, surface storage =5 cm) was 
compared to the other 4 soil-ditch-depth combinations. 

Portsmouth A 
Wilmington, 
NC 
120 cm 

None 

0.18 

Rains 
Wilmington, 
NC 
120 cm 

Arapahoe 
Wilmington, 
NC 
120 cm 

None 

0.09 
None 

0.2 



The TWS for each soil and ditch depth was used to determine the wetland hydrologic 
status of all other cases considered (i.e., those cases where the wetland criterion was satisfied 
in 10, 25, 40, 60, 75, and 90 percent of the years). This was done for each of the other soils 
and ditch depth combinations. There was a total of five of these combinations, so each of the 
five threshold wetlands was used to determine the wetland hydrologic status of six known 
uplandslwetlands of the four other soil-ditch depth combinations. This resulted in 4 X 6 = 24 
tests for each threshold wetland. There were 5 threshold wetlands (one for each soil-ditch 
depth combination), giving 5 X 24 = 120 tests for each year. Comparisons were made for six 
years (1985-1990), which leads to a total of 6 X 120 = 720 site-years tested. 

Results for Wilmington, NC 

Was the TWS method accurate in predicting the wetland status of a site? Was there a 
particular indicator which seemed to work better than the others? 

As discussed before, the reliability of the TWS method was tested for 720 site-years of 
simulated water table record. Simulations for each year were independently compared to the 
TWS for that year with three potential results: 
Correct - the simulated site in question was accurately identified. That is, based on the 
hydrology, the comparison test predicted uplands to be uplands and wetlands to be wetlands. 
Incorrect - the hydrologic status of the site in question was incorrectly predicted. It was 
concluded that the hydrology of a wetland did not satisfy the wetland hydrologic criterion and 
vice versa. 
No Prediction - In some cases, it was not possible to make a determination on wetland status. 
This was due to excessively dry conditions, which will be discussed later, or because the 
predicted water tables for the site behaved very similarly to the TWS during the period in 
question. 

Results of the tests are discussed for three categories of wetland and uplands: (1) 
extreme cases which satisfy the criterion in 10% and 90% of the years; (2) moderately dry or 
wet sites which satisfy the criterion in 25% and 75% of the years; and (3) marginal cases 
which satisfy the criterion in 40% and 60% of the years. We expected to find the threshold 
wetland simulations to be accurate predictors for the extreme and moderate cases with the 
marginal cases being much more difficult to accurately assess. Results for Wilmington, NC, 
are given in Tables 11-2, 11-3, and 11-4. A decision on all site-years could not be made or 
predicted as seen in the "No Predict" row. The final row excludes all the "No Predict" cases 
and reports the percentage of correct predictions made out of all predictions made. 

Table 11-2 -- Accuracy of the TWS method for determining hydrologic status of extreme cases 
(cases satisfying the hydrologic criterion in 10% and 90% of years) using three different 
comparison indicators (WT Diff, Duration and Volatility) 

Prediction 
Correct 
Incorrect 
No Predict 

% Accurate 
of Predicted 

Total 
91.8% 
0.6% 
7.6% 

99.4% 

WT Diff 
90.0% 
0.8% 
9.2% 

99.1 % 

Duration 
93.3% 
0.8% 
5.8% 

99.1 % 

Volatility 
92.1 % 

0.0% 
7.9% 

100% 



Table 11-3 -- Accuracy of the TWS method for determining hydrologic status of moderate cases 
(cases satisfying the hydrologic criterion in 25% and 75% of the years) using three different 

Table 11-4 -- Accuracy of the TWS method for determining hydrologic status of marginal cases 
(cases satisfying the hydrologic criterion in 40% and 60% of the years) using three different 

comparison indicators (WT Diff, Duration, and Volatility) 
Prediction 
Correct 
Incorrect 
No Predict 

% Accurate 
of Predicted 

:omparison indicators (WT Diff, Duration, and Volatility) 

No Predict 1 15.0% 1 17.9% 1 11.2% 1 15.8% 

Total 
90.9% 
1.8% 
7.3% 

98.1% 

Prediction I Total 
Correct 
Incorrect 

Discussion of Results 

WT Diff 
87.9% 
2.9% 
9.2% 

96.8% 

WT Diff 
75.6% 
9.5% 

% Accurate 82.2% 
of Predicted 

By combining all the results from Tables 11-2, 11-3 and 11-4, TWS predicted 88% (or 
nearly 9 of 10 cases) correctly. These results indicate the TWS method can be applied to 
accurately determine the wetland hydrologic status of a site. The most useful and easily 
applied comparison indicator was the Duration indicator. For the remaining tests, the 
Duration indicator will be the only method used in applying the TWS to determine hydrologic 
status of the sites analyzed. 

Because the TWS comparison concept depends on either the TWS or measured water 
tables from the site in question being within 30 cm of the surface, the method does not work 
for extremely dry years. The year 1985 was dry and a reliable decision on wetland hydrology 
could not be made for most sites based on data for that year. Eliminating the 1985 site-years 
from the analysis gives a better indication of the reliability of the TWS method (Table 11-5). 

The wetland hydrologic status of a total of 211 of the 2160 cases considered could not 
be assessed. Of these, 133 (or 63%) could not be assessed because conditions were dry and 
the water table was not within the top 30 cm of the profile for the length of time needed to 
apply the various comparison methods. As mentioned above, 1985 was a dry year in 
Wilrnington, NC. Of the 720 assessments attempted for 1985, one-sixth could not be 
completed because of dry conditions. If this dry year is eliminated, (i.e. we simply conclude 
that a decision cannot be made from water table data obtained for such conditions), the TWS 
comparison method gave correct predictions in 92% of the cases tested. More importantly, it 
gave incorrect results in only 1.6% of the cases. 

Duration I Volatilitv 

89.6% 1 94s% 

Duration 
92.1% 
2.1% 

5 3 %  

97.8% 

67.5% 
14.6% 

Volatility 
92.5% 
0.4% 

7.1% 

99.6% 

79.6% 
9.2% 

79.6% 
4.6% 



Results from Other States 

Table 11-5 -- TWS accuracy at Wilrnington, NC, when the Dry Year (1985) was omitted 
from consideration. Results shown using the Duration Indicator. 

Similar methods to those discussed for Wilmington, NC, were used to test the 
reliability of the TWS method for Jacksonville, FL; Indianapolis, IN; and Madison, WI. A 
summary of weather data sources (Southeast Region Climate Center, 1996, and Midwestern 
Climate Center, 1996), years simulated, and soils and drain depths considered is given in 
Table 11-6. Precipitation statistics for each year simulated are given in Table 11-7 for all 
locations considered. Analyses for these four states provide tests of the TWS method across 
a spectrum that varies from cold and relatively dry (Madison) to warm and relatively wet 
(Jacksonville). 

Table 11-6 -- Weather Data and Soil-Drain Depth Combinations for Jacksonville, FL; 
Indianapolis, IN; and Madison, WI. 

Marginal 

86.0% 

5.0% 

9.0% 

1 Location I Jacksonville, FL I Indianapolis, IN I Madison, WI I 

Moderate 

99.5% 

0% 

0.5% 

Correct 

Incorrect 

No Prediction 

Weather 
, Station 

Extreme 

0% 

0% 

0% 

Period TWS 
Created 

Growing 
Season 

5% of 
Growing 
Season 

16 Days 10 Days 8 Days 

I Mascotte, 120 crn I Gilfords, 120 cm I Gilfords, 120 cm I 

combination I Albany, 120 cm I Maumee, 120 cm I Maumee, 120 cm I 

- Drain 
Depth 

I Albany, 60 cm I Brookston, 120 cm I Brookston, 120cm I 

Mascotte, 60 cm Toledo, 120 cm Toledo, 120 cm 



Table 11-7 -- Rainfall Statistics for Wilmington, NC; Jacksonville, FL; 
Indianapolis IN; and Madison, WI. 
(Southeast Regional Climate Center, 1996) 
and (Midwestern Climate Center, 1996) 

Jacksonville, FL 

Wilmington, NC 

Year 

1985 

1986 

1987 

1988 

1989 

1990 

Year 

Rainfall 
(inches) 

58.89 

44.10 

43.39 

60.68 

5 1.45 

3 1.20 

1985 1 44.02 1 Driest 10% I Very Dry I 
Rainfall 
(inches) 

1986 1 59.41 ( Mid 50% 1 Near Normal 1 

Statistical Rank 

Wettest 25% 

Mid 50% 

Driest 25% 

Wettest 25% 

Mid 50% 

Driest 5% 

Statistical Rank 1 ~ i ~ ~ ~ l  1 

1987 1 51.25 1 M d  50% I Near Normal 1 

Wet/ Dry1 
Near Normal 

Wet 

Near Normal 

Dry 

Wet 

Near Normal 

Very Dry 

1988 1 57.93 1 Mid 50% I Near Normal I 
-- - 

1989 1 66.54 1 Wettest 10% I very wet I 
1990 1 53.43 1 Mid 50% 1 Near Normal I 

I Annual 1 53.80 1 I 



Table 11-7 -- continued 

Indianapolis, IN 

Rainfall 
(inches) 

Madison, WI 

Statistical Rank 

1985 

1986 

1987 

1988 

1989 

1990 

Annual 

1 Annual 1 31.63 1 I 

46.98 

46.40 

33.45 

3 1.32 

50.57 

50.44 

40.13 

Year 

1985 

1986 

1987 

1988 

1989 

1990 

Results of the analysis indicated that the reliability of the TWS method to predict 
wetland hydrologic status in the other states was similar to its performance for Wilmington, 
NC. Results for Indianapolis, Indiana, are summarized in Table 11-8. The TWS method 
correctly predicted the wetland hydrologic status of 98% and 89% of all extreme (meeting the 
wetland criterion in 10% or 90% of years) and moderate (meeting the criterion in 25% and 
75% of years) sites, respectively. Nearly two-thirds (65%) of marginal sites (meeting the 
criterion in 40% and 60% of years) were also correctly assessed. 

Wettest 25% 

M J ~  50% 

Driest 25% 

Driest 5% 

Wettest 10% 

Wettest 10% 

Rainfall 
(inches) 

38.97 

31.86 

33.42 

24.59 

30.88 

36.55 

Wet 

Near Normal 

Dry 

Very Dry 

Very Wet 

Very, Wet 

Statistical Rank 

Wettest 10% 

Mid 50% 

Mid 50% 

Driest 10% 

Mid 50% 

Wettest 25% 

Wet/ Dry/ 
Near Normal 

Very Wet 

Near Normal 

Near Normal 

Very Dry 

Near Normal 

Wet 



Table 11-8 -- TWS Accuracy for Indianapolis, IN 

I Degree of I Extreme ( Moderate I Marginal ( 

I Incorrect I 0% I 7.6% I 30.5% I 

Wetness/Dryness 

Correct 

1 No Prediction I 1.5% 1 3.4% 1 -  4.1% 

Similar results were found for Madison, WI, with 94% of extreme sites and 82% of 
moderate sites correctly identified using TWS (Table 11-9). It was not possible (because of 
dry conditions, etc.) to predict the hydrologic status of most of the rest of the sites Nearly 
two-thirds (65%) of marginal cases were correctly identified, while the wetland status of only 
one in five marginal sites was assessed incorrectly (that is, a wet site was predicted to be dry 
or a dry site was predicted to be wet). 

(10% and 90%) 

98.5 % 

Table 11-9 -- TWS Accuracy for Madison, WI. 

(25 % and 75%) 

89% 

(40% and 60%) 

65.2% 

Degree of 
Wetnessl'ryness 

Results for Jacksonville, Florida, (Table 11-10) while supportive of the TWS concept, 
are not as strong as those of the previous other locations. This is, in part, due to an 
extraordinarily dry year (1990). The hydrologic status of less than one in five sites (18%) 
was incorrectly identified. The status of 83% of extreme cases and 65% of moderate cases 
were correctly predicted. The marginal cases nearly mirrored their moderate counterparts, 
with TWS correctly identifying 62% of marginal sites. The dry year (1990) had significant 
impact on the accuracy and ability of TWS prediction. Not only was it not possible to 
predict the status of many sites, but the likelihood of erroneously assessing the hydrologic 
status of a wetland site (to be an upland) increased. By excluding the dry year, overall 
accuracy (average accuracy of extreme, moderate and marginal cases) increased from 70% to 
78%. Threshold wetland simulation accuracy results are shown both inclusive and exclusive 
of 1990 data in Table 11-10. 

Results based on simulation studies using soils and weather data from four states 
indicate that threshold wetland simulations can be reliably used to determine the wetland 
hydrologic status of a site. In each location it was possible to accurately determine the 
hydrologic status of a large majority of the sites using the TWS method. While these 
simulation studies indicate that the TWS method is applicable and reliable across a wide 
range of soils and climatological conditions, tests of the method using actual measured field 
data are needed. 

Correct 

Incorrect 

No Prediction 

Extreme 
(10% and 90%) 

93.7% 

2.1% 

4.2% 

Moderate 
(25% and 75%) 

Marginal 
(40% and 60%) 

82.0% 

9.7% 

8.4% 

64.6% 

22.2% 

13.2% 



Table 11-10 -- TWS Accuracy for Jacksonville, FL. 
(Accuracy Excluding Dry Year is shown in Parentheses) 

I correct 1 83.3% (90.0%) 1 65.3% (73.3%) 1 61.8% (70.0%) 1 
Degree of 
WetnessIDryness 

1 ~ncorrect 1 9.0% (10.0%) 1 21.5% (23.3%) 1 23.6% (25.0%) 1 
I No Prediction 1 7.6% (0%) ( 13.2% (3.3%) 1 14.6% (5.0%) 1 

Extreme 
(10% and 90%) 

Field Tests of the TWS Method 

To this point in the report, threshold wetland Simulations had been tested against sites 
developed using computer simulations. The next step in testing the accuracy of TWS was to 
see how well the method works on data from actual field sites. The TWS method was tested 
using field data from several eastern North Carolina sites. The site locations are shown in 
Figure 11-6 and described in Table II-11. 

Moderate 
(25% and 75%) 

Table 11-11 -- Description of Eastern North Carolina Field Sites Tested Using TWS. 

Marginal 
(40% and 60%) 

1 Site Name & Location 

Aurora, Beaufort County 

Carteret County Forest 

First Colony Farms, 
Tyrrell County, Dare 
County, and Washington 
County 

Upland/ 
Marginal/ 
Wetland 

Parker Tract, 
Washington County 

Tidewater Research Station, 
Washington County 

A variety of sites was needed to test the TWS method, including some obviously wet 
sites, obviously dry sites, and marginally wetfdry sites. Sites were determined to be in one of 
these three groups (upland, wetland, and marginal) by one of two means. For several sites 
including the First Colony Farms, Carteret County Forest (Amatya et al., 1997), Parker Tract 

Upland 

Upland 

Upland 
Marginal 
Wetland 

Plymouth Wetland, 
Washington County 

Description 

Upland 
Marginal 

Upland 

Site-Years 
of Data 

Agricultural Fields 

Pine Plantations 

Disturbed and 
Undisturbed sites, 
Agriculture and 
Forested 

Marginal 
Wetland 

16 

16 

7 -upland 
14 -marginal 
15 -wetland 

Forested Pine 
Plantations 

Agricultural 
Research land 

19 -upland 
6 -marginal 

8 

Natural Wetland 
Forest 

4 -marginal 
13 -wetland 



Forest (unpublished data), and Plymouth Wetland (unpublished data) sites, accurate 
DRAINMOD inputs were available. First Colony Farms input data was taken from previous 
work by Badr (1978) and Purisinsit (1982). With these inputs it was possible to simulate 
water table fluctuations on the site over a period of many years. These simulations were 
conducted using weather record from stations in close proximity to the sites. The results 
indicated how frequently the wetland hydrologic criterion was met. For Aurora, long term 
weather data from New Bern (Southeast Regional Climate Center, 1996) were used to 
simulate the hydrology. The sites in Carteret County were analyzed using long term weather 
data from Morehead City (Southeast Regional Climate Center, 1996), while long term data 
from the Tidewater Research Station were used for the sites in that vicinity. The number of 
years in 40 that each site met the wetland criterion determined whether or not a site was 
assessed to be wetland, upland, or marginally wetland or upland. If a site met the criterion in 
30 or more years (at least 75% frequency), the site was assessed to be a wetland. (In fact, 
more than 50% of years is sufficient to satisfy the hydrologic criterion for wetlands.) If the 
site met the criterion in 10 or fewer years (at most 25% frequency), it was assumed to be an 
upland. The intervening degree of wetness (hydrologic criterion met between 25% and 75% 
of years) was said to represent marginal wetlands (50% to 75% of years satisfy the criterion) 
or uplands (25% to 50% of years satisfy the criterion). 

Figure 11-6 -- Map of Central NC Coastal Counties showing the locations of sites tested 
using the TWS method. The following symbols represent the respected sites: AR= Aurora; 
FC= First Colony Farms; CT= Carteret County; PL= Tidewater Research Station, Plymouth 
Wetland, and the Parker Tract Forested Site. 



The other method used to determine whether a site was wetland, upland, or marginal 
wetland or upland was to directly analyze long term water table records. This was done for 
the agricultural sites in Aurora and at the Tidewater Research Station. The long term (eight 
years) water table records (unpublished data) for the sites indicated that they were all clearly 
uplands. Although annual rainfall was slightly above average in all but one year (1976) of 
the six year observation period (1972-1977), the water table did not stay within 30 cm of the 
surface for longer than three days during the course of the year at any of the sites. Using just 
the six years of field data, it was not possible to determine the percentage of years these sites 
would meet the hydrologic criterion, but water table records indicated that the number would 
be considerably less than 25 %. 

With each site being identified as wetland, upland, or marginal wetland or upland, the 
threshold wetland method was tested with data from the actual sites. Threshold wetlands 
were developed using soil and vegetation parameters similar (but not necessarily exactly 
alike) to the sites in question. DRAINMOD input parameters for threshold wetlands were 
found by varying the drainage intensity until the wetland hydrologic criterion was met in 
exactly half of years over the long term record. Local, not site specific, rainfall data were 
used to find the threshold wetland parameters. The TWS for a specific site was obtained by 
using site specific hourly rainfall measurements to simulate water table fluctuations for each 
year of record. This TWS-predicted water table was then compared to the measured water 
table to assess the reliability of using the TWS method to characterize the wetland hydrologic 
status. The wetland hydrologic status of all sites at a given location was determined using a 
parameter (such as drain spacing) for a single threshold wetland. That is, parameters for the 
threshold wetland at that location were determined for a single soil. For example, one 
threshold wetland was created using similar soil data for the Plymouth Wetland in 
Washington County. Data from all 13 wet sites and four transitional sites of the Plymouth 
Wetland were compared to this one threshold wetland. The accuracy of the method could, of 
course, be very much improved if the TWS is defined for the'specific soil and site parameters 
for each location. 

