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SECTION 1
INTRODUCTION

In comprehensive gatudies of Great Lakes pollution from land use
activities, the large agricultural river basins of northwestern Ohio stand out
as major problem areas (IJC, 1980a). These basins contribute high unit area
yields of sediment, phosphorus, and nitrogen to the western and central basins
of Lake Erie. The high sediment and nutrient yields are associated with
intensive row crop agriculture on the fine textured soils of this region.
Agriculturally-derived nutrients, coupled with the point source nutrient
loading from the area's population centers and the morphometry of the Lake
Erie basin, have resulted in accelerated eutrophication of these waters and
associated water quality problems.

The Maumee, Portage, Sandusky and Huron Rivers of northwestern Ohio have
been the sites of detailed studies of nutrient and sediment transport.
Initially these studies were aimed at determining the total loading of
nutrients and sediments from these rivers into Lake Erie, so that both total
loads and the relative contributions of point and nonpoint sources could be
determined. By 1975, it ©became evident that nonpoint sources accounted for
more total phosphorus inputs into Lake Erie than point sources, and that point
source controls would be inadequate to achieve the phosphorus load reductions
considered necessary to reverse the eutrophication of Lake Erie (COE, 1975).

In 1975, the river transport studies within the Sandusky River Basin were
expanded to include a network of nine stations, including six large tributary
watersheds and three mainstream stations. The expanded studies were aimed at
identifying critical watersheds with respect to sediment and nutrient yields
and to study the effects of mainstream transport processes on the delivery of
both point and nonpoint~derived pollutants to the lake.

Concurrently with the river transport studies, detailed studies were
being conducted to determine the applicability of various agricultural best
management practices for reducing nutrient and sediment losses from cropland
in these river basins (COE, 1979). These studies concluded that a variety of
conservation tillage practices, including no-till, could significantly and
economically reduce phosphorus 1loading to Lake Erie. A major tillage
demonstration project was initiated in the Honey Creek Watershed of the
Sandusky Basin under the direction of a Joint Board of Soil and Water
Conservation District Supervisors and supported by both the U.S. Army Corps of
Engineers and the Agricultural Stabilization and Conservation Service. The
results of the Honey Creek Project, and other tillage demonstration projects
in the area, suggest that many of the area's soils are suitable for
conservation tillage management and that these methods, when properly
implemented, offer economic advantages to farmers (Honey Creek Joint Board,
1980; Allen County Soil and Water Conservation District, 1980).

The major impetus for transition to conservation tillage in this area is
likely to be the economic advantages these methods provide to farmers. 1In
adopting these methods, farmers are simultaneously implementing an
agricultural nonpoint source pollution abatement program in an area where
adverse impacts of agriculturally derived pollutants on a major water resource
have been documented. In recognition of these potential water quality
benefits, the use of water quality management resources to facilitate rapid




and successful transitions to conservation tillage in this region has been
initiated through agreements between Region V of the U.S. Environmental
Protection Agency and the Ohio Department of Natural Resources. Thus, this
region is about to move from demonstration projects to area-wide
implementation programs.

In anticipation of changing agricultural technology in this region, an
additional objective of the river transport studies has been to obtain
adequate background data upon which to evaluate the effectiveness of
best-management-practices in reducing sediment and nutrient export from large
agricultural river basins. To date, the effectiveness of conservation tillage
programs in reducing nutrient and sediment losses have been evaluated largely
in plot or small watershed studies. Many questions remain to be answered
concerning the effectiveness of these programs in reducing gsediment and
nutrient yields from large river basins (Bachmann, 1980). In particular,
uncertainties about possible changes in delivery ratios, enrichment ratios,
and bioavailability create parallel uncertainties about reductions in nutrient
and sediment yields.

A major difficulty in documenting the environmental benefits of
conservation tillage programs is the large annual variability in sediment and
nutrient export by river systems. Consequently, considerable effort in these
studies has gone into characterizing the variability in sediment and nutrient
export at the transport stations. In addition a rainfall monitoring program
has been established in the Sandusky Basin to provide more information for
correlation with material export from the watersheds. Until the effectiveness
of agricultural nonpoint controls is evaluated in connection with major, large
scale implementation programs, efforts toward effective integration of point
and nonpoint source control programs will be hampered.

Support for the collection of the data sets discussed in this report has
come from many sources. These include: 1) research grants from the U.S. EPA
for studies of flow augmentation (16080DF0 01/71) and river transport (R
805436-01-02); 2) contracts with the Toledo Metropolitan Area Council of
Governments as part of their 208 Planning Study; 3) contracts with the Army
Corps of Engineers for data collection in support of the Lake Erie Wastewater
Management Study; 4) contracts with the Ohio Department of Natural Resources
for upground reservoir management studies; 5) grants from the Rockefeller
Foundation and the Soap and Detergent Association for studies of agricultural
nonpoint pollution; 6) grants from the cities of Tiffin, Bucyrus, and Upper
Sandusky for evaluating instream benefits of phosphorus removal programs; and
7) support from Heidelberg College for matching funds and data collection
during interim periods between external funding sources. The stream gaging
programs operated by the U.S. Geological Survey with support from the Ohio
Environmental Protection Agency, the Ohio Department of Natural Resources and

the U.S. Army Corps of Engineers provided the flow data essential to these
studies.

Given the support described above, it has been possible to develop what
may be the most detailed data sets available in the United States for
analyzing and characterizing the export of sediments and nutrients in large
agricultural river basins. A major use of this data has been within the Lake
Erie Wastewater Management Study (COE, 1979). The tributary loading data
developed by the Corps of Engineers and based in large part on northwestern
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Ohio rivers has been used by the International Joint Commission in developing
phosphorus management strategies for the Great Lakes Basin. The data has also
been used to develop and test river transport models as part of the Lake Erie
Wastewater Management study (Verhoff, et al., 1978). These data were also
used extensively in the Maumee Basin Pilot Watershed Report (Logan, 1978).
Data from the Honey Creek watershed has been used in connection with testing
the EPA's Nonpoint Source Model (Cahill, et al., 1979) and as part of an
EPA-sponsored statistical correlation study of sediment-pollutant relationship
(Zison, 1980). The Great Lakes Basin Commission selected the Sandusky Basin
Data sets for illustrating the application of the Watershed Model for
integrating point and nonpoint phosphorus control programs (Monteith, et al.,
1980). The data have also been used in the Ohio EPA's Sandusky Basin 208
i Study, in the Toledo Metropolitan Area Council of Government's 208 Study, and

in local water quality planning programs by cities along the Sandusky River.
The data are available in the STORET system. Data through the 1977 water year
have been published by the Corps of Engineers (coE, 1978).

presented along with the methods used in the collection of the river transport
data. The report includes both summary data on loading from each watershed,
as well as, detailed examples of the characteristics of nutrient and sediment
transport as it occurs in rivers of this region. Some implications of the
data for water quality management planning programs are presented. The
appendix includes a generalized river transport model based on an extension of
the transport models developed in the Lake Erie Wastewater Management study.

F In this report background information on each of the watersheds is




SECTION 2

CONCLUSIONS

The unit area yields of phosphorus and nitrate from the river basins of
northwestern Ohio are high relative to other agricultaral watersheds.
Most of the loading occurs during the short periods of time associated
with storm flows. This area is the largest contributor of
agriculturally-derived pollutants affecting the Great Lakes.

The concentrations of sediments, total phosphorus, and nitrates all tend
to increase with increasing stream flow while the concentrations of
chlorides and conductivities decrease with increasing flow. For all
parameters studied except dissolved orthophosphorus, there are large
differences between flux weighted mean concentrations and time weighted
mean concentrations.

During individual storm events, the concentrations of sediments, total
phosphorus and TKN generally show advanced peaks relative to the
hydrograph peak while nitrates show a +trailing peak. The latter is
probably due to the delayed arrival at the gaging station of nitrate-laden
tile effluents relative to surface runoff. Minimum conductivities and
chloride concentrations occur simultanecusly with the peak flows. Both
resuspension associated with the passage of storm waves and routing of
surface runoff account for the advanced sediment and total phosphorus
peaks.

Storms with equal peak flows can have widely differing flux weighted mean
concentrations of sediments, phosphorus, and nitrates. Furthermore the
flux weighted mean concentrations did not show a significant increase as
the peak flows increased. In contrast the flux weighted conductivity did
decrease as peak storm flows increased.

The large variability in nutrient and sediment loads for storms of equal
size suggest that material export is not limited by the transport capacity
of the rivers but rather by the movement of materials from the land
surface to the stream system. Thus, reductions in river export should
accompany nonpoint control oprograms that reduce material transport from
the land surface to the stream systems. Possible increases in stream bed
or stream bank erosion associated with the sediment carrying capacity of

the stream will not prevent the occurrence of load reductions associated
with control programs.

There are large annual variations in both loading and flux weighted
concentrations of sediments and nutrients at the transport stations. Both
the total annual runoff and the proportion of winter to summer runoff
affect the flux weighted mean concentrations in a given year. For most
parameters the summer and winter periods yield significantly different
concentration-flow relationships.

The total and particulate phosphorus to sediment ratios in individual
samples are highly variable and decrease as the sediment concentrations
increase. This gives rise to annual variations in the phosphorus to
sediment ratios, depending in large part on the proportion of winter
summer runoff in a particular year.
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8. Given large data sets, calculations of mean annual loading using flow
duration tables are accompanied by small standard errors of the estimate. .
Consequently, if agricultural nonpoint control programs reduce loading by :
lowering the average concentrations occurring in various flow intervals,
such reductions should be detectable in the study basins. These data sets
provide baseline information upon which to judge the effectiveness of !
agricultural norpoint control programs.

9. The sediment delivery ratios in the study watersheds range from 6.2 to :
11.9% while average gross erosion rates vary from 4.2 to 9.4 T/ha/yr. The
delivery ratios are not correlated with the size of the watershed but are
inversely correlated with the gross erosion rate. There is no correlation
between gross erosion rates and unit area nonpoint phosphorus yields.
These observaticns raise doubts about the concept of "critical areas” and
the use of gross erosion rates in their identification. The sediment and
phosphorus yields from these large watersheds may be more related to the
amount of clay e¢ntrained by rain drop impact and subsequent surface
runoff. Tillage rractices which increase cover and/or decrease runoff

could reduce sediment and phosphorus yields from areas of both high and
low gross erosicn.

10. Several assoc-ated studies suggest that approximately 35% of the
particulate phosphorus loading from northwestern Ohio rivers is
biocavailable. /ssuming that all of the dissolved reactive phosphorus is

bioavailable, about 50% of the total phosphorus loading from these rivers .
is bioavailable. }

11. Both concentrat on profiles and flux exceedency data indicate that point

source phosphorus, most of which is in the form of soluble reactive

phosphorus when it enters streams, is rapidly taken up into the stream

sediments. The'e is indirect evidence that less than 100% of the

point-source -derived phosphorus is subsequently delivered out of the

stream system. Limited data suggests that the bioavailability of

particulate p:osphorus exported during storms is no greater from

watersheds contiining large point source phosphorus inputs than from
watersheds that are strictly agricultural. Apparently the bioavailability , {
3 of point-source--derived particulate phosphorus is no greater than that of
) nonpoint-source--derived particulate phosphorus. 1

12. Most of the sol ible reactive phosphorus exported during storm events is .
derived from noipoint sources. The short retention time of storm flows in !
the lower port ons of rivers or in estuaries, bays and the nearshore zone
may result in igh deliveries of nonpoint-derived soluble phosphorus

¢ through these 2zones to the open lake. In contrast, point-source
phospho.us ente 'ing these zones may be subject to deposition  and
transformation o0 less bioavailable forms. '

rwe - -

13. Concentration ec¢ceedency data at the transport stations show that both
nitrate and coniuctivities exceed the state's drinking water standards
from two tc fise percent of the time. The highest nitrate concentrations
occur in the sp-~ing and early summer when the rainfall duration and
intensity resul- in a high proportion of tile effluent in comparison with
surface runoff. Highest conductivities occur during winter 1low flow

s




; "”‘1llIlllllllllIIllIIlIIIIIlIllllIlIlIlllllllllllllIlllllIIIlIIllllIIIIIIlIllIIlllllllllllllllllllllll.‘

periods.

14. Quality control testing done in connection with these studies show that,
although significant changes in concentrations of soluble phosphorus and
nitrate do occur during one week of storage without preservation, the
changes are small relative to the errors in loading calculations
associated with flow measurements or errors that would be introduced by
less frequent sample collection.
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SECTION 3

RECOMMENDATIONS

Documentation of the effectiveness of conservation tillage programs in
reducing nutrient and sediment export from large agricultural river basins is
needed before large scale, integrated, point-source/nonpoint-source control
programs can be initiated. Existing demonstration projects in this region
have shown that conservation tillage can be successful from the standpoint of
crop production. The actual acveages currently committed to these management
practices are, however, small in comparison to the extent of conventional
tillage. Data at the +transport stations discussed in this report are
essentially baseline data reflecting nutrient and sediment export under
conventional tillage programs.

Given the economic advantages of conservation tillage programs on several
of the important soil types in this region, farmers throughout this area are
likely to be adopting these practices. This will simultaneously constitute a
gradual, area wide implementation of an agricultural nonpoint pollution
control program. Evaluation of the environmental impacts of such a program
will be difficult and require long term studies.

Where funds for water pollution abatement are being used to foster the
adoption of conservation tillage programs, substantial portions of these funds
should be directed toward specific, large watersheds. This should result in a
more rapid conversion to conservation tillage in these watersheds and allow
for an earlier assessment of environmental benefits, as well as any unforeseen
environmental problems, that could accompany conservation tillage technology.
Such an approach would also provide information on the feasibility and

procedures for achieving a high proportion of conservation +tillage in large
watersheds.

In environmental assessments of conservation tillage programs in large
watersheds, measurements of the biocavailability of particulate phosphorus and
paticle size analyses for suspended solids should be included. Also pesticide
runoff measurements should be added since the tillage programs may well
increase tile flow relative to surface runoff and thereby provide a rather
direct pathway for the movement of soluble pesticides, as well as nitrates, to
the stream system. The impact of changing agricultural +technology on
biological communities in the stream ecosystem should also be included in the
assessment programs. It will also be necessary to monitor the changing

distribution of tillage practices, both in the targeted watersheds and in
ad jacent control watersheds.

Data sets of the type developed in the Sandusky Basin should also be used
to explore possible cost savings through time-variable management at municipal
sewage treatment plants. Integrating flow augmentation from existing upground
reservoirs with both point and nonpoint controls would provide the most
effective and economical water quality management programs for this region.
The application of the Watershed Model, as developed by the Great Lakes Basin
Commission, should Dbe considered for the Sandusky Basin. The concepts of the
model, as it is applied to phosphorus, should be extended to other water
quality parameters.
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SECTION 4

DESCRIPTION OF THE STUDY AREA

LOCATION OF THE STUDY BASINS

This report includes data collected in the Maumee, Portage, Sandusky and
Huron River Basins in northwestern Ohio. The Maumee and Portage drain into
the western basin of Lake Erie, and the Sandusky and Huron empty into the
southwestern corner of the central basin of the Lake (Figure 1). The drainage
basins of these rivers and the associated areas draining directly into the
lake have a total area of about 25,000 sq. km. or 45% of the land in the
United States which drains into Lake Erie. It has been estimated that these
rivers account for 73% of the agriculturally derived sediments which enter
Lake Erie from the United States and for 39% of the agriculturally derived
sediments entering the entire Great Lakes system from the United States
(PLUARG, 1974). The primary focus of this study is the Sandusky River Basin
which contains a network of 10 river transport stations.

GEOLOGY

The geology of the Sandusky River Basin has been described in detail by
Forsyth (1975). The basin occupies glacial plains composed of ground moraine
crogssed by the Defiance, Fort Wayne, and Wabash end moraines (Figure 2).
North of Tiffin and in several isolated areas in the southern part of the
Basin, the glacial till is overlain by glacial lake sediments. Alluvial soils
are restricted to narrow bands along the stream systems. The underlying
bedrock is mostly Silurean-Devonian carbonates, with Devonian shale and
sandstone in the southeast (Figure 3). The topography is relatively flat
except for the areas occupied by the end moraines and where streams have cut
through the glacial till.

SAMPLING STATIONS

Most of the stream transport studies have been conducted at the 12 USGS
stream gages listed in Table 1. The stations on the Maumee, Portage and Huron
Rivers and the Fremont station on the Sandusky are located at the stream
gaging stations nearest Lake Erie where tributary loading data for the 1lake
are collected. A short distance downstream from these gaging stations
esturine-like conditions develop in each of these rivers. On the Maumee,
Portage and Huron rivers the samples were collected at chemical monitoring
stations located near the stream gage rather than at the gage itself. In the
Sandusky network of stations, all of the samples were collected at the stream
gaging stations. The locations of the river mouth stations and the Sandusky
network of stations are shown in Figures 4 and 5. The drainage area, period

of hydrological record, and average discharge for each station are listed in
Table 1.
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Figure 2. Glacial map of the Sandusky River Basin area. Glacial E
deposits shown are end moraines (enclosed by hashures and '
named), ground moraine (left white), lake beaches (marked
by black bands and named), and lake-bottom silts and clays
(identified by horizontal-dash pattern). Areas of alluvial :
deposits along the Sandusky River and its tributaries are Ly
too small to be shown on this map. (After Forsyth, 1975). i
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Figure 3. Bedrock geologic map of the Sandusky Basin area.
Bedrock units are identified by the following symbols.

M - Mississippian Berea Sandstone (and other Mississippian . :
units) i
Do - Devonian Chio Shale

Dcd - Devonian Columbus and Delaware Limestones

Stm -~ Silurian Tymochtee and "Monroe" Dolostones

Sa - Silurian Greenfield Dolostone

Sr. - Silurian Niagaran-aged Lockport Dolostone

All these rock units are dipping very gently to the east, as
a result of their location on the east limb of the Cincinnati
Arch. (After Forsyth, 1975). .
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Table 1. Locations, station numbers, areas, periods of hydrological record, and average discharge for stream
trangport stations in northwestern Ohio. (USGS, Water Quality Records for Chio, Volume 2, 1979),
Gaging Station Sampling Station Area P;:xzd rdo‘f ;\ir:r:qe o
Stream Location I.D. Location 1.D. 2 < 3 Pischarg
Km Yrs. m /s mm/yr.
Maumee at Waterville 04193500 near Waterville 04193490 16,395 54 136.4 262
Portage at Woodville 04195500 in wWoodville 04195600 1,109 47 8.836 251
Sandusky near Bucyrus 04196000 same as 04196000 230 38 2.438 355
gaging station
Broken near Nevada 04196200 same as 04196200 271 3.5 2.45%+ 2g5ee
Sword gaging station
Sandusky near Upper 04196500 same as 04196500 722 55 6.88. 281
Sandusky gaging station
Tymochtee at Crawford 04196800 same as 04196800 593 15 4.814 256
gaging station
Sandusky near Mexico 04197000 same as 04197000 2,005 S3 16.40 258
gaging station
Honey Creek  at Melmore 04197100 same as 04197100 386 3.5 3.32*r 271
gaging station
Wolf Crewk at Bettsville 04197300 same as 04197300 171, 3.5 1.42%% 261
West Br. gaging station
Wolf Creek near Bettsville 04197450 same as 04197450 213 3.5 2.26%* 334
East Br. gaging station
Sandusky near Fremont 04198000 same as 04198000 3,240 53 27.15 264
gaging station
Huron at Milan 0419000 Below Milan 04199100 961 29 8.524 280

*Period of record through the 1979 water year.
**Egtimated by comparison to nearby long term stations.
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Figqure 4. Location of tributary mouth sampling stations for
Lake Erie loading studies from northwestern Ohio
rivers.

WATERSHED CHARACTERISTICS

As part of the Lake Erie Wastewater Management Study a computerized
land-use/land-capability data base was assembled for the entire United States
portion of the Lake Erie Basin (COE, 1979). The data base was organized using
the Land Resource Information System (LRIS) as developed by Resource
Management Associates (Bliss et al., 1975%) This system is based on a cellular
data file containing information on land use, soils, and locations including
watershed and county affiliations. Within each cell the information is coded
for a particular point. The locations of the points are determined using a
systematic unaligned approach in which randomly selected coordinates within
the cells of the first row and column of the cellular grid establish the
position of the points in the remainder of the cells (Bliss et al., 1975).
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Figure 5.

Location of sampling stations in the Sandusky Basin network of river
transport stations.
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In the Sandusky Basin which was selected for more detailed studies, the
cells are 300 m o1 a side {9 hectares) except for the Honey Creek and Rock
Creek watersheds and the Sandusky County portion of the basin where the cells
are 200 m on a side (4 hectares). Thus in the Sandusky Basin above the
Fremont gaging station, approximately 45,000 cells and points have been
encoded. For the Portage River Basin 4 hectare cells were used while for most
of the Maumee and Huron River Basins 36 hectare cells were encoded.

The LRIS syster has been used to produce a variety of summary tables and
maps for watersheds and counties. These tables or maps can reflect: single
features, such as land use, slopes, or soil texture; or co-occurrences of
features, such as cropland on sloping soils with high erodibility (RMA, 1979).

The land use in the watersheds above each of the sampling stations is
summarized in Table 2. Land use was encoded through photointerpretation of

‘table 2. ercent.:je distributicn of major land uses in the study basins.
Tota} Area Cropland Pasture Forest Warer Other
Location m L] LY ) L] 1Y
Maumee, Waterv::(le 16,395 75.6 3.2 8.4 3.5 9.4
Portage River, 1,109 85.5 3.6 5.6 0.9
Woodville
Huron River, Milan 961 75.3 3.5 12.5 2.2 6.4
Sandusky River, 3,240 79.9 2.3 8.9 2.0
Fremont
Sandusky River. 2,005 80.3 2.3 8.7 2.1 6.6
Mexico
Sandusky River, 772 78.0 3.4 9.1 2.0 7.5
Upper
Sandusky River, 230 73.3 4.9 9.4 2.1 10.2
Bucyrus
Tymochtce Creek 593 84.0 1.2 7.¢ P 4.8
Crawford
Honey Creek, Me¢ more 386 82.6 0.6 10.0 n.5 6.3
Broken Sword Cr ek, 217 84.7 1.4 8.5 2.3 4.1
Nevad>
Wolf East, Ft. s3eneca 213 8l.9 2.7 6.3 2.0 7.0
Wolf West, Bett ville 171.5 83.3 1.4 4.7 31 7.6

high altitude infrared photographs taken by NASA, Lewis of Cleveland, Ohio in
June, 1976. The 70,000 to 1 scale photographs were interpreted by the
Environmental Research Institute of Michigan, Ann Arbor, Michigan. The 1land
use categories presented in Table 2 are composite categories of more than 50
separate land uses encoded from the photographs. The dominance of cropland
for all of the watersheds is evident.
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Soils information was taken from modern soil surveys where these were
available. The soil phase and slope classifications were recorded for each
point. A soils properties file containing the physical/chemical properties
for each soil was used in conjunction with the soil phase data.

The percentage of land in each watershed falling within various slope
classifications is shown in Table 3. For each soil phase, unique slope values
were assigned. These values represented the median value of all slopes
observed on that soil during the 1% National Erosion Survey of 1977-78
conducted by the Soil Conservation Services. The dominance of level and
gently sloping lands within the region is evident. There are, however, some
substantial differences in the proportions of soils in the 0.2%, 1% and 3.5%
slope classes among the various watersheds.

Tables 4, 5 and 6 show the composition of these watersheds in terms of
s0il textures, drainage characteristics and soil erodibility. All of these
are taken directly from the soil properties files. Generally fine textures,
poor drainage and high erodibility characterize all of the watersheds. The
Maumee, Portage, and Wolf-West basins have somewhat finer textured soils than
the Sandusky and Huron basins., They also have higher percentages of soils in
the very poorly drained category. In all of the watersheds, tile systems are
used extensively to improve drainage and allow timely field operations.