The TWS method proved to be quite reliable for assessing the wetland hydrology of 
all three types of actual sites (sites that are clearly wetlands and uplands and sites that are 
transitional). As expected, the highest accuracy was observed at the more obvious wet and 
dry conditions, with about 90% accuracy at both conditions. However, the TWS prediction at 
marginally wet and marginally dry sites was relatively good. The hydrologic status of nearly 
four in five marginal cases was assessed correctly. A summary of results showing the 
accuracy of TWS predictions on actual sites is shown in Table 11-12. Examples of exact 
predictions including four sites that are clearly upland, four sites which are clearly wetland, 
four sites which are marginally upland and four sites which are marginally wetland are shown 
in Appendix B. 

Table 11-12 -- Accuracy of TWS in assessing wetland hydrology at field sites in Eastern N.C. 
(Percentage of Correct and Incorrect ?redictions excluding No Predictions in parentheses) 

I Incorrect 1 3.4% (3.5%) ( 18.2% (19.1%) 1 7.1% (7.4%) 1 

Dry 

Correct 

I No Prediction I 3.4% I 4.5% I 3.6% I 

Marginal 

93.1% (96.5%) 

Wet 

77.3% (80.9%) 89.3% (92.6%) 



Minimum Period Required to Use TWS 

The final question to be addressed in this section concerns the length of the water 
table record needed to make reliable TWS predictions. In all the previous results the daily 
water table record for an entire year was used with the TWS method to determine wetland 
hydrologic status of a site. If reliable wetland hydrology assessments could be made with 
shorter records, valuable time and money could be saved. The goal of this final section is to 
determine whether wetland hydrologic status of sites can be reliably evaluated with daily 
water table records of relatively short duration.. 

The reliability of using the TWS method with measured water table records of one 
month, two months, three months, and six months, was studied. It was anticipated that the 
reliability of the determination would increase with the length of the water table record. This 
hypothesis was tested two ways. First, the computer-simulated water table record for 
Wilmington, NC, described earlier in the section, was examined. The five soil-ditch-depth 
combinations were divided into many one-, two-, three- and six-month periods. Second, 
water table records measured at the field sites described previously in the section were 
divided into the shorter one, two, three, and six month periods. A listing of periods used in 
tests for both data types is given in Table 11-13. 

Table 11-13 -- Short Term Records examined using the TWS Method for both comDuter- 
simulated sites of Wilmington, NC, during the years of 1986-1990, and field sites 
Eastern N.C. 

One 
Month 

1-3 1 

Period of 

One 
Month 

182-212 

Record 
in Days 

Total for 
5 Years 

32-59 

of Year 

The reliability of the TWS method was first examined with the computer-simulated 

Two 
Months 

1-59 

60-90 

sites developed for Wilmington, NC. There were substantial differences in the ability to 
make a determination of hydrologic status among the four record lengths studied. Nearly 
75% of all one-month records did not have enough water table data to make a determination. 
That is, neither the "observed" or TWS predicted water table rose to within 30 cm of the 
surface during the month. In contrast, over 75% of 6-month records contained the necessary 
data for determining wetland hydrologic status. Somewhat surprisingly, though, the reliability 
of the determinations was about the same for all record lengths, when a determination could 
be made. If a determination were made, there was approximately a 90% chance that it would 

213-243 

91-120 

Three 
Months 

1-90 

244-273 

Six 
Months 

1-181 

29-90 

274-304 

60- 120 

60-151 

121-181 

90-243 

91-181 

182-273 

213-365 



be correct in all cases. Even the marginal cases were accurate in over 85% of site-years 
(Table 11- 14). 

Table 11-14 -- Accuracy of TWS predictions when short term records from computer 
simulated sites for Wilmington, NC, are examined. This table shows two sets of information. 
1. The site-years (in percent) in which it was not possible to make a prediction, and 2. 
predictions made, what percentage was accurate. 

Of the 

Extreme Moderate Marginal I (10% and 90%) I (25% and 75%) / (40% and 60%) 

The TWS method was able to assess the wetland hydrologic status of field sites with 
similar reliability. One-month record lengths were frequently insufficient to make hydrologic 
assessments. The water tables did not rise and stay within 30 cm of the surface in two-thirds 
of all one-month periods tested. However, as the period length examined increased, so did 
the frequency of possible assessments. When data from six-month period lengths were 
considered it was possible to assess the hydrologic status of over two-thirds of cases. As 
with the computer simulated sites, the accuracy of assessments did not increase as period 
length increased. If it was possible to make an assessment, the hydrologic status of the more 
extreme clearly wetland/ clearly upland sites could be correctly assessed in over 99% of 
cases. Calls on the hydrologic status of marginal wetland and marginal upland sites were 
accurate in 85% of cases, regardless of record length examined. Table 11-15 and Figure 11-7 
show the reliability of the TWS method based on the analyses of field recorded water tables. 

With prudent selection, shorter periods of one or two months duration can be used to 
reliably determine hydrologic status. For example, October is typically a dry month in 
Wilmington, NC, and vicinity. Potential Evapotranspiration (PET), while substantially lower 
in October than in the summer months, is still much higher than in January or February. As 
a result, October rarely has high water tables even on wet sites and would not be a wise 
choice for malung wetland determinations. However, rainfall in January is about average and 
ET is low. Hence, water tables are frequently shallow in January and hydrologic status can be 
evaluated with the TWS method. A closer examination of water table data from the 

One 
Month 

Two 
Months 

Three 
Months 

Six 
Months 

Not Able 
to Make 

Prediction 

59.5% 

43.5% 

29.4% 

6.7% 

Of Predict 
- Percent 
Accurate 

99.9% 

99.9% 

100% 

100% 

Not Able 
to Make 

Prediction 

63.5% 

50.4% 

35.0% 

10.8% 

I 

Not Able 
to Make 

Prediction 

73.6% 

61.6% 

45.7% 

22.2% 

Of Predict 
- Percent 
Accurate 

97.5% 

96.8% 

97.1% 

98.1% 

Of Predict 
-Percent 
Accurate 

86.7% 

85.2% 

86.9% 

86.7% 



computer simulated sites reflect the differences between using October and January to make 
wetland assessments. For example, in marginal wetlands and uplands, there were only 
enough data to make assessments of wetland hydrology during October in only 19% of all 
site-years tested. In contrast, the status could be evaluated in 62% of the site-years during 
January. Moreover, the determinations based on January data were comparatively accurate. 
Of all the predictions made for marginal sites based on January data, only 7% of computer 
simulated sites were incorrect. This was two times better than the general accuracy for 
marginal cases. Other months which are frequently wet enough to make predictions are 
February, July, August, and September. 

Table 11-15 -- Accuracy of TWS predictions when short term records from field sites in 
eastern N.C. are examined. This table shows two sets of information. 1. The site-years (in 
percent) in which it was not possible to make a prediction, and 2. Of the predictions made, 
what erc 

r-- 

One 
Month 

Two 
Months 

Three 
Months 

Six 
Months 

Similar results are found upon examination of the field water table records. January 
and February are the two most reliable months to choose when trying to determine whethe1 
site meets the wetland hydrologic criterion. Over 66% of both months contain enough high 
water table data to be used to assess wetland hydrology. Data from these two months are 
also reliable. More than 93% of all assessments made in either January or February were 
correct. Other months which are frequently wet enough to make predictions are March and 
December. However, the reliability of the determinations in none of these months was as 
great as either January or February. 

The most accurate period when considering both data sets for makmg determinations 
based on a two-month record was that of January and February. February-March and July- 
August also yielded relatively reliable wetland predictions. The best three month period was 
January through March. The six month period yielding the most reliable assessments for 
wetland hydrologic status was late winter through spring. 

ntage was accurate. 

Clear Upland 
(up to 25%) 

Not Able 
to Make 

Prediction 

80% 

55% 

54% 

32% 

Of Predict 
- Percent 
Accurate 

100% 

100% 

100% 

100% 

Marginal Upland/ 
Marginal Wetland 

(from 25% to 75 %) 

Not Able 
to Make 

Prediction 

61% 

33% 

33% 

14% 

Clear Wetland 
(over 75%) 

Of Predict 
- Percent 
Accurate 

79% 

80% 

80% 

80% 

Not Able 
to Make 

Prediction 

56% 

39% 

30% 

17% 

Of Predict 
-Percent 
Accurate 

96% 

97% 

96% 

95% 



While the general results suggest that the three or six month periods were the most 
likely period lengths to have enough data to make an accurate hydrologic assessment, reliable 
results could also be obtained with certain one and two month periods. With judicious 
selection of specific one to two month periods and Mother Nature's cooperation, reliable 
wetland hydrology assessments can be made with these short-term records. 

0  I I I I I I I I I I I 1 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
Number of Months Used 

I Upland Marginal Wetland 1 

Figure 11-7 -- Percentage of assessments that could be made with reliability of the TWS 
Method for varying lengths of available record. The method was tested using 1 month, 2 
month, 3 month, 6 month, and 1 year records on field sites that were either clearly upland, 
marginally uplandwetland, or clearly wetland. An assessment based on a short monitoring 
period was more apt to be possible for the wetter sites. 

Measurement Frequency 

The TWS method involves the comparison of a measured water table with a water 
table generated from a threshold wetland. The TWS water table is based on daily predictions; 
that is, the water table is predicted at daily intervals, so as to detect the slightest change in 
water table depth. All the previous studies in this section have compared this daily TWS 
water table with field water tables also recorded daily. 

If unlimited resources were available, the field water table could also be continually 
recorded. This would ensure the most accurate site data for water table fluctuations and would 
be compared with the TWS predictions for the same time period. Frequent (e.g. daily) 
measurements leave little room for interpretation between measurements, while measurements 
taken on weekly or bi-weekly intervals allow for many possible directions and distances of 
water table movement between measurements. However, very few, if any situations have truly 
unlimited resources. Water table measurements are not usually made on a continuous basis 



due to monetary or temporal restrictions. In lieu of a field site's water table being continually 
recorded, the water table is frequently measured manually at daily, weekly, or bi-weekly 
intervals. 

Using field data from sites in eastern North Carolina, the reliability of the TWS 
method for varying frequencies of field water table measurements was examined. There were 
26 clearly upland site-years (meeting the wetland hydrologic criterion in 25% or less of years 
over a long term record), 26 transitional uplandwetland site-years (meeting the wetland 
hydrologic criterion between 25% and 75% of years), and 24 clearly wetland site-years 
(meeting criterion in greater than 75% of years) tested. Measurement interval frequencies 
examined were daily, every three days, weekly, and bi-weekly. It was anticipated that talung 
daily measurements would lead to the most accurate TWS assessments while measurements 
taken bi-weekly would be the least reliable. 

Results support this hypothesis. As seen in Table 11-16, when daily water table 
measurements were compared to an TWS predicted water table, the TWS assessed 81% of 
transitional wetlandupland site-years correctly. The percentage of total correctly made 
assessments decreased as water table measurement frequency decreased. Only 58% of 
transitional site-years were correctly assessed when water table measurements taken every two 
weeks are compared to the TWS water table. The hydrologic status of 35% of the years 
considered could not be assessed because water table data were too scarce during critical high 
water table periods. 

If assessments could be made, there was a high probability (over 90% in all 
measurement frequencies) that the assessment would be accurate. The major advantage of 
measuring water tables frequently is that there would be a lower percentage of site-years that 
cannot be assessed due to insufficient data. 

Table 11-16 -- Reliability of the TWS method with different frequencies of water table 
measurement. Results are either Correct Assessments (C), Incorrect Assessments (I), or No 
Assessment Possible (NA). TWS comparisons made with water tables measured at higher 
frequencies (daily and every three days) are more likely to have a prediction made than when 
less frequent measurements (weekly and bi-weekly) are used. 

Measurement 
Frequency 

daily 

every 3 days 

weekly 

bi-weekly 

Clearly Uplands 

. 

C 

96% 

92% 

88% 

81% 

Transitional 
UplandslWetlands 

I 

0% 

4% 

8% 

8% 

Clearly Wetlands 

NA 

4% 

4% 

4% 

12% 

NA 

8% 

15% 

27% 

35% 

C 

92% 

83% 

79% 

75% 

C 

81% 

77% 

66% 

58% 

I 

12% 

8% 

8% 

8% 

I 

4% 

4% 

4% 

4% 

NA 

4% 

12% 

17% 

21% 



111. Interpretation of "on Average" in Wetland Hydrology Analyses 

Introduction 

The National Research Council Committee on Wetland Characterization (NRC, 1995) 
developed the following reference definition of a wetland: 

A wetland is an ecosystem that depends on constant or recurrent, shallow inundation 
or saturation at or near the s u ~ a c e  of the substrate. The minimum essential characteristics 
of a wetland are recurrent, sustained inundation or saturation. Common diagnostic features 
of wetlands are hydric soils and hydrophytic vegetation. These features will be present except 
where speczpc physicochemical, biotic, or anthropogenic factors have removed them or 
prevented their development. 

While the reference definition refers explicitly to the ecosystem concept of wetlands, it 
clearly recognizes the special status of hydrologic conditions in creating and maintaining 
wetlands. Recurrent sustained saturation at or near the soil surface is the one condition that 
leads to the development and maintenance of all other characteristics of wetlands. If this 
hydrologic condition is removed the wetland will cease to exist. 

In order to determine whether or not wetland hydrology exists on a given site the 
hydrologic conditions of the site must be compared to criteria for wetland hydrology. The 
NRC (1995) report specified four elements that are important in defining wetland hydrology: 
critical depth of saturation, duration of saturation, season of saturation, and frequency of 
saturation or flooding. 

The Corps of Engineers stated definition (Environmental Laboratory, 1987) would be 
easy to interpret for a site on which water table records either exist or can be measured for 
several years. Such data rarely exist for sites a priori and determinations of wetland 
hydrologic status are generally needed in a period of months rather than years. Consequently, 
it is often necessary to determine the wetland hydrologic status of a site from a water table 
record of relatively short duration (e.g. a few months). While this can be done reliably using 
the TWS method discussed in Sections 1 and 2, the water table data are often analyzed 
directly, without the use of the TWS or similar methods. Because it is recognized that 
unusually high rainfall periods may cause water tables to be shallow on upland sites and 
conversely, water tables on wetlands may be deep during unusually dry periods, wetland 
hydrologic status is usually determined directly from water table measurements only when the 
rainfall is judged to be "normal" or "near average." Use of this method for directly 
determining wetland hydrologic status implicitly assumes the validity of the following 
hypothesis: sites that satisfy the wetland hydrologic criterion in one out of two years, on 
average (that is, half the years on a long term basis), also satisfy the criterion under "average" 
or "near average" rainfall conditions. The purpose of this section is to test this hypothesis. 

Methods 

Simulation analyses were used to analyze the effects of limiting consideration of water 
table measurements for wetland hydrologic determinations to those periods in which 
precipitation is average or "near average." Two methods were used. 

First, DRAINMOD was used to simulate daily water table depth for both wetland and 



upland sites for a 40-year period of climatological record. These water table "records" were 
then analyzed to determine whether water table conditions that occurred during periods of 
"average" rainfall accurately reflected the wetland hydrologic status. The performance of a 
specific field method used in eastern North Carolina that has been applied to analyze short 
term water table records was evaluated with these results. 

The second method involved analysis of water tables resulting from long-term 
climatological records and those of a rainfall record that duplicated long-term monthly 
average rainfall conditions. This synthetic "average" rainfall record was then used to simulate 
water table conditions on wetland sites and results were compared to those predicted for the 
same site using actual recorded rainfall data. 

Examining Water Table Record 

Historical water table records can be analyzed to show the difference between using 
the entire water table record, or only the record for periods of "average" or near average 
rainfall to determine whether a site meets the wetland hydrologic criterion. How much do 
water tables developed under near-average rainfall conditions differ from those that result 
from the wider range of all naturally occurring rainfall (above, near, and below average)? To 
make any comparisons between water table records occurring during near average rainfall 
periods with those occurring under the entire rainfall record, near average rainfall periods 
must be identified. To find these near average rainfall months, long term monthly rainfall 
records were examined and ranked wettest to driest. The long term record was then divided 
into four quartiles. The wettest 25% was considered to represent "above average" 
precipitation; the middle 50% of years was labeled "near average" rainfall; and the driest 25% 
of years was "below average" rainfall. Figure 111-1 shows each quartile for Wilmington, NC. 
Under this definition, the area above 25% is considered above-average rainfall. The area 
between 25% and 75% is near average rainfall, and the area below the 75% line is defined as 
below average rainfall. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov D e c  
Month 

Figure 111-1 - Monthly Rainfall Totals historically exceeded in 25%, 50%, and 75% of 
years for Wilmington, NC. 



In general, a given year will have a few wet (or above average rainfall) months, 
several average (near average rainfall) months, and a few dry (below average rainfall) months. 
In fact, over the long term for Wilmington, there were, on average, three wet, six average, 
and three dry months during the year. The exact numbers varied from year-to-year. Yet, 
even during the driest year in recent history at Wilrnington (1985), there were still three wet 
months (Southeast Regional Climate Center, 1996). 

If near average rainfall were to bring about wetland hydrology, then water table depths 
during near average rainfall months should rise within 30 cm of the surface and remain there 
for a continuous duration of at least 14 days. However, if only above average rainfall 
typically causes wetland hydrology, then the water table would not necessarily satisfy the 
criterion during average rainfall months. These high water table periods would be observed 
during wet months. 

A field method commonly used in North Carolina to evaluate wetland hydrologic 
status from measured water table data is based on the assumption that hydrologic status can 
be determined by analyzing water table records during months with "average" or "near 
average" rainfall (Robert 0. Evans, Associate Professor and Biological and Agricultural 
Engineering Department Extension Leader, personal communication, 1996). If the high water 
table is continuously above the 30 cm depth for the required duration during an average 
rainfall month within the growing season, then the site is judged to have wetland hydrology. 
High water table conditions in months with above average rainfall are not considered. So, for 
the field method to predict a site to have wetland hydrology only water table data collected in 
months during the growing season with near average rainfall are considered. 

In the measured water table data plotted in Figure 111-2 there are two periods when the 
water table is within the top 30 cm. The first period, occurring in March, is brought about by 
two consecutive above average rainfall months. Because rainfall is greater than average, this 
high water table period would not be used to judge wetland hydrologic status by the field 
method. The second period of shallow water table, in July, occurs well within the growing 
season during an "average" rainfall month and could be considered in the field method. The 
requirement that the high water table period take place during the growing season is taken 
directly from the USACE wetland hydrologic criterion (Environmental Laboratory, 1987). 
Since water table data from only the growing season is used, then any high water table 
periods from December, January, and February (months outside the growing season) would 
not be considered by the field method. 
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Month 

Figure 111-2 - H ~ g h  Water Table Measurements that Occur During Months with I) Above 
Average Rainfall and 11) Near Average Rainfall in Wilmington, NC, for 1989 

The Site Studied 

The field method was applied to simulated water table records for sites near 
Wilmington, NC. Based on data given in the soil survey report for New Hanover County 
(Weaver, 1977), in Wilmington the average first date of 28°F in the spring (the beginning of 
the growing season) is February 27 and the average first date of 28°F in the fall (the end of 
the growing season) is November 26. This gives a 271 day growing season, five percent of 
which is 14 days. Thus, in order to determine that a site satisfies the wetland hydrologic 
criterion with the field method, the water table must be within 30 cm of the surface for a 
continuous 14-day period during an average rainfall month between early March and late 
November. 

In practice, water tables are either continuously recorded or are manually observed at 
various intervals, such as once per week. For Wilmington, NC, a site must have recorded 
data showing water tables within the 30 cm limit for 14 consecutive days to show wetland 
hydrologic status. If weekly water table measurements are made, between two or three 
consecutive weekly water table measurements must be within 30 cm to indicate wetland 
hydrology. However, neither two nor three consecutive weekly measurements characterize a 
14-day consecutive period. Two consecutive measurements could identify as little as eight 
days of saturation, while three consecutive high water table measurements could be associated 



with a 27-day continuous period of saturation. Both two and three consecutive weekly 
measurements were considered, but neither is as accurate for characterizing the hydrology of 
a site as is a continuously recorded 14-day period. 

There is inherent error with examining only periodic, or weekly measurements. 
Suppose there are two consecutive weekly measurements that show the water table to be 
within 30 cm of the surface. There is a possibility that the water table will drop below the 30 
cm depth of the surface during the time between the two measurements. If this were to 
happen, then the measured period of high water tables would not be continuous. Recording 
the water table continually would indicate whenever the water table fell below 30 cm of the 
surface. Also, periodic measurements do not identify periods of saturation that start soon 
after one measurement and end just before another. Again, this is not a problem when the 
water table is continuously recorded. Analysis of a continuous water table record is more 
likely to accurately indicate the wetland hydrologic status of a site than an analysis based on 
weekly measurements. 

Running the Tests 

A computer simulation study was conducted to evaluate the field method for five 
simulated "sites" near Wilmington, NC. Four hydric soils with different drainage intensities 
were considered. Two ditch depths were analyzed for one soil giving a total of five simulated 
"sites" (Table 111-1). The hydrology of the sites was predicted using the simulation model 
DRAINMOD (Skaggs, 1978). Drainage parameters were varied to produce conditions ranging 
from intensively drained, and therefore relatively dry uplands, to wetlands that satisfied the 
hydrologic criterion in over 90% of the years. The model predicted how often the sites met ' 

the wetland hydrologic criterion over a 40 year weather record. Intensively drained sites met 
the wetland hydrologic definition in lo%, 25% and 40% of years. These were representative 
of upland sites. Lower drainage intensities resulted in higher water tables such that the 
hydrologic criterion was satisfied in 60%, 75%, and 90% of years. These sites satisfied the 
wetland hydrologic criterion. DRAINMOD predicted daily water table records for six drainage 
intensities for all five soil-ditch depth combinations over a six year period (1985-1990). 
Thus, the field method was tested against a total of 180 (6 years X 6 degrees of dryness X 5 
sites) site-years of water table records: 90 site-years generated for sites that did not meet the 
hydrologic criterion, and 90 site-years of water table records for sites satisfying the criterion. 
Results were analyzed to determine if high water table periods occurred during near average 
rainfall months, as well as, above average rainfall months. 

Table 111-1 - Sites Tested at Wilmington, NC from 1985-90. 

Soil Type 

Portsmouth E 

Portsmouth E 

Ditch Depth 

Rains 

Arapahoe 

Portsmouth A 

Soil Description (Skaggs and Nassehzadeh-Tabrizi, 1986) 

120 cm (4') 

60 cm (2') 

Typic Umbraquults, fine-loamy, Mixed, Thermic. Fine 

Same as Above 

120 cm (4') 

120 cm (4') 

120 cm (4') 

Typic Paleaquults, fine-loamy, Siliceous, Thermic. 

Typic Humaquepts, coarse-loamy, Mixed nonacid, 

Typic Umbraquults, fine loamy, Mixed, Thermic. Sandy 



Results 

Results of the simulation study suggest two important conclusions. First, limiting the 
analysis for assessing wetland hydrologic status to months with near-average rainfall produces 
distinctly different results than basing the determination on long-term water table records 
under all rainfall conditions. Confining the analysis to periods of near-average rainfall often 
leads to the conclusion that wetland sites do not satisfy the wetland hydrologic criterion, and, 
therefore, have upland hydrology. Second, the field method is not a reliable method for 
predicting whether sites meet the wetland hydrologic criterion, as defined by the 1987 
USACE manual (Environmental Laboratory, 1987) with guidance documents. 

There is an inherent flaw in the field method considered here. A high water table 
must occur during the year of observation to conclude that a site has wetland hydrology. Not 
all wetlands meet the hydrologic requirement every year. A site which meets the hydrologic 
criterion in six of ten years, on average, has wetland hydrology. Yet, in four of ten years the 
water table on this wetland would not stay within 30 cm of the surface for 14 consecutive 
days. Even if all amounts of rainfall were considered (above average, average, and below 
average), the field method would incorrectly predict this wetland to be dry in four of ten 
years. The sites which have wetland hydrology (meeting criterion in 60%, 75%, and 90% of 
site-years) were tested on a total of 90 site-years. Of those 90 cases, these "wetlands" should 
not have water tables within 30 cm of the surface for 14 consecutive days in 22 years, on 
average. Inherently, the field method should incorrectly predict 25% of wet site-years, on 
average. In this particular study, when all rainfall is considered, 21 of 90 (23% of) wet site- 
years do not have water tables within 30 cm for 14 days. Even if no restrictions are made 
due to rainfall (such as those discussed in the following paragraphs), these 21 site-years 
representative of wetland hydrology would be judged to not meet the wetland hydrologic 
criterion by the field method. 

The field method, however, requires that only water table records during near average 
rainfall months be used. Examining the continuous water table record, under the average 
rainfall restriction, results in the conclusion that the wetland sites do not satisfy the wetland 
hydrologic criterion (i.e. they do have upland hydrology) in 47 of 90 determinations. Thus, 
confining the analysis of a water table record to months of near average rainfall produces 
substantially different results than when the entire water table (and rainfall) record is 
considered (see Table 111-2). 

Table 111-2 - Percentage of Incorrect Predictions made by the Field Methods using "Average 
Rainfall" for 5 Sites Tested at Wilmington, NC. Results are based on analyses of continuous, 
daily water table records. 

Total Marginal 
4 0 % / 6 0 %  

Moderate 
25%/75% 

Incorrectly 
Predicted Dry 

Sites 

Extreme 
10% 190% 

Incorrectly 
Predicted Wet 

Sites 

3% 

60% 

0% 

50% 

0% 

I 

1% 

47% 52% 



As expected, the most frequent errors in assessing wetland hydrologic status occurred 
on the marginal wetland sites that satisfied the hydrologic criterion in 60% of the years. The 
field method incorrectly assessed the hydrologic status of 60% of those cases. Even the 
extreme wetland sites (90%) did not satisfy the wetland hydrologic criterion in over 45% of 
the site-years analyzed. This field method is biased toward assessment of upland hydrologic 
status, as indicated by the fact that the hydrologic status was correctly predicted for 99% of 
the upland sites, while the status of the wetland sites was incorrectly assessed in over 50% of 
the cases. The field method typically predicts upland sites to not meet the hydrologic 
criterion. A summary of results for continually simulated site records is presented in Table 
111-2 and for periodically observed sites in Table 111-3. 

Compared to the threshold wetland simulation method described in Section 1, the field 
method considered herein is neither as reliable nor as efficient. As noted earlier, the field 
method as a result of its design will not correctly assess the hydrologic status of wetland sites 
when the water table does not rise within 30 cm of the surface for at least 14 days. The 
threshold wetland simulation (TWS) method does not require such a lengthy duration of 
saturation to predict whether or not the site will satisfy the hydrologic criterion in at least 
one-half of years. Thus, the ability of the TWS method to make correct predictions during 
relatively dry years is significantly better than the field method tested. Also, the TWS 
method does not require water table data for an entire year in order to determine wetland 
hydrologic status. The field method does require measuring rainfall and water tables for up 
to an entire year. The TWS method can be performed in less time, making it more efficient. 

Table 111-3 - Percentage of Incorrect Predictions made by the Field Method for 5 Sites 
Tested at Wilmington, NC. Determinations are based on the water table being in the top 30 
cm of the profile during three consecutive weekly observations during the growing season. 
(Results based on two consecutive weekly measurements in parentheses) 

Incorrectly 
Predicted Dry 

Sites 

Incorrectly 
Predicted Wet 

Sites 

Marginal Moderate Extreme 
40% 160% / 25% 175% 1 10% 190% 

Total 

A Different Definition of Month 

The field method was re-examined with one adjustment. The previously described 
method does not account for when rainfall occurs during a given month. Any month which 
has average rainfall for the month as a whole may have periods of low rainfall alongside 
periods of high rainfall. Wet months can have weeks of rain that are below average; whereas, 
dry months can have a week when rainfall is above average. 
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Figure 111-3 - Average rainfall period within a consecutive wet month (May) and a dry 
month (June) for Wilrnington, NC. Median monthly rainfall during May is 3.62", while that 
for June is 4.74". 

The example in Figure 111-3 illustrates the importance of when precipitation falls. 
Suppose May is a wet month overall (within the top 25% wettest of all months) and ends 
with two weeks of average rainfall following heavy rains in the first half. The very next 
month (June) is dry overall, but the month begins with two-weeks of near average rainfall 
before a two-week dry spell. The four weeks in the middle of the two months are a month- 
long period (30 days) with average rainfall, but the field method analyzed above would not 
recognize this fact, because neither calendar month had "near average" rainfall. A method is 
needed to include the effects of daily rainfall on a month-long basis, not a calendar-month 
basis. 

To account for daily rainfall on a month long basis, a 30-day moving sum rainfall, 
MS(30), is used, as illustrated by the equation below. Thus, every day in the year has its 
own potentially unique monthly rainfall. 

where Rj = daily rainfall for day j (inches). 



An MS(30) month can either be wet (above average rainfall), dry (below average 
rainfall), or near average. The wet and dry "limits" for a given MS(30) month are determined 
from the historical recard. An MS(30) month typically spans two calendar months. Each 
calendar month has a rainfall amount which borders the first (wet) quartile and the second 
(average rainfall) quartile. To find a MS(30) month's upper or wet boundary, the boundary 
rainfall between the first and second quartiles of one calendar month is averaged with the 
associated boundary rainfall of the previous month. This is a weighted average. For 
example, on the 30th of May, only the May boundary is considered; whereas, on the 15th of 
June, the boundary rainfall of May and June are equally weighted. 

If the moving sum of rainfall is between this upper, or wet, boundary and a lower dry 
boundary (between the 3rd and 4th quartiles), then the MS(30) is said to be near average 
rainfall. Figure 111-4 illustrates MS(30) months during 1989. Periods when MS(30) rainfall is 
near average include days of the year 60 to 90, days 210-230, and days 300-335. The field 
method described earlier was reevaluated using this new definition of average rainfall. 

0 61 122 183 244 305 366 
Julian Day (1 989) 

Figure 111-4 - Moving Sum Monthly Precipitation, MS(30), for 1989. The wet (0) and dry 
(0) boundaries are denoted by the dashed lines. 

Results - MS(30) 
By incorporating the new definition of a month, a MS(30) of daily rainfall, into the 

field method, even clearer results are obtained. The field method using the continuously 
recorded data and MS(30) rainfall failed to correctly assess hydrologic status on an even 
larger percentage of wetland sites than when "average" rainfall was evaluated on a monthly 
basis. Recall, on average, 22 of 90 wet site-years should be wrongly predicted to be dry due 
to the nature of the field method. Using the field method increased the number of incorrect 
predictions to 63 of 90 cases (70%). Only 13% of marginal wetlands were predicted to have 
wetland hydrology. A complete summary of results for continuously recorded data is given 
in Table 111-4. 



Table 111-4 - Percentage of Incorrect Predictions made by Field Methods Using MS(30) for 5 
Sites Tested at Wilmington, NC. Continuous Record. 

Incorrectly 
Predicted Dry 

Sites 

The field method applied to weekly observations yields similar results (shown in Table 

Incorrectly 
Predicted Wet 

Sites 

111-5). Thus, by using a more precise identifier of average rainfall, the moving 30-day sum, 
more sites which meet the wetland hydrologic criterion are incorrectly assessed to have 
upland hydrology. In a majority of cases, water tables were below the 30 cm depth during 
near-average rainfall months. Periods of high water tables usually occurred during above 
average rainfall. In this study, near-average rainfall typically did not cause the wetland 
hydrologic criterion to be satisfied. When the average rainfall interpretation is used in place 
of the Corps' actual definition, many sites which actually meet the wetland hydrologic 
criterion are wrongly predicted to have upland hydrology. These results, based on a more 
continuous definition-of average monthly rainfall, more clearly indicate that the Corps' 
definition and the average rainfall interpretation are not the same and do not lead to similar 
results. 

Marginal 
40% 160% 

0% 

Table 111-5 - Percentage of Incorrect predictions made by Field Method using MS(30) for 5 

87% 

- 

sites tested at Wilmington, NC. Weekly observations. 

Moderate 
25% / 75% 

0% 

(Results o f  two consecufive measurements in ~arentheses) 

73% 

I I Marginal I Moderate I Extreme I Total 

Extreme 
10% 190% 

0% 

Total 

0% 

50% 

Creating an "Average" Rainfall Record 

70% 

Incorrectly 
Predicted Dry 

Sites 

Incorrectly 
Predicted Wet 

Sites 

Research reported in the first part of this section examined the historical record to see 
when high water table periods occurred. A different approach would be to identify water 

0% (1 7%) 

90% (67%) 

0% (3%) 

83% (50%) 

- 

0% (0%) 

50% (20%) 

0% (7%) 

74% (46%) 



table depths associated with "average" rainfall. A comparison of long term hydrology of a 
site subjected to "average" rainfall with hydrology of the same site subjected to actual rainfall 
is made in this section. The average rainfall interpretation relies on average rainfall only. 
The Corps' definition of "on average" considers all rainfall. Thus, a comparison of "average" 
rainfall and actual rainfall is also a comparison of the average rainfall interpretation and the 
Corps' definition. If the assumption that "average" rainfall is an appropriate surrogate for the 
Corps' definition of "on average", then it is expected that long term water table conditions 
produced by average rainfall would be similar to the water table conditions produced by 
actual rainfall. However, if above average rainfall typically causes the wetland hydrologic 
criterion to be met, as previously shown, then the hydrologic response to average rainfall on a 
given site would be quite different than the hydrologic response to actual rainfall on the same 
site. 

To make comparisons of hydrologic response to average versus actual rainfall, an 
average rainfall record was produced. The record was designed so that each month had 
average monthly rainfall. Three criteria were considered while creating the average rainfall 
record: total monthly rainfall, number of days of rainfall per month, and rainfall distribution. 

In this study the amount of rainfall in a design "average rainfall month" was set equal 
to the mean average monthly rainfall +I- 0.10". The number of days of rainfall per month 
was set equal to the mean number of days of rainfall in the month +I- three days. Every 
month's rainfall was developed from a daily distribution that is the same as the historic 
relative frequency of measured daily rainfall amounts. This distribution is shown in Figure 
111-5. For example, the distribution reflects that a 0.01" to 0.10" rainfall is more likely to 
occur than a 1.00" to 1.10" rainfall. 

- - - Average 

- Fitted 

0.1 0 1 .oo 
Amount of Daily Rainfall (in) 

Figure 111-5 - Typical monthly rainfall distribution for Wilmington, NC. The frequency of 
rainfall events is plotted on the y-axis and the size of the event on the x-axis. The actual data 
(dashed line) are compared to fitted equation (continuous line) used to model the rainfall. 



The rainfall distribution was developed by comparing the likelihood of daily rainfall 
amounts in a given month. Rainfall intervals of one hundredths of an inch, over the range of 
daily rainfall amounts between 0.01" to 4.0OU, were compared to each other. Certain rainfall 
intervals occurred more frequently than others. Typically, smaller daily rainfall amounts are 
more common than larger storms. For example, a 0.01" rainfall is more apt to occur than a 
0.11" rainfall, which is in turn more likely than a 1.11" rainfall. The frequency distribution in 
Figure 111-5 shows the probability of a 0.01" rainfall to be about 0.073, meaning that in 100 
days rainfall, 7.3 days on average would have rainfall totalling 0.01 ". The probabilities of 
0.1 1 " and 1.1 1 " rainfall are 0.019, and 0.002, respectively. Thus, a 0.01 " daily rainfall is over 
36 times more likely to occur than a 1.11" rainfall. 

To calculate the rainfall distribution, daily rainfall amounts from Wilrnington, NC, 
from a 45-year period (1951-95) were tallied and plotted. The relative number of occurrences 
of these daily rainfall amounts are shown by the "average" curve in Figure 111-5. A third 
order curve was fitted to these data (Figure 111-5), relating rainfall amounts with their 
associated probability. This curve is the rainfall distribution. 

There were seasonal variations in rainfall that an annual rainfall distribution fails to 
note. For example, autumn is more likely to have a higher frequency of large storms 
(hurricanes) than winter. As a result, seasonal monthly rainfall distributions were needed. 
Equations for these distributions are shown in Table 111-6. 

Table 111-6 - Seasonal Rainfall Distribution Equations 
(A = Rainfall Amount, P = Probability) 

Season I Equation 

Winter (Jan, Feb, Mar) / ln(A)=-72900 p3 + 8120p2 - 304P + 0.797 

Spring (Apr, May, Jun) 1 ln(A)=-90900 p3 + 1 0 0 4 0 ~ ~  - 350P + 0.964 
- -- - 

Summer (Jul, Aug, Sep) I l n ( ~ ) = - 1 0 5 8 0 0 ~ ~  +11660p2 - 393P + 1.057 

Autumn (Oct, Nov, Dec) I ln(A)= -62400p3 + 8700p2 - 352P + 0.967 

With the seasonal monthly rainfall distribution equations, it was possible to develop 
unique average rainfall months. Each month has different amounts of rainfall on different 
days. No two months are the same. Only total monthly rainfall for a given month and the 
number of days of rainfall are similar, as previously indicated. To produce each unique 
"average" rainfall month, a random number generator was used. A random probability, or P 
(see Table 111-6) was found. A probability was inserted into the appropriate seasonal rainfall 
distribution equation, and a daily rainfall amount was calculated. This daily rainfall was 
randomly assigned to a date in the month. Rainfall was calculated and matched to a number 
of days within +I- three days of the mean number of days rainfall per month. If the randomly 
generated month's total rainfall was within +I- 0.10" of the mean monthly rainfall, the 
randomly generated month met the average rainfall month parameters (listed in Table 111-7). 
The randomly generated month was now an "average" rainfall month. However, if either one 
of the two criteria were not met (for example, if the number of days of rainfall in the month 
was five more than the average number of rainfall days) the monthly record was discarded 
and the procedure was repeated. This process was repeated until 30 years of data were 



generated for each of the 12 months, creating a 30-year record of "average" monthly rainfall. 
A summary of the "average" rainfall characteristics is found in Table 111-7. 