Co-occurrences of the above watershed features have been published for
all of the major river basins of Lake Erie and for all of the Sandusky River
Basin watersheds (RMA, 1979 b, c). These dual feature summaries include:

1. Land Use and Soil Permeability

2. Soil Permeability and Slope

3. Land Use and Slope

4. Land Use and Soil Texture

5. BSo0il Texture and Slope

6. Slope and Soil Erodability

7. Soil Texture and Erodability

8. Land Use and Erodability

9. Land Use and Soil Drainage Class
10. Land Use and Soil Capability Class

The LRIS system has also been used for producing colored maps which
display such features as land use, surface texture, slope and potential gross
erosion for the Lake Erie Basin (COE 1979) and for the Honey Creek watershed
(Cahill and Pierson, 1979). Suitability maps for cuiatour cropping and no-till
corn production have also been produced for Honey Creek. As part of the LEWMS
study, sets of maps and summary tables are being produced for each county in
the U.S. portion of the Lake Erie Basin. In addition the maps and tabular
summaries will be aggregated into watershed boundaries for $ river basins, one
of which is the Sandusky Basin. These maps are extremely useful in
identifying potentially critical areas and in planning appropriate nonpoint
pollution abatement programs.
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Table 3. The areal percentage of lands in various slope classifications for the study watersheds.

less than Slope Classification
Watershed 0.2% 0.5% 1.08 2.08 3.5% 6-8% 9-11% 12-140 15-17% 188
or greater
Maumee 42.78 9.9% 18.7% 1.5% 23.8% 0.1% 2.3 0.2% 0.5% 0.3%
Portage 57.: 13.9 1.5 1.4 23.5 1.7 0.9 0.0 0.0 0.0
Sandusky 15.9 8.6 35.2 0.0 33.7 0.0 4.8 0.0 0.6 1.1
(Bucyrus)
Broken Sword 11.1 8.9 33.6 0.0 40.6 0.0 S.4 0.0 0.1 0.3
Sandusky 18.4 9.3 31.3 0.0 34.7 0.0 4.6 0.0 0.8 0.9
{Upper Sandusky)
Tymochtee 34.0 8.4 35.7 0.1 17.9 0.0 2.¢ 0.0 1.0 0.6
Sandusky 21.4 8.9 34.4 0.1 29.2 0.0 3.9 0.0 1.1 1.0
(Mexico)
Honey Creek 6.9 7.8 49.0 4.6 29.2 0.7 1.7 0.0 0.0 0.0
(Melmore)
Wolf Creek 46.3 1.7 41.7 0.0 10.3 0.0 0.0 0.0 0.0 0.0
(West)
Wolf Creek 16.2 2.7 63.4 0.0 17.7 0.0 0.0 0.0 0.0 0.0
(East)
Sandusky 19.0 8.2 38.8 0.8 28.8 0.1 3.1 0.0 0.7 0.6
(Fremont)
Huron 2.7 11.0 18.0 43.8 7.8 13.9 0.7 1.5 0.3 0.4
Table 4. Percentage distribution of soil textures in the study watersheds.
|
i
silty sand Pine Loamy \
silty Clay Clay Clay Silty Sandy Sandy Fine Fine .
Watershed Clay Clay Loam Loam Loam Loam Loam lLoam loam Sand Sand Muck .
Maumee 18.5% 4.5% 23.8% 1.4% 0.4% 15.0% 26.2% 4.2% 2.0% 0.6% 1.6 % 1.2% 1
Portage 46.3 0.0 10.5 2.3 6.6 11.3 12.4 0.9 3.6 0.1 6.0 0.0
Sandusky 0.0 0.0 15.9 1.3 82.1 0.0 0.8 0.0 0.0 !
(Bucyrus) :
Broken Sword 0.0 ¢.0 13.5 3.7 81.5 0.1 1.2 0.0 0.0
Sandusky 1.0 0.3 19.0 3.1 75.2 0.1 1.3 0.0 0.1
(Upper Sandusky) -
Tymochtee 4.4 3.3 34.1 0.6 56.4 0.6 0.5 0.0 0.2 ;
i
Sandusky 1.5 1.1 22.3 3.0 70.2 0.4 1.1 0.0 0.3
! (Mexico) i
E Honey Creek 0.0 0.2 18.7 2.2 76.1 0.0 0.5 0.0 2.2
3 (Melmore)
Wolf Creek 0.0 0.0 52.3 4.9 42.4 0.0 0.2 0.0 0.0
(West)
Wolf Creek 0.0 0.2 31.0 4.7 63.4 0.0 0.2 0.4 0.0
(East)
Sandusky 1.3 0.7 22.2 0.2 0.0 4.7 68.0 0.3 1.2 0.1 0.5 0.5 -
(Fremont)
Huron 0.0 0.4 16.1 0.0 0.0  11.1 65.6 0.6 2.6 0.1 1.6 2.0 v
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Table 5. Percentage distribution of soils falling into various drainage classifications for the
study watersheds.
Very Poorly Somewhat Moderately Mell Somewhat Excessively

F' Poorly Drained Poorly W¥ell Drained Excessively Drained
Watershed Dzained Drained Drained Drained
Maumee 48.7% 1.9% 33.08 9.3¢ 7.08 0.18 0.18
Portage 69.2 0.3 23.1 4.6 2.8 0.0 0.0

3 Sandusky 21.6 7.9 52.6 14.3 3.5 0.0 0.0

’ {Bucyrus)

Broken Sword 14.7 8.4 51.7 20.4 4.7

] Sandusky 20.8 6.0 46.5 22.5 4.2
{Upper Sandusky)
Tymsochtee 37.6 1.9 48.2 11.4 0.8
Sandusky 23.7 5.7 47.7 19.% 3.5
{Mexico)
Honey Creek 11.7 13.8 64.4 7.6 2.5
(Melmore)
Wolf Creek 43.5 13.2 39.8 0.5 3.0
(West)
Wolf Creek 15.7 16.9 65.4 0.9 1.1
(Bast)
Sandusky 21.6 7.9 52.6 14.3 3.5 0.0 0.0
(Framont)
Ruron 17.6 8.5 46.0 17.6 10.2 0.1 0.0

Table 6. Percentage distribution of soil erodibility as indicated by the K-value of soils in the study

watersheds.
K - Value
Watershed 0.10 0.1% 0.17? 0.20 0.24 0.28 0.32 0.37 0.43 0.49
’ Maumee 1.40 0.1% 2.8% 1.40 17.58 32,18 2.18 10.00 32.40 0.2%
Portage 0.0 0.0 6.5 2.7 7.9 57.0 2.6 6.1 17.0 0.0
Sandusky 0.0 0.0 0.0 0.8 12.3 5.6 10.5 35.8 35.0 0.0

41.3 0.0

39.9 0.0

48.6 0.0

44.0 0.0

31.6 0.0

34.8 0.0

59.9 0.0

43.5% 0.0
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POTENTIAL GROSS EROSION

The LRIS system has been used as a base for calculating potential gross
erosion in the Lake Erie watersheds (Urban et al. 1978). The universal soil
loss equation (Wischmeier & Smith, 1978) was used to calculate gross erosion.

The various components of the equation were estimated as follows (Urvan et
al., 1978):

R factor data was taken from USLE Handbook 282 and
developed on a county basis.

K factors were taken from LRIS soils file by soil type.

SL Slope percentage, S, was developed from LRIS soil
phase data by taking the median value for slope range
given. Slope length was estimated from local SCS
experience and the recent 1% National Erosion Survey.

- C factors were developed from county-level estimates of
crops grown; rotations were developed for each county
based on local interpretation.

- P factor was assumed to be 1, i.e. there were no
supporting conservation practices.

The gross erosion was calculated for each LRIS cell under current
cropping practices. For each watershed, gross erosion was taken as the sum of
the erosion from each cell within the watershed. A variety of scenarios were
then incorporated into the calculations, such as the effect of no-till on
suitable soils, minimum till, winter cover, and reduction of erosion to the
soil loss tolerance factor. For each watershed and county, tabular summaries
of the various scenarios as they apply to various soil management groups and
land uses are presented in an appendix to the report of Urban et al. (1978).

A summary of the gross erosion data for the study watersheds is shown in
Table 7. For each watershed the average potential gross erosion rate for
cropland is listed, along with the cropland area and unit area erosion rate.
For the cropland in each watershed the soils are divided into soil management
groups with respect to their suitability for no-till crop production. For
each group the percent of the cropland gross erosion, the percent of the
cropland area and the unit area erosion rate is listed. Groups I and IV are
well drained soils which are well suited for no-till crop production. Groups
II and VII are suitable if underdrained by tile systems. Most such soils in
the region are currently tiled. The remaining groups are considered
unsuitable for no-till production. The bottom rows in Table 7 include
vineyards, grassland and forests along with the cropland. The combined total

gross erosion, area and unit area erosion for all of the above land uses are
listed.

It can be seen from Table 7 that average potential gross erosion rates
for cropland in the study watershed range from 4.5 to 10.8 metric tons per
hectare per year. 1In each watershed the potential gross erosion rates are
greatest in the soils which are most suitable for no-till (Groups I and IV)
and next highes® in the Groups II and VII soils which are also suitable for

20




38°9 s 61°P 6E 6 ov-8 ¥8°L SE°6 LE'6 sT°9 18°¢ 00°S g9 amy uoysorzg
LT9t09¢ 219601 € ELPEL P 19981 5 16962 b-zeeel 9°Z8TLS Z°800%2T S°soLvz z-vecLe €°79L56 8°TS91IIZT (nyy puerdoxd
9 EETLYL 6°80095 2°8Z¥9S T L61SLT 67055602 8°LSPIST S°Z09s¢ts 2 6891911 0°T1069L1 6°0€ZGS9  L°6568LY 1°9286,2Z8 "X/ L°W UYOYS013 88019 4

URqINUOY ‘DPIYSINITY

€ we €977 [N 9L°S [: P9 L 0L [1: 1 wy 92 L€ “IX/WY/ LW Wy uoTsoxg
1174 (143 L Y24 (114 1314 13:74 L Y43 (111 \ZE 1144 \ 19 £ 114 puerdoz) paysIaies \
(144 (314 (143 114 $6Z L Y44 (Y44 (1% (3¢4 {144 s62 $9Z uoTsOIy 801D §
sdnoxn zey30
prA-} 6L 3979 (LA 29 68°L o8 »5°8 0z's 8L Lr°8 W 6 /Y LW 93wy uotsorz n t
9 29 sov 1341 1147 VES (Y2 99 (124 s8¢ \EE L 143 pueidoxd paysiaien &
(YX:] '6L 09 L YA 111+ 1314 13-4 L Y23 (3 (133 0§ 13- UOTIOIZ $80ID %

IIA 9 II sdnoxo tvos

38791 60°8 - R} et L0t [44 14 6€°0Z LS T 60°1Z 66°1Z L9°81 60°1Z 3%y uvorsoxg
80T 119 A 14 A 114 L )8 L 129 L 3 ¢4 61 L 18 (124 .9 sEl puetdord peysioien s
L 144 A 17 v9 L 144 L1413 i8¢ A1 4 sor st A 114 L 1¢4 S9€ uOTSOXZ EFSOID §

IA % I sdnoxp Yvos

8Lt €9°s 8y 'Y prot 826 €6 z8°01 L9-0t SE°6 80°6 ?S°S 8°¢ IX/eY/ LW 91wy uorsOXZ

‘0891¢€ ?7°5£66 £ E9821T €£°86991 S °89t89Z € ELTIT 6°SIZ6Y L EQpP80I1 € EvESST Z°9E91TL 9°80298 L 9880501 (wy) puwydoar

4111 14 9 E£T6SS 3°TO89S 6°0£8PLL ©°,688¥2C 2°ST90sT b IPZERS L°86L9S11 6°666T9LT 8°89L059 S ZTo8Ly ¥ 6P89P2Z8 "Ii/ "L W UOTSO0Ig $50ID
puwtdoid peysieiem

Uy O

S10uTom 2@ Axsnpues t
X910 pioas y3912 snxdong e 1addp e O2IXIW 3@ JUouweId I UeTTH 1%
fauoy 1Se3 ;[OM I159M ;M uaxoig o ycomhl Axsnpues Axsnpues Lxsnpues Axsnpues 1eaty uoxny sbwixog JBunen

‘L OTqeL

W T




no-till. In general the soils which are unsuitable for no-till have low gross
erosion rates. The effects of a variety of BMP's on the erosion from each
soil management group for each watershed are shown in more detail in
"Application of the Universal Soil Loss Equation in the Lake Erie Drainage
Basin", Appendix I (Urban et al., 1978).




l SECTION 5
]
b ' STUDY METHODS
l
; SAMPLE COLLECTION
1 Most of the samples upon which this report is based were collected at the

USGS stream gages and/or chemical monitoring stations listed in Table 1. Each
station is outfitted with a pumping system of the type used by the USGS for
continuous monitoring of oxygen, temperature, conductivity, and pH. In a
| typical installation, two 4" diameter plastic pipes lead from the gage house
to the stream. The longer, upstream pipe contains the inlet line(s) and the
shorter down stream pipe contains the drain line(s). Both the inlet and drain
lines are 1" diameter polyethylene and are wrapped with heat tape to prevent

freezing in the winter. The end of the inlet pipe is located in that portion
1 of the stream that flows year round (even during low flow conditions) and is
“10 ecm off the stream bed. A stainless steel inlet screen (18" long 1/4"
diameter holes) prevents larger debris from clogging the inlet pipe. The
inlet line extends to the end of this screen.

The stations are equipped with a continuously operating pumping system
(Continental, model EC448, progressive cavity screw pump) with an output of
about 8 gallons per minute. The output of the pump leads into a reservoir
designed to drain completely should the pump fail. This prevents repeated
] sampling of "dead" water.

- Automatic samplers (ISCO model 1680 or equivalent) are used to collect
3 discreet samples at preset intervals of time from the reservoir of the
continuous pumping system. These samplers are capable of sampling at
intervals ranging from 1 to 999 minutes. Under non-event conditions the
samplers are set to take four 450 ml samples per day at 1:00, 7:00, 13:00 a&and
19:00 hours. For the smaller watersheds during storm events the sampling
frequency is increased to 8 to 12 samples per day. To avoid sample
contamination the samplers reverse pumping before and after each sample is
taken. The samplers are run on batteries which are "trickle charged"” from the
electric power at the station. Thus power outages do not cause the timer to
fail and sampling will resume on schedule with the proper sample bottle in
place when the current comes back on and the pump resumes operatior.

The sampler bases have room for 28 high density polyethylene Dbotties.
Sample identification is based on sets of 28 Dbottles. The bottles are
aumbered from one to 28 and each set has a 1letter code. The cleaning
procedure for the nutrient bottles includes a hot tap water wash with brushing
- to remove any sediment. This is followed with two rinses with hot tap water
h and air drying before use. The caps go through the same washing procedure.

‘ The sampling stations are visited weekly except for the smaller
y watersheds which, during runoff events, are visited more often. The 28
| bottles in the base allow 4 collections per day for a seven-day period. The

‘ normal schedule for visiting the stations involves changing the sampler bases
‘ on Mondays or Tuesdays so that sample analyses can be completed by Thursdays

and the sample bottles cleaned and prepared for the collection routes on the
following Mondays and Tuesdays.




While &t the sampling station, the field technicians collect several
extra samples as part of the quality control program. Three replicate samples
are collected from the pumping system. One of these is placed in the sampler
base for the following week's collection. This stored sample 1is wused to
monitor the effects of one week of storage at ambient temperatures within the
sampler bases. Thermostated heaters prevent the gage house temperatures from
dropping below % degrees Centigrade in the winter period. The other two
pumped samples are returned to the laboratory on the day of collection. Both
are analyzed and the resulting data used for determining laboratory precision,
and for comparison with the sample which has been stored and analyzed the
following week. Periodically the field technicians also collect grab samples
from a bridge near the sampling station for comparison with the pumped
samples. The results of these quality control procedures are presented later
in this section of the report.

The field technicians also check the operation of the stage recording
equipment and compare the bubble gage reading with a nearby wire weight gage.
The pump operation is checked and the inlet screens cleaned if necessary. The
sampler timers are checked and adjusted.

SAMPLE PRESERVATION AND STORAGE

No preservatives are used in the sample bottles. The samplers remain in
the sampler bases at ambient gage house temperatures as they are collected.
The "age" of the samples at the time they are delivered to the laboratory
ranges from 7 days to 4 hours. Within 48 hours of delivery to the lab, all
samples are filtered through prerinsed 0.45 micron membrane filters and
transferred to autoanalyzer tubes. Analyses of both soluble and total
nutrients are completed within three days of delivery to the laboratory.

For studies of this type, it would be impractical to attempt to meet the
preservation and storage requirements for soluble nutrients, such as soluble
reactive phosphorus, nitrates and ammonia. Instead our approach has been to
document the extent and direction of change during sample storage and to take
these effects into account when interpreting the data. The results of our
studies of storage effects are presented in the quality control section.

LABORATORY PROCEDURES

Selection of Samples for Analysis

The automatic samplers operate continuously and collect a minimum of 4
samples per day. All of the samples are returned to the laboratory each week.
If a runoff event was 1in progress at the sampling station, as evidenced by
either a high flow or high turbidity, all of the samples are analyzed. If
runoff events were not occurring at the station, one sample per day is
analyzed and the remainder are discarded. Thus, data are collected on both

high and low-flow conditions but the frequency of analyses is much greater for
high~flow samples.
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Sample Handling
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i l Figure 6 is a summary flow chart showing the groupings of analyses
; performed on tne samples. Not all analyses are performed on each sample.

Analytical Methods

The analytical methods used in the laboratory are summarized in Appendix

1. More detailed descriptions of the methods are contained within the
laboratory's Handbook on Quality Assurance.

QUALITY CONTROL

Precision

The precision associated with the sampling and analysis program described
above can be judged from the analyses of replicate pumped samples. These data
are summarized in Table 8, which includes data collected during the 1978 water
year. The number of replicate pairs in the data set for each parameter is
listed. Since the precision calculations are used for establishing control
limits, the irdicated number of pairs with the largest differences were
deleted from each data set. In general 1less than 5% of the pairs were
rejected. The mean difference between the replicates is shown for each

, parameter. Dividing the mean difference by 1.128 provides an estimate of the
. precision (ASTM, 1976). To indicate the relationship between the precision
and the range of environmental values, the mean of the 5th percentile
concentration for the Maumee, Fremont and Melmore stations is listed as is the
mean of the 95th percentile. These values were obtained from concentration
exceedency tatles for each station. The ratio of the 90% inclusive range
(ie. 5% to 95%) to the precision indicates that the precision is very good in
relation to the range of values encountered in environmental samples.

The r-squared values (coefficient of determination) also shows the close
agreement between the replicate pairs.

| T T T TR YT T

Effects of Sample Storage

In Table 9, the effects of one week of sample storage on analytical
values are shown. The data were analyzed using the paired T-test procedure
contained within SPSS (Statistical Package for the Social Sciences). For each
parameter except suspended solids, changes did occur during storage that were,
from a statistical standpoint, highly significant. The means of the fresh and

stored values are shown along with the mean differences, correlations,
T-values, and associated probabilities.

The extent of change during storage is summarized in Table 10, The
1 largest changes occur in soluble reactive phosphorus where the average change
was a 10.4% increase. For this parameter the pairs were broken down into
varjous ranges of fresh SRP concentrations as well as suspended solids and
conductivity ranges. The largest changes (+78.8%) occurred when the fresh SRP
values were less than 0.050 mg/l. Low SRP values often occur when algal

‘ 25
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Figure 6.

FLOW CHART FOR SAMPLE ANALYSES

SAMPLE
BOTTLE
' — T
| L
FILTER ELEZTRODES SUSPENDED TOTAL TOTAL METALS
.45 mi~ren 25° ¢ SOL1DS PHOSPHORUS KJET.DAHL
membrane EX [ Lass fiber NITROGEN
filter Conducrivit filter
i
SIX CHANNEL
AUTOANALYZER
SRP, siO,
SO W,
NO ,~ Cl1-
Table 8. Precision Data based on analysis of replicate pumped samples.
Pairs Deleted Mean 2 vironmental Sa.lmge' 90% Range
Parameter N Values Difference Precision R S percentile 95 percentile Precision
mg/1 mg/1 mg/1 ng/1 (ratio)
Soluble Reactive 292 15 .0066 .0058 .992 .020 .187 25
Phosphorus
Total Phosphorus 301 12 .0108 .0096 .993 .099 .580 50
Nitrate/Nitrite - N 305 14 .0708 .0628 .997 .397 9.087 138
Ammonia - N 304 14 .0407 .0360 .966 .020 824 22
Suspended Solids 305 14 4.49 3.98 .994 4.38 264.3 58
Conductivity (umhos) 319 14 11.25% 9.92 .989 367.7 960.0 60

*Based on the mean 5th percentile concentrations for the Maumee, Fremont and Melmore stations and mean 95th
percentile concentrations.
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Table 10. Average Change in Concentration during one week of gsanple storaqge .

¥ Chanue

Parameter N Mean Fresh Mean Stored 1 Fresh
ng /3 mg/1
SRP
all values 711 0.1055 0.1165% 10.4»
SRP < 0.050 226 0.0260 0.0465 78.8%
0.050 < BRpP < 0.100 232 0.0730 0.0815 + 11.6%
SRP >0.100 242 0.2127 0.2172 + 2.1w
SRP if SS§ <50 540 0.1089 0.1189 + 9.2%
SRP if S§ >50 171 0.0948 0.1089 + 14.9%
SRP if Cond. <500 107 0.0942 0.0967 + 2.7¢
SRP if Cond. >500 604 0.1075 0.1200 11.6%
TP 762 0.2380 0.2346 - 1.9%
NO3 - N02 775 3.2145 3.2846 +  2.2%
NH3 761 .2497 .2325 - 6.9%
S35 717 46.810 46.414 - 0.8%
Conductivity 766 719.27 722.34 + 0.4%

densities are high. It 1is possible that during one week of storage in the
dark, release of soluble phosphorus could occur. Samples with fresh SRP
values greater than 0.10 mg/l increased by only 2.1% during storage. At 8 of

the 12 transport stations the flux weighted mean concentration exceeded 0.10
mg/l (see Table 26).

The increase in SRP concentrations during storage was higher (+14.9%) for
samples with suspended solids greater than 50 mg/l than for samples with
suspended solids less than 50 mg/l (9.2%). Samples with conductivities less
than 500 umhos showed the smallest increase with storage (2.7%). Since 1low
conductivities correlate with high flows, under conditions of high transport
the SRP values did not show much increase. This has been confirmed by
calculations of the effects of storage on flow weighted mean concentrations of
SRP. For all the stations, storage for one week increased the SRP values by
1.2%, with individual stations ranging from +13.1% to -7.9%.

For total phosphorus, nitrate, suspended solids and conductivity, the
mean changes during storage were -1.9%, +2.2%, -0.8% and +0.4% respectively.
These changes would have little effect on loading calculations since errors in
flow measurement are likely to exceed errors introduced by storage effects of
this size. Ammonia does show a larger effect of sample storage = 6.9%) but

ammonia nitrogen transport is much 1less important than nitrate nitrogen
transport.

The paired T-test data described above were based on paired samples
collected through the 1978 water year. Paired T-tests run on samples
collected in 1979 and 1980 gave very similar results.

l
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It should be noted that the storage effects discussed above reflect
sample storage for a period of 1 week. The average time of sample storage for
environmental samples is about 4 days. Consequently we view the changes in
sample concentration during storage to be insignificant with respect to
loading calculations. The critical factor for loading calculations is to have
large numbers of samples during high flow periods. To meet the sample storage
and preservation requirements for soluble nutrients, as specified in the EPA
Procedures Manual (EPA 1979), would so increase the sampling costs that many

fewer samples could be collected and analyzed and consequently loading
estimates would become less precise.

- e

Comparison of Pumped and Grab Samples

In Table 11, data on pumped and grab samples are presented. Paired
T-tests indicate that there is no significant differences between the pumped
and grab samples. The correlations between the pumped and grab samples are
also very good. The close agreement between the pumped and grab samples for
suspended solids and for total phosphorus reflects the fact that in these
rivers the suspended solids transport is dominated by clay and silt sized
particles. Particle size analyses by the USGS in these rivers indicate that
over 82% of the suspended solids by weight is clay (<0.004 mm) and 15% is silt
i (0.004 - 0.062 mm) (Antilla & Tobin, 1978). Consequently, the use of depth

integrated samples is not necessary for accurate suspended solids
measurements.

FLOW DATA

All flow data are obtained from the USGS. Copies of the "Primary
Computation of Gage Heights and Discharge" are obtained for each station soon
after the gage house tapes are processed. These printouts include the stage
measurements at hourly intervals for each day. From these tables the gage

height at the time of sample collection is obtained and entered into the data
set for that sample.

For each station expanded rating tables are obtained from the USGS.
These rating tables are stored in the computer and a computer program then

generates the flow values at times of sample collection using the gage height
and the rating table.

DATA STORAGE

Lies i b o

' Table 12 is a sample printout of the archive files. The printout
includes information for samples collected at the Melmore gaging station

' between 1900 hours April 7, 1979 and 0100 hours April 17, 1979. The year,

month, day and +time of sample collection are shown in the first two columns.

All data are stored in a time sequence for a given station. The day of the

' water year is shown in the next column. It is used as a time base for several
i l of the plot programs. The stage data, in feet, are shown in the next column.
The flow in CFS is generated by a program that refers to a rating table

supplied by +the USGS. The flow table lists flows for each tenth of a foot

' increment in stage. Our computer program does a linear interpolation to

29
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generate the flow for the hundredth place in the stage data.

The column labeled MT contains a time multiplier in hours. The time
multiplier is obtained by a program which, for a given sample, calculates the
time interval between the preceeding sample and the following sample. This
time is divided by 2, to give the duration of time for which that sample is
used to characterize the stream transport. If the calculated multi;lier
exceeds 24 hours the multiplier is set equal to 24 hours so that no single
sample is used to characterize the river for more than a 24 hour period. The
sample archive printout illustrates that during periods of high flow, more
samples are analyzed and consequently the time multipliers are smaller. The
time multipliers are used in the programs for calculating material flux, total
flow, and time exceedency tables.

The concentrations of dissolved reactive phosphorus (OP), total
phosphorus (TP), suspended solids (SS), nitrate + nitrite nitrogen (N023)
ammonia nitrogen (NH3), conductivity in umhos at 25 degrees C (cond.), pPH,
Si02, chloride, Total Kjeldahl Nitrogen (TKN) and metals are listed in the
remaining columns. All concentrations are in the units of mg/l for the
element (ie. as P or N) with the exception of silica which is reported as
Si02. A minus one (-1) is used to indicate that the sample was not analyzed
for that parameter.

Following data entry into the laboratory's PDP 11 computer system, a
preliminary archive printout is obtained for use in data verification. The
values are compared with the laboratory bench sheets. Corrections are made as
necessary and the archives files are transferred to the college's main
computer system, a PRIME 550.

All of the data collectel at the transport stations have been transferred

to the STORET system. A progiam has been written that directly generates the
format for STORET files and tapes.

COMPUTATIONAL METHODS

A variety of computer programs for the PRIME 550 have been written for
conducting routine calculations on the data sets. These include programs to
calculate flux, annual loading using flow duration tables and exceedency
tables. Examples of the outputs of these programs are presented below, along
with explanations of the way in which the calculations are done.

Flux Calculations

Table 13 is an example of the summary table from a flux calculation. The
program allows the selection of the river station, the beginning and ending
dates and times, and the parameter. The total load in metric tons and short
tons over the time interval are then listed. The total load is the sum of the
loads of the individual samples collected during the time interval. This is
illustrated in Table 14 which is an optional printout for the flux summaries.
For each sample the load is calculated as:
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Sample Printout of Program for Flux Calculations.

Table 13.
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Sample printout of flux summary option which includes

Table 14.

data for individual samples and cumulative totals.
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mg/l X CF5 X hours X 1.018810 X 10-4 = metric tons
Also the flow volume is calculated as:

CFS X hours X 101.88 = cubic meters

In the optional printout (Table 14) the cumulative total load, cumulative
flow and cumulative time are reported for each successive sample collected
during the time interval. The cumulative values for the final sample are
reported in the summary tables. This method of flux calculation is equivalent
to the midinterval method which the USGS uses to calculate sedmiment loads at
daily sediment stations (Porterfield, 1972). The various time multipliers are
the equivalent of subdivided days in the USGS calculations.

The flux summary tables also list the total volume of water monitored
during the time interval, ©both in cubic meters and CFS-days. The mean flow
during the time interval is calculated by dividing the total volume of water
by the monitored time. The mean flow is listed both in cubic meters per
second and cubic feet per second. The total monitored time in hours is also
listed in the summary. By listing the monitored time, the extent of gaps in
the monitoring record over the time interval can be determined.

The flux summary includes 4 calculations of concentration during the time
interval. These are calculated as follows:

Zci

Mean Concentration = N (1)
Flux Weighted Mean = 209 - potal Flux (2)
Concentration I tiq; Total Flow
Ca .
Instantaneous Flow Wt. = EL.&E& (3)
Mean Concentration Zqy
it
Time Weighted = EL:EL;& (4)
Average Concentration z qq
Where Cj = concentration of ith sample
tj = time multiplier of the sample
Q; = instantaneous flow for 1th sample
N = number of samples

The interpretation of these various types of average concentrations is
described in the next section. The flux summary also lists the total number
of samples collected during the time interval.