Table 111-7 - "Average" Rainfall Characteristics 

I Characteristic I 

I Number of Days of Rain/ Month 

Site 

Data Used to Create Rainfall 

Monthly Rainfall Amount 

I Avg. Number of Days +/- 3 Days I 

Wilmington, NC 

1951-1995 

Mean Rainfall +/- 0.10" 

Length of Created Record 1 30 Years 

A sample average rainfall record is shown for March "1961" in Table III-8. Random 
amounts of rainfall - the probability of which were calculated from the spring rainfall 
distribution equation listed in Table 111-6 - were randomly assigned to days in March. As 
seen in Table 111-8, there was precipitation on eight days during March, with a total amount 
of rainfall equalling 4.35". The 45-year averages for March are 10 days rainfall totalling 
4.31". The number of rainfall days in the sample record is within two days of the long term 
average, and the amount of monthly rainfall deviates only 0.04" from the mean. Both the 
number of rainfall days and the amount of rainfall are within the +I- 3 days and +I- 0.10" 
limits, respectively. Thus, the record for March "1961" is that of an average rainfall month. 
The first four years of the average rainfall record and a step-by-step description of how they 
were developed are given in Appendix C. 

1 TOTAL 1 4.35 1 8 

Table 111-8 - Sample Record for March " 1961" 

1 45 Year Mean Average I 4.3 1 1 10 

Day of Month 

I Difference I 0.04 I 2 

Precipitation (in) Days of Rain 



Comparing Water Table Response to Average and Actual Rainfall 

Water table response to average rainfall was compared to that predicted for long term 
actual rainfall. Was there a difference in hydrology when water table depths were predicted 
with a long-term "average" rainfall record as compared to water table response to comparable 
long-term actual rainfall? If the site had substantially more periods meeting the wetland 
hydrologic criterion for one type of rainfall than the other, this would indicate a difference in 
wetland hydrology. DRAINMOD was used to predict water table response to the two rainfall 
records. Using 30-year precipitation records, DRAINMOD predicted the number of years the 
wetland hydrologic criterion was met at a given site. By varying drainage intensity, it was 
possible to make a site wetter or drier. The drainage intensity could be adjusted so that the 
wetland hydrologic criterion was met in exactly one-half of years for both average and actual 
rainfall records. Recall that the definition of a wetland states that wetland hydrology must be 
met in at least 50% of years on a long term record. The threshold situation where the 
conditions are met in exactly one-half of years was defined in section one to be a threshold 
wetland. 

Threshold wetlands developed for both the average rainfall record and the actual 
rainfall record can be used to determine whether wetland hydrology can be accurately 
assessed by confining analysis to periods of average or near average rainfall conditions. 
Three comparisons between water table conditions simulated with average rainfall and actual 
rainfall were made. First, water table simulations for a threshold wetland defined with the 
use of actual rainfall record were compared to those defined using an average rainfall record. 
The first step of the second comparison was to find the TWS parameters under actual rainfall 
conditions. In what percentage of years did this "actual rainfall" TWS meet the wetland 
hydrologic criterion, if the site were subjected to average rainfall? The third comparison was 
the reverse of the second. A TWS is defined for average rainfall conditions. We will call 
that simulation TWSAV to denote that the threshold wetland parameters were defined using 
an "average" rainfall record. In what percentage of years would this TWSAV meet the 
hydrologic criterion under actual rainfall conditions? That is, if actual rainfall were used as 
the input? 

Differences in drainage intensity needed to produce threshold wetland conditions 
reflect which TWS is wetter. A TWS with a high drainage intensity indicates a condition 
where more water needs to be removed from the site to force the site to meet the hydrologic 
criterion in exactly one-half of years. 

If the interpretation that meeting the hydrologic criterion under average rainfall is a 
good surrogate for meeting the hydrologic criterion in one of two years on average, the two 
drainage intensities should be similar. To test this concept, parameters to two threshold 
wetlands were found for each of the five soil-ditch-depth combinations listed in Table 111-1. 
Parameters for one of the threshold wetlands were defined by using the average rainfall 
record to simulate the hydrology and parameters for a second threshold wetland were obtained 
by using the actual rainfall record. The drainage intensities of the TWS created with actual 
rainfall ("actual rainfall" threshold wetland) were compared to the those of the TWSAV 
created with average rainfall ("average rainfall" threshold wetland). For each pair the average 
rainfall threshold wetland (TWSAV) had much lower drainage intensities than those of the 
actual rainfall threshold wetland. Thus, if the hydrologic criterion is satisfied under average 
rainfall conditions, sites must be much wetter to qualify as wetlands under actual rainfall 
conditions. Figure 111-6 illustrates this concept. The 1988 precipitation at Wilmington, NC, 
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Figure 111-6 -Comparison of threshold wetland water tables during 1988. The water table 
found using the Actual Rainfall threshold wetland is significantly deeper (and therefore, 
drier) than the water table of the "Average" Rainfall threshold wetland. 

was applied to a threshold wetland created with average rainfall for a Portsmouth E site and 
to a threshold wetland defined with actual rainfall record. The only difference between the 
two threshold wetlands was drainage intensity. Water table fluctuations for each threshold 
wetland is plotted in Figure 111-6 for 1988. It is evident, especially in late winter and early 
spring, that the wetland defined with the average rainfall record is much wetter than the one 
that met the criterion under natural rainfall. That is, a site would have to be wetter to satisfy 
the wetland hydrologic criteria based on (or limited to) consideration of average rainfall 
conditions, than if all rainfall is considered. 

The difference in wetness is quantitatively shown by drainage rates from each 
threshold wetland. Drainage rate, or the rate of water removal from a site, was found for the 
threshold wetlands using the Hooghoudt equation ( I rkham et al., 1974). Drainage rates were 
calculated when the water table midway between drains was coincident with the surface. 
The drainage rates for threshold wetlands defined for actual rainfall were 50% to 70% greater 
than those defined by an average rainfall record (Table 111-9). 



Table 111-9 - Drainage rates when the water table midway between the ditches is at the 
surface for threshold wetlands defined using actual and "average" rainfall records for 
Wilmington, NC. 

I I Actual Rainfall I TWSAV ( 
I Portsmouth E, depth =120cm, L=87m 1 0.33 c d d a y  1 0.19 c d d a y  ( 
I Portsmouth E, depth =60cm, L=64m 1 0.45 c d d a y  1 0.30 c d d a y  I 

I Arapahoe, depth =120cm, L=145m 1 0.26 c d d a y  1 0.17 c d d a y  I 
I Portsmouth A, depth =120cm, L=64m 1 0.26 c d d a y  1 0.17 cmlday I 

Threshold wetlands, by definition, meet the wetland hydrologic criterion in 50% of 
years on a long term average. If the average rain interpretation and the Corps' stated 
definition of "on average" were similar, input of the "average" rainfall record would cause 
threshold wetlands defined with actual rainfall data (TWS) to meet the criterion in 
approximately one-half of years over the long term. Actual rainfall would produce similar 
results on an threshold wetland defined using average rainfall data (TWSAV). Results of this 
study indicate otherwise. When average rainfall is applied to threshold wetlands defined with 
actual rainfall record, the hydrologic criterion is met in only 11% of years (Table 111-10). 
This illustrates our findings that average rainfall rarely causes marginal wetlands to have high 
water tables. In the most marginal wetlands (a threshold wetland), the hydrologic criterion is 
met in one in ten site-years under "average" rainfall. When the actual rainfall record is 
applied to threshold wetlands defined with the synthetic average rainfall record, these sites 
meet the criterion in 70% of years. That is, a site that will meet the wetland hydrologic 
criterion in one-half of the years under average rainfall conditions would actually meet it in 
70% of the years (which are subjected to actual rainfall). Thus such sites are wetter than 
those that will meet the criterion in half the years under all rainfall conditions. 

Table 111-10 - Average versus Actual Rainfall Comparison -Ditch Spacing 

Actual Rainfall 

I % of Years 

Average Rainfall 

I % of Years 

Portsmouth E, 

Portsmouth E, 

87 m 

Rains, 

64 m 

Arapahoe, 

10% 

39 m 

Portsmouth A, 

13% 

145 m 

Average 

115 m 

7% 

64 m 

75% 

70 m 

13% 

I 

11% 

68% 

50 m 

10% 

70% 

68% 

180 m 68% 

87 m 75% 



A site which meets the criterion in 50% of years under average rainfall is 
comparatively quite wet. It is, in fact, wetter than many wetlands which meet the Corps7 
criterion. If a threshold wetland created with "average" rainfall record is used to determine 
whether or not an arbitrary site meets the wetland hydrologic criterion, incorrect assessments 
will result. For example, a land which actually meets the criterion in as many as 70% of 
years would be predicted to be an upland using a threshold wetland created with synthetic 
"average" rainfall record. Average rainfall records and actual rainfall records do not produce 
similar threshold wetlands. A threshold wetland defined for average rainfall conditions (or 
based on periods when rainfall is average) will be significantly wetter than a threshold 
wetland which meets the criterion in one-half of the years. The interpretation that average 
rainfall is similar to the Corps' definition of "on average" is, therefore, inaccurate. 





IV. Consideration of Soil Temperature and Time of Saturation in the 
Development of Wetland Hydrologic Criterion 

Introduction 

The depth and saturation requirements in the current COE criterion for wetland 
hydrology (water table 30 cm deep for a continuous period of 5% to 12.5% of the growing 
season) were originally estimated from studies of the time of saturation required for hydric 
soils to become chemically reduced such that they would develop andlor sustain 
redoxomorphic features in the soil profile (Environmental Laboratory, 1987). Because the 
rate of biochemical reactions necessary for soils to become reduced are temperature 
dependent, and therefore normally much slower during the winter than in the growing season, 
it was assumed that the saturation should occur during the growing season. 

The NRC (1995) committee recognized the temperature dependence of reactions 
controlling reduction and other processes characterizing wetlands. They suggested that, rather 
than a constant critical duration of saturation during the growing season, the criterion should 
require a duration that is inversely dependent on soil temperature. That is, the criterion 
should require a continuous period of saturation, or shallow water table, that is longer when 
soil temperatures are low (in the winter and early spring) than when they are high (in summer 
and early fall). While this approach is consistent with the first principles controlling 
chemical, biochemical, and biological processes, the NRC (1995) noted that it was data 
intensive and that there was currently not sufficient scientific information to support such a 
criterion for the wide range of soils and climatological conditions in the USA. The purpose 
of this study was to develop a first approximation of a temperature dependent wetland 
hydrologic criterion using limited field data from eastern North Carolina and from a few 
studies reported in the literature. 

There are four factors which influence the time required for the surface horizon of a 
soil to become reduced (Ponnamperuma, 1972). The first is saturation. In most cases the 
water table must rise into the surface layers before, or the surface layers must be saturated by 
perching a water table above more slowly permeable layers, oxygen can be removed, leading 
to reduced conditions. An extended saturation period is shown in Figure IV-1 for February 
and March. 

Organic matter is another factor affecting the time of saturation required for reduction. 
Without organic matter there would be no fuel source for the microbes to cause reduction to 
take place. Reduced conditions have been attained in as little as one day in laboratory studies 
with well-mixed soil and water slurries and supplemental organic carbon (Turner and Patrick, 
1968). On the other hand, Vepraskas and Wilding (1983) found that nearly three months of 
continuous saturation was required for reduced conditions in a Texas coastal plain fine sandy 
loam with organic matter less than one percent. Most hydric soils have sufficient organic 
matter to promote and sustain the reduction process. A study by Gilliam and Gambrel1 (1978) 
showed that increasing the organic matter did not affect the rate of reduction for two eastern 
North Carolina soils: Cape Fear (Typic Umbraquult) and Goldsboro (Aquic Paleudult). 

The third and fourth factors influencing the amount of time needed for a soil to reach 
a reduced state are pH (McBride, 1994) and temperature, which has been previously 
discussed. While biological and biochemical processes that characterize wetland conditions 
occur more rapidly at moderate and high soil temperatures, many of the same processes occur 
at slower rates when temperatures are near biological zero (5'C). For example, processes 



which occur during reduction, such as denitrification (Smid and Beauchamp, 1976) 
and methane production, occur at and below 5°C (Whalen and Reeburgh, 1992). Thus, 
reduction during winter is possible and may occur if continuous saturation exists for a long 
enough period of time. This section focuses on the effect of soil temperature on time 
required for reduced conditions to develop. The analysis is based on results of studies 
reported in the literature. It was assumed in all cases that there was ample organic matter for 
reduction to occur and that the pH was not a factor. Only the effect of soil temperature on 
the time needed for reducing conditions to develop was considered. 

The chemical oxidation1 reduction status at a point in the soil profile is commonly 
measured using a platinum electrode (McBride, 1994). Generally, a point in the soil profile 
may be considered reduced if its oxidation-reduction (redox) potential (Eh) is 300 mV or less 
(NRC, 1995). Values ranging from 200 mV to 350 mV have been proposed for defining a 
reduced state, with the actual threshold depending to some extent on pH (NRC, 1995). A 
value of 300 mV was used in this study. 
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Figure IV-1 -- Hydroperiod of Wetland during 1994 in Wilmington, NC. The water table 
is frequently near the surface during the winter (days of year 1-80). 

Calculation of Soil Temperature 

A small number of field studies reported time of saturation required for reduced 
conditions to develop, but only one (Gilliam and Gambrell, 1978) directly linked time 
required for reduction to soil temperature. Most studies on development of reducing 
conditions did not report soil temperature. Because the objective of this study was to 
associate soil temperature with the time necessary for reduced conditions to develop, it was 
essential to find a way to predict the soil temperature at these locations. 



A quick and easy way of determining soil temperature at several locations was needed. 
Ideally, the temperature prediction method would require a small number of easily defined 
inputs. Also this temperature prediction model should be flexible enough to make it 
applicable at many locations. The fewer the number of site specific inputs, the greater the 
model's applicability. A general prediction equation for average daily temperature may be 
written as follows (Hanks, 1992, and Van Wijk and De Vries, 1968). 

T=T + T e  =f PD 
ave o P 

qsh['" +% 
where T= average daily temperature (OC), T,,, = average yearly air temperature (OC), To = 
annual amplitude of temperature at the soil surface('C), z = soil depth (m), P = period of 
temperature variations (365 days), D, = thermal diffusivity (m2/day), and t = time (days). 

While this equation would be useful for many specific applications where soil 
properties and site conditions are known or can be measured, it requires too many inputs for 
this application. So, additional methods were investigated. 

A simple method for estimating soil temperature is to assume that the temperature at 
any depth is simply a subdued or attenuated average of ambient air temperature. Soil 
temperature mirrors air temperature, except that the temperature of soils lags behind its air 
counterpart (Hanks, 1992). Also, unlike air temperature, which may vary relatively widely 
over the course of a day, soil temperature variations are attenuated with the amount of 
attenuation proportional to depth (Hanks, 1992). For example, it has been shown that the 
temperature of soil ten meters beneath the surface is approximately the average of the 
previous year's air temperature - or the annual average air temperature (in Appendix D, 
NRECA, 1988). The lag time at this depth may be several years. 

Soil temperature close to the surface reflects the temperature of fewer previous days 
than soil temperature further below the surface. It was found using eastern North Carolina 
data that the average of the previous ten to 14 days air temperature is a good approximation 
of soil temperature 10 cm below the soil surface. Actual measured temperature at a depth of 
10 cm was compared to a 14 day moving average, MA(14), of the air temperature (Figure IV- 
2) for a site near Plymouth, NC. While there are daily differences, the two temperatures 
rarely deviate more than 3°C and the two temperatures are usually within +I- 2°C. The 
greatest difference between actual and predicted temperatures occurs in the summer (Figure 
IV-2). It will be shown later that the differences between temperatures over 200C are less 
important than differences between temperatures below 15"C, so far as time of saturation 
required for reduced conditions is concerned. As a result the 2°C difference seen in summer 
(Figure IV-2) is not a point of great concern for this application. 

Because the wetland hydrologic criteria are based on conditions in the top 30 cm of 
the profile, our primary interest is in soil temperature in this zone. Analysis of data for sites 
near Plymouth and Raleigh, NC, showed that average daily soil temperature at the 30 cm 
depth is approximately equal to the moving average of the previous 30 days air temperature. 
Comparisons between the measured and predicted temperatures for a summer-fall period in 
1996 are shown in Figure IV-3 for a site near Plymouth, N C .  Similar results were found for 
Raleigh, NC, as well, with difference between predicted and measured temperatures rarely 
greater than 3" C. This simple, approximate, method was used to estimate temperatures in 
field studies that reported time of saturation required for soil reduction to develop. 



Julian Day (1995) 
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Figure W-2 - Comparison of measured soil temperature at a point 10 cm below the surface 
with a predicted temperature. The predicted temperature is the 14-day moving average of air 
temperature. This data were obtained on a field site near Plymouth, NC. 
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Figure N-3- Comparison of Measured Soil Temperature at a point 30 cm below the surface 
with a Predicted Temperature. The Predicted Temperature is the 30-Day Moving Average of 
Air Temperature. These data were obtained on a field site near Plymouth, NC. 



Soil Temperature - Redox Time Relationship 

Data were gathered for six sites in the United States (Table IV-1). Soil temperature 
and redox measurements were conducted at the agricultural experimental site described by 
Breve et al. (1992). One location, the Plymouth, NC agricultural site, was a direct study 
linking soil temperature with time needed to reduce a soil. The other two Plymouth sites 
reported redox measurements taken during the early and mid-1990's. Soil temperature probes 
were located near the redox probes at both Plymouth locations. The Pickering and Veneman 
study (1984) in Massachusetts also matched soil temperatures with local redox data. These 
data were collected over a two year period from 1981 to 1982. Studies using data from the 
other states (Louisiana and Michigan) reported only time of saturation required for reduction 
to occur. To find the soil temperature at these sites, the previously described soil temperature 
calculation procedure (moving average of air temperature) was utilized. Using data from 
MICIS (Midwestern Climate Center, 1996), the moving average air temperature was found for 
the sites in Louisiana and Michigan. Exact locations and years are displayed in Table IV-2. 

Table IV-1 -- Redox data locations 

Location 

I Plymouth, NC Wetland I 6 I this study I 
Number of 
Redox Sites 

I Plymouth, NC Agriculture I 3 I Gilliarn and Gambrell, 1978 I 

Reference 

I Plymouth, NC Forest I 2 I this study I 
Louisiana 

Michigan 

Massachusetts 

Louisiana 

5 

2 

Table IV-2 -- Location and Period of Temperature Data Collected via MICIS. 

I Alexandria (160098) 1 1983-1984 1 

Faulkner and Patrick, 1992 

McKenzie et al., 1960 . 
5 

State 

I Bogalusa (160945) 1 1983-1985 1 

Pickering and Veneman, 1984 

I Tallulah (168924) 1 1983-1984 1 

Location & Station Number 

Cadillac (201 176) 

Period 

The time of continuous saturation (high water table) required for reduced conditions to 
be attained, as indicated by the drop in redox potential to 300 mV was determined for each 
study site. This time varied with soil temperature. As expected, colder sites required longer 
periods of saturation than warmer sites to produce reduced conditions. There was a 



substantial amount of variation, but, on average, 37 days of continuous saturation were needed 
to reduce sites with a soil temperature of 5"C, 25 days at 10°C, 20 days at 15OC, 17 days at 
20°C, and 14 days at a soil temperature of 25°C. 