Our flux calculation programs include a number of convenient options.
Flux calculations can be obtained for any of the chemical parameters. In
specifying the dates, the flux for individual storms, months, water years or
the entire period of record can be selected. One option selects all of the
samples for a specified month within a specified period of years. Table 15 is
a summary printout for all of the samples collected during the month of April
during the period of record.
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Ancther option useful when calculating fluxes over a long period of time
includes, along with the summary table, a 1listing of the 50 largest flow
volumes (discharge X time multiplier) for individual samples. The dates of
the samples, concentrations and flows along with percent of the total flux
accounted for by oach sample ia listed. Similar information 1ia also liated
for the 50 largest fluxes. These lists are useful for screening and verifying
those samples which are major contributors to the calculations of weighted
average concentrations. Examples of these outputs as applied to a flux
calculation of Total Phosphorus at the Melmore station during the 1979 water
year are shown in Tables 16, 17, 18. This type of screening has been done for
all of the flux weighted mean concentraions reported in the next section.

Exceedency Calculations

A second set of program deals with calculations of the percent of time
given concentrations, flows or fluxes are exceeded. In addition the program
calculates the percent of the total 1load accounted for by concentrations,
flows or fluxes up through each sample in the exceedency ranking. Tables 19,
20 and 21 provide examples of concentration, flow and flux exceedency tables

for the same sample data set from the Melmore station as shown in the sample
archive printout (Table 12).

The programs first allow selection of: the type of exceedency table (ie
concentration, flow or flux); the stations; the initial and final dates and
times; and the parameter. 1In the case of a concentration exceedency table,
(see Table 19) all of the samples are sorted into a sequence of increasing
concentrations. The printout includes the date, the time multiplier, the
instantaneous flow in CFS and the instantaneous flux in kg/hr for each sample.
The time multipliers are sequentially added giving a cumulative sum- of-time.
For each sample the current sum-of-time is expressed as a percentage of the
total time. The total time is the sum-of-time for the sample with the highest
concentration. Although the percentage is labeled "Percent Exceedency" it is
actually the percent of time that the concentration is less than the sample

concentration in the ranking. The actual "Percent Exceedency"” is 100 minus
the listed Percent Exceedency.

The relationship between concentration exceedency and total loading is
shown in the final two columns of the printout. For each sample the total
load (ie the product of the time multiplier and the instantaneous flux) is
calculated and sequentially added, producing the column labeled sum-of-flux.
For each sample, the sum~of-flux is expressed as a percentage of the total
flux. Although these percen:cages are also labeled “Percent Exceedency", they
actually show the percent of the total flux accounted for by that sample plus
all of the samples with lower concentrations.

In the case of flow exceedency tables (Table 20), samples are ranked in
order of increasing flow. The column labeled "Percent Exceedency" and
ad jacent to the sum-of-time column shows the percentage of time that flows are
less than the sample flow. The 1listed "Percent Exceedency” should be
subtracted from 100 to obtain the actual percent of time the flows exceed the
listed flow for that sample. The relationships between flow exceedency and
total transport are shown 3in the final 2 columns of the flow exceedency
printout. The sum-of-flux and the "Percent Exceedency" are calculated in the
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Table 15.
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Sample printout of the flux summary for the 1979 water year

Table 16.

loading of total phosphorus at the Melmore gaging station.
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Sample printout showing the 50 largest phosphorus fluxes contributing
to the phosphorus loading at Melmore during the 1979 water year.
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Sample printout of a concentration exceedency table for a sample data
set from the Melmore station.

Table 19.
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Sample printout of a flow exceedency table for a sample data set from the

Table 20.

Melmore station.
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Sample printout of flux exceedency table for a sample data set from the

Table 21.

Melmore station.
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same fashion as in the concentration exceedency tables.

For the flux exceedency tables the samples are ranked by instantaneous
flux (Table 21). The percent of time fluxes are less than the indicated value
are shown in the "Percent Exceedency” column. The relationship between ranked

instantaneous fluxes and the total flux or load are shown in the last two
colunns.

One modification of the flow exceedency output is to substitute a dummy
variable equal to one (1) into the concentration column. This converts the
sum of the flux into the sum of the flow and the relationship between flow
exceedency and total flow can be examined.

Normally the exceedency calculations described above are done on an

entire data set. Some potential uses of this type of exceedency data in water
quality management are described in subsequent sections of this report.

Flow Duration Tatle Calculations

The USGS provides daily flow duration tables for its continuous stream
gaging stations. Table 22 is an example of such a table for the Fremont
stream gaging station. At each station the mean daily flows are divided into
35 classes (0-34). The flow classes represent approximately equal logarithmic
increments in flow. The duration tables consist of two parts. 1In the first
part, the number of days in each water year that the mean daily flows fell
into each flow class is listed. 1In the second part, for each flow class there
is listed the flow value, the total number of days that the flow was in that
class, the accumulated number of days with flows greater than that flow class,
and the percent of days with flows greater than that class. Flow duration
tables from the USGS are stored in our computer for each station.

One set of programs uses the flow duration tables to calculate mean
annual loading. Table 23 is an example of this method as it is applied to the
calculation of mean annual loading of total phosphorus at the Fremont Station
(Tindall Bridge). The program sorts the entire Fremont total phosphorus data ¢
set into the flow intervals between the listed flow class values from the flow F
duration table. Pigure 7 shows alternate flow class values superimposed on a ‘
graph showing the relationship of phosphorus concentration to stream flow,
expressed on a log scale. The flux weighted mean concentration of total
phosphorus for all of the samples with flows in each interval 1is <calculated.
The number of samples in that flow interval is listed as N in the table. The
concentration for the interval is multiplied by the arithmetic mean flow for
the interval. The resulting instantaneous flux is multiplied by the
proportion of a year when the flows fall in that flow interval. This 1is
determined by the change in percent flow exceedency between the two flow
classes forming the flow interval. This percent of a year is shown as delta
percent in the table. Appropriate conversion factors are introduced so that
the products are in kg/yr for each flow interval. These are totaled to
provide an estimate of the mean annual loading. ¢

One variation of the program results in the calculation of the average
concentration rather than the flux weighted mean concentration for each flow
interval. 1In this case, the standard deviation and the standard error of the

42
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Sandusky River At Tindall Bridge I

QAll Data 1969 Through 1879
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Figure 7. Flow duration flow class intervals for the Fremont gaging
station superimposed on a graph of total phosphorus
concentration versus log of stream flow.

mean are also c(alculated for each interval. The standard error of the mean ﬂ
concentration for each flow interval is also multiplied by the mean flow and
percent of the year +to obtain an error estimate for each interval. These (
error estimates sre totaled for all of the flow intervals to obtain an error b
estimate for the mean annual load as shown in Table 24.

A second variation sorts the data into summer and winter months. The
average concentr:tions and standard errors are calculated for each flow
interval. These seasonal concentration data are used to compare winter and
summer concentrations and to calculate fluxes in cases where chemical data are
missing. Summer and winter concentration data are stored for each parameter
for each flow interval for each station. After entering the station, month
and mean daily flow, the program generates an estimated daily flux for each
parameter. The yrogram totals the fluxes for each parameter for each mean
daily flow entered in a given month. Fluxes for missing sample days are then

added to measurec fluxes for each month in order to estimate total monthly and
annual loads.




flow duration tables and average concentrations, standard deviations and

Sample printout of calculation of mean annual loading of total phosphorus using
standard errors for each

Table 24.
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SECTION 6

CONCENTRATIONS OF NUTRIENTS AND SEDIMENTS

AT THE TRANSPORT STATIONS

Studies of both ambient water quality and material transport in streams
require measurements of the concentrations of various substances. For
nutrients and sediments in the streams of northwestern Ohio, a major feature
of the concentration data is the large amount of variability present at a
given station. This variability is reflected in the graphs showing the
relationship between concentrations of various materials and stream flow
(Figure 8). Examination of the concentration data reveals that, within this
variability, there exist several patterns of concentration in relation to
flow, location and time. In this section of the report these patterns of
concentration are presented along with a discussion of some of the factors
which contribute to the variability.

DESCRIPTION OF DATA SETS

The extent of the data available at each of the transport stations is
summarized in Table 25. The summary includes the number of nutrient and
sediment samples analyzed during each water year for which automatic samplers
were in place at the sampling stations. The total discharge for each water
year as monitored by the USGS is listed. The percent of the total discharge
and time monitored at each station for each water year was calculated from the
total flow and total +time data 1listed in the flux summaries for suspended
solids. Only data collected through the 1979 water year have been “ucluded in
the data analyses presented in this report. The sampling and analyses program
did continue at eight of the stations during the 1980 and 1981 water years.
In addition to the parameters listed in Table 25, c¢onductivity, pH and ammonia
data are also available for approximately the same numbers of samples.
Chloride, sulfate and total Kjeldahl nitrogen data are available for
approximately 25% of the samples.

TYPES OF WEIGHTED AVERAGE SEDIMENT AND NUTRIENT CONCENTRATIONS

As noted in the description of the flux summary programs, four types of
average concentrations are calculated for each data set. The equations for
calculating these average concentrations are repeated below.

1. Average Concentration (unweighted)

. L
C =

n

2. Time Weighted Average Concentration

|
i
!
i
i
i:
!




Table 25. Numbers of Samples Analyzed and Percent of Flow and Time Monitored by Water Year for Northwestern
! Ohio S:mpling Stations.
Numbers of Samples Analyzed
! Discharge Percent Soluble
wWater m7 ma Monitored suspgnded Total Reactive Nitrate
i Year A Flow A Time Solids Phosphorus  Phosphorus Nitrogen Conductivity
Maumee 1975 476.3 734 594 386 396 413 397 368
1976 503.5 86 90 601 615 585 604 617
1977 305.3 70 €9 406 407 395 382 398
1978 616.6 96 78 418 418 405 414 418
Portage 1975 28.99 69 57 465 427 487 502 488
1976 32.62 81 32 565 565 566 563 575
1977 24.13 78 7 381 380 361 360 370
1978 44.38 98 82 445 444 436 445 445
Bucyrus 1975 10.27 35 3 119 118 121 122 118
1976 8.21 78 66 529 519 517 524 516
1977 5. ¢ 97 84 575 575 513 560 578
1978 9.55 99 89 500 501 455 47¢ 501
1979 12.03 58 54 336 330 330 336 335
[ Nevada 1976 4.83 86 60 458 164 440 473 490
1977 5.21 19 75 512 513 479 487 517
1978 12.25 65 73 429 430 423 431 431
1 1979 9.91 90 64 456 455 455 454 456
Upper 1975 27.53 92 % 712 % 621 572 631 631 621
E Sandusky 1976  22.05 91 79 647 635 622 630 640
4 1977 14.11 113 88 558 535 552 550 559
1978 30.68 72 69 384 385 380 386 378
1979 27.57 81 76 486 488 488 483 488
Tymochtee 1975 17.71 89 58 555 535 576 580 567
1976 7.64 67 64 428 454 412 433 457
1977 6.60 99 82 484 482 466 486 491
1978 20.73 73 80 408 413 390 419 420
1979 14.42 76 61 323 323 323 324 323 .
Mexico 1975 56.66 8 105 132 129 132 128
1976 47.83 413 412 384
1977 16.07 50 ns 332 315 332 331
1978 75.13
1979 63.75 6 76 436 437 436 436 437 1
Melmore 1976 6.91 121 63 477 a7 470 477 483 ;
1977 7.29 112 89 656 668 658 667 660 i
1978 14.78 109 96 554 13 539 555 555
1979 15.02 105 80 569 570 570 569 $70
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Table 25 continued

Numbers of Samples Analyzed

' i Water Di-,Ch;m H:::i:::d Suspended Total ::i::i:e Nitrate
Year 10" o S Plow 8 Time Solids Phosphorus  Phosphorus Nitrogen Conductivity
! Wolf West 1976 3.01 808 558 382 188 378 366 388
1977 2.85 86 80 467 446 462 466 468
1978 6.74 91 72 437 435 428 438 436
1979 4.59 105 64 413 415 411 414 415
Wolf East 1976 4.40 99 57 372 358 345 3 363
1977 11.50 99 74 486 487 481 466 489
1978 11.21 46 73 411 412 404 407 412
1979 6.27 67 68 385 388 388 388 389
Fremont 1975 103.0 67 51 421 397 426 403 406
1976 77.16 54 68 433 476 416 429 423
1977 62.90 93 84 452 45¢ 444 455 456
b 1978 139.1 83 83 456 455 146 454 456
1979 108.8 83 62 420 424 422 423 423
Huron 1975 30.58 a0 60 568 552 586 546
1976 26.71 83 84 560 518 521 538
1977 25.35 a6 62 346 339 317 328
1978 40.48 87 75 377 379 3724 379
1979 29.55 27 31 176 175 1mn 176

P
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3. Flow Weighted Average Concentration
- reyyy
C=5-—"

93

4. TFlux Weighted Average Concentration

-z %%%
=5t
£ it
where Ci = concentration of ith sample; qi = instantaneous flow for ith

sample; and ti = time multiﬁizér for ith sample; and n = number of samples.

The necessity of distinguishing among four different methods of
calculating average concentrations is a consequence of the nature of the
sampling program used in this study. In order to accurately measure stream
transport, the frequency of collections during high stream flows was greater
than the frequency during low flows. Consequently, the individual samples
have varying time durations associated with them. If the samples had been
collected on a uniform time schedule (as for example daily or weekly) then
equations 1 and 2 would have been identical as would equations 3 and 4.

In Table 26 the four methods are illustrated using the data from the
Melmore gaging station. The average and time weighted average concentrations
provide information of relevance for ambient water quality. 1If, for example,
water were to be withdrawn at a constant rate from the river, the time
weighted average concentrations in the stream would reflect the average
concentrations of the pumped water. In contrast, the flow weighted and flux
weighted average concentrations provide information of relevance to stream
transport. If all of the water discharged by the stream were collected for a
long period of time, the flux weighted concentration in the stream would be
the average concentration of the collected water.

Comparison of the flux weighted and time weighted average concentrations
also indicates whether the concentrations of a given parameter tend to
increase or decrease with increasing stream flows. Where the flux weighted
average concentration exceeds the time weighted concentration, as for
suspended solids, total phosphorus and nitrates, the concentration of the
parameter tends to increase with increasing stream flow. Conductivity and
chlorides (not shown) tend to decrease in concentration as stream flow
increases. For these +the flux weighted concentration is less than the time
weighted concentration. The time and flux weighted concentrations of soluble
reactive phosphorus are almost equal, indicating that at the Melmore gaging

station the soluble reactive phosphorus is, on the average, independent of
stream flow.

In Table 27 the time and flux weighted average concentration of sediments
and nutrients are listed for each of the twelve sampling stations. In each
case the concentration is calculated from the entire data set available for
the station through the 1979 water year. This includes both the full year
records described in Table 25 and partisl year records from earlier water
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Table 26. Comparison of time weighted averaqe, flow weighted
average and flux weighted average concentrations of
sediment and nutrients at the Honey Creek, Melmore
sampling station for the period between 76-01-28
and 79-09~-30.*

Parameter N Average Time Wt. Flow wWt. Flux Wt.
/1 Average Average Average
ng,'1 m3/1 m/1
Suspended Solids 2256 99.6 56.3 203.7 164.17
Total Phosphorus 2270 . 271 .193 . 466 .386
Souble Reactive P. 2237 .0861 .0781 .0851 .0789
Nitrate/Nitrite N 2268 4.30 3.68 4.56 4.57
Conductivity (umhos) 2268 518 585 320 379
Ammonia-N 2216 .208 .187 .293 .241

*The average concentrations reported in this table were calculated after the
addition of missing flow data based on U. S. Geological Survey estimates of
mean daily flows. Consequently, these average values are slightly different
than those presented in other tables. See section 7 for further description
of corrections for missing data.

years. The number of samples included in the calculations for suspended
solids is listed for each station. Similar numbers of samples were used for
the nutrient calculations. Those stations located downstream from significant
municipal sewage outfalls are evident as locations where the time weighted
mean concentrations of soluble reactive phosphorus are larger than the flux
weighted mean concentrations. This occurs at the Portage, Bucyrus, Upper
Sandusky and Huron stations.

PATTERNS OF SEDIMENT AND NUTRIENT CONCENTRATIONS IN RELATION TO STREAM FLOW

Typical relationships between sediment and nutrient concentrations and
stream flow for northwestern Ohio rivers are shown in the scattergrams of
Figure 8. The patterns for strictly agricultural watersheds are illustrated
by the East Branch of Wolf Creek (upper graphs) while the patterns for
agricultural watersheds containing significant point sources immediately
upstream from the sampling station are illustrated by the West Branch of Wolf
Creek (lower graphs). The Wolf-West sampling station is immediately
downstream from the town of Bettsville. In this figure a log (base 10) scale
is used for stream flow so that the points will be spread out across the
graphs rather than concentrated on the left (low flow) portion of the graph.,
Because of the log scale for flow, care must be exercised in judging the
presence or absence of trends in the data. The graphs include all of the data
for the Wolf-East and West stations summarized in Table 25. Note that in
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Table 27. Comparison of Flux Weighted and Time Weighted Mean Concertrations of Suspended Solids and Nutrients
i Northwesters ~hin Pive- kisins.

NO_-NO

Suspended Total Soluble k] 2 Conduc-

Sediment Phosphorus Reactive P. Nitrogen tivity

;aging Statior N mg/1 mg/1 mg/l ma /1 umhos
Maumee, Waterville Flux Wt. Mean 1769 242 .516 .116 4.92 517
Time Wt. Mean 106 . 340 .116 3.91 652
Portage, Woodville Flux Wt. Mean 1842 164 .402 .119 5.89 554
Time Wt. Mean 62 . 360 .19 3.80 B854
Huron, Milan Flux Wt. Mean 2027 220 .362 .104 3.61 540
Time Wt. Mean 69.6 .34 .201 2.50 685
Sandusky, Fremont Flux Wt. Mean 2237 217 .453 .093 4.61 487
Time Wt. Meal 83.1 .244 .073 3.09 6
sandusky, Mexico Flux Wt. Mean 1578 239 .428 .070 3.50 624
Time Wt. Mean 85.8 .250 .069 3.49 750
sandusky, Upper S. Flux Wt. Mean 2729 235 .518 .134 3.90 478
Time Wt. Mean 105 .482 .234 .68 709
sandusky, Bucyrus Flux Wt. Mean 2299 173 573 .219 3.42 460
Time Wt. Mean 49.6 1.13 .837 3.11 702
Tymozhtee, Crawford Flux Wt. Mean 26131 205 .419 . 069 5.12 397
Time Wt. Mean 68.7 .181 . 040 2,48 751
Honey Cr., Melmore Flux Wt. Mean 2115 180 .403 .101 4.85 397
Time Wt. Mean 57.8 .195 .102 3.74 587
Broken Sword, Nevada Flux Wt. Mean 1766 244 . 401 .061 4.87 428
Time Wt. Mea:. 8.3 .157 V94 3.11 a7
wolf Cr., East sr. Flux Wt. Mean 1654 181 .416 .118 4.7 578
Time Wt. Mean 42.4 .161 .063 2.92 764
Wolf Cr., West Br. Flux Wt. Mean 1699 183 .394 .100 6.14 464
Time Wt. Mean 40.8 .232 -133 3.45 747

several instances the scaling factors (Scientific notation with E format) vary
for both concentrations and flows.

The pattern for suspended solids (Figure 8) is similar for both streams.
The suspended solid concentrations are low at low flows and increase as the
flows increase. The concentrations are very variable at a given flow,
particularly at the higher flow values. This pattern reflects the
relationship between rainfall induced erosion on the landscape and sediment
transport by the storm runoff water in the streams. The effects of
resuspension sediment as stream flows increase and of stream bank erosion may
also contribute to the observed pattern.

For the East Branch of Wolf Creek the pattern of total phosphorus
concentrations (Figure 8b) in relation to stream flow is very similar to the
sediment pattern. Much of the total phosphorus is particulate phosphorus that
is adsorbed onto sediment particles. For the West Branch, the total
phosphorus concentration is 1lowest in the midrange of flows and increases as
the flows both increase and decrease. The high total phosphorus
concentrations at low flows are due to point source inputs of phosphorus. As
the stream flows decrease, there is less stream water present to dilute the
incoming point sources. The high concentrations of total phosphorus at high
flows are related to the high sediment concentrations and are similar to those
found in the East Branch.
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The concentrations of soluble reactive phosphorus in the East Branch do
increase slightly as stream flows increase (Figure 8c¢). This increase is not
nearly as large as the increase in total phosphorus concentrations with
increasing stream flow. Not all of the agricultural watersheds show
increasing soluble reactive phosphorus concentrations with increesing stream
flow, but in all of them the soluble reactive phosphorus concentrations are
significant during periods of high stream flow. For the West Branch of Wolf
Creek the dominant feature of the soluble reactive phosphorus concentration
versus flow graph is the large increase at low stream flows. During the low
flows below point source inputs a large proportion of the total phosphorus is
in the form of soluble reactive phosphorus. Point sgsource sewage effluents are
characterized by a high proportion of soluble reactive phosphorus present
within the total phosphorus.

The patterns of nitrate + nitrite nitrogen concentrations are similar for
the two streams (Figure 8d). In both cases the nitrates tend to increase as
stream flows increase but the concentrations are extremely variable at all
flows. The point source inputs at Bettsville do not cause increases in

nitrate concentrations under low flow conditions on the West Branch of Wolf
Creek.

The patterns for ammonia nitrogen (Figure 8e) are similar to those for
total phosphorus except that they are less pronounced. For the East Branch
the highest ammonia concentrations did occur under conditions of high flow.
These would reflect occasional high ammonia concentrations in runoff water
from agricultural lands. However, many low values for ammonia were also
observed at high flows. High ammonia concentrations are also characteristic
of sewage effluent and consequently in the West Branch of Wolf C(Creek, high
ammonia concentrations were present at both high and low flows.

The concentration-flow pattern for Total Kjeldahl Nitrogen (TKN)
paralleled the sediment patterns in the East Branch (Figure 8f). For the West
Branch, some high TKN values were also observed under low flows. (Note that
different TKN concentration scales were used for  the two stations).

Significant nitrogen export does occur in the TKN fraction associated with
suspended solids.

For both of the stations conductivity decreased as stream flows increased
(Figure 8g). Again considerable variability was present in the conductivity
at a given flow. A number of factors probably account for the conductivity
patterns. The conductivities of surface runoff water would be less than tile
effluent which, in turn, would be less than ground water. Various mixtures of
water from the above three sources would produce varying conductivities.
Under low flow conditions evaporation in the summer and ice formation in the
winter can increase the conductivity of the stream water.

The patterns of concentration versus flow illustrated for the two
branches of Wolf Creek are typical of the patterns observed at the other
transport stations in northwestern Ohio. The major variations in the patterns
are associated with the extent of point source impact under 2low flow
conditions. As the volume of the point source discharge increases in relation
to stream flow and as the concentrations of the point source effluent increase
in relationship to background stream concentrations, the effects of the point
source effluents on the concentration versus flow patterns become larger.
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However, the further downstream the sampling station is located relative to
the point source outfall, the less will be the impact on the low flow stream
concentrations. This is especially so for nonconservative parameters, such as
phosphorus and nitrogen, which are processed in various ways by the stream
system.

Although various types of concentration-flow patterns are evident in the
scattergrams described above, the large amounts of variability in sediment and
nutrient concentrations at a given station and flow rate stand out as
important features of the data sets. It is evident that basing conclusions
concerning stream chemistry on the results of sampling programs involving
small numbers of samples could give misleading results. In the following
sections, sources of this variability in concentration-flow relationships will
be discussed.

HYDROGRAPHS, SEDIMENTGRAPHS AND CHEMOGRAPHS

Part of the variability in chemical concentrations at a given station and
flow is due to the nature of the runoff events which move through stream
systems. As a storm event moves past a given sampling station, the stream
flow and concentrations of sediment and various chemicals change in
characteristic ways. A given flow less than the peak flow will occur twice,
once during rising flows and once during falling flows. The chemical
concentrations during these two periods are often quite different. Plots
illustrating the changes in stream flow, sediment concentration and
concentrations of chemicals as a function of time are referred to as
hydrographs, sedimentgraphs and chemographs. Where the chemicals are
considered pollutants the term "pollutograph" is also used. Analysis of these
graphs can often yield information concerning the source and transport of
materials.

Figure 9 shows a typical runoff event which occurred between May 2 and
May 11, 1977 on the East Branch of Wolf Creek. In these figures, the sediment
graphs and various chemographs are shown in relationship to the hydrographs.
The hydrograph can be divided into the ascending limb, the peak discharge and
the descending 1limb. In a runoff from a single rainstorm the rise in flow on
the ascending limb is usually steeper than the decrease in flow on the
descending limb and consequently the ascending 1limb transports less total
volume of water and lasts a shorter time than the descending limb.
Accordingly, the midpoint in the mass of water moving past a sampling station
during a storm event occurs after the peak discharge has passed.

The concentration of suspended sediment increases very rapidly during the
ascending limb of the hydrograph (Figure 9a). The peak sediment concentration
occurs prior to the peak discharge and the sediment is said to have an
"advanced” peak. After the peak sediment concentration is reached the
sediment concentration decreases more slowly. The chemographs for total
phosphorus (Figure 9b) and Total Kjeldahl Nitrogen (Figure 9c) closely
parallel the sediment graph. Much of the total phosphorus is associated with
the transport of particulates.
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In contrast to total phosphorus, the chemographs for chloride (Figure 9e)
and for conductivity (Figure 9f) show decreasing concentrations as the flow
increases. Often the shape of these chemographa is the inverse of the
hydrographs. The chemograph for nitrate plus nitrite mnitrogen (Figure 9g)
shows an increase in concentration in association with the hydrograph. The
peak nitrate concentration trails the peak sediment and total phosphorus
concentrations and occurs during the descending limb of the hydrograph.

Soluble reactive phosphorus (Figure 9d) also increases in concentration
as the flow increases. It should be noted that the actual concentrations of
soluble reactive phosphorus are much lower than the total phosphorus
concentrations. After its peak, the concentration of the soluble reactive
phosphorus decreases more rapidly than the nitrate concentration. The timing
of the elevated soluble reactive phosphorus concentrations is more like the
timing of the elevated concentrations of suspended sediments and total
phosphorus than like nitrate concentrations.

The changes in concentrations which occurred during the runoff event
illustrated in Figure 9 represents the net effect of several different
processes., Prior to the rainstorm the stream channel upstream from the
sampling station contained water with the chemical composition characteristic
of low or base flow for the watershed. This water is characterized by high
concentrations of chloride, high conductivity and low suspended sediment and
nutrient concentrations. During the runoff event, this besse flow water in the
stream channel would have been pushed ahead by the storm runoff water. The
flow of this water would actually have increased during the initial portion of
the hydrograph, and subsequently decreased below the pre-storm discharge
during the midportion of the storm event.

As the rainfall input to the watershed exceeds the infiltration capacity
of the soils, water accumulating on the surface begins to drain into the
stream network. This surface runoff water contains high concentrations of
sediment and sediment-bound chemicals such as phosphorus. Since this water
has limited internal contact with the soil prior to reaching the drainage
network it does not contain high concentrations of dissolved substances. The
decreasing chloride and conductivity at the sampling station reflects the
effects of this surface runoff water, as well as rainwater falling directly on
the surface waters. Surface runoff originating in close proximity to the
gaging station will arrive early in the hydrograph. The timing of the arrival
of the surface runoff from more distant parts of the watershed depends on the
routing of water through the drainage network.

Some of the rainwater which infiltrated into the soil will move laterally
to the stream systems. This pathway, which is often referred to as interflow,
can be very important in agricultural 1lands with tile drainage systems.
Chemically, this water contains much higher concentrations of certain soluble
nutrients, such as nitrates, than does the surface runoff. Also, its content
of total dissolved ions, as reflected in its conductivity, will be higher than
the surface runoff. Generally this water will have a very low concentration
of suspended sediments. The timing of the arrival of the interflow water at
gaging stations will vary with the distance and pathway of water within the
drainage network. This movement of water will be delayed relative to the
surface water movement to the gaging station. As the hydrograph progresses at
the gaging station the proportion of water derived from surface runoff
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relative to interflow will change, having a high proportion of surface runoff
during the early portion of the hydrograph and a low proportion of surface
runoff during the later stages of the runoff. This is illustrated in Figure

9g where the peak concentration of nitrates +trails the peak sediment
concentration and minimum conductivity.

The pattern of changes in sediment and chemical concentration at the
sampling station during a hydrograph is also affected by sediment resuspension
from the stream bottom, as well as by deposition of sediment both onto the
stream bottom and, during larger runoff events, onto flood plains. The
resuspension of sediment is related to the movement of the flood front through
the drainage network. The flood front moves downstream faster than the
velocity of the water. As the flow increases, the sediment carrying capacity
of the water increases and sediments are picked up from the stream bottom.
These resuspended sediments, along with sediments derived from surface runoff,

determine the pattern of changes in suspended sediment concentration which
occur at the sampling rcation.

Although the general sequence of peak and minimum concentrations shown in
Figure 9 is common, the positions of the peaks and minimums can be shifted
relative to the peak of the hydrograph. Figure 10 illustrates storms in which
the peak sediment concentration is simultaneous to (10 a) or trailing (10 b, ¢
& d) the hydrograph peak. The position of the peak concentration relative to
the hydrograph is determined by the interaction of the various processes
mentioned above. Trailing sediment peaks can most easily be explained by
localized storms on a small portion of the watershed. The storm runoff water
containing high suspended sedimeits enters the drainage network and initiates
the propagation of a storm wave through the stream system. The sediment-laden
storm water moves more slowly through the stream system and arrives at the
sampling station after the peak of the storm wave has passed. In the case of
advanced sediment peaks, it is probable that both resuspension of sediment and
the routing of nearby surface runoff water contribute to the high sediment
concentrations present early in the hydrograph. For large storms much of the
water passing the stream gage during the late portions of the hydrograph may

have been in storage over flood plains during which a portion of its sediment
load was deposited.

Very often rainstorms closely follow one another. The associated
hydrographs become superimposed giving rise to complex sediment graphs and
chemographs. Figure 11 illustrates some storms with complex hydrographs and
their associated complex sediment graphs and chemographs.

VARIATIONS AMONG RUNOFF EVENTS AT A SINGLE GAGING STATION

Part of the scatter present in the concentration versus flow graphs of
Figure 8 1is a result of the large variations in concentrations that accompany
runoff events with approximately equal peak flows. This is true for storms
with high, medium and low peak flows.

This variability is apparent within a set of 52 storm events for which
good sampling records were available at the Upper Sandusky gaging station. In
Table 28, there is 1listed the beginning and ending dates, the number of
samples collected, the storm duration, the peak flow, the time weighted
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Table 28. Summary of Storm Data at the Upper sandusky Caging Station

No.

— aeet SER PR AR e

10

11

13

14

15

16

17

18

k. . 19

20

‘i : 21
3
 d

Susp. Solids Total P Nitrate Cond.
Sturm Sturting Date Mean Flow samples Wt. Mean Wt . Maan Wt. Mean Wl. Mean
Enling Date Peak Flow Duration Position Position Position Position
3
(WW/sec.) N, hrs. mg/f x_n_g;/l _nlg/ﬂ, _ umhos
741207 20.91 20 92.17 0.248 6.29 477.
741212 50.01 120.0 70.5% 55.2% 46.0% 54.2%
741212 27.03 35 79.13 0.210 6.92 443.
741222 63.53 246.0 56.5% 49.608 51.7s 51.08
7412212 24.32 23 113.40 0.297 ©.50 40,
741230 66.14 162.0 67.7% 65.1% 52.3% Gl de
741231 15.48 PA 71.20 0.160 H.01% 490 .
750106 39.45 146.0 72.9% $7.2% 0.6 44.2%
750107 17.29 I 223.3 0.445 4.H9 EETRAN
750116 95.31 219.0 67.2% 59.4% 49,3 4f.. 0N
750125 16.09 12 131.3 3.57 4K3 .
750128 38.17 92.5 50.0% 51.7% 58.5%
750128 35.90 26 3492.8 0.671 3.45% 334, .
750204 99.79 157.8 16.46 70.08 44. 4N 43.608
750216 29.84 <3 110.9 5.54 417.
7150222 73.66 129.5 651.9% 46.1%8 51.4%
750222 56¢.65 3o 538.5 0.495 3.42 288.
750303 182.45 221.0 74.8% 62.8% $52.40 44.8%
750304 15.130 20 136.9 0.408 4.31 496 .
750311 3Je.s80 138.0 59.7s 62.7% 47.2% S4.2%
750329 14.30 18 247.,3 Q.422 4.23 479.
750404 41.88 170.5 85.5% 76.9% 50.5% 45.8%
7508130 14.12 19 444 .4 0.994 2.80 365.
750904 38.15 122. 4 72.4n 67.5% 44.30 a7
751018 4.28 1 32.8 0.370 2.50 T11.
751025 7.90 174.7 66.5% 66.048 36.2% S1.40
760208 19.81 10 131.13 0.358 2.45 400.
760214 29.38 150.0 47,28 34.40 32.00 39.8%
760215 83.41 20 716.7 0.957 4.12 3t
760221 165.36 136.0 70.9% 66. 4% 47.3% 48.2%
760221 21.27 17 235.5 0.370 3.81 431.
760229 62.91 213.0 80.3% 68.28 50.5% 43.0%
760303 27.29 24 420.1 0.720 3.25 Igh.
760311 101.3% 222.0 66,78 66.13% $0.4% 46. 7%
760319 12.89 21 328.5 0.594 2.82 4913,
760327 47.43 216.0 73.3% 68.1% 46.8¢ 49.6%
760618 5.49 18 368.7 0.707 12.41 637.
760623 15.55% 135.0 61.9% 59.8% 32.5% 51.28
760707 9.17 26 726.8 1.070 4.74 440.
760715 42.08 1689.0 69.9% 67.8% 40. 46 50.36
760723 11.55 n 1123.8 0.962 2.49 394.
760728 34.41 115.5 79. 40 62.7% 44.10 50.7%
i
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Table 28 continued.

) Susp. Solids Total P Nitrate Cond.
Storm Starting Date Mean Flow Samples Wt. Mean Wt. Mean Wt. Mean Wt. Mean
No - Ending Date Pe;k Plow Duration Position Poaition Position Position

(M”/sec.) M, hrs. mg/R mg/% mg/L imhos

22 760807 3.96 21 199.8 0.621 2.04 531.
760812 10.06 126.0 60.5% 62.0% $2.9% 48.00

23 770222 26.88 26 220.5 1.083 2.86 447.
770302 90.16 228.0 56.1% 76.3% 35.76 $6.18

24 770317 27.87 14 227.1 0.506 6.38 485.
770322 63.5) 117.0 58.4% 54.690 42.8% 54.4%

25 770322 16.0 20 0.258 6.48 534.
770401 43.75 273.0 52.1% 56. 4% 47.6

26 770402 31.12 18 215.5 0.508 5.22 437.
770410 100.04 2113.0 69.8% 63.5% 44.00 46.7%

27 770503 15.71 19 196.3 0.423 6.49 539.
770509 40.55 155.0 59.08 $6.99% 47.4% 49.8%

a8 770630 8.98 16 1447.8 1.480 7.30 499.
770704 29.5S 114.0 63.7% 56.3% 22.3% 54.2¢

r . 29 770704 6.18 16 563.0 0.875 9.35 535.
770708 14.60 102.0 37.1% 40.6% 53.2% 57.7%

30 770709 2.89 16 326.7 0.599 7.06 546.
770713 6.97 108.0 50.3% 48.3% 61.2% 51.8%

31 770722 5.68 25 621.17 1.120 2.34 482.
770728 21.01 162.0 40.9% 47.38 21.58 568.5%

32 770805 2.56 20 436.6 0.792 1.42 665.
770810 5.31 141.0 59.3% 50.7% 35.0% S$1.3%

33 771130 18.05 13 176.4 0.558 7.02 592.
771205 44.71 117.0 67.6% 63.00 40.3% 46.7%

34 771208 56.55 37 181.1 0.390 4.68 423,
771224 237.72 360.0 58.0% 59.3s 46.1% 54.9%

s 780313 96. 41 21 36.9 0.405 2.20 292.
780318 197.17 141.0 51.9% 53.9% 47,68 56.9%

36 780518 15.03 14 363.9 0.666 5113.
780521 30.68 84.0 74.0% 65.0% 48. 26

37 780524 15.27 15 370.8 0.556 7.20 S09.
780528 41.88 117.0 63.4% $2.38 49.2% 49.7%

e 780612 2.50 10 $54.7 0.830 2.63 666.
700615 5.78 93.0 82.3% 62.1% 62.3% 43.08

39 701202 5.70 1S 267.6 0.962 6.18 689.
781206 18.17 120.0 67.5% 66.8% 40.40 $5.0%

40 781200 4.62 14 184.7 0.578 7.79 612.
701217 26.65 234.0 82.19% 60.1% 48.6% 47.6%

41 761231 28.69 28 85.0 0.367 8.72 632.
790116 71.43 403.0 90.5% 63.9% §5.0% 41.1%

42 790222 42.72 21 193.2 0.624 3.03 338.

790301 115.12 114.0 66.0% 69.08 44.40 56.6%




Tatlu 28, continued.

Susp. Solids Total P Nitrate Cond.
Storm gtarting Date Mean Flow Samples Wt. Mean We. Mean Wt. Mean Wt. Mean
No. Ending Date Feak Plow Duration Position Position Position Position
3
(i’ fsec.) N, hrs. mg/ % mg/% mg/%¢ pmhos

43 790301 42.60 32 293.3 0.517 3.83 jle.
190312 71. .98 17.5% 42.64

-

- v

790402
790407

. 495 %23,

60. .58 44.5% 92.5%

45 790408 26.18 10 310.9 0.466 7.13% 472.
790412 61.1¢6 90.0 60.8% 57.9% 48.5% $1.4%

790412

.216 324.
790422

.78 48.5¢ 45.60

47 790510 S.18 15 529.5 0.906 5.54 $54.
790522 .6% 37.40 46.0n

48 790523 15.38 17 71.% 0.337 24.48 625.
790529 .28 41.9% 50.7%

49 790610 6.15 13 331.5 0.452 9.19 569.
790616 37.5) 186.0 81.0% 56.18 39. 40 48.9%

50 790709 4.76 11 364.5 0.€22 5.18 533.
790713 45.69% 50.8% 48. 7%

S5l 790714 4.84 9 3l18.3 0.722 3.56 469,
790723 39.9% 55.5% 56.2¢

S2 790913 14.19 19 295.8 0.592 2.11 409.
790918 56.8) 138.0 61.8% 59,5 45.3¢ 52.4%

average flow and the flux weighted concentrations of suspended solids, total
phosphorus, nitrate + nitrite nitrogen and conductivity. The table also
jncludes a calculation of the percent of the total storm flux of suspended
solids, total phosphorus, nitrate + nitrite nitrogen and conductivity which
accompanied the first half of the water mass of each storm. This percentage
is labeled "position" in the table. :

; In Figure 12, the complete hydrographs and sediment graphs for eight of
3 l the 52 storms have been plotted. To facilitate comparison of the hydrograph 1
and sediment graphs, all of the storms have been plotted using the same scales B

for the concentration, flow and time axes. Storms A, B and C were large

l storms in terms of peak flows. The concentrations of suspended sediments in

storm A were very high, in B were moderate and in C were very low. Storms D,

E and F had moderate peak flows and again were accompanied respectively by

‘ l high (D), medium (E) and low (F) concentrations of suspended solids. Storms G

and H had very low peak flows, one of which (6) was associated with moderate .
suspended solids concentrations while the other (H) was associated with very !y
low suspended solids concentrations.

The storm to storm variability present for sediment concentrations is
also present for nutrients. In Figure 13 the flux weighted average %
concentrations of suspended solids, total phosphorus, and nitrate-nitrite N ’

68

R A

—_— i — © mmm——— e -




TR AT e T R e T e T

NN S

B 750200-750303

A 790412-790422

1,47

1.44

00’0009 0D'000F DO'0DDZ2 00
{ 640 ) NDS

00'000€ 00’0002 GO'0001 00"

(1/bum) spT10S popuadsng

?7.00 10.00

13
400
Day of water year

.00

00'0009 00°000% DO'000Z OO
(Sa0) MO

—

00°000€ 000002 00°0001 OO

(1/6w) spytos pspuadsng

Day of water year

69

D 760723- 760728

3.02 3.08
E

299

1

i

2.96

oo’ 0009 00 000F On° DDDZ oo ™
(sad) M0

C 780313-780318

L Iy T 1
00°000€ 00'0002 00°N00T OO
(T/Buw) spr1os papuadsng

g}

00 0009 00 OODP 00 0002 00

RO

1.66
Day of water year

53

LI L g T L
00’000 000002 000001 OO
(1/6w) spyros pspuadsng

Day of water year

Variability in hydrograph-sediment graph relationships at the Upper Sandusky Gaging Station.

Figure 12.

8 = Flow, * = sediment concentration.

o—

e ——— Eam— - -

) ,
o -

veowt pun PG WD

e = e




1

Gu B
1L N
~ 9]
; o S 9
} © € & B8
. = T 1
5‘ 3 5 3 :s
; ~ o = v o 2
: ) ~ a
v — L"’:‘ S ! - bl
i m (@ 0 ® o o
; > E l %
~ 8 ﬂ o (a]
L 8 - 1 1 1(\'
| T T T o] ! ! ' | r—
: 0D'000g 00'DDOF 000002 00° 00'0009 00°'000v 00°0002 00
| € 642 ) MQ 14 (sad) MOTA
j NN'000S 00'0002 000001 00 00'000€ 00’0002 000001 00
l (1/bw) sprios pepuadsng (T/bu) sprios pepuadsng
| ~N 1 ON ’“_
(»..%]:“J W 1
" ™ :
M £3
2 3 3§
< o > o - >~ ‘
> . o . i
a ) E PJ It
r'\ w0 g & Yo} g D
] L M w \1‘5 '-: — M ‘
3 ™~ o o o 5 B :
Ve a5 e ‘ >~ & '
& a ~ % 38 3
' UJ T g w T A AS g
00°00Ng 00000 000002 OO'm 00’0002 00°000Y On'0002 Oﬂ'm : ,
3 (sa0) MD4 (sdd) mo1d ~ {
T T T = T T T Y et '—:
00’000 ON'000Z 00'000T 0o 0D'DO0E 000002 0NN'000T 0O° a i
(1/bu) spr1os popuadsng (1/bw) sprTos pepuadsng ,';j '

70




*SWX03}S TenpIATPUT X0J SMOT3 dead 03 uoTjelax Ul A3TATIONPUOD pue S83eIFTU

‘snaoydsoyd 1e303 ‘SprITos popuadsns JO SUOTILIFUDOUOD uesw PIjYbTam XNTI uT AITTTqeTIEA

SAD (¢ moj4 doed >907

PO P SL'E BS E SZ2 € VOE SL 2 BS' 2 S22 002
+t
+t + ¢+
+ +
+ +
+
+
+ AR
»+ N +
+
M +H~ & * t
++¢ + +
+
+
+
+
+ + +

SdD ¢ me 3 e84 >901

PO P SL'E Jo € S2E @B'E SL'Z BS'¢Z mN..N ee’'¢c

++

i

"@ss dsy dse

i

i

Aji1Aa13onpuc] uoel pejybiem XNTJ

b

dsz ds9

+ +at tyoary # +
RS + + ﬁm +
+ &, + v, +
#
Aﬁ++ t,
+ ' +
+

TS

®1143IN/®1P 471N UDS) pejyBien XNTJ

L
K
sl

§2 62

[ —

SdD ¢ mo|3 xoed 907

—e ) N

‘g1 aanbrg

P8P SL'E BS € S2'€E PO E SL 2 OS2 S22 OQ,N&
* g
+ eﬂ
+ ¢ .
+4 1 + + oY
+ ¢ + ' i.’ T
.v+ + + #x 0”
., ¢4 +* “ ToF
+ t 4 ®q
. o O3
+ Jg.‘
+ +F + oL
+ + + wom
+ me
o%
[
—
¢
+ .:.C._.
o
SID ¢ mo|4 »oed 9071
@0 vy SL'E OS'E S2'E PB'E SL'2 @S2 S22 80'Cm
— + + —t + + —+— -
¥ ¥
. ﬁ## +#.“ +
+ +
Moo ++ + + %m
+ ++ + ¢+ + + h
+ +7 ¢ + 4
+ + + ﬁm
+ + + + ;‘
+
+ +

+

'O.bﬁl 'ilgl.

®pi|og pepusdeng uobey pejydien .

oz

)

00S!

SwJ03g Adsnpuog Jeddn

71

I



o
!
|
!
l

along with the flux weighted conductivity are plotted as of function of the
peak flow (log scale) for the set of 52 individual storms at Upper Sandusky.
Again the wide variation in flux weighted concentrations for storms of similar
sizes is very evident. Furthermore the scattergrams reveal no obvious trend
between peak flows and flux weighted concentrations except for conductivity
where average conductivity decreases as peak flows increase. Linear
regressions of concentrations on peak flows, together with correlation
coefficients are shown in Table 29. The correlation for conductivity is much
greater than for the other narameters.

Table 29, Linear Regressions of Flux Weighted Mean Concentrations on
Peak Flows for the Upper Sandusky Storm Data Set.

Parameter Slope Intercept R2 DF Probability
Suspended Solids -0.0522 339 0.0% 49 >> 0.1
Total Phosphorus -0.0004 0.642 0.5% 48 >> 0.1
Nitrate-N -0.0100 6.01 2.4% 49 >> 0.1
Conductivity -1.37 566 50.4% 50 << 0.001

The large variability in sediment and nutrient concentrations associated
with runoff events of approximately equal size is present at all of the stream

gaging stations in northwestern Ohio. The extent of this variability leads *o
the following conclusions:

1. Most of the time the sediment transport in the streams is less than
the sediment carrying capacity of the streams at a given flow. The
gsediment carrying capacity would be equal to or greater than the peak
sediment concentrations observed at that flow. There apparently is
not a ready source of erodible sediment from stream banks or bottom
that replace sediment "deficits" in surface runoff water entering the
stream network. Thus programs that reduce the sediment concentration
in surface runoff water should reduce the sediment yield from large
river basins.

2. The 1interaction between watershed factors and precipitation
intensity, duration, and distribution have major impacts on the
concentration of sediments and nutrients present in runoff water.
During the time period of the study at Upper Sandusky there were no
significant chsnges in farming practices that would have accounted
for variations in stream chemistry. The seasonal changes of ground
cover associated with the prevalent rotations andé tillage practices
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coupled with variations in precipitetion patterns are sufficient to
cause the observed variations.

3. The extent of the variability illustrates the complexity of
calibrating models where output includes sediment graphs and
chemographs for individual storms from large watersheds. The inputs
for such models must include the major variables which cause the
variation in concentrations within storms with equal peak flows.

4. Studies of the sources of +the variability in concentrations
associated with runoff events of approximately equal size may be
quite helpful both in planning sediment reduction programs and in
assessing the effectiveness of programs which are implemented. Given
the extent of the variability present within these 52 storms, further
study of these may reveal some of the major factors affecting the
concentration of materials during storm events.

VARIATIONS ASSOCIATED WITH SEASON AND RAINFALL INTENSITY

Individual Storms

One important factor influencing the concentrations of materials present
during runoff events is the season of the year. In particular, those runoff
events which are produced as a result of snow melt often have much lower
sediment concentrations than events associated with rainfall. This is readily
apparent in the data set of Upper Sandusky storm events. In Figure 14, the
month in which each storm event occurred has been added to the graph of
weighted mean sediment concentrations in relation to peak flow. It is evident
that the flux weighted average concentrations of suspended solids are much
smaller in December (12), January (1), February (2) and March (3) than for

other months. This is particularly so for storms with medium and small peak
flows.

Storm #48 (Table 28) provides an interesting exception to the above
pattern. This storm, which occurred May 23-29, 1979, had a very low sediment
concentration in relation to the spring storms of similar peak flows. This
runoff event followed a series of prolonged gentle rains. In Figure 15
tracings from a recording raingage located in the watershed are shown from the
above storm as well as for a storm which occurred on April 13, 1979. The
latter storm had much higher sediment concentrations (Table 28, Storm #46).

Storm #48 was also accompanied by extremely high nitrate concentrations
(flux weighted average = 24.48 mg/l). Apparently a high propotion of the
rainfall infiltrated into the soil and reached the stream through drainage
tile systems. The tile effluents have high nitrate and low suspended solids

concentrations. There apparently was little surface runoff water to dilute
the tile effluent.

From the standpoint of drinking water quality, periods of prolonged
gentle rain deserve special attention in agricultural areas with ti_c¢ drainage
systems. Many of the newer pesticides have a fairly high water solubility and
their behavior may parallel nitrates.
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Figure 14. Flux weighted mean concentrations of suspended solids in
' relation to peak flow with month of occurrence marked
for individual storms. (Jan. + 1, Feb. + 2, etc.)

Seasonal Sediment and Nutrient Rating Curves

Since the sediment concentrations during snow melt events are lower than
during rainfall induced events, separate sediment rating curves are often
produced for winter and summer conditions (Strand, 1975). These curves
involve a separate plotting of sediment concentrations in relation to stream
discharge for winter periods and for summer periods. TFigure 16 shows such a
plot for the Melmore gaging station.

In Figure 16a the sediment concentrations are plotted in relation to
stream discharge while in Figure 16b sediment flux is shown in relation to
stream flow for the same data. The period from December through March is
taken to include the period when snow melt generated events are likely to
occur. The April through November period is taken as the non-snow melt
period. In this region, midwinter thaws are common and snow seldom
accumulates over the entire winter. More northerly regions are characterized
by single, large, snow melt events in the spring.
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A convenient way of examining the seasonal aspects of concentration
versus flow relationship in streams is to use the flow intervals provided
within the USGS flow duration tables, as described in the methods section.
All of the winter samples were sorted into the flow intervals between adjacent
flow classes and within each interval the means and the standard deviations
for sediment and nutrient concentrations were determined. Similar
calculations were made for the samples collected during summer conditions.
For each flow interval the significance of the differences between the winter
and summer mean values were tested using a student t-test.

Tables 30 to 3% show the resulting means, standard deviations, and
probabilities for the Melmore stream gage. In Figure 17 the summer and winter
mean values are plotted according to <the arithmetic midpoint of each flow
interval. 1In the cases of suspended solids (Table 30 and Figure 17a), summer
values are significantly higher than winter values over the entire range of
flows. TFor total phosphorus summer concentrations are significantly higher
than winter concentrations (Table 31 and Figure 17b) in the high and medium
flow ranges. At lower flow ranges there is no sgignificant difference in
summer and winter values except at the lowest flows where winter values are
statistically significantly higher than summer values.

For nitrates (Table 32 and Figure 17c ) there is no statistically
significant difference between winter and summer for most of the flow
intervals across the entire range of flow values. For a few flow ranges,
summer values were higher than winter values. During both summer and winter
the highest concentrations tended to occur just below the peak flow intervals.

In the case of conductivity (Table 33 and Figure 17d) at high flows there
was either no significant differences or else the summer values had higher
conductivity than winter values. Over the medium and low flow intervals, the
winter values for conductivity are significantly higher than the summer
values. This is probably due to ice formation which concentrates the solutes
in the remaining liquid water. The use of road salt may also have some effect
on the elevated conductivities in the winter.

The summer and winter mean concentrations for each flow interval were
calculated for sediments and nutrients for all of the transport stations. The
resulting summer and winter rating tables were used to calculate loading when
concentration data was lacking (see Section 7). The seasona. data for the

other atations were similar to the examples for the Melmore station shown
above.