The above temperature dependent durations of continuous saturation were calculated 
using the following procedure. The approximate millivolt drop was measured over a period 
of days for each of the sites. Not every site was saturated for a long enough duration to 
become reduced; however, the rate that Eh declined was measured and was similar for similar 
temperatures. Thus, the duration of saturation required for each to become reduced could be 
estimated by extrapolating the data. An example is given in Appendix E. Sites analyzed 
were typically at redox levels between 700 and 800 mV prior to becoming saturated. These 
levels are 400 to 500 mV over the 300 mV level typically assumed for reduced coditions. A 
450 mV drop would bring the site to approximately 300 mV. As shown in an example found 
in Appendix E, the time needed for a site to become reduced was estimated based on a linear 
extrapolation of the measured rate of decline of Eh over the observed period of saturation, 
and the assumption that a decline of 450 mV would result in an Eh of approximately 300 
mV. A complete listing matching the soil temperature with time needed to produce reduced 
conditions (calculated as the amount of time needed to have a drop of 450 mV) is given in 
Table IV-3. The data are plotted in Figure IV-4. 

Table IV-3 -- Listing of continuously saturated durations needed to produce reduced 
conditions with their associated soil temperatures. Note: Details of calculations of Time to 
Reduced Conditions matching data with the associated source is found in Table El  in 
Appendix E. 

Time to Reduced I Conditions (days) 
Temperature 

("C) 
Time to Reduced 
Conditions (days) 



Using a regression analysis (Steel and Torrie, 1980 and SAS, 1992) a logarithmic 2 
curve was fitted to the data as shown in Figure IV-4. The R of 0.60 suggests that soil 
temperature can explain about 60% of the variance. The remaining variance may be attributed 
to error in estimating temperature, the fact that either more or less than an Eh drop of 450 
mV may be required for the development of reduced conditions, and to other factors such as 
the effect of organic matter and soil pH. The equation for the curve shown in Figure IV-4 is, 

where DS = Days of saturation needed to produce reduced conditions, and T = Soil 
temperature (OC l) 

Results in Figure IV-4 indicate that the effect of soil temperature on saturation time 
required for reduction is greater at lower temperatures than at higher temperatures. For 
example, a change from 20°C to 25°C decreases the necessary time of saturation from 17 to 
14 days--a total of only three days; whereas, a similar increase in soil temperature from 5°C 
to 10°C decreases the necessary time of saturation from 37 to 25 days-- a total of 12 days. 
Thus it appears that the accuracy of soil temperature prediction is more critical during late 
fall, winter, and early spring than in the summer. The over-prediction of the MA(14) air 
temperature model during the summer (as seen in Figure IV-2), therefore, may have a 
relatively marginal impact. 

1 1 1 1 1 1 1  7 I I ~ I I I  

3 5 7 9 11 13 15 17 19 21 23 25 
Soil Temperature (degrees Celsius) 

I Fitted Curve Data 

Figure IV-4 - Effect of soil temperature at 30-cm depth on time of saturation required for 
reduced conditions (Eh= 300 mV) to develop. 

Work only performed using temperatures greater than 0°C. Equation would fail with 
temperatures less than 0" C. 



These results suggest that reduction may occur during the winter months, a fact that 
has been observed by many reserachers including Whalen and Reeburgh (1992). The rate of 
reduction appears to be much slower, but a site may become reduced if the water table is 
elevated for a sufficiently long duration. During the hydroperiod displayed in Figure IV-1, a 
point 30 cm below the surface could potentially become reduced during the period from mid- 
January to mid-February. The water table is constantly within 30 cm of the surface and the 
soil temperature is between 5°C and 10°C during that time. The data in Table IV-3 and in the 
graph of Figure IV-4 show these temperature conditions could require about 30 days of 
consecutive saturation, which is approximately the length of the saturated period in Figure 1. 
However, because this time period is outside the growing season, saturation leading to 
reduced conditions in the surface horizon would be ignored under the current criterion. 

A 14-day saturation period appears not to be sufficient for reduced conditions to 
develop if the site were saturated during the initial or latter stages of the growing season in 
North Carolina. During these periods, the soil temperature would typically range between 
10°C and 15"C, in eastern North Carolina. Again, from Figure IV-4, a continual saturation 
period of over 20 days would be needed to develop reduced conditions at these temperatures. 
Only during the summer months, does it appear that a continuous 14-day saturation period is 
adequate to produce reduced conditions in North Carolina. Soil temperatures in the summer 
are usually in the mid 20's. 

The time of saturation required for reduced conditions to develop in the surface 
horizon depends on soil temperature as discussed in the NRC (1995) report and as shown by 
data in Table IV-3 and Figure IV-4. Use of a 14-day continuous saturation period--or any 
constant, non-adjusting, duration--applied only during the growing season will not accurately 
determine whether or not reduced conditions will develop during the year. The data presented 
in this study suggests that a "sliding" scale, which allows for a longer saturation period in the 
winter and a much shorter period in the summer, should be used to determine whether the 
hydrology of a site would support reduced conditions near the soil surface. 

Future Work 

While this study presents evidence suggesting that the time of saturation required for 
reduced conditions to develop is a function of soil temperature, most of the results are based 
on a linear extrapolation of measured data. The development of reduced conditions is also a 
function of pH and organic matter (Ponnamperuma, 1972) - factors not considered in this 
research. Few, if any, studies linlclng the three factors have been performed. In order to 
develop more reliable criteria for wetland hydrology, additional research is needed to relate 
the time of saturation, soil temperature, pH, and other factors affecting the development of 
reduced conditions in surface layers of the profile. 
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APPENDIX A: Drainmod Input Files 

Figure A1 - DRAINMOD Input File for a THRESHOLD WETLAND: 
Consisting of a Portsmouth E soil, with a Ditch Depth of 120 cm. 
This was a computer simulated site for Wilmington, NC. 

*** Job Title *** 
REFERECE WETLAND HYDROLOGY FOR portsE SOIL AT WILMINGTON N.C. 
87m DISPACING, depth= 120cm, STMAX=5 .Ocm, Ksat= 151218, wtdlength 30cdl4days 
*** Printout and Input Control *** 
3 1 0 lafsleoslinfo/bae~teaching/bae674/common/wWdmod/output 

*** Climate *** 
3 19457 /afsleos/info/bae~teaching/bae674lcommon/wWdmodweatherlnwilming.rai 
3 19457 lafsleoslinfo/bae~teaching/bae674/common/wfh/dmod/weather/nwilming. tem 
1951 1 1990 12 3416 85 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
1 

120.00 95.00 8700.00 5.00 2.50 3.75 4.34 60.00 
0, 0.00, 0.00 
0, 1000.00, 1000.00, 0.00 
0, 0.00, 0.00, o.oo,o.oo 

60.00 0.50 
1120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 

*** SoilS *** 
215.00 30.00 

30.15.00 100. 2.00 215. 8.00 
99 
* * * Trafficability * * * 
315 830 820 3.0 1.2 2.0 
12311231 0 0 3.0 1.2. 2.0 
*** Crop *** 

0.180 
4101116 30.00 
4101 116 
2 
1 1 45.001231 45.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0 0 0 0 0 

0.00000 0.000000.000.000.000.000.000.000.00 0.000.000.000.000.00 
WET **** Wetlands Information 
1 
58 332 
30.000000000 l4.OOOOOOOOO 



Figure A2 - DRAINMOD Input File for a THRESHOLD WETLAND: 
Constisting of a Portsmouth E soil, with a Ditch Depth of 60 cm. 
This was a computer simulated site for Wilmington, NC. 

*** Job Title *** 
TESTING OF REFERECE WETLAND HYDROLOGY FOR portsE SOIL AT WILMINGTON N.C. 
57m DISPACING, depth=120cm, STMAX=5.Ocm, &at= 151218, wtdlength 30cmfl4days 
*** Printout and Input Control *** 
4 1 0 /afs/eos.ncsu.edu/users/wlwfhunt/d~n/~fh/dm~doutput 
*** Climate *** 
3 19457 lafsleos.ncsu.ed~userslwlwfhunt/dd~fh/dm0d~eatherln~i1ming.rai 
3 19457 lafsleos.ncsu.edu/userslwlwfhunt/dd~fh/dm0d~eatherln~i1ming~tem 
1951 1 1990 12 3416 85 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
1 

60.00 152.21 5700.00 5.00 2.50 3.75 2.26 60.00 
0, 0.00, 0.00 
0, 1000.00, 1000.00, 0.00000 
0, 0.00, 0.00, 0.00, 0.00 

60.00 0.50 
1120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 

*** SoilS *** 
215.00 30.00 

30.15.00 100. 2.00 215. 8.00 
99 
* * * Trafficability * * * 
315 830 820 3.0 1.2 2.0 
12311231 0 0 3.0 1.2 2.0 
*** Crop *** 

0.180 
4101 116 30.00 
4101116 
2 
1 1 45.001231 45.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0  0 0  0 0 

0.00000 0.000000.00 0.000.000.000.000.000.00 0.000.000.000.000.00 
WET **** Wetlands Information 
1 
58 332 
30.000000000 14.000000000 



Figure A3 - DRAINMOD Input File: 
Porstmouth E Soil 



Figure A4 - DRAINMOD Input File for a THRESHOLD WETLAND: 
Constisting of a Portsmouth A soil, with a Ditch Depth of 120 cm. 
This was a computer simulated site for Wilmington, NC. 

*** Job Title *** 
REFERECE WETLAND HYDROLOGY FOR portsA SOIL AT WILMINGTON N.C. (1985-90) 
77m=Spacing,d=120cm,STMAX=2.5cm, Ksat=5.83/2.92, wtdllength 3 0 c d l  
*** Printout and Input Control *** 
4 1 0 /afs/eos.ncsu.edu/users/w/wfhunt/dm/~fWdmod/output 
*** Climate *** 
3 19457 lafsleos.ncsu.eduluserslw/wfhunt/dd~fWdmodlweather/nwi1ming.rai 
3 19457 /afs/eos.ncsu.edulusers/w/wfhunt/dm/wfh/dmodlweather/nwi1ming. tem 
1951 1 1990 12 3416 85 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
1 

120.00 119.99 6400.00 5.00 2.50 3.75 4.24 60.00 
0, 0.00, 0.00 
0, 520.00, 400.00, 0.03900 
0, 0.00, 0.00, 0.00, 0.00 

60.00 0.50 
1120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 

*** SoilS *** 
240.00 30.00 

30. 5.83 240. 2.92 215. 8.00 
99 
*** Trafficability *** 
315 830 820 3.0 1.2 2.0 
12311231 0 0 3 .O 1.2 2.0 
*** Crop *** 

0.130 
4101116 30.00 
4101 116 
2 
1 1 30.001231 30.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0 0 0 0 0 

0.00000 0.000000.00 0.00 0.000.00 0.00 0.00 0.00 0.000.00 0.000.000.00 
WET * * ** Wetlands Information 
1 
58 332 
30.000000000 14.000000000 



Figure A5 - DRAINMOD Input File: 
Porstmouth A Soil 

Portsmouth 
1818 
0.3655000 
0.3535000 
0.3410000 
0.3325000 
0.3270000 
0.3205000 
0.3 155000 
0.3 lO5OOO 
0.3000000 
0.2820000 
0.2740000 
0.2550000 
0.2330000 
0.2085000 
O.19OOOOO 
O.165OOOO 
O.15OOOOO 
O.136OOOO 
0.0000 
10.0000 
20.0000 
30.0000 
40.0000 
50.0000 
60.0000 
80.0000 
100.0000 
120.0000 
140.0000 
l6O.OOOO 
180.0000 
200.0000 
220.0000 
240.0000 
250.0000 
1000.0000 
6 

0.00 
50.00 
100.00 
150.00 
200.00 
500.00 



Figure A6 - DRAINMOD Input File for a THRESHOLD WETLAND: 
Constisting of a Arapahoe soil, with a Ditch Depth of 120 cm. 
This was a computer simulated site for Wilmington, NC. 

*** Job Title *** 
REFERECE WETLAND HYDROLOGY FOR arapahoe SOIL AT WILMINGTON N.C. 
145m DISPACING, depth=120cm, STMAX=S.Ocm, Ksat=10/15, wtdlength 30cdl4days 
*** Printout and Input Control *** 
3 1 0 Iafsleos .ncsu.edu/users/w/wfhunt/ddwfh/dmod/output 
*** Climate *** 
3 19457 /afs/eos.ncsu.edu/users/wlwfhunt/dd~~dm0d~eatherln~i1ming.rai 
3 19457 /afsleos.ncsu.edu/users/w/wthunt/dml~fh/dm0d~eatherln~i1ming.tem 
1951 1 1990 12 3416 85 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
1 

120.00 120.0014500.00 5.00 2.50 3.75 4.24 60.00 
0, 0.00, 0.00 
0, 1000.00, 1000.00, 0.00000 
0, 0.00, 0.00, 0.00, 0.00 

60.00 0.50 
1120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 

*** SoilS *** 
240.00 30.00 

9O.lO.OO 240.15.00 215. 8.00 
99 
*** Trafficability *** 
315 830 820 3.0 1.2 2.0 
12311231 0 0 3.0 1.2 2.0 
*** Crop *** 

0.200 
4101 116 30.00 
4101 116 
2 
1 1 45.001231 45.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0 0 0 0 0 

0.00000 0.000000.00 0.000.000.000.000.000.000.000.000.000.000.00 
WET **** Wetlands Information 
1 
58 332 
30.000000000 14.000000000 



Figure A7 - DRAINMOD Input File: 
Arapahoe Soil 

Arapahoe 
1217 
0.4600000 0.0 
0.4500000 -9.0 
0.4400000 - 16.0 
0.4200000 -25.0 
0.4000000 -35.0 
0.3800000 -49.0 
0.3600000 -70.0 
0.3400000 -100.0 
0.3200000 -150.0 
0.3000000 -220.0 
0.2800000 -600.0 
0.2500000 - 1000.0 

0.0000 0.0000 0.1000 
10.0000 0.2500 0.0800 
20.0000 0.4000 0.0600 
30.0000 0.6500 0.0500 
40.0000 0.9200 0.0400 
50.0000 1 .35OO 0.0200 
60.0000 1.8500 0.0063 
70.0000 2.5300 0.0025 
80.0000 3.4000 0.0016 

100.0000 5.5000 0.001 1 
120.0000 7.5000 0.0005 
160.0000 13.4000 0.0000 
200.0000 19.3000 0.0000 
240.0000 25.6000 0.0000 
280.0000 32.1000 0.0000 
320.0000 38.7000 0.0000 

1000.0000 100.0000 0.0000 
4 

0.00 0.00 0.00 
60.00 4.00 0.25 

120.00 12.00 1.00 
500.00 13.00 1.00 



Figure A8 - DRAINMOD Input File for a THRESHOLD WETLAND: 
Constisting of a Rains soil, with a Ditch Depth of 120 cm. 
This was a computer simulated site for Wilmington, NC. 

*** Job Title *** 
TESTING OF REFERECE WETLAND HYDROLOGY FOR Rains Soil AT WILMINGTON N.C. 
38.75 DISPAC ING, depth=120cm, STMAX=5.0cm, Ksat=4.17/1, wtdllength 30cm/l4days 
*** Printout and Input Control *** 
3 1 0 l a f s l e o s l i n f o / b a e ~ t e a c h i n g / b a e 6 7 4 / c o ~ o u t p u t  
*** Climate *** 
3 19457 /afs/eos/info/bae~teaching/bae674/com0n/~fh/dm0d/~eatherln~i1ming.rai 
3 19457 /afsleoslinfo/bae~teaching/bae674lcom0d~fh/dm0d/~eatherln~i1ming. tem 
1951 1 1990 12 3416 85 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
1 

120.00 20.00 3875.00 5.00 2.50 3.75 5.30 60.00 
0, 0.00, 0.00 
0, 1000.00, 1000.00, 0.00 
0, 0.00, 0.00, 0.00, 0.00 

60.00 0.50 
1120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 0120 

*** SoilS *** 
140.00 30.00 

110. 4.17 140. 1.00 
99 
*** Trafficability *** 
315 830 820 3.0 1.2 2.0 
12311231 0 0 3.0 1.2 2.0 
*** Crop *** 

0.090 
4101 116 30.00 
4101 116 
2 
1 1 30.001231 30.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0  0 0  0 0 

0.00000 0.000000.000.000.000.000.000.000.000.000.000.000.000.00 
WET **** Wetlands Information 
1 
58 332 
30.000000000 l4.OOOOOOOOO 



Figure A9 - DRAINMOD Input File: 
Rains Soil 

RAINS.SIN, EXAMPLE SOIL FROM EASTERN NC 
1316 
0.3700000 0.0 
0.3000000 -10.0 
0.2820000 -20.0 
0.2720000 -30.0 
0.2660000 -40.0 
0.2580000 -50.0 
0.2540000 -60.0 
0.2480000 -70.0 
0.2440000 -80.0 
0.2380000 -100.0 
0.2280000 -150.0 
0.2240000 -200.0 
O.15OOOOO -2000.0 

0.0000 0.0000 0.2000 
10.0000 0.2500 0.1000 
20.0000 0.8000 0.0800 
30.0000 1.6000 0.0250 
40.0000 2.3000 0.0112 
50.0000 3.0000 0.0058 
60.0000 3.6000 0.003 1 
70.0000 4.4000 0.00 18 
80.0000 5.2000 0.0010 
100.0000 6.9000 0.0004 
120.0000 9.0000 0.0000 
150.0000 12.5000 0.0000 
200.0000 20.0000 0.0000 
300.0000 35.0000 0.0000 
500.0000 50.0000 0.0000 
1000.0000 100.0000 0.0000 
7 

0.00 0.00 0.00 
50.00 1.20 1.00 
100.00 3.30 1.00 
150.00 6.00 1.00 
200.00 9.20 1.00 
500.00 25.00 1.00 
1000.00 25.00 1.00 



Figure A10 - DRAINMOD Input GEN File: 
Brookston soil at Madison, Wisconsin 
A computer simulated site 

*** Job Title *** 
Testing of THRESHOLD Wetland Hydology on BROOKSTON soil at Madison, WI 
100m=Spacing,d=120cm,StMax=2.5cm 
*** Printout and Input Control *** 
4 1 0 /afs/eos.ncsu.edu/users/w/wfhunt/dm/wfh/dmod/output 
*** Climate *** 
47496 1 /afs/eos.ncsu.edu/users/w/wfhunt/ddwfh/dmod/weather/MadisonWI.rai 
474961 /afs/eos.ncsu.edu/users/w/wfhunt/ddwfh/dmod/weather/Midwest/MadisonWI.tem 
1951 1 1990 124308 39 
8.26 7.28 3.68 0.86 0.71 0.92 0.96 1.14 1.53 2.00 3.00 7.80 