ANNUAL VARTATIONS IN SEDIMENT AND NUTRIENT CONCENTRATIONS

The storm to storm and seasonal variability in sediment and nutrient
concentrations described above results in significant variations in flux
weighted mean concentrations of sediments and nutrients as measured on an
annual basis. In Table 34, the annual flux weighted mean concentrations are
shown for the twelve gaging stations. The total annual discharge according to
final USGS figures is shown for each station along with the percent of the
annual discharge which was monitored through the sampling program. The latter

value was based on the instantaneous flows and time multipliers associated
with sediment samples.
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Table 34. Annual variations in flux weighted mean concentrations of sediments and nutrients at northwestern OChio
gaging stations.

b Soluble
Mater Discharg P t  Suspended Total reactive Nitrate 1
Year 107 -3 Monitored Solids Phosphorus Phosphorus Nitrogen Conductivity TP/SS PP/SS
ng/1 g/l mg/1 ng/1 umhos q9/%g  a/¥g
Maumee 1975 476.3 73 279 .577 114 6.72 522 2.07  1.66
1976 503.5 86 315 .554 .107 3.58 503 1.76  1.42
1977 305.3 70 404 .739 .098 6.82 554 1.83 1.59
E 1978 616.6 96 138 .396 1 4.40 448 2.87  2.06
Portage 1975 28.99 69 275 .496 .133 8.14 582 1.80 1.32
1976 32.62 81 161 .400 .11 3.82 556 2.48  1.80
[ 1977 24.13 78 128 .389 .140 8.86 645 3.08 1.95
5 1978 44.38 98 132 .359 .100 4.84 489 2,72 1.9
‘ Bucyrus 1975 10.27 35 96 .441 .197 2.56 484 4.59 2.54
; 1976 8.21 78 219 .596 .190 3.15 440 2.72  1.8%
: 1977 5.72 97 180 .673 .284 4.26 501 3.74  2.16
1978 9.55 99 110 .460 .195 3.00 432 4.18  2.41
1979 12.03 58 256 .604 .161 4.60 428 2.3 1.7
. Nevada 1976 4.83 86 316 .451 .054 3.69 424 1.43  1.26
: 1977 5.21 79 198 .276 .051 5.13 495 1.3 1.14
1978 12.25 65 81 .226 .074 3.72 430 2.79  1.88
1979 9.01 % 310 .522 .062 5.86 374 1.68  1.48
Upper 1975 27.53 92 226 .402 .091 4.42 438 1.79 1.38 ,
Sandusky ;476 22.08 0 138 .570 .105 .7 460 1.69 1.38
1977 14.11 113 212 646 .189 4.23 591 3.05  2.16
1978 30.68 72 139 .431 .175 3.65 449 3.10 1.84
4 1979 27.57 81 301 .613 .123 5.88 483 2.04  1.63
Tymochtee 1975 7.1 89 310 .570 .063 5.79 370 1.84  1.64
1976 7.64 67 205 .362 .064 5.39 517 1.77  1.45
1977 6.60 99 121 .325 .078 5.84 495 2.69  2.04 '
1978 20.73 7 61 .223 .072 3.43 aas 3.66  2.48 ‘
1979 14.42 7 193 .413 .070 6.17 422 2,14 1.78
Mexico 1975 66.66 125 .335 .069 7.78 as1 2.68  2.13
1976 47.83 2 112 .070 6.00 703 5.33  2.00
1977 16.07 352 .657 .119 4.81 553 1.87  1.53
1978 75.13 3
1979 63.75 6 134 .310 .072 3.01 513 2,31 1.78 '
Melmore 1976 6.91 121 226 .484 .053 3.n 366 214 1.90
1977 7.29 112 87 .284 .092 5.82 453 3.26 2.21
1978 14.78 109 67 .252 .083 3.78 364 3.76  2.52 .
1979 15.02 105 mn .524 .081 5.17 364 1.93  1.63 ‘
Wolf West 1976 .01 80 205 .431 136 3.58 a1 2.10 1.44 v
1977 2.85 86 77 .23 .083 8.16 567 3.00  1.92
1978 6.74 91 150 .355 .091 5.26 196 2.37 1.7
1979 4.59 105 269 .498 .101 7.46 525 1.85  1.47 N
Wolf Zast 1976 4.40 99 346 .558 .088 5.14 497 .61 1.3 3
1977 11.50 99 77 .323 .135 4.17 661 4.19  2.48 :
1978 11.21 46 194 .37 .095 5.42 552 1.92  1.43
1979 - 6.27 67 272 .580 132 4.87 464 2.13 1.6%
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Table 34. continued
Soluble
Water Discharge Percent Suspended Total Reactive Nitrate
Year 107 n3 Monitored Solids Phosphorus Phosphorus Nitrogen Conductivity TP/SS PP/SS
wg/1 mg/1 mg/1 mg/1 umhos g/kg g/xXg
Fremont 1975 103.0 67 294 .513 .067 4.99 439 1.74  1.52
1976 77.16 54 198 .401 .072 3.82 533 2.03  1.66
1977 62.90 93 160 .416 .106 4.96 577 2.60 1.94
1978 139.1 83 148 .357 .075 4.12 43 2.41 191
1979 108.8 83 272 .53 .104 4.87 424 1.95 1.57
Huron 1975 30.58 80 281 .403 .080 3.66 465 1.43  1.15
1976 26.71 83 232 .293 .141 2,31 578 1.26 .66
1977 25.35 86 279 .436 .088 5.30 515 1.6  1.25
1978 40.48 87 119 .291 .108 2.99 556 2.44  1.54
1979 29.55 27 289 .490 .125 5.26 581 1.70  1.26
1

Particulate phosphorus (PP) is estimated by subtracting SRP from TP.
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Values differ from 100% for a variety of reasons including our use of
interim flow data for hourly stages and missing data due to sampler or stage
recorder malfunction. The number of samples analyzed for each parameter each
year at each station has been shown in Table 25.

In the case of sediments, the ratioc of the highest to the lowest annual
mean value exceeds 2 at all of the stations. Total phosphorus and nitrate
concentrations also show large annual variations at most of the stations while

smaller variations are present for soluble reactive phosphorus and
conductivity.

Comparison of the 1978 and 1979 water years is interesting in that for
both years the total discharge was large and rather similar. The sediment,
total phosphorus and nitrate flux weighted concentrations were much higher in
1979 than in 1978. The monthly distribution of runoff for the Fremont and the
Melmore stream gages is shown in Table 25. In 1978 the December through March
period accounted for 76.1% and 73.1% of the total annual discharge at the
Fremont and Melmore gages. During the 1979 water year these months accounted
for 45.5% and 43.7% of the annual discharge. The seasonal distribution of
runoff undoubtedly accounted for the major differences in the mean annual
concentrations of sediments and nutrients between 1978 and 1979.

The extent of the variations in concentrations from year %to year, even
vhen the sampling programs are based on many samples collected throughout the
year, illustrates the need for 1long term studies to document 1loading of
nutrients and sediments from nonpoint sources. Seasonal analysis of runoff
may account for major portions of the variability but defining the seasonal
concentration-flow relations may require extended studies.

VARIATIONS ASSOCIATED WITH LOCATIONS RELATIVE TO POINT SOURCES

Another factor affecting the patterns of concentrations observed at
sampling stations 1is the position of the station relative to point source
inputs. Where sampling stations are located immediately downstream from point
source inputs of phosphorus, the concentration versus flow plots show
increasing concentration of phosphorus as flows decrease in the low flow
range. This reflects decreasing dilution of the point source inputs by the
stream water. The actual concentrations observed depend on the concentrations
and flow of the point source effluent in relation to the stream flow and
concentration. As the sampling station is moved downstream, the phosphorus
concentrations under 1low flow conditions are decreased due to uptake of
phosphorus within the stream system, removing it from the flowing water.

During the summer of 1974, from 32 to 52 samples were collected during
nonstorm conditions at each of twenty six stations along the mainstream of the
Sandusky River. The mean concentrations of total and soluble reactive
phosphorus are shown as a function of mile point (distance from the river
mouth) in Figure 18. The effects of inputs from the Bucyrus, Upper Sandusky
and Tiffin sewage treatment plants are evident. None of the plants had
phosphorus removal programs in operation at that time. The decreases in
phosphorus concentration below each town reflect deposition of phosphorus
rather than dilution effects (Baker and Kramer, 1976).
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1 , Table 35. Comparison of Monthly Distribution of Runoff bLetween 1976 and 1979
- Water Year.
Fremont Gage Melmore Gage
l 1978 1979 1978 1979
I 10° n? 10° n’ 1% o 10° n
II l October 12.06 0.9% 4.32 0.5% .977 0.8% .23 0.1%
November 14.08 1.0% 5.58 0.6% 1.63 1.3% .32 0.2%
' December 305.97 22.0% 35.10 3.2% 39.27 28.0% 6.86 4.6%
January 90.56  6.5% 55.71 5.1% 12.21 1.0% 9.53  6.3%
' February 36.19 2.6% 96.53 8.9% 4.51 3.6% 15.08 10.2%
March 626.64 45.0% 30€.12 28.3% 58.05 41.0% 34.04 22.6%
April 209.29 15.0% 272.77 25.08 22.54 16.3% 39.64 26.4%
May 49.64 3.5% 85.34 7.8% 4.53 3.2% 12.13 8.1%
Jun-2 22.53 1.6% 52.18 4.8% 1.49 1.1s 16.83 11.2s
July 9.23 0.7% 31.51 2.9% .37 0.3% 3.78 2.5%
August 12.53 1.0% 96.69 8.9% 2.13 1.5% 6.86 4.5%
September 2.48 0.2% 43.75 4.0% .779 0.7% 4.89 3.3%
Total 1391.2 1087.6 148.5 150.2

Another effect of point source inputs which may be present deals with p
diurnal fluctuations in the 1loading rates from the plants. Figure 19a
illustrates the patterns of phosphorus concentrations observed at a series of
stations downstream from Bucyrus, Ohio. Three grab samples were collected ;
each day at each station. Although the phosphorus concentrations generally '
decreased in a downstream direction, the pattern at the upstream stations
sometimes showed highest concentrations at Kestetter Road and sometimes at

‘ Denzer Road. If samples had been collected only on 760826 at 1600 or 2100
hours one might have concluded that a source of phosphorus existed between i

Kestetter and Denzer Roads. Collections at other times could also have lead
to similar conclusions.

The grab sampling program used to obtain the above data was supplemented
by the use of asutomatic samplers at Kestetter, Denzer and Caldwell Roads. The
samplers were used to collect samples at two hour intervals. The results of
this program are shown in Figure 19b. Large diurnal variations in phosphorus
concentrations were present at Kestetter Road, which is located about 0.9

The occurrence of

km. downstream from the Bucyrus sewage treatment plant.
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———3 Direction of Flow

Figure 18. Profiles of mean phosphorus concentrations along
the Sandusky River during June - September 1974.

higher values at Denzer Road were a consequence of the travel time between the
two stations. It is apparent from a comparison of the Kestetter and Denzer
Road concentrations that longitudinal mixing of the water during its passage
between the two stations dampened the stream variations present at Kestetter
Road. At Denzer the 1low concentrations were higher  than the low
concentrations at Kestetter Road.

The data presented in TFigure 19 clearly illustrate the need for
examination of possible diurnal effects at sampling stations located
immediately downstream from treatment plants. Where the diurnal loading from
point sources is associated with significant diurnal variations in discharge
relative to stream flow, calculating material fluxes &t sampling stations
downstream from a stream gage are extremely difficult. The peak discharge
rates at the point source input will generate wave fronts which move
downstream faster than the water is flowing. For example, if the peak
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concentrations and peak flows occurred simultaneously at Kestetter Road the
peak flow would have preceeded the peak concentrations at Denzer Road, since
the wave front moves downstream faster than the velocity of the water. These
effects may be important when attempting to quantify processing rates.
Verhoff and Baker (1980) have used the diurnal variation data to calibrate a
phosphorus deposition model for the Sandusky River below Bucyrus.

CONCENTRATION EXCEEDENCY RELATIONSHIPS

An important aspect of water quality is the percentage of time that the
concentrations of some parameter fall within particular ranges. Although
these studies were primarily directed toward measuring tributary loading,
which is dominated by high flow periods, the automatic samplers were operated
continuously during both event and non-event periods. During non-event
periods a single sample per day was analyzed. As described in the methods
section, different time multipliers were attributed to the samples, depending
on the frequency of collection of the analyzed samples. The inclusion of
daily samples during low flows provides a data base which allows calculation
of the time exceedency distribution of various concentrations. The
calculation procedures used for producing exceedency tables are described in
the methods section.

Table 36 contains concentration exceedency data for suspended solids at
selected stations. For the Maumee station the data indicates that 80% of the
time the suspended solids concentration exceeded 23.9 mg/1, and 1% of the time
the concentration exceeded 778 mg/1. In comparing the concentration
exceedency data for the various stations, it is noteworthy that the Maumee
River, which is the largest of the watersheds, had much higher sediment
concentrations than the other stations for much of the time. Particularly for
the low range of concentrations (ie. high exceedency percentages) the
concentrations exceeded fixed percentages of the time were higher for the
larger rivers and tended to decrease as the watershed area decreased. At the
high concentration range (ie low exceedency percentages), concentrations were
highest for the watershed with the highest gross erosion rate (Nevada) and
lowest for that with the lowest gross erosion (Wolf, West). It should be
recalled that high suspended solid concentrations occur at high flows.

Table 37 contains concentration exceedency data for total phosphorus.
High total phosphorus occurs at times of high suspended solid concentrations
and also at low flows where the stations are affected by point source inputs.
The concentrations of +total phosphorus which were exceeded large percentages
of the time were also higher in the Maumee than in the other watersheds. The
total phosphorus concentrations exceeded 0.5% of the time were higher at the
Portage and Nevada stations than at the Maumee. For the Maumee and Nevada
stations the high total phosphorus concentrations occurred during high flows
while for the Portage most of the high concentrations occurred at low flows.

The drinking water standard for nitrate-nitrogen in Ohio is 10 mg/1. At
all of the stations this concentration is exceeded more than 2% of the time
(Table 38). At the Portage station 10 mg/l is exceeded 5% of the time.
Concentrations of 7 mg/l are exceeded more than 10% of the time at all of the
stations. Since shifts to no-till agriculture in the basin may increase tile
flow in proportion to surface runoff, the proportion of time nitrate
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Table 36, Percentage of time the indicated concentrations of suspended solids
{mg/1) were exceeded at representative gaging stations.

Percent
Exceedency Maumee Portage Tindall Melmore Wolf West Nevada
99% 3.5mg/1 2.1wmg/l 2.1mg/l 1.4 mg/l 1.7 mg/1 1.3 mg/1
a8y 4.0 2.9 2.9 2.3 2.3 1.9
95% 5.4 4.2 4.4 3.3 3.4 3.1
t 90% 10.0 5.9 6.1 4.4 4.8 4.5
4 80% 23.9 8.2 11.5 6.7 6.9 7.5
70% 42.0 12.2 17.5 9.4 10.2 14.3
60% 54.8 18.6 25.4 13.2 14.2 21.6
50% 67.5 27.0 34.7 19.0 18.5 29.6
40% 83.8 39.3 47.9 26.7 22.9 40.8
E 30% 103.0 51.8 66.9 38.8 31.6 61.4
20% 138.0 74.9 100.0 61.5 44.3 85.2
10% 221.0 134.c 176.0 123.2 78.4 142.0
r 5% 319.0 220.5 285.0 191.0 134.0 230.2
. 2% 604.0 429.0 483.0 381.0 271.0 436.0 |
1% 778.0 570.0 738.0 676.0 463.0 841.0 ‘
0.5% 1059.0 938.0 874.0 961.0 667.0 1436.7
Watershegd
area Km 16,395 1,109 3,240 386 171.5 27N

Gross Erosion
m.t./ha/yr. 6.84 5.00 8.25 6.86 4.19 9.31

Table 37. Percentage of time the indicated concentrations of total phosphorus
(mg/1) were exceeded a* representative gaging stations.

P -

Percent
Exceedency Maumee Portage Tindall Melmore Wolf West Nevada

‘ 994 .142 mg/1 .059 mg/1  .051 mg/1l .028 mg/l  -022 mg/1 -013 mg/1
. 98% .158 .073 .058 .035 .043 .018
95% .173 .106 .073 .050 .054 .024
' 20% .190 133 .088 .067 .067 .034
- 80% .221 .166 111 .089 .092 .047
: 70% .246 .197 .127 .101 .118 .062
p | 60% .273 .230 .142 .119 .143 .078
. ' 50% .296 .273 .164 .140 .176 .101
: 40% .32 .325 .184 .163 .208 .128
‘i ' 30t .353 -401 .220 -199 .250 154
d 20% .401 .494 .287 .257 .13 .197
‘f 10% .504 .673 . 406 .366 .464 .312
’ 54 .685 .943 571 .483 .601 .416
2% .943 1.29 .848 .728 .928 .705
1% 1.128 1.40 1.080 .978 1.160 1.23

0.5% 1.480 1.72 1.279 1.24 1.290 1.58




Table 38. Percentage of time the indicated concentrations of nitrate-
nitrogen (mg/l) were exceeded at representative gaging stations.

Percent
Exceedency Maumee Portage Tindall Melmore Wolf West Nevada
99¢ 01 mg/1 .02 mg/l .02 my/1 .480 mg/l .040 mg/1 .059mg/1
988 .03 .06 .03 .770 .070 .070
95% .13 .21 .09 .970 .110 .130
90% .44 .47 .240 1.260 .240 .240
80% 1.45 1.07 .510 1.670 .500 .500
708 2.01 1.70 1.190 2.020 .900 .800
60% 2.57 2.21 1.800 2.340 1.55 1.620
508 3.20 2.93 2.560 2.820 2.66 2.230
40% 4.30 3.9 3.140 3.330 3.61 2.870
30% 5.32 4.080 4.100 3.990 4.54 3.800
200 6.53 6.43 5.410 4.990 6.16 5.000
108 8.02 8.69 7.200 7.380 8.21 7.200
1Y 9.10 10.00 g.800 9.360 9.70 9.440
28 10.60 11.89 10.900 13.300 11.30 13.00
18 12.30 13.10 13.820 16.110 14.60 16.00
0.5% 13.00 14.10 1§.460 18.520 16.39 18.80

Table 39. Percentage of time the indicated concentrations of total dissolved
solids as respresented by conductivities (umhos) were exceeded
at representative gaging stations.

Percent
Exceedency Maumee Portage Tindall Melm?re Wolf West Nevada
99% 319 umhos 293 umhos 267 umhos 202 uwhos 261 umhos 225 umhos
98% 348 385 307 236 320 279
95% 404 486 389 310 435 375
90% 464 585 467 369 525 460
80% 520 684 553 465 614 546
70% 558 746 623 533 665 590
60% 590 792 667 580 691 617
508 627 834 704 607 17 647
40% 665 883 743 632 674
308 707 930 779 659 Tiw 702
20% 765 1017 865 689 887 731
108 891 1146 974 736 1637 801
Ss 981 1384 1077 822 1136 859
2% 1112 1460 1217 876 1331 887
1s 1239 1510 1305 919 1419 904
0.5% 1245 1554 1360 953 1462 926
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conceniration standards are exceeded may increase. Most of the high nitrate
concentration occur in May and June.

In Table 39 concentration exceedency data for conductivity is presented.
The Ohio drinking water standards for dissolved solids, when expressed as
specific conductance, set a limit of 1200 umhos and a monthly average of 800
umhos. Both of the above conditions are exceeded within the major streams of
nerthwestern Ohio. In the case of the Portage River, conductivities of 1200
are exceeded 8.0% of the time. At each station the highest conductivities
occur during the winter low flow periods (see Figure 17). The relative
importance of ice formation and salt use for road deicing is not known at this
time.

Concentration exceedency data of the type discussed above are useful for
assessing in stream water quality and the impact of proposed control programs
on stream water quality. This format of presenting the data also lends itself
to risk assessment considerations. In comparing the time exceedency data
among the various watersheds it is also apparent that some systematic
differences occur in relationship to drainage basin size. The concentrations
of sediments and total phosphorus which are exceeded high percentages of the
time tend to increase as drainage basin size increases. The probability of
thunderstorms occurring withir a basin increases as the basin size increases.
Longer travel times are required for storm generated water to move through
large basins. Even at low flows, the linear velocities of water would tend to
increase with increasing stream order and this increased velocity could
increase suspended solids transport. This is consistent with the concept of
increasing transport of fine particulate organic matter in high order streams
(Cummins, 1975).

SEDIMENT-PHOSPHORUS RELATIONSHIPS

A large portion of the total phosphorus transported in river systems is
associated with suspended solids. Often phosphorus 1loading is estimated
through first estimating sediment yields ead then multiplying by a
phosphorus-sediment ratio. The 1latter can be obtained from empirical
determinations or the use of phosphorus enrichment ratios and soil phosphorus
values.

"n Table 40 the nutrient-sediment ratios as measured for the northwestern
Ohio river basins using the entire data sets for each station are listed. In
this case the estimates are based on the mean annual fluxes of nutrients and
sediments (see Section 7) rather than on the flux weighted mean
concentrations. The highest ratios of phosphorus to sediment were observed at
the Bucyrus station. This station is located a short distance downstream from
the Bucyrus sewage treatment plant and the high ratios observed at that
station undoubtedly reflect the effect of phosphorus derived from point
sources.

The most constant of the phosphorus-sediment ratios is that for the
particulate phosphorus fraction. This is estimated by substracting the
soluble reactive phosphorus from the total phosphorus values. The 1lowest
value for this ratio 1is found at the Nevada station, which has the highest
gross erosion rates (Table 7). Nitrate ratios were also calculated although
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Table 40. Nutrient-Sediment Ratios for Agricultural Watersheds
of Northwestern Ohio, 1974-1979

T™P/SS OP/SS SRP/SS NO,N/ss

Gaging Station 9/kg g/kg g/kg g/xg

Maumee, Waterville 2,13 .48 1.65 20.3

Portage, Woodville 2.45 .73 1.72 35.9

Huron, Milan l.64 .47 1.17 16.4

Sandusky, Premont 2.09 .43 1.66 21.2

Sandusky, Mexico 1.79 .29 1.50 14.6

.] Sandusky, Upper S. 2.20 .57 1.63 16.6

‘ Sandusky, Bucyrus 3.31 1.26 2.05 19.8

’ Tymochtee, Crawford 2.04 .34 1.71 25.0
Honey Cr., Melmore 2.24 .56 1.68 26.9

E Broken Sword, Nevada 1.64 .25 1.39 20.0
4 Wolf Cr., East Br. 2.30 .65 1.65 26.0
1 Wolf Cr., West Br. 2.15 .55 l.61 33.6
Mean 2.17 .55 1.62 23.0

St. Dev. .44 .26 .21 6.7

the transport of nitrates is through soluble rather than particulate forms.

o One important aspect of the data on phosphorus-sediment ratios is that
v, the values show considerable variability from year to year. This variability
Ny is shown in the data of Table 34. At the Melmore station in 1978, the TP/SS
' and PP/SS ratios were 3.76 and 2.52 while in 1979 the ratios were 1.93 and
' 1.63. Both years had aimilar total discharges of water. The higher
phosphorus sediment ratios of 1978 were caused by much lower sediment
concentration in 1978 than in 1979. As described earlier the differences {in
sediment concentration in 1978 and 1979 are attributable to the seasonal
variations in runoff for the two years. The sannual variability in
nutrient-sediment ratios points out that such ratios cannot be determined on
the basis of detailed one year studies. Much care should be exercised in
determining these ratios for watersheds.

T e al

For individual samples there is a great amount of variability in Dbdoth
TP/SS and PP/SS ratios at a given station. This variability is illustrated -
for the Melmore station in Figure 20. The TP/SS ratios for individual samples
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are plotted as a function of stream flow in Figure 20a. In Figure 20b the
same data 1is presented with the ratios plotted as a function of suspended
solids concentration. In this form it is evident that higher suspended solids
concentrations are associated with lower phosphorus-sediment ratios. The same
is true for particulate phosphorus ratios (Pigure 20c). One  possible
explanation for the above would be that higher sediment concentrations may
tend to have larger average particle size distributioms. Since larger
particles have relatively smaller surface areas, they may have less phosphorus
per unit weight than finer particles.

In Figure 20 it is also evident that even at particular suspended solids
concentrations, there is considerable variation in phosphorus-sediment ratios.
In examining this ratio at particular sediment concentrations, it appears that
the higher phosphorus-sediment ratios are associated with higher stream flows.
This also could be explained in terms of particle sizes, if, at a given
sediment concentration, higher stream flows are associated with lower average
particule sizes. Since particle size data has not been collected in this

study, the above explanations for the variations in phosphorus sediment ratios
cannot be evaluated.

The variability in nutrient sediment ratios for individual samples points
out the difficulties that may be encountered when attempting to measure such
ratios based on the collection of a small number of samples. Since control
programs aimed at reducing phosphorus loading from agricultural sources are
based on erosion control programs and such programs may have different degrees
of effectiveness for different particle sizes, a better understanding of
nutrient-sediment ratios in relation to particle size distribution is needed.
Also the relationship between the phosphorus/sediment ratios and the
biocavailability of the phosphorus needs investigation.
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SECTION 7

NUTRIENT AND SEDIMENT LOADING AT TRANSPORT STATIONS

In the preceeding section, various patterns of sediment and rutrient
concentrations present in the rivers of northwestern Ohio were described. In

this section of the report material loadings as products of concentrations and
their associated stream flows will be considered.

MEAN ANNUAL LOADS OF NUTRIENTS AND SEDIMENTS

For water quality management planning information on mean annual
transport of materials at various locations in a watershed is often useful.
Three different methods have been used to calculate mean annual loading using
the data sets available at the transport stations. These methods use either
mean annual flows or flow duration tables as described below.

1. Flux Weighted Mean Concentration and Mean Annual Flow

In this procedure, the flux weighted mean concentration of each
parameter at a particular station is multiplied by the mean annual
discharge observed at that station for the entire period of hydrological
record. This, together with appropriate conversion factors, provides
mean annual loading values. A major assumption in the method is that the
flux weighted mean concentration, as based on the sampling period covered
by the study, 1is representative of the 1long term flux weighted
concentrations characteristic of that station.

2. TFlow Duration Tables and Flux Weighted Mean Concentrations For Each
Flow Interval.

One way to calculate loading using flow duration tables is to
calculate the flux weighted mean concentration for each flow interval, as
described in Section 6. This concentration is multiplied by the mean
flow of the adjacent flow classes that form the flow interval. The
percent of time the flows fell into that interval is then used as the
percent of a year in which flows of that size would occur. For each
interval multiplying the product of the mean flow and the flux weighted
mean concentration by the expected duration of these flows gives a flux
for that interval. The fluxes for each flow interval can then be summed
to provide a mean annual flux. The mean annual flow can also be
calculated and should correspond to the published long term mean flow for
the station. Table 23 provides an example of the flow duration method of
calculating mean annual fliuxes. A principle advantage of using the flow
duration method is that it adjusts the data to the long term distribution
of flows in the stream. Here the assumption is  that the
concentration-flow relationships within the data set are representative
of long term concentration-flow relationships for the station.
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3. Flow Duration Tables and Average Concentrations for Each Flow Interval

The third method we have used in calculating mean annual loading is
a variation of the method described above. For each flow interval
instead of calculating a flux weighted mean concentration the arithmetic
mean is calculated along with the standard deviation and the standard
error of the mean. Both the mean and the standard error are multiplied
by the mid flow and duration so that a "loading error" estimate can be
determined for each flow interval. The above 1loading errors for each
interval were then summed to give an error estimate associated with the
mean annual load. Table 24 provides an example of the calculations of
mean annual loading using this procedure.

The mean annual loadings of sediments and nutrients as calculated by the
three methods described above are shown in Table 41. Flux weighted mean
concentrations are shown in Table 27 and mean annual flows in Table 1. Since
the Nevada, Melmore, Wolf West and Wolf East stations have relatively short
4 periods of hydrological records, mean annual discharges had to be estinated

for these stations. The estimation method included comparing the discharges
observed at nearby long term stations during the period of operation of the
new gaging stations with the average annual discharge observed at the long
term stations. The mean annual discharge at the new stations was calculated
using the measured discharge at the new station and the ratio of the observed
flow during the same period to the long term flow at the nearby 1long term

stations. Flow duration tables were not used for the new stations because of
the short duration of hydrological records.

In general the three methods of estimating mean annual loads gave very
gimilar results. Also the standard error of the estimate was relatively small
considering the annual variability in sediment and nutrient loadings. The
standard errors as a percentage of the mean were much less for +the nutrients
than they were for sediments. The average loadings of the three calculated
values were used in subsequent calculations of unit area loads.

UNIT AREA LOADS

In Table 42, the mean annual loads of sediments, phosphorus forms and
nitrate-nitrite nitrogen are expressed on a load per unit area basis. 1In all
cases the mean annual loads were divided by the total drainage area for the
station to obtain the unit area load. Although the dominant land use in each T
watershed is cropland, significant percentages of other land uses do occur in {
each watershed (see Table 2). The rhosphorus loadings were not corrected for
upstream point source inputs. Such corrections are described in Section 8.

e
> B T ™

The unit area loads for phosphorus and nitrogen observed in the study
watersheds represent rather high values in comparison with other areas. As
part of the PLUARG study, data on unit area phosphorus loads were compiled
from the PLUARG watersheds as well as from other studies in the Great Lakes
region and elsewhere (Johnson, et al., 1978). A summary from that review
relating unit area phosphorus yields to land use and land forms is reproduced
in Table 43. The unit area yields at our river transport stations are similar
to those of plowed fields on fine textured soils.
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’ Table 41, Mean Annual Sediment and Nutrient Loading at Transport Stations
1
v
Station Calculation Suspended Total Dissolved Nitrate-
Method* Solids Fhosphorus Oortho Phosphorus Nitrite-N
wzm_ tons/yr. m. tons/yr. m. tons/yr. a. tons/yr.
Maumee 1 1,043 2,224 500.1 21,200
2 981 2131 491.0 21,500
3 1,087 + 10.3% 2,237 + 6.1% 479.0 + 5.1% 22,000 + 5.3%
E Ave. 1,037 2,200 490
Portage 1 45.6 111.7 33.1
2 41.3 103.4 33.3
3 47.3 + 18.58 108.4 + 7.2¢ 34.6 + 6.2
Ave. 2.7 108 33.7
Tindall 1 185 386.4 79.3
2 156 335.5 75.1
3 164 + 11.9% 343.8 + 6.4% 75.1 + 6.18
: Ave 168 355 76.5
’ Huron 1 58.9 97.0 27.9 967
2 53.4 97.8 28.1 971
3 57.9 + 18% 100.5 + 10.3% 27.2 + 8.5% 1,010 + 8.6%
Ave. 56.7 38.4 27.7 983
Bucyrus 1 1.1 36.9 14.1 259
2 13.0 45.2 18.6 261
3 13.3 + 13.48 45.6 + 7.5% 18.4 + 7.18 277 + 8.3%
Ave. 12.5 32.6 17.0 266
Upper Sandusky 1 50.8 111.9 23.0 842
2 45.2 109.5 30.6 883
3 50.7 + 11.8% 113.5 + 6.3% 30.5 + 5.5% 914 + 4.5%
Ave. a8 112 30.0 880
Tymochtee 1 31.3 64.0 10.3 782
2 29.8 61.6 10.4 795
3 31.9 + 13.2% 63.2 + 7.5+ 10.5 + 5.5% 814 + 6.0% K
Ave. 31.0 62.9 10.5 57 ;
Mexico 1 123. 221. 36.1 1,804 £
L 2 124 232 47.1 2,688
3 3 141 + 18.8% 250 + 10.6% 43.9 + T.48 2,853 + 7.3%
‘o Ave. 129 234 2.4 4,450
’ Nevada 1 18.9 31.1 ' 176
H Melmore 1 18.9 42.2 10.56 507
) Wolf West 1 8.18 17.6 4.46 274
> Wolf East 1 12.9 29.8 8.42 336

i

R

*Calculation Methods: 1. Flux weighted mean concentration times mean annual flow; 2. Flow duration
table and flux weighted mean concentration per flow interval; 3. Flow duration
table and average concentration per interval plus or minus standard error of
the estimate.
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Table 42. Unit arca yields of sediments and nutrients for Northwestern Ohio
: agriciltural watersheds
Soluble NO_-NO
! | ) Suspended Total Reactive N i:toqzn
§ Gaging I\raa Sediment Phosph Phosph kg/ha
Station Km Tons/ha kg/ha kg/ha
Maumee 16,395 .63 1.34 .30 13.1
Portage 1,109 .40 .87 .30 15.1
Huron 961 .59 1.02 .29 10.2
1 Fremont 3,240 .52 1.10 .24 12.5
Mexico 2,005 .65 1.17 .21 12.2
Upper Sandusky 772 .63 1.45 .39 11.4
Bucyrus 230 .54 1.85 .74 11.5
Crawford 593 .52 1.06 .18 13.4
Honey 386 .49 1.09 .27 13.1
Nevada 217 .87 1.43 .22 17.3
1 Wolf, East 213 .61 1.40 .39 15.8
{ Wolf, West 171.5 .48 1.02 .26 16.0
s

kg/ha/yr
Table 43. Total Phosphorus Unit Load/by Land Use and Land Form (in U.S.A.)*
Form Fine Textured Medium Textured Coarse Textured
Use Level Sloping Level Sloping Level Sloping
Plowed fields 1.06 1.25 .87 .87 .23 .63
Grassland .23 .23 .10 .10 .10 .10
Dairy (pasture) .40 .63 .23 .23 .10 .10
Hrush .23 .23 .23 .23 .23 .23
orchard/ 1.25 1.25 1.28 1.25 1.28 1.25

truck crops

Forest .10 .10 .10 .10 .10 .10

'thla:_’John ion, M. G., et al., Management Information Base and Overview Modelling,
8.

e = em wye g




Uttormark, et al. (1974) reviewed 19 studies on nutrient transport from
agricultural lands by streamflow and found the following ranges and means:

Total-N Total-P
kg/ha/yr xg/ha/yr
3
! max 13.0 2.3
min 1.2 0.03
ave 5.1 .38

> ———

For seven of the northwestern Ohio watersheds (Table 42) the export of nitrate
nitrogen exceeded the maximum total nitrogen export listed in the studies
reviewed by Uttormark. Also the unit area phosphorus yields in nothwestern
X Ohio are three times higher than the mean loads from the studies reviewed by
Uttermark.

Gt

In a nationwide survey of the relationships between nonpoint sources and

stream nutrient levels, Omernik (1977) noted the following mean values for
phosphorus and nitrogen export:

Ortho- Total Inorganic Total
phosphorus Phosphorus Nitrogen Nitrogen
kg/ha/yr kg/ha/yr kg/ha/yr kg/ha/yr
> 75% Agriculture 0.094 0.255 3.26 5.54
' > 90% Agriculture 0.118 0.266 7.81 9.54

The total phosphorus export rates for the northwestern Ohio watersheds

(Table 42) are about four times higher than the mean values in the nationwide

' survey. Likewise, the orthophosphorus and inorganic nitrogen export rates are
9 two - three times higher than the mean value in the nationwide survey.

ANNUAL VARIATIONS IN NUTRIENT AND SEDIMENT LOADING

One of the objectives of this study was to determine the extent of annual
variations in nutrient and sediment export from the study watersheds. A
preliminary estimate of the annual loading for each water year can be obtained
by using the flux summary programs described in Section 5 and selecting for
the water year dates. However, in any year there is generally a significant
amount of missing data as noted in Table 25.

generally result in the need to correct the preliminary loading calculations.

‘ Erroneous or missing stage data and missing chemical analysis data
l These corrections are made as follows:




1)

2)

3)

Erroneous Stage Data

The formation of ice jams occasionally results in high stage readings
which are not associated with high flowse The hourly stage data from the
USGS preliminary reports are not corrected for ice jam effects, and thus
when these stages are entered into the chemical data sets, the associated
flows are too large. The final flow data as presented in the Water
Resources Data for Ohio for each water year presents corrected mean daily
flows and both monthly and yealy total flows.

A computer program is used to compare the total flows, summed from
the chemical data sets for each month, with the U.S. Geological Survey's
reported monthly flows. Table 44 shows a sample printout from the
program. The ratio of the USGS flow values to the calculated flow from
the chemical data sets is 1listed along with the number of samples
collected, the total hours monitored and the weighted mean concentration.
For any month when the ratio is less than one, the flow data from thre
chemical data set is compared with the mean daily flows from the USGS
records and corrections are made in our data archives to bring the flows
into agreement with the USGS values.

Missing Stage Data

Malfunctions in the stage measuring and recording equipment
occasionally occur and result in gaps in the stage data. The automatic
samplers continue operation, the samples are analyzed and the results
entered into the computer. Thus concentration data is available but flow
data at the specific times of sample collection is not available. In such
cases the monthly summary tables show higher USGS flows than  the ;
calculated flows. -;

The USGS estimates daily flows during these gaps by comparison with
nearby gaging stations. These estimates are published in the Water
Resources Data and are indistinguishable from the mean daily flows
calculated from hourly stage data. In order to calculate fluxes for these
time periods, the mean daily flows from the Water Resources data are
entered into our archive data set and used in conjunction with the
measured chemical concentrations.

Missing Chemical Data 1

Gaps in the chemical records are generaly caused by pump failures at
the gaging stations or by problems with the automatic samplers. In these
cases, the archive sets contain neither stage (and flow) data nor chemical
data. If the period of missing data includes significant flows, then the
monthly summaries again show higher USGS flows than the calculated flows
asgociated with the chemical data set. 1In this case corrections are made
using the mean daily flow from the USGS records and seasonal
concentration/flow relationship for each station and parameter  as
described in Section 6.
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Table 45. Annual variability in sediment and nutrient export from selected northwestern Chio rivers.

Water veGs Suspendsd Total Soluble Nitrate-
Station Yoar Discharge solids Phosphorus Reactive Nitrite TP/8S
”3 Phosphorus Nitrogen

Cone. load Conc. Lload Conc. Load Conc. Loasd g9/kg.
wg/l tonnes wmg/l tonnes my/l tonnes wmg/l  tonnes

Portage 1975 28.99 213 61,740 .391 113.3 .128 37.29 7.45 2158 1.83
1976 32.62 155 50,550 .381 124.3 L1314 37.32 4.20 13N 2.46
1977 24.13 161 38,930 .410  98.8 .137 33,03 7.94 1916 2.54
1978 44.38 131 58,340 .367 162.8 L1077 47.51 4.96 2200 2.79
rremont 1975 103.0 293 302,200 .407 418.9 .068 70.42 4.57 4709 1.39
1976 77.16 161 124,000 .516 398.9 .068 49.67 3.39 2621 3.22
1977 62.90 146 91,560 .409 257.5 .104  65.76 4.98 3135 2.81
1978 139.1 139 193,500 .333 463.4 .084 116.9 3.56 4958 2.39
1979 108.8 263 285,500 .518 563.4 L1103 112.2 5.16 5615 1.97
Tymochtee 1975 17.71 282 50,010 .526  93.3 .061 10.87 5.49 972.€ 1.86
1976 7.64 148 11,320 .278 21.3  eeemmme 4.37  334.1 1.88
1977 6.60 126 8,342 L334 22.1 .079 5.20 6.16  406.8 2.65
1978 20.73 64 13,180 .207  42.9 .063  12.96 3.10  641.7 3.25
1979 14.42 192 27,720 .411  59.3 .072  10.34 .88 B48.5 2.13
Melmore 1976¢ 6.91 276 19,090 .588  40.69 .089 5.53 4.56  315.1 2.13
1977 7.29 105 7,677 .335 24.41 .115 8.33 6.78  494.8 3.18
1978 14.78 74 11,000 .276  40.81 .090  13.35 4.14  611.3 .7
1979 15.02 287 43,115 .586  68.00 .093  13.96 5.93  890.5 2.04

*February through September only.

The above methods for correcting annual loading estimates have been
applied to the four stations shown in Table 45. The Table includes a listing
of the total flow observed by the USGS each year, and the estimated load and
the flux weighted mean concentration for suspended solids, total phosphorus,
soluble phosphorus, and nitrate plus nitrite nitrogen.

In examining the data on annual variations in sediment and nutrient
export, the following features are evident:

1. Both sediments and nutrients are characterized by large annual variations
in export. The ratios of the high annual yields to the low annual yie}d
observed during the 3 - 5 year periods at the four stations are shown in
Table 46. The largest variations were for suspended solids but even the
soluble nutrients showed considerable variation.
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Table 46. Ratio of high annual yield to low annual yield.

Station Years SS TP SRP Nitrate-N
Portage 4 1.58 1.65 1.42 1.60
Fremont 5 3.30 2.19 2.35 2.14
Tymochtee 5 5.99 4.38 2.49 2.91
Melmore 3 5.613 3.61 1.68 1.80

Annual sediment yields are not directly proportional to annual discharge.
For example at Fremont the 1978 discharge was 28% higher than the 1979
discharge but the sediment export in 1978 was 32% lower than the 1979
sediment export. The flux weighted mean concentration of sediment in 1978
was 139 mg/l while in 1979 it was 263 mg/l. Large variations in annual
flux weighted mean concentrations occur at each station and the values do
not correlate with flow. At Tymochtee the highest annual discharge (1978)
had the lowest average sediment concentration (64 mg/l) while the second
highest annual discharge (1975) had the highest average sediment
concentration (282 mg/l). As discussed in the previous section the major
factor affecting this variability is probably the proportion of the annual
runoff that occurs during winter months.

3. Annual yields of +total and particulate phosphorus are not directly
proportional to annual yields of suspended solids. This is reflected in
the rather wide variations in +the ratios of total and particulate
phosphorus yields to suspended solids yields (Table 45). As discussed in
the previous section, the phosphorus to sediment ratios decrease with
increasing sediment concentration. This is illustrated in Figure 21 where
the TP/SS ratios of the annual yield are plotted as a function of annual
flux weighted mean concentrations of suspended solids.

FLUX EXCEEDENCY RELATIONSHIPS

L b

———
—

The range in fluxes of substances at a particular station greatly exceeds
the range in concentrations. One way to characterize the range in fluxes is
to calculate the percentage of time a given flux is exceeded. The computer
programs for calculating flux exceedency are described in Section 5.
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Figure 21. Annual variations in the ratio of total phosphorus
export to suspended sediment export in relation

to annual flux weighted suspended solids concentra-
tion.

Table 47 provides an example of a flux exceedency table for the Fremont
Station on the Sandusky River. The time exceedencies are based on
approximately 30,000 hours of sampling data at the station during which time
2150 discreet samples were collected and analyzed. The wide range of fluxes
is evident in the data.

The importance of the high flux and high flow values in terms of total
transport at the sampling stations is shown in Table 48. The information in
Table 48 was summarized from both flux exceedency and flow exceedency tables
in which the cumulative percent of the total flux was also listed (see Table
20 and 21). The data in Table 48 indicate, for example, that for the Maumee
River at Waterville the flows exceeded 1% of the time accounted for 11.7% of
the total discharge, 13.6% of the suspended solids flux, 12.9% of the TP flux,
10% of the SRP flux and 7.6% of the dissolved solid flux. The suspended
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Takle 47. Flux exceedency values for suspended solids, total
phosphorus and soluble reactive phosphorus at the
Fremont gaging station.

Suspended Total Soluble
Percent Solids Phosphorus Reactive P
Exceedency kg/hr kg/hr kg/hr
99% 20.9 .285 .0o8
98 35.2 .355% .022
95 49.6 .467 .082
90 78.4 .709 .158
80 134.9 1.257 .337
70 235.5 1.973 .675
60 410.5 2.844 1.109
50 814.8 3.991 1.764
40 1,596 6.119 2.818
30 3,650 12.78 4.714
20 10,220 30.99 9.939
10 42,970 93.61 28.65
5 125,600 276.9 53.68
2 320,700 653.1 111.2
1 496,700 991.4 148.6
0.5 914,400 1515 244.0
0.1 1,341,000 2140 389.0

g0lids fluxes exceeded 1% of the time accounted for 30.8% of the suspended
solids flux, the TP fluxes exceeded 1% of the time accounted for 20.9% of the
TP flux, the SRP fluxes exceeded 1% of the time accounted for 13.1% of the SPP
flux and the "conductivity" fluxes exceeded 1% of the time accounted for 8.7%
of the total dissolved solids flux.

The differences between the percentages of the total fluxes accounted for
by the flows and fluxes exceeded 1% of the time are greatest for suspended
solids and 1least for total dissolved solids. It is evident at all of the

stations that for suspended solids peak flows cannot account for the peak
fluxes.
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As the percent exceedency increases, the differences in percentage of
total transport associated with flow and flux exceedencies decrease. At 30%
exceedencies, the percentage of the total fluxes for both flow and flux
exceedency are about the same.

The three stations summarized in Table 48 have greatly differing drainage
areas. The Maumee, Fremont and Melmore station have watersheds of 16,395,
3,240 and 386 sq km respectively. As the size of the drainage area decreases
the flux and flow exceedency patterns appear to change in a systematic way.
With respect to sediment transport, flows exceeded 1% of the time accounted
for 13.6% of the total transport at the Maumee station, 18.9% at Fremont and
35.2% at Melmore. Suspended solids fluxes exceeded 1% of the time accounted
for 30.8% of the sediment transport at the Maumee station, 35.9% at TFremont
and 51.4% at Melmore. Parallel patterns were present for total phosphorus
transport. The transport of total dissolved solids did not show this
characteristic. These data do emphasize that as watersheds become smaller,
greater proportion of the transport of sediment and sediment related
pollutants occur in small percentages of time.

It should be noted that the time exceedency data presented above do not
represent contiguous time intervals. Rather the data reflect the cumulative
role of peak flows or peak fluxes taken from a number of large runoff events.
The data nevertheless underscore the role of peak transport events in total
material transport. 1In all three stations the highest 10% of the time with
respect to either flows or fluxes accounted for more than 80% of the total
sediment transport, more than 70% of the total phosphorus transport and more
than 54% of the soluble reactive phosphorus transport.

106




SECTION 8

WATER QUALITY MANAGEMENT IMPLICATIONS

The river transport data described in the preceeding sections are useful
in addressing a number of problems in the area of water quality management
planning. These problems or questions concern: 1) the assessment of the
relative costs and environmental effectiveness of point and nonpoint
phosphorus control programs; and 2) the identification of critical areas for
nonpoint control programs.

POINT AND NONPOINT SOURCE COMPONENTS OF STREAM PHOSPHORUS TRANSPORT

The mean annual nutrient loads calculated for the transport stations and
summarized in Table 41 include the effects of both point source and nonpoint
source inputs. A standard procedure for calculating the nonpoint source
components of the +transport is to subtract upstream point source inputs from
the total stream transport (Baker and Kramer, 1973; Sonzogni; et al., 1978;
COE, 1975a). Usually it is assumed that all of the point source inputs are
transported through the stream system, although large portions of these inputs
may be stored in temporary sinks on the stream bottom. By assuming 100%
transmission of point source inputs and subtracting this value from the total
stream transport, the resulting value for nonpoint components represents a
minimum value. If the transmission of point source inputs is less than 100%,
then smaller point source components would be subtracted from the total load
and consequently the nonpoint components would be larger.

Point source loading estimates for the study watersheds were taken from
sewage treatment plant records where these were available and estimated in
other cases. Plants with flows both greater than and less than 3770 m3/day (1
million gallons per day) were included in the point source summaries.
Phosphorus removal requirements apply primarilv to plants with flows greater
than 3770 m3/day. Point source phosphorus loadirgs have been summarized in a
number of recent publications (COE, 1975b; DePinto, et al., 1979; 1I1JC, 1979;
1JC, 1980). Point sources of phosphorus in the Sandusky Basin are listed in
Table 49.

Calculations of nonpoint phosphorus loading for the study watersheds are
shown in Table 50. Table 50 also includes data which suggests that point
source inputs do not have 1004 transmission through the stream system. When
the calculated nonpoint yields are divided by the total watershed area to
obtain unit area nonpoint yields, the watersheds with the highest percentage
of point source (Bucyrus, Portage and Huron) have the lowest unit area
nonpoint phosphorus yields. These same watersheds, however, have unit area
sediment yields comparable to adjacent watersheds lacking point source inputs.
Consequently the nonpoint phosphorus to sediment ratios are much lower for the
watersheds with higher percentages of point sources than for adjacent
watersheds with similar unit area sediment loads and lacking point source
inputs. There is no reason to expect nonpoint phosphorus to sediment ratios
to be lower in watersheds containing point sources than in ad jacent watersheds
lacking point sources. The discrepancies could be resolved if the
transmission of the point source phosphorus inputs were less than 100%. Even
if point source inputs have 100% transmission through the stream systems they
would account for only 16.3% percent of the total loads observed at the river
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Table 49. Indirect municipal point source phosphc?rus l
discharges in the Sandusky Rive? Basin 1978.
Loading
Location 3 3 Flow Total Phos. Rate Annual Load I
10° M”/day (MGD) mg/1l Kg/hr. M Ton/yr.
Crestline 2.1 (.55) 6% .52 4.6
Bucyrus 7.7 (1.9) 8.0 2.6 22
Upper Sandusky 6.4 (1.7) 2.5 .67 5.8
Cary 2.3 (.6) 6* .57 5.0
Attica .87 (.23) 6% .22 1.9
Bloomville 1.1 (.28) 4* .18 1.6
Tiffin 13, {3.5) v.9 =43 4.3
Total 33 (8.8) 5.3 45
*Estimated.
1
Table 50. #Minisum nonpoint source phosphorus yields for the study watersheds.
Total Point Minimum* Unit Area Suspended Non~Pt. Point Source watershed
Phosphorus Source Non-Pt. Non-Pt. Solids TP/SS s of Total Population
] Transport Input Yield Yield Yield Ratio Phosphorus Density
1 Watershed t/yr. t/yz. yr. kg/ha/yr. mr/ha/yr. g/xq Yield® #/km
1 “aumee 2200 321 1879 1.14 .63 1.81 14.6%
Portage 108 40 68 .61 .40 1.52 37.0%
[ Huron 98.4 4“ 54.4 .57 .59 .97 44.7
Sandusky Basin
Fremont 385 45 310 .96 .52 1.85 12.7% 3
3 Mexico 234 37 197 .98 .65 1.51 15.8% 26
s Upper .
3 Sandusky 112 12 80 1.04 .63 1.65 28.5¢ 46
. Bucyrus 42.6 27 15.6 .68 .54 1.25 63.3% 9%
Nevada 31.1 - 31.1 1.43 .87 1.64 os 16
Tymochtee 62.9 —-- 1.06 .54 1.96 o8 g
Melmore 42.2 3.5 39.0 1.01 .49 2.06 8.3% 18
Wolf, East 29.8 - 29.8 1.40 .61 2.29 0% 29
Wwolf, West 17.6 - 17.6 1.03 .48 2.13 os 29

mouth stations (Maumee, Portage, Huron and Sendusky at Fremont.)

Septic tank systems are another potential source of phosphorus in the
stream system. Within the Sandusky Basin upstream from Fremont the total
population is about 99,600 (preliminary 1980 census data). Approximately 50%
of the population is served by centralized sewage collection systems and
treatment plants while the other 50% is served by septic tanks. Although some
septic tank effluents containing phosphorus enter the stream systems, studies
conducted below the town of Tyro in the Honey Creek watershed indicated that

stream lo§ding associated with septic tank inputs was quite small (Krieger, et
al., 1980).
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The dominance of agricultural 1land wuse within the study watersheds
suggests that the bulk of this nonpoint phosphorus loading is derived from
rural, rather than urban land uses. The unit area nonpoint phosphorus loading
rates are actualy higher in watersheds which lack urban areas (Nevada,
Tymochtee, Melmore, Wolf East and Wolf West) than for watersheds containing
urban areas. For the Lake Erie Basin as a whole the PLUARG studies indicated
that 61% of the tributary phosphorus loads were derived from cropland, 5% from
pasture, 21% from urban and 13% from other land uses (PLUARG, 1978). The
ratios of urban land to cropland would be much lower in the study watersheds
than the average ratio for Lake Erie.

STREAM PROCESSING OF POINT SOURCE PHOSPHORUS INPUTS

The phosphorus concentration profiles presented in Figures 18 and 19
illustrate that phosphorus entering stream systems rapidly disappears from the
flowing water. Biological wuptake by the periphytic and benthic communities,
adsorption onto sediments and chemical precipitation could all be involved in
the removal of total phosphorus from the flowing water. This processing of
phosphorus by the stream system has been noted by numerous authors (Keup,
1968; Thomann, 1972; Verhoff, et al., 1978; Verhoff and Baker, 1980).

The extent of phosphorus deposition below point sources in the Sandusky
Basin has been analyzed using both concentration data and flux data (Baker,
1980). The combined point source loading rate in the Sandusky Basin upstream
from Fremont is about 5.3 kg/hr (see Table 49). The phosphorus flux
exceedency tables at Fremont (see summary in Table 48) indicate that 55% of
the time the flux is less than 5.3 kg/hr and the cumulative flux during that

55% of the time accounted for only 2.14% of the total phosphorus flux observed
at the Fremont station.

The computer printouts for flux exceedency include both the cumulative
hours and the cumulative flux (see Table 21). In this case, 55% of the time
amounted to 16,806.4 hours and during this time the satream transported
30,043.7 kg of P. Thus the average phosphorus flux during the 55% of the time
with the Ilowest flux was 1.79 kg/hr. This flux includes both phosphorus from
point sources and "background” phosphorus following the hydrological pathways
of water under these flow conditions.

At Fremont, 55% of the time the flows were less than 326 CFS and flows
during this 55% of the time accounted for 2.41% of the total observed
phosphorus flux. Thus at these exceedency levels, flux and flow rankings are
very similar in terms of their accompanying percent of total transport. The
average flow during the 55% of the time with the lowest flows was 145 CFS.
Since the combined flow from all the sewage treatment plants is only about 14
CFS it is clear that the bulk of the flow (131 CFS) during this portion of the
time is derived from hydrological pathways such as ground water, tile effluent
and surface water rather than point sources.