*** Drainage System Design *** 
1 

120.00 83.30 2000.00 2.50 2.10 2.50 4.43 50.00 
0, 0.00, 0.00 
0, 0.00, 0.00, 0.00000 
0, o.oo,o.oo, 0.00, 0.00 

20.00 0.10 
1120 1120 112015 60 1 6 0  1 6 0  1 6 0  1 6 0  1 6 0  1120 1120 1120 

*** SoilS *** 
200.00 30.00 

200. 1.50 140. 1.00 
99 
*** Trafficability *** 
4 110 1820 3.9 1.2 2.0 
12321232 820 3.9 1.2 2.0 
"*" crop **:k 

0.110 
410 818 30.00 
410 818 
2 
1 1 30.00123 1 30.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0 0 0 0 0 

0.00000 0.000000.00 0.000.000.00 0.00 0.000.00 0.000.000.000.000.00 
WET * * ** Wetlands Information 
1 
120 281 
30.000000000 8.000000000 



Figure A l l  - DRAINMOD Input File: 
Brookston Soil 

Brookston Silty Clay Loam - Upper Midwest 
1015 
0.4 100000 0.0 
0.4020000 -10.0 
0.3940000 -20.0 
0.3860000 -30.0 
0.3700000 -50.0 
0.3600000 -100.0 
0.3490000 -200.0 
0.3420000 -300.0 
0.3370000 -400.0 
0.3340000 -500.0 

0.0000 0.0000 1.6500 
44.3000 0.2000 0.9900 
66.4000 0.4000 0.3000 
89.6000 0.6000 0.1800 

109.4000 0.8000 0.0700 
126.6000 1.2600 0.0500 
143.2000 1.7300 0.0300 
153.4000 2.1500 0.0200 
178.2000 3.0200 0.0100 
200.0000 4.0400 0.0030 
230.8000 6.4 100 0.0004 
269.2000 1 1 .OOOO 0.0000 
300.0000 16.2000 0.0000 
400.0000 33.1000 0.0000 
1000.0000 100.0000 0.0000 
5 

0.00 0.00 0.75 
20.00 0.41 0.75 
50.00 0.82 0.75 
100.00 1.02 0.75 
200.00 1.25 0.75 



Figure A12 - DRAINMOD THRESHOLD Wetland Input GEN File: 
Toledo soil at Indianapolis, Indiana 
A computer simulated site 

*** Job Title *** 
Ref. Wetland (50%) Hydrology on TOLEDO soil at Indianapolis,IN (1 984- 1990) 
155=Spacing,d= 120cm,StMax=2.5cm 
*** Printout and Input Control *** 
1 1 0  

*** Climate *** 
124259 Weather/IndyIN.rai 
124259 WeatherfindyIN. tem 
1984 1 1990 12 3944 54 
2.05 2.05 1.80 1.55 1.34 1.01 1.00 1.00 1.14 1.50 2.30 2.50 
*** Drainage System Design *** 
1 

120.00 42.00 1550.00 2.50 2.10 2.50 4.81 60.00 
0, 0.00, 0.00 
0, 0.00, 0.00, 0.00000 
0, 0.00, 0.00, 0.00, 0.00 

20.00 0.10 
1120 1120 112015 60 1 6 0  1 6 0  1 6 0  1 6 0  1 6 0  1120 1120 1120 

*** Soils *** 
162.00 30.00 

8.54.50 15.11.45 30. 2.70 60. 0.20 162. 0.1 
99 
*** Trafficability *** 
4 110 1 820 3.9 1.2 2.0 
12321232 820 3.9 1.2 2.0 
*** Crop *** 

0.340 
410 818 30.00 
410 818 
8 
1 1 3.00 6 1 15.00 7 1 29.00 8 1 30.0010 1 9.0011 1 5.0012 1 3.001231 3.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0  0 0  0 0  

0.00000 0.000000.000.000.000.000.000.000.000.000.000.000.000.00 
WET **** Wetlands Information 
1 
99 301 
30.000000000 10.000000000 



Figure A13 - DRAINMOD Input File: 
Toledo Soil 

Toledo Silty Clay - Upper Midwest 
11 15 
0.4700000 0.0 
0.4600000 -10.0 
0.4570000 -20.0 
0.4520000 -40.0 
0.4500000 -60.0 
0.4490000 -80.0 
0.4480000 -100.0 
0.4450000 -200.0 
0.4350000 -300.0 
0.4330000 -500.0 
0.4300000 -1000.0 

0.0000 0.0000 0.4200 
24.3000 0.2250 0.0650 
47.0000 0.7450 0.0270 
88.5000 1.3400 0.0160 

128.6000 1.8100 0.01 10 
161.2000 2.0800 0.0080 
186.2000 2.3300 0.0060 
21 1.2000 2.5650 0.0050 
236.2000 2.8000 0.0040 
286.2000 3.2700 0.0020 
336.2000 3.7800 0.0010 
386.2000 4.2930 0.0010 
435.1000 9.7500 0.0000 
485.9000 32.3000 0.0000 
1000.0000 100.0000 0.0000 
6 

0.00 0.00 0.40 
20.00 0.55 0.40 
50.00 0.70 0.40 

100.00 0.85 0.40 
200.00 1.90 4.10 
500.00 1.90 4.10 



Figure A14 - DRAINMOD THRESHOLD Wetland Input GEN File: 
Mascotte soil at Jacksonville, Florida 
A computer simulated site 

*** Job Title *** 
50% (THRESHOLD) Wetland Hydrology on MASCOTTE soil at Jacksonville, FL 
54m=Spacing,d= 120cm,S tMax=2.5cm 
*** Printout and Input Control *** 
1 1 0  

*** Climate *** 
84358 WeatherlJaxFL5 195.rai 
84358 WeatherIJaxFL5 1%. tem 

1984 1 1990 12 3030 100 
1.36 1.64 1.50 1.32 1.08 0.92 0.92 0.83 0.83 0.93 1.15 1.20 

*** Drainage System Design *** 
1 

120.00 40.00 5400.00 2.50 2.50 2.50 4.84 50.00 
0, 0.00, 0.00 
0, 0.00, 0.00, 0.00000 
0, 0.00, 0.00, 0.00, 0.00 

20.00 0.10 
1120 1120 112015 60 1 6 0  1 6 0  1 6 0  1 6 0  1 6 0  1120 1120 1120 

*** Soils *** 
160.00 30.00 

90. 6.00 160. 0.30 
99 
*** Trafficability *** 
4 110 1 820 3.9 1.2 2.0 
12321232 820 3.9 1.2 2.0 
*** Crop *** 

0.180 
410 818 30.00 
410 818 
2 
1 1 15.001231 15.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0  0 0  0 0 

0.00000 0.00000 0.00 0.00 0.00 0.000.000.00 0.00 0.000.000.00 0.00 0.00 
WET **** Wetlands Information 
1 
39 347 
30.000000000 l6.OOOOOOOOO 



Figure A15 - DRAINMOD Input File: 
Mascotte Soil 

Mascotte F.S. - Jacksonville, FL 
1114 
0.4200000 0.0 
0.3820000 -20.0 
0.3770000 -30.0 
0.3240000 -40.0 
O.164OOOO -60.0 
0.1120000 -80.0 
0.09 10000 -100.0 
0.0730000 - 150.0 
0.0600000 -200.0 
0.0600000 -300.0 
0.0600000 - 1000.0 

0.0000 0.0000 0.2000 
10.0000 0.2000 0.2000 
20.0000 0.4000 0.2000 
40.0000 1.5900 0.2000 
50.0000 2.3300 0.1200 
60.0000 3.4600 0.0450 
70.0000 5.5300 0.0080 
80.0000 8.2000 0.0060 

100.0000 13.7000 0.0000 
120.0000 17.6000 0.0000 
150.0000 21.5000 0.0000 
200.0000 25.6000 0.0000 
500.0000 50.0000 0.0000 
1000.0000 100.0000 0.0000 
5 

0.00 0.00 0.00 
20.00 3.40 8.20 
45.00 11.10 8.20 
100.00 30.00 8.20 

1000.00 30.30 8.20 



Figure A16 - DRAINMOD Inputs for THRESHOLD Wetland GEN File 
Natural ("untouched") Forest Field Site near Plymouth, NC. 

*** Job Title *** 
Plymouth Wetland Hydrology FOR portsplym SOIL AT PLYMOUTH N.C. (5 1-90) 
180m DISPACING, depth=120cm, STMAX=5.Ocm, Ksat=99150/12.5, wtdllength 30cm/l lday 
*** Printout and Input Control *** 
1 1 0 /afs/eos.ncsu.edu/users/w/wfhunt/dm/wfh/dmodloutput 

*** Climate *** 
320000 /afs/eos.ncsu.edu/users/w/wfhunt/dm/wfh/dmod/weather/PLYM9095.rai 
320000 /afs/eos.ncsu.edu/userslw/wfhunt/dm/~fhldm0dl~eatherlplym9O95.tem 
1992 1 1995 12 3550 76 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
1 

120.00 120.00 18000.00 4.00 
0, 0.00, 0.00 
0, 1000.00, 1000.00, 0.00000 
0, 0.00, 0.00, 0.00, 0.00 

60.00 0.50 
1120 0120 0120 0120 0120 0120 0120 0 

*** SoilS *** 
240.00 30.00 

35.99.00 75.50.00 240.12.50 
99 
*** Trafficability *** 
315 830 820 3.0 1.2 2.0 
12311231 0 0 3.0 1.2 2.0 
*** Crop *** 

0.610 
4101116 30.00 
4101116 
2 
1 1 30.00123 1 30.00 

*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0 0 0  0 0  

0.00000 0.00000 0.00 0.00 0.00 0.000.000.00 0.00 0.000.00 0.000.000.00 
WET * * ** Wetlands Information 
1 
89 310 
30.000000000 1 1 .OOOOOOOOO 



Figure A17- DRAINMOD Input File for Plymouth Wetland Site 
PlyWet Soil 

3 LAYER- PLYMOUTH SANDY LOAM, Plymouth Wetland Site, NC 
1020 
0.6 l3OOOO 0.0 
0.5830000 -4.0 
0.5490000 -8.0 
0.5070000 - 14.0 
0.4350000 -34.0 
0.4010000 -49.0 
0.3750000 -64.0 
0.3290000 -104.0 
0.3060000 -204.0 
0.2500000 - l5OOO.O 
0.0000 0.0000 0.5000 
3.0000 0.0350 0.5000 
6.0000 0.1380 0.5000 
9.0000 0.3100 0.5000 
12.0000 0.5350 0.5000 
15.0000 0.83 10 0.5000 
20.0000 1.4240 0.339 1 
25.0000 2.1070 0.1734 
30.0000 2.8800 0.093 1 
35.0000 3.7430 0.0838 
40.0000 4.6860 0.0728 
45.0000 5.6500 0.0717 
60.0000 8.2680 0.0684 
75.0000 10.6330 0.0642 
90.0000 12.3520 0.0525 
120.0000 16.3520 0.0100 
150.0000 2 1.4530 0.0001 
200.0000 30.7630 0.0000 
500.0000 87.7930 0.0000 
1000.0000 100.0000 0.0000 
10 

0.00 0.00 15.00 
10.00 2.93 15.00 
20.00 4.78 15.00 
40.00 6.51 13.63 
60.00 5.99 10.42 
80.00 6.65 10.42 
100.00 7.24 10.42 
150.00 9.33 10.42 
200.00 9.33 10.42 
1000.00 9.33 10.42 



Figure A18 - DRAINMOD Input THRESHOLD Wetland GEN File 
First Colony Farms Field Site near Columbia, NC. 

*** Job Title *** 
First Colony Farms Site 106 (1975-1979) from Badr, 1978 & Purisinsit, 1980 
Drain Depth = 90cm, Spacing = 91m, StMax=0.75 
*** Printout and Input Control *** 
1 1 0 /afs/eos.ncsu.edu/users/w/wfhunt/drn/wfWdmod/output 

*** Climate *** 
3 14646 lafsleos.ncsu.ed~users/w/wfhunt/dmlwfWdmod/weather/FCF/fcf 6 1 .rai 

1 /afs/eos.ncsu.edu/users/w/wfhunt/dml~fh/dm0d/~eatherP1ym0~th/plymouth. tem 
1975 1 1979 12 3550 76 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
1 

90.00 126.41 3700.00 0.75 2.50 0.75 9.75 50.00 
0, 0.00, 0.00 
0, 0.00, 0.00, 0.00000 
0, 0.00, 0.00, 0.00, 0.00 

20.00 0.10 
1120 1120 112015 60 160 160 160 160  160 1120 1120 1120 

*** SoilS *** 
270.00 1.50 

20.12.20 60. 0.60 80. 2.20 270. 0.01 
99 
*** Trafficability *** 
4 110 1820 3.9 1.2 2.0 
12321232 820 3.9 1.2 2.0 
*** Crop *** 

0.350 
410 818 30.00 
410 818 
9 
1 1 3.00 620 3.00 630 8.00 8 1 13.00 915 18.0010 5 15.001015 10.001111 5.00 

1231 3.00 
*** Wastewater Irrigation *** 
0 0 0 0 0 0  
0 0 0 0  0 0  0 0  

0.00000 0.000000.000.000.000.000.000.000.000.000.000.000.000.00 



Figure A19 - DRAINMOD Input File: 
First Colony Farms Soil 

fcf Soil (from Badr, 1978 & Purisinsit, 1982) 
10 8 
0.7690000 0.0 
0.7580000 -2.0 
0.7530000 -10.0 
0.7500000 -25.0 
0.7400000 -50.0 
0.7400000 -75.0 
0.7400000 -100.0 
0.7380000 -150.0 
0.7330000 -200.0 
0.7200000 -1000.0 

0.0000 0.0000 0.2080 
20.0000 0.7000 0.0417 
40.0000 1.1000 0.0112 
60.0000 1 S O O O  0.0079 
80.0000 2.0000 0.0010 

100.0000 2.8000 0.0004 
140.0000 3.7000 0.0000 

1000.0000 100.0000 0.0000 
4 

0.00 0.00 18.30 
25.00 1.70 18.30 
50.00 1.90 11.00 

150.00 2.50 3.70 



Figure A20 - DRAINMOD Input GEN File: 
Carteret County (NC) Pine Forest Field Site 

*** Job Title *** 
Watershed #1 (Control)- DRAINLOB - CONTROLLED DRAINAGE (Weir @ 1.0m depth) 
New Flew-et.dat, New LAI, Carteret 7, North Carolina - 1951-90 WEATHER 
*** Printout and Input Control *** 
4 1 0 /afs/eos.ncsu.edu/users/w/wfhunt/dm/wfh/dmod/output 
*** Climate *** 
3 15830 /afs/eos.ncsu.edu/users/w/wfhunt/dm/w~dmodweatherMorehead.rai 
3 15830 /afs/eos.ncsu.edu/users/w/wfhunt/dm/wfh/dmodweatherMorehead.tem 
1951 1 1990 12 3443 82 
2.52 3.30 2.49 1.69 1.31 0.99 0.90 0.87 0.94 1.20 1.45 2.01 
*** Drainage System Design *** 
2 

115.00 204.82 15000.00 7.50 20.00 7.50 2.69 100.00 
0, 0.00, 0.00 
0, 0.00, 0.00, 0.00000 
0, 0.00, 0.00, 0.00, 0.00 

100.00 0.10 
1 8 0  18015 8023 80 1120 1120 1120 1120 1120 112023 80 1 8 0  

*** SoilS *** 
320.00 50.00 

50.18.00 320.18.00 
99 
*** Trafficability *** 
315 515 820 3.9 1.2 2.0 
12321232 820 3.9 1.2 2.0 
*** Crop *** 

0.206 
3101118 30.00 
310 818 
2 
1 1 80.001231 80.00 

*** Wastewater Irrigation *** 
1 1 1  10 1 6  
0 0  0 0  0 0  0 0  

7.00000 1.000000.400.400.400.400.400.400.400.400.400.400.400.40 
WET * * ** Wetlands Information 
1 
79 324 
30.000000000 12.000000000 



Figure A21 - DRAINMOD Input File 
Carteret County Soil 

CARTERET SOIL 
1316 
0.3700000 0.0 
0.3000000 -10.0 
0.2820000 -20.0 
0.2720000 -30.0 
0.2660000 -40.0 
0.2580000 -50.0 
0.2540000 -60.0 
0.2480000 -70.0 
0.2440000 -80.0 
0.2380000 -100.0 
0.2280000 -150.0 
0.2240000 -200.0 
O.15OOOOO -2000.0 
0.0000 0.0000 0.2000 
10.0000 0.2500 0.1000 
20.0000 0.8000 0.0800 
30.0000 1.6000 0.0250 
40.0000 2.3000 0.0112 
50.0000 3.0000 0.0058 
60.0000 3.6000 0.003 1 
70.0000 4.4000 0.0018 
80.0000 5.2000 0.0010 
100.0000 6.9000 0.0004 
120.0000 9.0000 0.0000 
150.0000 12.5000 0.0000 
200.0000 20.0000 0.0000 
300.0000 35.0000 0.0000 
500.0000 50.0000 0.0000 
1000.0000 100.0000 0.0000 
7 

0.00 0.00 0.00 
50.00 1.20 1.00 
100.00 3.30 1.00 
150.00 6.00 1.00 
200.00 9.20 1.00 
500.00 25.00 1.00 
1000.00 25.00 1.00 





APPENDIX B: The TWS Method Applied to Sample Site-Years in Eastern N.C. 

----- 

---- Field Data 
- T.W.S. 
-- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1994) 

Figure B1 - Water Table Comparison of a very dry site (meets the wetland hydrologic criterion in 4 of 40 
years tested) with a Threshold Wetland created for this site. The water table of the Reference Wetland is within 
30 cm of the surface for 20 consecutive days, while the field data hydroperiod remains within 30 cm of the 
surface for 10 consecutive days. Using the TWS method, this site would be assessed to not meet the wetland 
hydrologic criterion because it is clearly drier than the Threshold Wetland. This field site is located near 
Plymouth, NC. 

----a Field Data 
- T.W.S. 

- - 30 cm Depth 

-200 I I I I . I 

0 61 122 183 244 305 366 
Days of Year (1995) 

Figure B2 - Water Table Comparison of a very dry site (meets the wetland criterion in 4 of 40 years tested) with 
a Threshold Wetland created for this site. The water table of the TWS is within 30 cm on occasion during the 
course of this year (1995). However, the water table from the field site never rises within 30 cm of the surface. 
Using the TWS method, this site would be correctly assessed to not meet the wetland hydrologic criterion 
because the field site is drier than the Threshold Wetland. The field site is located near Plymouth, NC. 



-- -- Field Data 

- T.W.S. 