In the watersheds 1lacking point sources, the total phosphorus
concentrations averaged about 0.12 mg/1 during the 55% of the time with the
lowest flows. Assuming that this concentration characteriged the nonpoint or
"background” concentration of the stream flow, the average nonpoint loading
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rate would be about 1.6 kg/hr (131 CFS X 0.12 mg/l X 0.10188). Since at
' Fremont, the average total loading during this time period is 1.8 kg/hr, it is
clear that most of this phosphorus can be attributed to nonpoint rather than
point source inputs. With point source phosphorus input rates of 5.3 kg/hr,
and with only about 0.2 kg/hr of the average output for 55% of the time
allocable to point sources, it is also clear that these streams are capable of
removing most of the point source phosphorus inputs from the flowing water.

The 55% time period in the above calculations was selected because in the
flux exceedency tables 55% of the time the fluxes at Fremont were below the
point source input rate of 5.3 kg/hr. Since much of that phosphorus loading
would be due to nonpoint sources, deposition of point source phosphorus must
also be occurring at higher flows and fluxes.

Municipal point sources which load phosphorus into tributaries upstream
from gaging stations nearest Lake Erie are considered indirect point sources
with respect phosphorus loading (IJC, 1979). Direct point sources are those
whose outfalls enter streams below the gaging station nearest the lake, or
enter estuaries or the nearshore zone of the lake. The effectiveness of
phosphorus control programs at indirect point sources in reducing
eutrophication in Lake Erie depends on the extent of resuspension and eventual
delivery of this phosphorus to the 1lake and on its Dbioavailability upon
reaching the lake. The significance of information on transmission and
bioavailability in phosphorus management is illustrated in the Watershed Model
(Sonzogni, et al., 1980; Montieth, et al., 1980).

Analysis of hydrograph patterns at Sandusky gaging stations coupled with
wave and water routing techniques indicate that sediment resuspension is an
important component of sediment t.ansport in this basin (see Section 9). It
is usually assumed that phosphorus derived from point sources becomes part of
the particulate phosphorus which is resuspended and moved downstream by the
passage of wave fronts associated with storm flows (Verhoff, et al., 1978).
The question of the transmission of point source phosphorus to the lake
becomes a question of the instream <transmission or delivery ratio of
particulates to the lake. Reservoir sedimentation or flood plain deposition
could transfer point-source-derived phosphorus into 1long term sinks and
consequently reduce the transmission of this phosphorus below 100%. It is
also possible +that phosphorus could be removed from stream systems through
food chaing or other biological means.

As noted earlier indirect evidence associated with the calculation of
nonpoint phosphorus loads and phosphorus-sediment ratios suggest that the
transmissions of point source phosphorus through stream systems is less than
100%. Precise and direct measurements of point source phosphorus transmission
factors will, however, be very difficult to obtain because of the large annual
variations in phosphorus transport and phosphorus/sediment ratios. It is also
probable that the "transit time" of phosphorus movement through the stream
will be variable. The best opportunities for measuring transmission factors
would be in locations where point source phosphorus comprises a large portion
of the phosphorus output and where long term yield measurements are conducted
both prior to and following a substantial reduction in point source inputs.
In the Sandusky Basin the best opportunity for such studies would be at the

Upper Sandusky gaging station following implementation of a phosphorus removal
program at Bucyrus, Ohio.
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With respect to bioavailability, it is probable that the point-source-
derived phosphorus that does reach the lake is largely incorporated into the
particulate fraction. Within the phosphorus transport model developed by the
U.S. Army Corps of Engineers in the LEWMS study, there is no evidence of a
release of soluble phosphorus from sediments during the passage of storm
events (Yaksich & Adams, 1980). Since point-source-derived phosphorus is
largely bioavailable upon entry into a stream, it is also considered largely
bicavailable upon subsequent delivery to receiving waters (Monteith, et al.,
1980). Data from the Sandusky does not support this conclusion.

Considerable attention is now being directed to the bioavailability of
particulate phosphorus (Sonzogni et al., 1981; Logan 1978b; Armstrong, et
al., 1979; Lee et al., 1980). These studies suggest that NaOH-extractible
phosphorus provides a good measure of bioavailable particulate phosphorus. In
Table 51, data from Logan (1978b) on the NaOH-extractible -P from the study
watersheds is presented. The NaOH-extractible fraction comprises, on the
average, 36.4% of the persulfate-digestable particulate -phosphorus.
Persulfate rather than percloric acid digestible particulate phosphorus was
selected from Logan's data, since the total phosphorus procedure used in our
lab involves persulfate digestion. The data in Table 51 indicate that there
is considerable varisbility in the proportion of biocavailable particulate
phosphorus at a given station. The average value of 36.4% does, however,
agree very closely with the 35% bioavailable portion reported for the Maumee
River by Armstrong, et al., (1979).

The average percent availability is slightly higher for strictly
agricultural watersheds such as Wolf, West and Broken Sword than it is for the
other stations which include much larger point source inputs in their
watersheds (see Table 50). This would not be expected if point-source-derived
phosphorus became largely incorporated into the bioavailable particulate
fraction. At the Fremont station, the mean annual particulate phosphorus
loading is 278.5 metric tons per year. Assuming 35% of this is bioavailable,
the bioavailable particulate phosphorus loading would be 97.5 metric tons per
year. If all of the point source phosphorus inputs upstream from Fremont (45
metric tons per year) were exported as bioavailable particulate phosphorus,
the point source inputs would make up 46% of the total export of bioavailable
phosphorus from the basin. It would then bYe expected that the percent
bioavailability would be much greater along the mainstream of the river below
point sources than from watersheds lacking or with very small point source
inputs. Data presented in Table 51 do not support this. Instead the data
suggest that, upon delivery to the 1lake, either the Dbioavailability of
point-source -derived phosphorus is no greater than the bioavailability of
nonpoint source particulate phosphorus or that the transmission of
point-source-derived phosphorus is much less than 100%.

It should also be noted that most of the soluble reactive phosphorus
delivered to the lake from tributaries is derived from nonpoint sources. The
flux exceedency tables for the Fremont gage indicate that 70% of the soluble
phosphorus flux is delivered in 10% of the time. On an annual basis this
corresponds to 53.5 metric tons of soluble reactive phosphorus during 10% of
the year. Since point source inputs are relative constant year round, they
could account for only 4.5 metric tons during the time when the total export
was 53.5 metric tons. FEven if soluble phosphorus from point sources moved
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Table S1. Analysrs of NaOH-Extractable P from suspended solids collected
during runoff events of study watersheds. (after lLogan, 1978b).

Percent
Suspended Persulfate-Total NaOH-Ext. NaOH-Ext..
Station Date Solids Phosphorus Phosphorus Phosphorus
mg/1 ug/g ug/q

Waterville 3/10/77 143 1168.2 426 36.4%
4/26/77 248 1197.9 309.9 25.8%
Portage 3/28/77 160 1267.2 442.2 34.9%
7/5/77 318 1049.4 276.4 34.9%
Fremont 3/728/77 376 1019.7 480.8 47.1%
7/2/77 278 1297.0 395.2 30.1%
7/3/717 730 970.2 290.6 30.0%
Mexico 3/28/717 340 1029.6 359.5 34.9%
Jpper Sand. 3/28/77 288 900.9 317.3 35.2%
Bucyrus 3/28/77 224 702.9 261.5 37.2%
Honey Creck 3/21/77 120 940.5 434.9 46.2%
3/28/77 160 663.3 423.9 64.9%
4/5/717 114 1194.0 388.3 32.5%
/17717 1184 861.3 354.1 41.1%
Broken Sword 7/3/77 1204 910.8 332.3 36.4%
7/2/77 194 861.3 259.2 3n.1%
Wolf, West 7/1/77 370 1148.4 311.5 27.1%
Wolf, East 3/:8/717 198 871.2 283.6 32.5%
Huron 7/5/77 1008 792 267.8 33.8%

directly through *:e stream system without processing, during periods of high

stream flow, it could account for only a small pertion of the soluble
phosphorus loading to the lake.

In considering both soluble reactive phosphoius and Ybioavailable
particulste  phosphorus the evidence cited above indicates that

nonpoint-derived phosphorus has a higher biocavailability upon delivery to the
lake than indirect point-source-derived phosphorus.

COMPARISON OF PHOSPHORUS INPUTS FROM TRIBUTARIES AND DIRECT POINT SOURCES

Since the early 1970's, phosphorus loading to the Great Lakes from point
sources has been decreasing due to municipal phosphorus removal programs and
detergent phosphorus controls. 1In the mid 1970's point source loading became
smaller in magnitude than nonpoint-derived phosphorus 1loading (COE, 1975;
PLUARG, 1978). Although there has been much progress in reducing phosphorus
loading to Lake Erie through the implementation of phosphorus removal programs
at municipal sewage treatment plants, still further reductions in phosphorus
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loading are required to meet the target loads adopted in the 1978 Great Lakes
Water Quality Agreement (IJC, 1980; 1JC, 1981). Two programs are attempting
to identify the most cost effective strategies for achieving the target loads
(PLUARG, 1978; COE, 1979).

A primary issue in the development of these strategies concerns the
relative costs and effecciveness of point source and nonpoint source controls
in reducing the eutrophication of Lake Erie. Considerable data is available
on the costs of varying levels of phosphorus removal at municipal wastewater
treatment plants (Drynan, 1978). Much less information is available on the
costs of nonpoint controls. In the Lake Erie basins these controls are aimed
primarily at reducing cropland erosion. Both the PLUARG and LEWMS studies
have included demonstration projects in which estimates of the costs of
implementing nonpoint controls can be based. A variety of conservation
tillage programs appear to be very economical to farmers in this region (coE,
1979; TForster, 1978). It is significant that the soils most suitable for
no-till crop production are also the soils with the highest gross erosion
rates (Table 7). However, there is no correlation between gross erosion rates
and nonpoint phosphorus loading rates (Figure 23). Unfortunately the
effectiveness of erosion control in reducing phosphorus export from large
river basins has yet to be demonstrated through large scale implementation and
long term monitoring programs. Currently estimates of phosphorus load
reductions are largely based on assumptions about sediment delivery ratios and
enrichment ratios. Consequently information on the costs per unit of
phosphorus load reduction is much less certain for nonpoint source controls
than for point source controls.

The relative effectiveness of point and nonpoint phosphorus controls in
reducing the eutrophication of Lake Erie is also subject to question. As
noted above, upon entering the stream or lake system, point-source-deriv:d
phosphorus is largely bioavailable while nonpoint-derived phosphorus is .nly
about 50% available. The biocavailable phosphorus from nonpoint sour:iss .s
composed of approximately equal portions of soluble and bioavsiisble
particulate phosphorus. It has already been suggested by numerous authors
that consideration of bioavailable phosphorus should be incorporated into
future analyses of cost effectiveness (see review by Sonzogni, et al., 1981).

These considerations tend +to increase the cost effectiveness of point source
controls relative to nonpoint controls.

Research in northwestern Ohio rivers suggests that temporal, spatial and
hydrodynamic aspects of phosphorus loading could also be very important in
comparing the effects of point and nonpoint inputs. In stream systems, point
source inputs are processed very rapidly, resulting in deposition and probable
reduction in subsequent Dbioavailability. Direct point source phosphorus
inputs into the lower section of rivers, estuaries, bays, and even the near
shore zone of the lake, may also be subject to rapid processing, resulting in
deposition and/or conversion to less bioavailable forms. The susceptibility
of point source inputs to efficient processing may be associated with the
constant rather than pulsed nature of these inputs. The annual point source
inputs are delivered to aquatic systems at approximately constant daily rates.

The processing of this phosphorus may be associated with significant localized
water quality problems.




In contrast the nonpoint-derived phosphorus is delivered in association
with runoff events. Large portions of the annual lcads are delivered in a
small percentage of the time. During periods of nonpoint loading the
retention time of water in the lower sections of rivers, estuaries, bays and
even the nearshore zone of the 1lake would be much shorter. Consequently
soluble nonpoint-derived phosphorus may be much less susceptible to processing
within these zones +than point-source-derived phosphorus. Since much of the
particulate phosphorus of nonpoint origin is associated with clay-sized
particles, this material may also be delivered rather efficiently through the
estuaries, bays and the nearshore zone to the open lake.

It should also be noted that the concentrations of both soluble and total
phosphorus in rivers during periods of high flows are much higher than the
phosphorus concentrations in lake water. Also, point source phosphorus from
the Detroit area enters the western basin of Lake Erie at much Ilower
concentrations than nonpoint-derived phosphorus, due to the large volume of

water with low phosphorus concentration entering the Detroit River from the
Upper Lakes.

The above discussion suggests that temporal, spatial and hydrodynamic
aspects of phosphorus loading and accompanying processing need to be included,
along with ©bioavailability, in refining cost-effectiveness analyses for
phosphorus management of Lake Erie.

SEDIMENT DELIVERY RATIOS AND CRITICAL AREA IDENTIFICATION

The data on mean annual sediment yields (Table 41) coupled with the data
on gross erosion rates (Table 7) allow calculation of sediment delivery ratios
for each watershed. These are summarized in Table 52. The calculated
sediment delivery ratios ranged from 6.2 to 11.9%.

There have been very few measurements of sediment delivery ratios for
watersheds in this size range. 1In Figure 22, the delivery ratios measured in
these watersheds are superimposed on a plot of delivery ratios in relation to
drainage area. The original data is presented in Soil Conservation Service
publications (SCS, 1971) and is often used in modeling studies (McElroy et
al., 1976). Although the study watersheds do occur in roughly the appropriate
position in the plot, they do not follow the trend of decreasing delivery with
increasing drainage area exhibited by the other watersheds.

Linnear regressions between sediment delivery ratios and other watershed
parameters listed in Table 52 are shown in Table 53. Of these, the only
significant correlation was an inverse correlation between gross erosion rate
and sediment delivery ratio. In addition, there was no significant
correlation between gross erosion and sediment yield or gross erosion and
nonpoint phosphorus yields for these watersheds. Figure 23 illustrates a plot
of gross erosion and nonpoint phosphorus losses.

The above data indicate that neither sediment yields nor nonpoint
phosphorus yields are predicted very well by average gross erosion rates in
watersheds of the sizes included in this sgtudy. The 1lack of correlation
between gross erosion and yields of sediment and phosphorus raises significant
questions about the effectiveness of programs which propose to reduce sediment

114




? '

3

E ' Table 52. Sediment delivery ratios for Northwestern Ohio agricultural river

, basins

: .

E Mean Gross Sediment

F Watershed Annual Erosion Yield Delivery

3 Gaging Arga Flow Tons/ Tons/ Ratio

:’ Station Km em/yr. ha/yr. ha/hr. %

]

:

f Maumee 16,395 26.3 6.84 .63 9.2%

: Portage 1,109 25.1 5.00 .40 8.0%

f

? Huron 961 27.9 7.51 .59 7.9%

: Sandusky 3,240 26.3 8.25 .52 6.33

F Mexico 2,005 25.7 9.37 .65 6.2%

; Upper Sandusky 772 28.0 9.35 .63 6.8%
Bucyrus 230 32.9 7.85 .54 6.9%
Tymochtee 593 25.8 8.41 .52 6.2%
Honey 386 27.1 6.86 .49 7.1%
Nevada 217 35.6 9.39 .87 9.2%

; Wolf, East 213 33.5 5.11 .61 11.9%
Wolf, West 171.5 26.0 4.19 .48 11.5%

Table 53. Linear regressions relating to delivery ratios, sediment yields, and
nonpoint phosphorus yields.

Parameters

X Y Slope Intercept 22 DF
Watershed Area delivery ratio 0.0000 8.09 0.5% 10 1‘
Watershed Areao'z delivery ratio -0.3639 9.58 5.15% 10 ]
Runof f delivery ratio 0.184 2.95 11.6% 10 ‘
cm i
Gross Erosion delivery ratio -0.737 13.6 47.1%* 10 l
-, rate |
' Gross Erosion sediment yield 0.0298 0.3517 22.5% 10
rate |
&'- Gross Erosion unit area -0.0126 1.222 2.0% 7 i
! rate nonpt. phos.** ‘

t*gignificant at the p = 0.05 level.
**excludes Bucyrus, Huron and Portage basins.
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Figure 23. Relationship between nonpoint phosphorus export and
gross erosion rates in the study watersheds.

and phosphorus yields by reducing gross erosion in the watersheds. It should
be noted that the differences in gross erosion between the various watersheds
listed in Tables 7 and 52 reflect erosional difference under conventional
tillage where ground cover is very low. The rather uniform sediment and
phosphorus yields from these watersheds may reflect approximately equal unit
area clay export from these soils. Those areas with higher gross erosion
rates may simply have lower delivery ratios due to deposition of larger
particles. Conservation tillage practices which increase ground cover could
reduce the entrainment of clay particles, thereby reducing sediment and
particulate phosphorus losses as well as gross erosion. This effect could be
independent of gross erosion rates. Thus with respect to reducing sediment
and particulate phosphorus yields to Lake Erie, "critical areas" may not exist
and, instead, efforts should concentrate on implementing various conservation
tillage practices wherever the combination of suitable soils and technology
are present. There may be more opportunities for implementing such programs
in areas with 1lower gross erosion rates +than in areas with higher gross
erosion rates. The benefits to the lake could be proportional to the areal
extent of conservation tillage implementation rather than to the reduction in
gross erosion per se. It is quite possible that the proportional reduction in

sediment and phosphorus yields could be greater than the reduction in gross
erosion for a large watershed.




The interpretation presented above differs in some significant ways from
interpretations upon which many current nonpoint control planning programs are
based. Most current programs involve critical area identification through
using some combination of information on gross erosion rates, sediment
delivery ratios, or hydrologically active areas. Projected decreases in
phosphorus loading are presumed to be vproportional to reductions in gross
erosion, multiplied by a factor less than one (1) which takes into account
shifts in particle sizes and accompanying phosphorus export. In small
watersheds the proportional reduction in phosphorus export is less than the
reduction in gross erosion. In large watersheds the same does not necessarily
hold since delivery ratios may differ in various parts of the watershed and
these ratios may be inversely correlated with gross erosion rates.
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SECTION 9

TRANSPORT MODELING

The network of transport stations in the Sandusky Basin has been used for
the study of material transport along the mainstream of river systems. of
particular interest has been the development of an explanation for the
advanced sediment and phosphorus concentration peaks relative to the
hydrograph peaks that persist from station to station as storms move down the
mainstream of the river. Since the storm wave moves downstream faster than
the water flows downstream, the water containing peak sediment and phosphorus
concentrations during the early stages of a hydrograph at an upstream station
cannot be the same water that contains the peak concentrations of sediment and
phosphorus during the early phase of a hydrograph at a downstream station.

Two explanations for the persistence of advanced peaks have been
proposed. One involves routing of materials from various areas in the
watershed to the stream gages. The second involves the incorporation of
deposition/resuspension phenomena applicable to all components of the
suspended sediment transport, including the clays.

1 A nodel was developed for material transport in the river which included
both the wave and water velocities. Only when deposition and resuspension of
sediments and phosphorus was incorporated into the model, could the patterns
of sediment and phosphorus concentrations at downstream stations be

3 duplicated. The routing models also allow calculations of deposition and
resuspension of materials as shown in Figure 24.

These models have been developed as part of the Lake Erie Wastewater
Management Study and are described in detail in the Technical Report Series
associated with that study (Verhoff et al., 1978; Melfi & Verhoff, 1979;
Yaksich & Adams, 1980; COE, 1979).

As part of this study, a generalized river transport model based on the
above work was developed at the University of West Virginia under subcontract
from Heidelberg College. A paper presenting the generalized model is included
in the appendix of this report.
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APPENDIX 1

ANALYTICAL METHODS
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Soluble Reactive Phosphorus (Modified colorimetric ascorbic)
Storet No. 00671

Scope and Application - Methods for phosphorus are based on reactions
specific for the orthophosphate ion. The methods cover the determination of
specific forms of phosphorus present in surface waters. The sample
pretreatment determines the form of phosphorus to be measured.

For dissolved orthophosphorus the sample is filtered through a prewashed
follows using a modified Method 365.1 from Methods for Analysis of Water and
Wastes. U.S. Environmental Protection Agency, National Environmental Research
Center, Cincinnati, Ohio, 1979. EPA~600/4-79-020, pages 365.1-1 - 365.1-9.

The method has been modified from the single reagent method in several
ways. First, the ascorbic acid 1is a separate reagent and is added to the
analytical stream in place of the distilled water, and in effect we make our
mixed reagent within the analytical system. By doing this our mixed reagent
has a shelf life of several months, not the four hours as in the EPA method.
We also put a2 much larger volume (sample & reagent) through our analytical

system. This results in a more reliable system and improves flow cell clean
out.

Nitrate and Nitrite Nitrogen (automated cadmium reduction)
Storet No. (0631

Prior to analysis by cadmium reduction from Method 353.2 from C(Chemical
Analysis of Water and Wastes, U.S. Environmental Protection Agency, National
Environmental Research Center, Cincinnati, Ohio, 1979. EPA-600/ 4-79-020,

pages 353.2,2-7. The samples are filtered through a .45 micron pore size
membrane filter.

Ammonia (colorimetric automated phenate) Storet No. 00608

The sample is filtered through a .45 micron pore size membrane filter and
analyzed using Method 350.1 from Chemical Analysis of Water and Wastes,
U.S. Environmental Protection Agency, National Environmental Research Center,

-Cincinnati, Ohié, 1979. EPA-600/4-79-020, pages 350.1-1 - 350.1-6.

Chloride (colorimetric automated Ferricyanate) Storet No. 30940

Followine filtration through a membrane filter with a pore size of from
the Chemical Analysis of Water and Wastes, U.S. Environmental Protection
Agency, Natioral Environmental Research Center, Cincinnati, Ohio, 1979.
EPA-600/4-79-020, pages 3%25.2-1 - 325.2-3.

Sulfate (colorimetric, automated, methylthynol Blue) Storet No. 00945
The samples are filtered through a .45 micron pore size membrane filter

prior to analysis by Method 375.2 from Chemical Analysis of Water and Wastes,
U.S. Environmental Protection Agency, National Environmental Research Center,
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Cincinnati. Ohio. 1979. EPA-600/4-79-020. pages %75.2-1 - 375.2-3.

Silica (colorimetric molybdate reactive) Storet No. 00955

Samples are filtered throuth a .45 micron membrane filter prior to
analysis using Technicon Industrial Method 105-71W from Technicon Industrial
Systems, Tarrytown, New York, 10591, February 1973.

Total Phoéphorus Storet No. 00665

A 50ml aliquot of a well mixed sample is placed in a 125ml Erlenmeyer
flask. One milliter ({automatc pipette) of strong acid and four-tenths of a
gram (pre measured scoop) of ammonium persulfate are then added to the flask.
Two blanks and four standards are prepared with each batch of samples. After
autoclaving (45 minutes) ‘at 15 1bs. pressure and 121 degrees C. the samples
are filtered through a glass fiber filter (pre filter pore size) to remove
turbidity and poured out into tubes for analysis on the total phosphorus
autoanalyzer. This method is a modification of Method 365.1 (see SRP) from
the Chemical Analysis of Water and Wastes, U.S. Environmental Protection
Agency, National Environmental Research Center, Cincinnati, Ohio, 1979.
EPA-600/4-79-020, pages 365.1-1 - 365.1-9.

When the samples are removed from the autoclave, those samples which had
high amounts of suspended matter are checked to confirm that the residue is
white to light grey in color. If color is present the sample(s) are set up
again and digested with larger amounts of persulfate.

Total Kjeldahl Nitrogen (colorimetric, automated phenate) Storet No. 00625

A 10m1* aliquot of a well mixed sample is placed in a 75ml digestion
tube. Four milliliters (by repipet) and 2-3 Teflon boiling chips are added to
each tube, and the sanple-acid solution is vortexed before the sample set is
put on the block. The b ock is set for 2 temperatures and 2 times. The first
temperature is 180 degrees C for 1 hour, the second temperature is 380 degrees
C for 3 hours. When the digestion is completed, the tubes are taken off the
block and allowed +to cool down. Ten milliliters of distilled water is added
to each tube to get back to the original volume. Before pouring the sample
out into test tubes, the samples are vortexed again to get a thorough mixture
of distilled and digested acid. At this point any residue from suspended
solids should be 1light grey or off white in color, if color is present,
consult with the lab manager. Analysis follows using Method 351.1 from
Chemical Analysis of Water and Chemical Analysis of Water and Wastes,
U.S. Environmental Protection Agency, National Agency, National Environmental
Research Center, Cincinnati, Ohio, 1979. EPA-600/4-79-020, pages 351.1 -
351.1-4.

*Volume varies with sample type.
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Conductivity

Specific conductance is measured using a Water Quality Laboratory
conductivity meter (product of WQL) and a Yellow Springs Instrument (YSI)
conductivity cell. Samples are run at 25 degrees. This is in accordance with
Method 120.1 from Methods for Analysis of Water and Wastes, U.S. Environmental
Protection Agency, National Environmental Research Center, Cincinnati, Ohio,
1979. EPA-600/4-79-020, page 120.1.1.

pH (potentiomentric) Storet No. 00400

pH measurements are determined using a glass combination electrode with

. an Orion 701 digital pH meter. The samples are run at 25 degrees C following

: the guidelines for Method 150.1 in Methods for Analysis of Water and Wastes,

U.S. Environmental Protection Agency, National Environmental Research Center,
Cincinnati, Ohio, 1979. EPA-600/4-79-020, page 150.1-1.

Specific Conductance

Specific conductance is measured using a Water Quality Laboratory
conductivity meter (product of WQL) and a Yellow Springs Instrument (YSI)
conductivity cell. Samples are run at 25 degrees. This is in accordance with
Method 120.1 from iethods for Analysis of Water and Wastes, U.S. Environmental
Protection Agency, National Environmental Research Center, Cincinnati, Ohio,
1979. EPA-600/4-79-020, page 120.1.1.

Suspended Solids (Residue, Non-Filterable)

A 100 ml aliquot of a well mixed sample is vacuum filtered through a
pre-weighed glass fiber filter. The residue retained on the filter is dried
to a constant weight at 103 degrees ~ 105 degrees as described in Method 160.2
t in Methods for Chemical Analysis of Water and Wastes, U.S. Environmental
Protection Agency, National Environmental Research Center, Cincinnati, Ohio.
1979. EPA-600/4-79-020, pages 160.2-1 - 160.2-3. '1
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ABSTRACT
Integral Methods for Approximate Water
and Pollutant Transport Iin Rivers
W.C. Peterson, Department of Mathematics
and
F.H. Verhoff, Department of Chemical Engineering
West Virginia University

Morgantown, W 26506

Mass balances in an integral form are used for both water and
transported material in solution,

The integral form for the water leads to a general approximation
for water routing of which the Muskingum method is a special case.