- - 30 cm Depth 

-200 I I I . I I I 

0 61 122 183 244 305 366 
Days of Year (1994) 

Figure B3 - Water Table Comparison of a dry site (meets the hydrologic criterion in 8 of 40 years tested) 
with a Threshold Wetland created for this site. In late winter1 early spring, the water table of the TWS is 
within 30 cm for 24 consecutive days while the water table of the field site remains within the top 30 cm 
for a relatively brief period (10 days). Using the TWS method, the site would be correctly assessed to not 
meet the wetland hydrologic criterion because the field site is drier than the Threshold Wetland. The field 
site is located near Plymouth, NC. 

0 61 122 183 244 305 366 
Days of Year (1995) 

-- -- Field Data 
- T.W.S. 
-- 30 cm Depth 

Figure B4 - Water Table Comparison of a dry site (meets the hydrologic criterion in 8 of 40 years tested) 
with a Threshold Wetland created for this site. The water table of the TWS remains within 30 cm of the 
surface for 24 consecutive days, while that of the field site is within 30 cm of the surface for only 5 days. 
Using the TWS method, this site would be correctly assessed to not meet the wetland hydrologic criterion 
because the field site is drier than the Threshold Wetland. The field site is located near Plymouth, NC. 



----. Field Data 

- T.W.S. 

- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1977) 

Figure B5 - Water Table Comparison of a marginally dry site (meets the wetland hydrologic criterion in 14 of 
40 years tested) with a Threshold Wetland created for this site. The water table of the Threshold Wetland is 
within 30 cm of the surface for a longer period than that of the field site both initially and toward the end of 
the year. During the middle of the year the two water tables stay within the upper 30 cm for approximately 
the same length of time. Based on this entire year's data, the TWS appears to be wetter than the field site, 
therefore the field site would be correctly assessed to not meet the wetland hydrologic criterion. The field site 
is located near Columbia, NC. 

- --- Field Data 

- T.W.S. 
- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1993) 

Figure B6 - Water Table Comparison of marginally dry site (meets the wetland hydrologic criterion in 18 of 
40 years tested) with a Threshold Wetland created for this site. The water tables when within 30 cm of the 
surface are very similar and there is a month long period of missing data from the field site. As a result no 
reliable assessment may be made regarding the hydrologic status of the field site. This site is located near 
Plymouth, NC. 



----• Field Data 

- T.W.S. 

- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1995) 

Figure B7 - Water Table Comparison of a marginally dry site (meets the criterion in 18 of 40 years tested) 
with a Threshold Wetland created for this site. The marginally dry site has a water table within 30 cm of 
the surface for a duration of 20 days during the month of June, while the Threshold Wetland water table 
does not remain within 30 cm of the surface for a comparably long duration. Using the TWS method this 
dry site would be incorrectly assessed to meet the wetland hydrologic criterion. 

n 

---- Field Data 

- T.W.S. 
-- 30 cm Depth 

& Q) s -150 - 

-200 I I I I I 

0 61 122 183 244 305 366 
Days of Year (1976) 

Figure B8 - Water Table Comparison of a marginally dry site (meets the wetland hydrologic criterion in 19 of 40 
years tested) with a Threshold Wetland created for this site. The assessment is very difficult to make because the 
two water tables are within 30 cm of the surface for comparably lengthy periods. The duration of the TWS water 
table within 30 cm is longer than that of the field site both at the beginning and ending of the year. Only the 
water tables during the middle of the year indicate that the field site is wetter. Considering the entire year's data 
leads to the correct assessment that the field site does not meet the wetland hydrologic criterion. 



- T.W.S. 

--- -- Field Data 

- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1994) 

Figure B9 - Water Table Comparison of a marginally wet site (meets the wetland hydrologic criterion in 24 
of 40 years tested) with a Threshold Wetland created for this site. The water table of the TWS rises within 
30 cm of the surface for a few periods of brief duration, but the field site water table remains in the top 30 
cm for a significantly longer duration in late winter1 early spring. Judging from the entire year's data, the 
TWS appears to be a drier site than the field site. Thus, the field site is correctly assessed to meet the 
hydrologic criterion using the TWS method. The field site is located in a natural forest near Plymouth, NC. 

- T.W.S. 
----. Field Data 

- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1995) 

Figure B10 - Water Table Comparison of a marginally wet site (meets the wetland hydrologic criterion in 24 of 
40 years tested) with a Threshold Wetland created for this site. Sometimes, as is in the case with this particular 
site-year, there is insufficient yearly data to make an assessment. However, an assessment can be made when 
only a one, two or three month record is used. During the first three months of 1995, the field site's water table 
is within 30 cm of the surface for much longer periods of time than that of the TWS. Using the TWS method, 
the field site's hydrologic status would be correctly assessed to be that of a wetland. 



----. Field Data 

- T.W.S. 
- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1994) 

Figure B11 - Water Table Comparison of a marginally wet site (meets the wetland hydrologic criterion 
in 26 of 40 years tested) with a Threshold Wetland created for this site. The water table of the field site 
is within 30 cm of the surface more often and for longer duration than that of the TWS. Using the TWS 
method, the field site would be correctly assessed to meet the wetland hydrologic criterion. The field 
site is located near Plymouth, NC. 

30 cm Depth ------------ 

0 61 122 183 244 305 366 
Days of Year (1995) 

---- Field Data 
- T.W.S. 
- - 30 cm Depth 

Figure B12 - Water Table Comparison of a marginally wet site (meets the wetland hydrologic criterion in 
26 of 40 years tested) with a Threshold Wetland created for this site. The water table of the field site is 
generally within 30 cm of the surface for longer durations than that of the TWS. Thus, the field site appears 
to be wetter than the TWS. Using the TWS method, the field site would have its hydrology correctly 
assessed to be that of a wetland. The site is located near Plymouth, NC. 



- T.W.S. 
---- Field Data 

- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1994) 

Figure B13- Water Table Comparison of a wet site (meets the wetland hydrologic criterion in 32 of 40 years 
tested) with a Threshold Wetland created for this site. In late winter1 early spring, the field site's water table 
remains within 30 cm of the surface for period (over 45 days) nearly twice as long as the water table of the 
TWS is within 30 cm of the surface. The field site is obviously wetter than the TWS; therefore, the TWS 
method would correctly assess the field site to meet the wetland hydrologic criterion. The field site is located 
near Plymouth, NC. 

- T.W.S. 
----• Field Data 

- - 30 cm Depth 

I I I I I I I 

0 61 122 183 244 305 366 
Days of Year (1994) 

Figure B14 - Water Table Comparison of a wet site (meets the wetland hydrologic criterion in 36 of 40 
years tested) with a Threshold Wetland created for this site. In the late winter1 early spring of 1994, the water 
table of the field site remained within 30 cm of the surface for a significantly longer duration than that of the 
TWS. Using the TWS method, the hydrology of the field site (which is wetter than the TWS) would be 
correctly assessed to be that of a wetland. The field site is located near Plymouth, NC. 



---- Field Data 

- T.W.S. 

- - 30 cm Depth 

0 61 122 183 244 305 366 
Days of Year (1978) 

Figure B15 - Water Table Comparison of an extremely wet site (meets the wetland hydrologic criterion in 
40 of 40 years tested) with a Threshold Wetland created for that site. The water table at the field site is 
within 30 cm of the surface for nearly the entire first half of 1978, while that of the TWS is not. The field 
site is clearly wetter than the TWS. Using the TWS method, the hydrology of the field site would be 
correctly assessed to be that of a wetland. 

0 61 122 183 244 305 366 
Days of Year (1979) 

-- -- Field Data 
- T.W.S. 

- - 30 cm Depth 

Figure B16 - Water Table Comparison of an extremely wet site (meets the wetland hydrologic 
criterion in 40 of 40 years tested) with a Threshold Wetland created for that site. The water table at 
the field site is within 30 cm of the surface for nearly one-half of 1979, while that of the TWS is 
not. The field site is clearly wetter than the TWS. Using the TWS method, the field site is assessed 
to meet the wetland hydrologic criterion. The field site is located near Columbia, NC. 



APPENDIX C: "Average" Rainfall Record 

Description of Development of Average Rainfall Month 

As discussed in Section 3, a random number generator was used to develop the 
average rainfall months. Random days in a given month were assigned random amounts of 
rainfall. The amount of rain assigned was "governed" by the Seasonal Rainfall Distribution 
Equations listed in Table 111-6 of Section 3. The process for assigning rainfall amounts to 
days is described here. As seen in Figure C1, a random number (column C), used to 

Figure C1 - Calculation of an Average Rainfall Month for January. This particular generated 
month does meet the average rainfall month criterion when both the number of rainfall days are 
nine and ten. Because the amount of rainfall exactly equals the monthly mean for January when 
the number of rainfall days is ten, the generated record used in the average rainfall record 
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determine the amount of rainfall for that day, was assigned to a specific day. In Figure C1 
the number 0.970 (column C) was randomly assigned to day 4 of the month (January). This 
random number is the basis of the amount of rainfall on a given day, but must be converted 
to calculate an amount of rainfall. Random number conversion stems from the required input 
values needed by the Seasonal Rainfall Distribution Equations. Each Seasonal Rainfall 
Distribution Equation equates probabilities, P's, with amounts of rainfall. As shown in Figure 
C2, the range of P's for winter is 0 to 0.0655. (A listing of ranges for all seasons is found in 
Table Cl.) A higher P indicates a lower amount of rainfall, A, while lower P's suggest 
higher amounts of rainfall (higher A's). The randomly generated numbers must reflect this 
range, which is done by multiplying the random number by 0.0655. As shown in Figure C1, 
this value, the adjusted random number, is 0.065 (column D), when the initial random number 

was 0.970. The number 0.065 is now the input which is placed into the Seasonal Rainfall 
Distribution equation. The winter equation used for January is shown as equation C1 below. 

ln(A) = -72886*P3 + 8122*p2 - 304.O*P + 0.7968 
where A = amount of daily rainfall and 

P = probability of a given amount of daily rainfall 

( equation C1) 

0.065 0.06 0.055 0.05 0.045 0.04 0.035 0.03 0.025 0.02 0.015 0.01 0.005 0 
Probability, P, of Rainfall Amount 

Figure C2 - Graph comparing daily rainfall amounts with their probabilities. This is the 
seasonal rainfall distribution curve for winter. Note that the probabilities, P's, range from 
0.0655 through 0. All generated random P's must reflect this range. 



The adjusted random number, shown as P in equation C1, yields an amount A. 
When P is 0.065 in the equation C1, A equals 0.01" (Column E). The randomly generated 
rainfall method predicts 0.01" of rainfall on day 4. The process was repeated for the next 
day, January 8th. A random number of 0.548 was selected and adjusted to 0.036 for use in 
equation Cl .  Equation C1 then calculated a rainfall of 0.05 inches for this day. The process is 
continued until rainfall has been assigned to a number of days equal to the mean number of 
days rainfall per month plus three days. For example, January annually receives rainfall on an 
average of 10 days. So, for January the number of days with rainfall assigned to them is 13 
(10 + 3). As seen in column F of Figure C1, the cumulative amount of rainfall assigned to 
these 13 days in January is 4.14 inches. Recall the total amount of rainfall in an average 
rainfall month needs to equal the mean rainfall +I- 0.10". The mean average amount of 
rainfall during the month of January is 3.93 inches. Therefore, the average rainfall month 
calculated when the number of days of rainfall equals 13 in Figure C1 is too wet to be 
considered an average rainfall month. However, there may be previous cumulative amounts 
of rainfall (shown in Column F) that are within 0.10" of the monthly mean. When the 
number of rainfall days is 10 (Column G), the amount of rainfall is exactly equal to 3.93" - 
the mean rainfall for January. Thus, if the first ten days of the record are used, both the 
number of days of rainfall (10 +I- 3) and monthly amount of rainfall (3.93" +I- 0.10") average 
month criteria are met. Had there been no time during the first 13 rainfall days when the 
cumulative rainfall totals were within 0.10" of the mean, the generated record would not be 
used. An example of a failed attempt to generate average rainfall is shown in Figure C3. 
The cumulative amount of rainfall in the first 13 days is too low. The entire process would 
need to be performed again until the amount of rainfall is within 0.10" and the total number 
of rainfall days is between 7 and 13 (or 10 -I+ 3). A listing of the "average" rainfall month 
criteria, that is the average number of days of rainfall per month and the mean amount of 
monthly rainfall is given in Table Cl .  
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Table C1 - Average Rainfall Month Criteria (Mean Precipitation and Number of Days of 
Rainfall per month) and Range of values needed for input into the Seasonal Rainfall 
Distribution Equation. 

Month 

January 
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The days of the month onto which rain is "scheduled" to fall is determined during the 
previous month. A random number is generated to determine the days during the following 
month to which rainfall will be assigned. The random number (found in column B of Figure 
C2) is calculated for every day in the month. In this case a random number is generated for 
the 28 days of February. After an "average" month is generated for January, the first 28 days 
are ranked by random number found in column B. Note that in Figure C2, not all 28 
ranlungs are displayed, due to space limitations. Days with a higher random number (in 
column B) in January have a higher probability of receiving rainfall in February. In the data 
given in Figure C2, day 10 has the highest value in column B and therefore would receive the 
highest ranlung of days shown and would be the most likely February day to receive rain. 
The top 12 ranked days in February, as determined by the random numbers assigned in 
January, are then assigned rainfall in the same manner previously described for January. 
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Figure C3 - Calculation of an average rainfall month for January which does not meet the 
average rainfall month criterion. Even when the number of rainfall days equals 13 in this 
generated month, the amount of rain is less than the average rainfall month criterion for 
amount of rainfall (3.93" +I- 0.10"). 

Sample Portion of the Average Rainfall Record 
The first four years of the sample record, "1961" through "1964", are given on the 

following pages. The complete record is omitted due to space limitations. Because the 
computer program DRAINMOD required precipitation input data to be in an hourly format, 
the daily rainfall totals were divided into four equal parts for use as hourly rainfall. The four 
hour rainfall period began at 5:00 p.m., allowing for two hours of evapotranspiration (ET) and 
two hours without. DRAINMOD calculates ET only during daylight hours (6 am through 6 
pm) 

Also included with the daily rainfall amounts for each month are the total number of 
days of rainfall and the monthly total amount of rainfall. These values will be within +I- 3 
days and +I- 0.10" of their respected criterion. 
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Figure C4 - Rainfall Record for Year "1961" 

January 
Day Amount ( in) 
2 0.04 
4 0.28 
6 0.14 
8 0.02 
18 0.15 
20 0.08 
21 0.03 
24 0.55 
25 0.18 
27 0.16 
28 0.10 
29 1.99 
30 0.24 
TOTALS 
13 3.96 

April 
Day Amount (in) 
4 1.92 
5 0.06 
6 0.12 
7 0.09 
12 0.04 
14 0.41 
17 0.07 
18 0.08 
22 0.11 
TOTALS 
9 2.90 

February 
Day Amount(in) 
6 0.24 
9 0.92 
12 0.04 
13 0.09 
19 0.13 
22 0.06 
23 1.07 
25 0.75 
27 0.25 
TOTALS 
9 3.59 

May 
Day Amount ( in) 
1 0.17 
5 0.37 
15 0.19 
18 0.26 
19 1.22 
2 0 0.11 
2 1 0.24 
25 0.17 
2 6 0.06 
29 0.17 
3 0 1.26 
3 1 0.09 
TOTALS 
12 4.31 

March 
Day Amount (in) 
1 0.14 
3 0.05 
4 0.13 
8 2.97 
13 0.11 
19 0.78 
23 0.03 
3 0 0.14 
TOTALS 
8 4.35 

June 
Day Amount (in) 
1 1.96 
2 0.42 
3 0.12 
8 0.21 
11 0.39 
12 0.23 
22 0.30 
23 1.15 
2 6 0.41 
3 0 0.15 
TOTALS 
10 5.34 



Figure C4 continued 

July 
Day Amount(in) 
2 0.23 
4 0.25 
8 0.17 
9 0.21 
12 0.60 
15 5.28 
18 0.09 
19 0.19 
21 0.41 
24 0.15 
2 5 0.15 
27 0.03 
TOTALS 
12 7.76 

October 
Day Amount(in) 
5 1.94 
11 0.08 
14 0.18 
23 0.09 
2 6 0.19 
27 0.10 
TOTALS 
6 2.58 

August 
Day Amount(in) 
2 0.42 
4 0.21 
10 0.72 
11 0.17 
12 2.63 
17 0.23 
22 0.24 
23 0.07 
2 5 2.13 
2 8 0.24 
TOTALS 
10 7.06 

November 
Amount (in) 

0.25 
0.11 
0.26 
0.28 
1.36 
0.12 
0.05 
0.25 

TOTALS 

September 
Day Amount(in) 
3 0.29 
4 0.75 
5 0.19 
6 0.21 
7 0.16 
14 0.29 
17 0.20 
2 0 0.21 
2 1 0.20 
24 0.37 
27 0.20 
2 8 2.51 
TOTALS 
12 5.58 

December 
Day Amount(in) 
2 0.13 
7 0.08 
14 0.10 
22 0.08 
23 0.23 
2 5 0.24 
2 6 2.00 
29 0.23 
TOTALS 
10 3.10 



Figure C5 - Rainfall Record for Year "1962" 

January 
Day Amount(in) 
9 0.12 
12 0.02 
21 0.05 
22 0.14 
24 3.26 
3 0 0.15 
3 1 0.30 
TOTALS 
7 4.03 

April 
Day Amount(in) 
5 0.11 
6 1.87 
8 0.11 
14 0.54 
16 0.10 
18 0.05 
22 0.18 
TOTALS 
7 2.95 

February 
Day Amount(in) 
1 0.08 
2 0.12 
3 0.21 
6 0.12 
12 1.86 
15 0.24 
17 0.06 
18 0.10 
23 0.38 
25 0.19 
2 8 0.20 
TOTALS 
11 3.56 

May 
Day Amount(in) 
3 0.14 
4 0.17 
8 0.17 
9 0.16 
13 0.14 
15 0.16 
17 0.16 
18 2.61 
19 0.17 
22 0.15 
23 0.16 
3 0 0.15 
TOTALS 
12 4.33 

March 
Day Amount ( in) 
1 0.32 
2 1.54 
3 0.13 
10 0.02 
12 0.04 
13 0.02 
18 0.11 
19 0.13 
2 0 0.07 
23 0.68 
25 0.09 
29 0.30 
3 0 0.85 
TOTALS 
13 4.30 

June 
Day Amount(in) 
2 0.26 
3 0.20 
16 0.25 
17 3.72 
21 0.24 
22 0.10 
23 0.27 
29 0.27 
TOTALS 
8 5.29 



Figure C5 continued 

July 
Day Amount(in) 
3 0.43 
4 0.27 
7 0.03 
8 0.22 
13 0.39 
14 0.18 
17 3.33 
19 0.38 
22 1.36 
25 0.67 
27 0.19 
2 8 0.26 
TOTALS 
12 7.70 

October 
Day Amount(in) 
3 0.12 
12 0.09 
14 0.29 
19 0.20 
2 0 0.15 
21 0.29 
22 0.27 
24 0.22 
25 0.85 
2 6 0.18 
TOTALS 
10 2.54 

August 
Day Amount(in) 
4 0.09 
8 0.23 
14 1.90 
17 1.89 
19 0.27 
20 1.01 
22 0.26 
23 0.18 
24 0.65 
2 5 0.17 
26 0.32 
31 0.09 
TOTALS 
12 7.07 

November 
Day Amount(in) 
1 0.10 
2 0.23 
12 0.25 
14 2.20 
15 0.09 
TOTALS 
5 2.86 

September 
Day Amount(in) 
3 0.11 
5 0.16 
8 0.23 
9 0.26 

11 1.50 
13 0.72 
16 0.23 
19 0.85 
2 0 0.24 
23 1.07 
3 0 0.22 
TOTALS 
11 5.59 

December 
Day Amount(in) 
4 0.16 
5 0.12 
6 0.16 
7 0.23 
8 0.11 
12 0.08 
17 1.48 
2 1 0.18 
25 0.24 
3 1 0.32 
TOTALS 

9 3 . 0 9  



Figure C6 - Rainfall Record for Year "1963" 

January 
D a y  Amount(in) 
1 0.11 
4 0.14 
6 0.12 
9 2.58 
10 0.14 
11 0.03 
15 0.11 
21 0.13 
22 0.25 
25 0.11 
27 0.12 
29 0.13 
TOTALS 
12 3.98 

April 
D a y  Amount(in) 
7 0.11 
8 0.09 
10 0.10 
12 0.04 
13 0.05 
16 0.10 
22 0.09 
25 0.10 
29 0.10 
3 0 2.13 
TOTALS 
10 2.92 

February 
D a y  Amount(in) 
4 0.13 
6 0.16 
9 0.09 
11 0.10 
19 0.04 
22 0.08 
24 2.74 
27 0.10 
2 8 0.11 
TOTALS 
9 3.55 

M a y  
D a y  Amount(in) 
3 0.15 
8 0.03 
9 0.22 
14 0.16 
18 1.13 
2 0 1.90 
24 0.16 
2 5 0.10 
2 6 0.19 
27 0.16 
29 0.18 
TOTALS 
11 4.36 

M a r c h  
D a y  Amount(in) 
3 0.03 
4 0.02 
6 0.08 
7 0.03 
11 0.09 
14 0.14 
15 3.18 
16 0.32 
2 0 0.16 
2 6 0.14 
3 1 0.14 
TOTALS 
10 4.33 

June 
D a y  Amount(in) 
3 0.11 
9 0.28 
13 0.27 
15 0.23 
2 0 2.90 
22 0.23 
23 0.26 
24 0.09 
25 0.28 
27 0.29 
29 0.44 
TOTALS 
11 5.40 



Figure C6 - continued 

July 
Day Amount(in) 

10 0.27 
12 0.23 
14 0.28 
16 0.28 
17 0.35 
2 0 0.17 
25 4.87 
2 6 0.23 
2 8 0.18 
TOTALS 
13 7.56 

October 
Day Amount(in) 
2 0.17 
3 1.34 
4 0.23 
6 0.16 
15 0.16 
18 0.28 
24 0.09 
3 0 0.13 
TOTALS 
8 2.55 

August 
Day Amount(in) 
2 0.36 
4 1.38 
6 0.14 
10 0.19 
14 0.05 
17 4.31 
22 0.24 
2 5 0.17 
3 0 0.17 
TOTALS 
9 7.02 

November 
Day Amount(in) 
9 0.25 
17 0.09 
18 0.09 
23 1.93 
2 6 0.12 
29 0.28 
TOTALS 
6 2.76 

September 
Day Amount(in) 
3 0.18 
5 4.60 
8 0.24 
16 0.28 
2 0 0.12 
24 0.18 
TOTALS 
6 5.60 

December 
Day Amount(in) 
10 0.04 
12 0.07 
22 0.16 
23 0.19 
2 6 0.21 
27 0.08 
29 2.31 
3 1 0.08 
TOTALS 
8 3.13 



Figure C7 - Rainfall Record for Year "1964" 

January 
D a y  Amount(in) 
1 0.11 
4 0.14 
6 0.12 
9 2.58 
10 0.14 
11 0.03 
15 0.11 
21 0.13 
22 0.25 
25 0.11 
27 0.12 
29 0.13 
TOTALS 
12 3.98 

A p r i l  
D a y  Amount(in) 
1 0.16 
3 0.10 
6 0.09 
7 0.10 
10 0.49 
12 0.09 
2 0 0.09 
2 5 0.09 
28 1.62 
29 0.05 
TOTALS 
10 2.88 

February 
D a y  Arnount(in) 
6 0.02 
7 0.05 
8 0.12 
10 0.12 
12 0.54 
13 2.11 
17 0.10 
19 0.11 
21 0.12 
2 5 0.33 
TOTALS 
9 3.62 

M a y  
D a y  Amount(in) 
1 0.19 
2 0.18 
3 0.64 
6 0.02 
7 0.17 
9 0.18 
16 2.08 
2 0 0.08 
22 0.10 
23 0.35 
25 0.12 
29 0.16 
TOTALS 
12 4.26 

M a r c h  
D a y  Amount(in) 
10 0.13 
11 0.14 
13 0.03 
14 0.04 
19 0.03 
2 0 0.71 
23 0.45 
2 6 2.51 
2 8 0.07 
29 0.13 
TOTALS 
9 4.24 

June 
D a y  Amount(in) 
3 0.26 
4 0.31 
8 0.48 
9 1.03 
15 0.30 
16 0.05 
17 0.29 
18 0.36 
23 1.34 
27 0.25 
2 8 0.82 
TOTALS 
11 5.47 



Figure C7 continued 

July 
Day Amount(in) 
2 0.18 
5 0.26 
7 1.25 
10 1.05 
16 0.32 
2 0 0.62 
2 1 0.80 
22 0.06 
24 2.69 
2 5 0.03 
2 6 0.25 
29 0.05 
3 1 0.19 
TOTALS 
13 7.74 

October 
Day Amount(in) 
1 0.10 
12 0.07 
13 1.51 
17 0.18 
19 0.30 
24 0.22 
2 8 0.24 
TOTALS 
7 2.61 

August 
Day Arnount(in) 
1 0.15 
2 0.24 
7 0.25 
10 0.19 
12 0.14 
14 0.36 
15 0.05 
16 0.07 
17 2.16 
19 0.03 
2 0 0.14 
23 1.03 
24 0.15 
26 1.20 
29 0.78 
TOTALS 
15 6.93 

November 
Day Amount(in) 
2 0.03 
5 0.93 
6 0.25 
7 0.26 
8 0.10 
14 0.22 
16 0.79 
18 0.03 
2 1 0.09 
2 8 0 . 0 9  
TOTALS 
10 2.78 

September 
Day Amount(in) 
2 2.39 
11 0.24 
12 1.02 
14 0.23 
19 0.10 
2 1 1.01 
2 3 0.20 
2 6 0.26 
3 0 0.26 
TOTALS 
9 5.72 

December 
Day Arnount(in) 
2 0.03 
6 0.27 
12 0.10 
14 0.13 
15 0.22 
17 0.09 
18 0.04 
19 0.11 
23 1.23 
2 4  0 . 4 4  
2 5 0.34 
2 9 0.08 
TOTALS 
12 3.07 
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Table C5 contintued 

July 
September 
November 

Day 
Amount ( 

Day 
Amount ( 

Day 
Amount ( 

3 
0.43 
3 

0.11 
1 

0.10 
4 

0.27 
5 

0.16 
2 

0.23 
7 

0.03 
8 

0.23 
12 
0.25 
8 

0.22 
9 

0.26 
14 
2.20 
13 
0.39 
11 
1.50 
15 
0.09 
14 
0.18 
13 
0.72 

in) 

in) 

in) 

December 
19 
3.33 
16 
0.23 
Day 

Amount (in) 
22 
1.36 
19 



0.85 
4 

0.16 
25 
0.67 
20 
0.24 
5 

0.12 
27 
0.19 
23 
1.07 
6 

0.16 
28 
0.26 
3 0 
0.22 
7 

0.23 
August 
October 

8 
0.11 
Day 

Amount (in) 
Day 

Amount (in) 
12 
0.08 
4 

0.09 
7 

0.27 
17 
1.48 
8 

0.23 
8 

1.19 
21 
0.18 
14 
1.90 
10 
0.09 
25 
0.24 
17 
1.89 
11 
0.29 
31 
0.32 
19 
0.27 



Table C 3  - R a i n f a l l  Data 

January 

Day 

1 

4 

6 

9 

10 

11 

15 

21 

22 

25 

Amount 
(in) 

0.11 

0.14 

0.12 

2.58 

0.14 

0.03 

0.11 

0.13 

0.25 

0.11 

for Year "1963" 

March 

Day 

3 

4 

6 

7 

11 

14 

15 

16 

20 

2 6 

May 

Amount 
(in) 

0.03 

0.02 

0.08 

0.03 

0.09 

0.14 

3.18 

0.32 

0.16 

0.14 

Day 

3 

8 

9 

14 

18 

20 

24 

25 

26 

27 

Amount 
(in) 

0.15 

0.03 

0.22 

0.16 

1.13 

1.90 

0.16 

0.10 

0.21 

0.14 



1 .  29 1 0.13 1 April I June 

Feburary Day Amount Day Amount 
(in) (in) 

Day Amount 7 0.10 3 0.11 
(in) 

4 0.13 8 0.12 9 0.28 

6 0.16 10 0.08 13 0.27 

9 0.09 12 0.04 15 0.23 

11 0.10 13 0.05 20 2.90 

19 0.04 16 0.10 22 0.23 

22 0.08 22 0.09 23 0.26 

24 2.74 25 0.12 24 0.09 

27 0.10 29 0.08 25 0.28 

28 0.11 30 2.13 27 0.29 

29 0.44 

Table C3 cont'd 

1 July I September 1 November 

1 14 1 0.18 1 October I December 

Day 

1 

2 

5 

6 

10 

12 

Arnoun t 
(in) 

0.07 

0.28 

0.27 

0.19 

0.27 

0.23 

16 

17 

20 

25 

26 

Day 

3 

5 

8 

16 

20 

24 

Amount 
(in) 

0.18 

4.60 

0.24 

0.28 

0.12 

0.18 

Day 

9 

17 

18 

23 

26 

29 

0.28 

0.35 

0.17 

4.87 

0.23 

Amount 
(in) 

0.25 

0.09 

0.09 

1.93 

0.12 

0.28 

Day 

2 

3 

4 

6 

Amount 
(in) 

0.17 

1.34 

0.23 

0.16 

Day 

10 

12 

22 

23 

Amount 
(in) 

0.04 

0.07 

0.16 

0.19 



Table C4 - Rainfall Data for Year "1964" 

28 0.18 

June 

- 

January 

17 

19 

21 

24 

27 

August 

Day 

3 

4 

6 

7 

9 

13 

14 

15 

Day 

2 

4 

6 

10 

14 

17 

22 

25 

30 

Amount 
(in) 

0.95 

0.13 

0.06 

0.06 

0.13 

0.13 

0.03 

March 

I 

February 

26 0.16 

18 

24 

30 

Amount 
(in) 

0.36 

1.38 

0.14 

0.19 

0.05 

4.32 

0.24 

0.16 

0.17 

Day 

2 

4 

5 

6 

9 

12 

16 

May 

0.08 

0.16 

1.80 

0.19 

0.21 

27 

29 

31 

0.28 

0.09 

0.13 

Arnoun t 
(in) 

0.03 

0.09 

0.07 

0.12 

0.03 

0.12 

1.57 

Day 

1 

2 

3 

6 

7 

9 

16 

0.13 

0.21 

1.76 

0.17 

I 

20 

28 

29 

31 

1 

0.08 

2.31 

0.08 

Arnoun t 
(in) 

0.19 

0.18 

0.64 

0.02 

0.17 

0.18 

2.08 

20 

22 

23 

25 

0.13 

0.16 

0.08 

0.10 

0.35 

0.12 

29 April 
i 1 

0.16 

Day Arnoun t 
(in) 



I July I September I November I 

Day 

6 

7 

8 

10 

12 

13 

17 

19 

21 

25 
Table C4 

Amount 
(in) 

0.02 

0.05 

0.12 

0.12 

0.54 

2.11 

0.10 

0.11 

0.12 

0.33 
cont'd 

Day 

2 

5 

7 

10 

16 

20 

21 

22 

24 

25 

2 6 

29 

3 1 

3 

6 

7 

10 

12 

20 

25 

28 

29 

Amount 
(in) 

0.18 

0.26 

1.25 

1.05 

0.32 

0.62 

0.80 

0.06 

2.69 

0.03 

0.25 

0.05 

0.19 

Day 

2 

11 

12 

14 

19 

21 

23 

2 6 

3 0 

0.10 

0.09 

0.10 

0.49 

0.09 

0.10 

0.08 

1.62 

0.05 

Amount 
(in) 

2.39 

0.24 

1.02 

0.23 

0.10 

1.01 

0.20 

0.26 

0.26 

Day 

2 

5 

6 

7 

8 

14 

16 

18 

21 

28 

August 

Amount 
(in) 

0.03 

0.93 

0.25 

0.26 

0.10 

0.22 

0.79 

0.03 

0.09 

0.09 

Day 

3 

4 

8 

9 

15 

16 

17 

18 

23 

27 

28 

October 

Amount 
(in) 

0.26 

0.31 

0.48 

1.03 

0.30 

0.05 

0.29 

0.36 

1.34 

0.25 

0.82 

Day 

1 

12 

13 

17 

December Amount 
(in) 

0.10 

0.07 

1.51 

0.18 

Day 

2 

6 

12 

Amount 
(in) 

0.03 

0.27 

0.10 





APPENDIX D: Calculation of Soil Temperature Variance a t  30 feet Soil Depth 

The equation for the maximum variance of soil temperature is found in a National 
Rural Electric Cooperative Association (NRECA) publication entitled Closed-Loop/Ground 
Source Heat Pump Systems - Installation Guide. published in 1988. The full reference is 
given at the end of Section 4. 

The equation for the maximum variance of Soil Temperature is given as follows: 

where T,,, is the Maximum or Minimum Soil Temperature at this depth (T),  TAVgmAir = 
Average Air Temperature (OF),  A, = Annual Surface Soil Temperature Swing (T),  X, = Soil 
Depth (ft), and a = Soil Thermal Diffusivity (ft /day). 

A,, the annual temperature swing in eastern North Carolina, was taken to be 35 T ,  which is 
the difference between the warmest month's average temperature (July, 80.7T) and the 
coolest month's average temperature (January, 45.6T). This data is found using the Cirrus 
System of the Southeast Climate Data Center. 

X, was set to be 30 feet, or approximately 10 meters. This is a depth that has a temperature 
that very slightly deviates from the Average Air Temperature. 

a was taken from the NRECA publication to be 0.84 ft2/day for a saturated heavy soil, which 
is. typical under wetland conditions. 

Inserting these variables, the equation becomes: 

So at a depth of 30 feet, or approximately 10 meters, the maximum change in Soil 
Temperature is less than one degree Celsius. The variance in soil temperature at such a depth 
is negligible, as stated in Section 4. 





APPENDIX E: Calculation of Time Needed for a Site to Become Reduced 
A sample calculation is given, showing the process used to determine how long a site 

needed to be continuously saturated before it became reduced. 

Example : 
Location: forest near Plymouth, NC 
Redox Level on December 15, 1993: approximately 830 mV 
Redox Level on January 14, 1994: approximately 420 mV 
Approximate Soil Temperature: 5 degrees Celsius 

There was roughly a 400 mV drop in a 31 day period. This reduction occurred once 
the site became saturated. 

Extrapolating the 400 mV drop in 30 days into the corresponding number of days 
needed for a 450 mV drop, the number of days needed for the site to be continuously 
saturated and obtain a 450 mV drop is 35 days. 

This process was repeated for each of the sites listed in Section 4. A table containing 
the length of saturation, the actual millivolt decline, the extrapolated time needed for a 450 
mV decline, the average soil temperature, and the associated reference is given in Table E l .  

Table El .  Listing of Times that given sites need to be continuously saturated for a drop in 
redox state of 450 mV to occur. 

-- 

Soil 
Temper- 

ature 
(Celsius) 

Location 

Plymouth, NC 
Wetland 

Plymouth, NC 
Wetland 

Plymouth, NC 
Wetland 

Plymouth, NC 
Wetland 

Plymouth, NC 
Wetland 

Plymouth, NC 
Wetland 

Plymouth. NC 
Forest 

Reference/ 
date 

unpublished 
data 

unpublished 
data 

unpublished 
data 

unpublished 
data 

unpublished 
data 

unpublished 
data 

unpublished 
data 

WelV Plot 
Number 

OR 
Soil Type 

3-WET 

FLUME 

2-WET 

3-WET 

FLUME 

GW-47a 

Site f4 

Length of 
Saturation 
(days) 

18 

18 

18 

14 

14 

23 

7 

Measured 
Drop in 

Eh 
(mV) 

350 

350 

400 

400 

500 

400 

150 

Time 
to 450 

mV 
(days) 

23 

23 

20 

16 

13 

26 

21 
I 



WelY Plot 
Number 

OR 
Soil Type 

Length of 
Saturation 
(days) 

Measured 
Drop in 

Eh 
(mV) 

Time 
to 450 

mV 
(days) 

Soil 
Temper- 

ature 
(Celsius) 

Location Reference1 
date 

Plymouth, NC 
Forest 

unpublished 
data 

Site f6 

Plymouth, NC 
Agriculture 

Gilliam & 
Gambrell , 
1978 

Goldsboro 

Plymouth, NC 
Agriculture 

Gilliam & 
Garnbrell, 
1978 

Goldsboro 

Plymouth, NC 
Agriculture 

Gilliam & 
Gambrell, 
1978 

Goldsboro 

Louisiana Faulkner & 
Patrick, 
1992 

Rosebloom 

Louisiana Faulkner & 
Patrick, 
1992 

Kobel 

Louisiana Faulkner & 
Patrick, 
1992 

Rosebloom 

Louisiana Faulkner & 
Patrick, 
1992 

Arkabutla 

Louisiana Faulkner & 
Patrick, 
1992 

Kobel 

- -  - 

Pickering & 
Veneman, 
1983 

- 

Paxton I Massachusetts 

I Massachusetts Pickering & 
Veneman, 
1983 

Rainbow 

Massachusetts Pickering & 
Veneman, 
1983 

Scarboro 



WelY Plot 
Number 

OR 
Soil Type 

Time 
to 450 

mV 
(days) 

Soil 
Temper- 

ature 
(Celsius) 

Location Reference1 
date 

Length of 
Saturation 
(days) 

Massachusetts 

Measured 
Drop in 

Eh 
(mV) 

Pickering & 
Veneman, 
1983 

Ridgebury 

Massachusetts Pickering & 
Veneman, 
1983 

Rainbow 

Michigan McKenzie et 
al., 1960 

Kalkaska 
Sand 

Michigan McKenzie et 
al., 1960 

Roscommon 
Sand 