The integral form of the mass balance for the transport of material
leads to a general approximation for material transport which can be
coupled with the method above for water routing to obtain both flow
rate and concentration at a downstream location from known upstream data
based primarily on knowledge of the flow vs area curve at upstream and
downstream locations. Parameters in the approximation are obtalned
from knowledge of the channel and material in solution. The parameters
are obtained to be functions of the wave and/or water velocity.

The approximation was applied to data from the Sandusky River in
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INTRODUCT 1 ON i
The nput of substances from point and non-point sources causes
concentrat ion changes within the river itself and within the receiving
water bodv. The basic concept used to mathematically model these
chemical changes Is the mass balance. This balance can be applied to
both the vater itself and/or to the chemical species of interest.
Also, it can be used for the prediction of in-river water quality or
it can be used to predict the amount of substance transported through
the river Streeter and Phelps [ 1925] probably were the first to use
the mass talance on a chemical substance, in this instance BOD. They
were inte'ested in steady flow and hence the water mass balance took

the simple form of constant water velocity. Their mass balance on

BOD then [redicted the BOD and oxygen concentrations as a function of
distance in the river, i.e. in river quality.
This paper focuses on the transport of substances through river
systems particularily during storms rather than on the in-river water
quality. The transport of substances during storms is important
because mich of the water and associated chemicals reach the receiving
water body, e.g., lake, during storms, For example, total phosphorus, i
a principal nutrient in lake eutrophication, Is primarily transported
during storms. Choride also is transported during winter storms from
roadways of northern areas.

The madeling of chemical transport during storms requires a mass

balance for both the water and the chemical substance of interest. The




solution of the water mass balance during storms has been investigated
for many years and is often called water routing. The main goal of
this prior research has been prediction of the flood peak as it moves
downstream. Much less work has been done on the solution of both the
transient water mass balance and the transient chemical mass balance as

is applicable during storm transport.

Hereln, an integral method for solving the water and substance mass
balances between two different stations on the river is developed. This
is in contrast to the finite difference approximate solutions which have
been the main methods previous!y employed, Essentially, the mass
bal.ices are integrated between the two stations of the river, including
the Input from tributaries and unmeasured areas. Thus if the concen-
trations and flows are known at the upstream station and at the tributary
mouths, and the flow and concentration of the unmeasured inflow can be
estimated, the concentration of the pollutant at the downstream station
on the river can be calculated, This integral method could be used to
predict the concentration or aid in the understanding of the transport
of various chemical species in rivers.

Much research has been done related to the transport of substances
In rivers. Basically, the research work can be classified as storm vs -
steady flow, and correlational vs deterministic models. Various
correlations have been found between the concentration of different chemical
species during steady flow (see Enviro Control [1972]). Also, the
relationship between various chemical concentrations and between concen-

tration and flow has been the subject of numerous authors, e.g. Foster

(1978) end Feller and Kimmins [1979]. They have found that some




substances as total phosphorus and suspended sediment concentrations

increase with flow and that there Is a correlation between these two

! concentrations. On the other hand species such as chloride usually
decrease in concentration with increasing flow, The variability of
the concentration is dependent upon the particular locality and upon
the season of the vear. These studies are not deterministic and do not
i provide a quantitative understanding of the processes involved in the

transport, however, they do help discriminate between various plausable

mechanisms for chemical transport.

Deterministic models for the transport of materials in rivers has
been attempted since the original work of Streeter and Phelps [1925])
which was applicable to rivers under steady flow. These river models
have been made more complex to incorporate more of the nutrient and
chemical cycling mechanisms (see Chen [1970] and Sandavol, et al. [1976])
who have used these models for predicting the expected concentrations
of various substances as a function of stream distance and time.
Further, steady flow models have been used with transient concentration
variations to discriminate between models and to determine parameters
within models, e.g. Verhoff and Baker (1981 1],

However, the number of researchers who deterministically modelled
the transport of substances during unsteady flow is rather limited,
except for the transport of suspended sediment. These suspended

sediment models usually involve mechanisms for the resuspension and

— o o o S o= ——

deposition of sediment particles of different sizes and they are primarily

used to predict changes in stream bed morophology ie, points in the stream

VR R -




where scour and deposition can occur e.g. U.S. Army Engineers HEC
(1977]1. Yalim (1972] has summarized various of these deterministic
models used to describe this suspended sediment transport. In a
recent paper, 0'Conner [ 1976] considers the interaction of ground-

water and surface water in the transport of chemical substances.

He primarily was interested in steady flow but he does present examples
of unsteady flow. Since unsteady hydrological models have been
available for some time, there have been several attemps to couple the
transient chemical dynamics to these transient water models. These
storm water mocels are primarily finite difference solutions of the
governing equations coupled with various correlations. Schultz and
Wilmarth [1978] have applied the Hydrocomp Simulation Programming mode!
to water quality in Southwestern |llinois. This model starts with the
precipitation and predicts the hydrograph in the river followed by the
concentration of various substances as a function of time at different
points in the river. For the one storm event present in the article
the predicted hydrograph did not correspond closely with the measured
one. They also showed reasonable comparisions between predicted and

measured concentrations under relatively stable flow conditions.
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INTEGRAL REPRESENTATIONS

The technique to be described uses the assumption that water is
moving as a kinematic wave. The data calculated will be derived from
information given at one point on the river reach, thus the assumption
that a given reach of the river is simular to the mcasurement point has
been made. In the following discussion parameters will be determined

dependent on knowledge of the wave velocity and of the water velocity at

an upstream and downstream measuring station over a short river reach.
The water and wave velocity at a point on the river reach can be deter-
mined from the flow vs channel cross-section area curve. This relation-
ship, such as given in figure 1,can he represented by the equation
1= flA) (1)

where Q is the river flow rate and A is the channel cross-section arca,
f may be a multi-valued function relationship depending as to whether the
hydrograph at a point in the river is rising or falling with respect to
time, From kinematic theory of hydrologic events the wave velocity is
determined by the slope f'(A) of the curve given by Q = f(A) and
the water velocity is given by Q/A

For kinematic waves, the continuity equation for open channel flow

has the form

an . 30
7w b 3 q (2)

in which t = time , x = distance measured along the channel reach,
A = A(x,t) is the channel cross-section area, 2 = Q(x,t) is the flow

rate and q = q(x,t) is the lateral inflow per unit length, \ritting
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equation (2) in the form
A _ N
at 9 X
and integrating each side with respect to s from x to x+Ax over
a channel reach Ax , it follows that
x+Ax X+AX x+AxX
f 3A(s,tdds = - [ 3q(s,t)ds + [ q(s,t)ds
x ot X X X
xX+Ax
= Q(x,t) - Qx+ax,t) + [ q(s,t)ds (3)
X
Now, assuming in equation (3) that integration and differentation can be
interchanged, which should be the case for these physically continuous

functions, at least not near a strong shock, let

x+Ax
_di(t) . .a-—fx A(S,t)ds
dt at

where S(t) is the volume of water in the river reach from x to x+Ax

at time t , so it follows that

x+4x
L 2 que,t) - Alesx,t) * 1 qls,t)ds ()

Equation (4) is the continuity equation (2) descrihed as a maroscopic

mass balance. Equation (4) is often used as the starting place to




develop a finite difference type approximation for water routing as in
the Muskingum method as in Weinmann and Laurenson [1979] .
Integrating each side of equation (4) from time t, to time t

and re-arranging the terms, the volume of water in the channel reach ax

at time t , S(t), can be written in the form

x+Ax
S(t) = N A(s,t)ds

l
i
i
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xX+Ax t t
= fx A(s,to)ds + ft Qx ,w)dw - ft n{x+Ax ,w)dw
ro. o (e}
t x+Ax
+ ftix q(s ,w)dsdw (5)

The values of the integrals in equation (5) will be approximated later

by a choice of parameters. This then is the integral form of the water

mass balance to be used herein.

The same procedure with the conditions about the river form can be

i used for material transport. Relative to the kinematic wave for water,
l the mass balance for a dissolved material such as orthopospate or suspended
material such as total phosphorus in open channel is given by
3(Ac) , 3(qc) ;
ot + — = v v
H’ I where C = C(x,t) is the concentration at x and time t on the
5 channel reach and C, = Ci(x,t) is the lateral inflow concentration of
e i LR
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the lateral inflow q per unit length.

Equation (6) is of a form similar to that of equation (2). To
solve equation (6) for the concentration, C, and q must be supplied as
input functions, Q and A must be obtained from the water mass balance or
be known and boundary conditions must be given. Again an integral form
of this equation will be obtained, following the procedure used to obtain
the integral form of the water mass balance in equation (4). From the
material mass balance given by equation (%) an expression for the total
mass, S(t) , at time t over a channel reach from x to x+Ax can

be obtained where

- x+AX
S(t) = s, A(s,t)C(s,t)ds J
and
dS(e) x,t)C(x,t) - Q(x+Ax,t)C(x+ax,t) + IXM’(‘S t)C.(s,t)ds “
a't_ ’ ] ’ ’ X q ’ i y U}
from which

_ X+AX
S(t) = fx A(s,t)C(s,t)ds

X+AX t
=7/ A(s,to)C(s,to)ds + ftoQ(x,w)C(x,w)dw f

SRS hsie M

H t t x+Ax 3
] - It A{x+ax W) C (x+Ax ,w)dw + ft Ix q(s,w)ci(s,w)dsdw (7) 1
i o o
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Equation (7) is then an integqral form af the material mass halancr, I
will bhe used in the following anproximatisn cchem-e, .

Equations (&) and (7) will be the mvin equatians vned in develoning
predictive water quality models for storm events. e wtill look at methods

to approximate these equationn, at procedures to relate 2 to A ard tn
estimate q and 7..  The follouing <actions will cancider these prohlems,
METHOD OF APPROXIMATION

The goal of this section is to develup approximations of equations
(5) and (7) with second order accuracy to the flow Q or concentration € at
the downstream location using information from the upstream hydrograph,
unmeasured lateral inflow and the Q vs A curve. The interals given by
equations (5) and (7) wil) be approximated to third order accuracy by use
of parameters and intervals of length Ax and At = t - t, where by the
parameters can be estimated from the available data.

In a previous paper [1981] the authors consider methods of approximation
of equation (5) for water routing. The method of approximation is based
on the following, applied here to a function h(x) of one variable with
at least second order derivatives on an interval from x, to x using

1
Taylors theorem. The function h(x) can be written in the form

h(x) = ah(x) + (1 - a)h(x)
- u[h(xo) +hifx )(x - xo) + h“(;o) (x - xo)2/2]

+(1 = a)lhlxy) + htlx ) (x = x)) + hH(R) (x - x,)2/2]

RO A
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= alhlx)) + h'(x )(x = x )T+ (1 = a)lhlx,) + h'(x,)(x = x,)]
+ Loh"(x ) (x = x )2 + (1 = a)h"(R,) (x = x,)21/2 (8)

; where Xy » Xy are between X, and x and x and Xy respectively,

depending on x .

Now integrate each side of equation (8) from x, to x,, simplify,

use the mean-value theorem for integrals to simplify the remainder term,

X4

fxoh(x)dx = [ah(xo) + (1 - a)h(x‘)]Ax + [ah'(xo) -1 - u)h'(x‘)](Ax)z/Z

+ 0((8x)?) (9)

where Ax = Xy = Xy o The details for the approximation given by

equation (9) are given by the authors in [1981], Equation (9) simplifies

to the trapezodial rule for integration for the special case of a = 1/2 .
The above form of approximation will be used to express each of the integrals
in equations (5) and (7) in terms of parameters a,B,and ¢ simalar to what

has been done above in equation (9). «a,B8, and y will then be chosen so

that the terms involving the derivatives will be of order (Ax)3. tn
equation (9) taking o = 1/2 forces the term involving the derivative to

be of order (Ax)3, other choices for a are possible if additional properties
of h(x) are known.

yi Equation (5), for the water volume in the channel reach 4x, can then !

be written in the form
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S(t) = [aA(x,t) + (1 - a)A(x+ax,t)Jax

+ [a%efx.t) - (1 - a)%eﬂx+Ax't)](AX)2/2

= [aA(x,to) + (1 - a)A(x+Ax,t°)]Ax

v [adR00E) L (g L g 2A0R) 3402

+ [BQ(x,to) + (1 - 8)Q(x,t) 1At

+ (3800t5) L () L g2t y4)2)

- EWQ(x-*AX.to) + (1 - ¢)Q(x+ax,t) Jat

_ [w%%(x+Ax,t°) - Q- W)%%XX+Ax’t)](At)2/2
t  x+Ax ‘ 3
+ 7, S q(s,w)dsdw + 0((ax)") (10)
o
where Ax = kAt for some constant k and «,8,and ¢ are arbitrary.
a,B, and ¢ are determined so as to increase the order of the terms
involving the partial derivatives to order (Ax)3, such choice is not
unique and will be chosen to depend on the knowledge cf the Q vs A curve
at the upstream location,

n [1981] the authors write A(x+Ax,t) and Alx+sx,t ) in terms of
Q(x,t), Q(x,to), Q(x+Ax,t) and Q(x+Ax,to) substitute into equation (10)
and simplify where At = K = Ax/f'(A(x,to)) yielding an expression
similar in form to that of the Muskingum method for water routing.

The choice for K, the time parameter is the same choice as is often used

in the Muskingum method for water routing as has been noted by Cunge [1965]

and Nash [ 195¢].
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Equation (10) with the above change can then be written in the form,
atter re-arranging the terms
KauQx,t) + (1 - a)Q(x+ax,t)] - KaQ(x,t ) + (1 - a)Q(xMx.to)]
+ [a(%:_(x,t) - -;%(x'to)) - (l - a) (%%(xﬁﬁx,t) - _:_:‘(xﬂsx,to))]“x)z/z
= KBAx,t) + (1 - B)alx,t)] + (83300t - (1 - 2K 02,
- [vQlxsax,t ) + (1 - y)Q(x+ax,t) Ig
. wg%(xw\x,to) - (- W)%%(X+Ax't)](At)2/2
t  x+Ax 3
+ ft fx q{s,w)dsdw + 0((ax)’) (11)
o

Solving for Q(x+Ax,t), the flow rate at the downstream location at

time t , equation (11) can be re-written in the form

atun,) = [ oo + [t o « [t amany
+ {[B%(X,to) - (‘ - 8)%%(K,t) - w_g_%(x#Ax,to)

+ (‘ - w).g_%(x-&Ax,t)](At)Z

+ [_a(%ejx.t) - %e(x,to)) . (1 - a)(%ejx+Ax,t)

- %’}("*A""o))](ox)z} J2K(2 -~ a - y)

t Xx¥Ax 2
I qs ,w)dsdw/K(2 - a = y) + 0((ax)*) (12)
(o]

-
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in equation (11) or (12) the parameters a, B, and ¥ are to be chosen

so that the order of the terms involving the partial derivative terms

is increased, this can be done with any one of several possible choices
for a, 8, and ¥ . To aviod computing with Q(x+Ax,t°), data dependent
on knowledge of the new downstream computed data, one choice is to take
a=1-9 . In[1981] the authors show that a =8 = 1 - ¢ (s such a
choice where a = f'(A(x,to))IZf‘(A(x,t)). This choice for a can be
computed from the upstream data and knowledge of the Q vs A curve at

the upstream location, so here we have a as a function of the wave
velocity at the upstream location. Thus, in equation (12), the downstream
flow rate, Q(x+Ax,t), can be predicted from knowledge of or previously
computed upstream flow rates Q(x,t) and Q(x,to) and knowledge of the
Q vs A curve at the upstream location. With the above choice for a, B8,

and ¢ equation (12) has the form

t x+Ax 2
Qx+ax,t) = (1 - 2a)Q(x,t) + ZaQ(x,to) +I00, a(s,w)dsdw, + 0((ax)*) (13)

0 &

In a manner similar to the procedure Jsed to obtain an approximation
for the downstream flow rate from knowlecje of the upstream flow rate and
the upstream Q vs A curve an approximation for the downstream concentration
C at some time t can be obtained from knowledge of the upstream flow
rate, cross-section area of the channel and the Q vs A curve, From
equation (9), the material mass balance given by the integral form of

equation (7) and in terms of the (new) parameters «, 8, and ¥ , to be

chosen, can be written as

it e

s
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S(t) = Ax{aA(x,t)C(x,t; + (1 - a)A(x+ax,t)C(x+ax,t)]

. [u%éﬁ(x’t)c(x't)) -0 - a)%éﬁ(x+Ax,t)C(x+Ax.t))](Ax)zlz

- A:{aA(x,to)C(x,to) + (1 - a)A(X+Ax.t°)C(x+Ax.t°)]

R [u%éﬁ(x,to)c(x,to)) - Q- a)%éﬁ(x+Ax.to)C(x+Ax.t°))](Ax)2/2

+ at{8Qx,t )C(x,t ) + (1 - g)a(x,t)C(x,t)]

R O R L S BB [P L)

- def pQ(x+Ax ,to)C(x+Ax ,to) + (1 - p)Q(x+ax,t)C(x+Ax,t)]

- [wgig(x+Ax,t°)C(x+Ax,to)) -0

2 . w)%%g(x+Ax,t)C(x+Ax,t))](At)le
t x+Ax 3

+ ft I q(s,w)Ci(s,w)dsdw + 0((ax)”) (14)
o

As previously noted for watér routing, chose A4x = f'(A(x,to))At so that

time and distance are related to the wave velocity. Now to obtain a

form of approximation similar to that of equation (12) from equation (14),
solve equation (14) for C(x+4x,t), the downstream concentration. From
the form for C(x+Ax,t) the routing parameters a, 3, and ¢ will be
determined. o will be determined so as to be a function of the wave
velocity of the flow relative to the Q vs A curve and the upstream and

downstream hydrograph for water.




' For convience, let f'(A(x,to)) =\ and

(1 - a)WA(x+ax,t) + (1 -y)Q(x+sx,t) = D, solve equation (14) for

C(x+ax,t), giving the form

C{x+ax,t) = [ -awA(x,t) + (1 - 8)Q(x,t)]C(x,t)/D

+ [uW\(x,to) + BQ(x,to)] C(x,to)/D

+ [-wQ(x+Ax,t°) + (1 - a)wA(x+Ax,to)] C(x+Ax,to)/D

. ‘[_a(%éﬁ(x.t)C(x.t)) _ %éﬁ(x,to)C(x,to)))

+ (1 - a)(%éA(X+Ax,t)c(x+Ax"))

- AAlxvax e )Clxetx,t )y 0

ax
+ [B_g{_Q(x.to)C(x,to)) . w—g—é—Q(”Ax'to)c(xﬂx'to))
- (l - e)ﬂQ(xpto)c(X,to))

at
+ (1 - w)%ég(x+Ax,t)c(x+Ax,c))]A£}/ZD

t x+Ax 2
+ 1, 1, alsw)C, (s, w)dsdw/Dat  + 0((ax)“) (15)
)
In equation (15) force the coefficient of C(x+Ax,t°) to be zero or
to contribute an error of order (Ax)2 so as to avoid computing with

downs tream concentration data. Here the choice (s made so that

-Qlx+ax,t ) + (1 = a)WA(xesx,t ) = 0 . (16)

In equation (16) the choice for a and ¢y is not unique. Here let

a®y as one possible choice and solve equation (16) for a giving
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VF

NA(x+Ax,t°)

® = VA(x+Ax,t°) + Q(k+Ax,t°7
W
VRra (17)
o
where Vo " Q(x+Ax.t°)/A(x+Ax,to) is the water velocity of the

hydrograph at the downstream location and time (x+Ax,t°), where
also the flow, Q(x+Ax,to), is previously calculated by a water
routing method such as that given by equation (13). Also the channel
cross-section area, A(x+Ax,t°), can be calculated from knowledge of the
Qvs A cyrve at x+Ax on the channel reach.

The choice of the parameters o, 8, and y is also made so that
in equation (15) the dependence on the partial derivative terms is of
order (Ax)2 . There are again many ways of satisfing equation (16) and
also forcing the partial derivative terms in equation (15) to be of order
(ax)? .

For the choice of a = 8 = y , equation (15),for the downstream

concentration, has the form
C(x+ax,t) = ((1 - a)Q(x,t) - WA(x,t))C(x,t)/D

+ u(WA(x,to) + Q(X,to))C(x ,to)/o

t x+Ax 2
_ + ft . q(s,w)Ci(s,w)dsdw/DAt + 0((ax)") (18)
F . o

j
1
1]
!
$
1
3
i

A second choice for the routing parameters, a= y = 1 - 8 and

the same choice for a, as given by equation (17), so that equation (15)

DI G P
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can be written in the form
Clx+ax,t) = a(Q(x,t) - WA(x,t))C(x,t)/D

+ (aWA(x,t ) + (1 - a)alx,e ))c(x,t ) /D
t x+Ax 2
+ ft fx q(s,w)ci(s,w)4sdw/DAt + 0((ax)") (19)
o
In the next section a discussion of how the integrals representing

the lateral inflow and lateral inflow concentration might be approximated.

This information is necessary in equations (13),(18), and (19).




UNMEASURED INFLOW

In equation (13), to predict the downstream flow rate Q(x+ax,t),
or equation (19), to predict the downstream material concentration
C(x+ax,t), knowledge of the amount of unmeasured lateral inflow q and
the amount of unmeasured lateral Inflow zoncentration Ci is required,
both relative to the location on the stream reach x and the time t.
The amount of unmeasured lateral water inflow or the material concentration
in the lateral inflow over a given channel! reach for a storm event can be
estimated with some knowledge of the river basin. This knowledge
includes water flow and material concentration for storm events occuring

at a simular time of year and with a simular intensity and duratior, In

the following discussion a method will be developed which can give an

indication of when, relative to time and the knowledge of the upstream
hydrograph, the relative amount of available unmeasured inflow should be
added to the computed downstream hydrograph. It will be assumed that

the unmeasured material concentration Ci is carried with the unmeasured
water inflow gq . In the following discussion it will be noted that the
largest contribution of the unmeasured inflow q to changes in the down-
stream hydrograph at a position x on the channel reach when compared té
the upstream hydrograph at position x+Ax on the channel reach will occur
in time after the peak in the hydrograph at x . Knowledge of q then
allows an approximation for the integrals in equations (13), (18) or (19).
That this is reasionable follows by re-writting the form of the

momentum equation for open channel flow and comparing q with the slope

of the free water surface under some steady state conditions.
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The momentum equation for open channel flow, Stoker [19571, can ke

written in the form

2
v v fLv !
3t Ve PR T talmuemo (20)

where v is the water velocity, s is the slope of the free water
surface (positive downward for positive downstream channel distance), f
the friction force, L the wetted perimeter of the channel bed and u,
the component of the velocity of the lateral water inflow q in the

downstream Jirection.

With the assumption that %% + v%i- is small or zero, that is over

a short channel reach x to x+Ax and small change in time, the change

in the velocity of the water is negligible (velocity constant), equation (20)
can then be solved for the lateral inflow q = (gsA - vaz)/(v - ux) .

For unmeasured lateral inflow q, assume that the component

u, " 0 for the component of the velocity of the lateral inflow q in

the downstream direction, so that

2
q= gSA - fLv (2‘)

Now a relationship between the lateral inflow q and the slope of the
free water surface s will be obtained with the assumption that there
is a steady state condition for v near the peak of the wave at time t
fixed over the channel reach (peak in the wave in the channel reach x
direction). Also g and f are assumed to be constant and q> 0 .

Near the peak of the wave there are points in the x direction on

either side of the peak where the cross-section areas of the channel bed
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and also the wetted perimeters are the same. Suppose that at these
two respective points the lateral inflows are q, and q, » such that

q‘7 Q‘-

Let s = So ~ %{', where So is the slope of the channel bed and

y is the river stage. Let y, and y, be the river stage corresponding
1 2

to q, and q, respectively. From equation (21)

Y \
M _Y R 2 M I 2
g(s° = JA - fLv > g(so 5 JA - fLv
v v
V1 V2
implies that In > P and since, relative to the positive channel

reach x direction, for %¥->-0 the water wave is increasing over the
channel reach as occurs behina the peak over the channel reach and for
% <0 the water wave stage is decreasing over the channel reach as
occurs before the peak over the channel reach. Thus it follows that

near the peak, with the above assumptions on v,A,L, and f, 9, > 9,

Y Y
implies that %;J > %;} » SO g, occurs before the peak in the wave in

the x direction and q, occurs after the peak of the wave in the x

direction along the channel reach. With the same assumptions on v,A,L
Yy
9°2

Y
. ' 1
and f , it also follows that o > ™

implies 9, > q, . Thus
larger lateral inflow occurs before the peak in the wave in the down-

stream x direction for the same cross-section area A (or Q) occuring

G A oo e e

before and after the peak with the steady state assumption on v .

Y Y Q Q,
. a1 "2 . a1 3
Generally, for rivers, x 2 3 implies that W 7 % for
corresponding flow rates Q, and Q,. ]

Now from the continuity equation (2), where %%- = %%V%%- and with
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assumption as above on the lateral inflow q it follows that, from |
| BQZ 30'2
q, ® == - + —
2 dQ, 3t
d
) dy, . .
where I is negative, 3 is positive and q, is positive, then
Q
%?2 is positive, which occurs after the peak in the positive t
direction in the hydrograph at position x on the channel reach. In
a similar manner to the above for Q‘.
Jah . ah
U 7 dq,3t
dA
2%
where I is positive, q, is positive and for rivers that q, is
Q Q
smaller than %;J it follows that %;J is negative, which occurs before
the peak in the nydrograph at position x on the channel reach.

The above discussion indicates that relative to the peak of a
hydrograph at a point x on the channel reach the relative amount of
unmeasured inflow q is higher after the peak at x in time t than

before the peak at x in time t .
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{MPLEMENTATION

In this section a discussion of how the approximations given
by equations (13), (18), or (19) can be implimented so as to compute
Q(x+ax,t) and C(x+ax,t), the predicted flow rate and material concen-
tration at a downstream location with channel reach Ax . To compute
both the predicted flow and material concentration knowledge of the
upstream hydrograph from either a given curve or from actual flow and
concentration measurement data is needed. Also knowledge of the
Q vs A curve or measurement data is required both at the upstream
and downstream measurement stations (here assumed to be single valued).
To compute Q(x+ax,t) it is necessary to obtain an earlier time to.

Suppose the upstream measuring station is at x = 0 on the channel
reach. At x = 0 the initial flow, Q(O,tj) and concentration
C(O,tj) is known at times Eyatyatys <nnee 'ty (times not necessary to
be equally spaced). The downstream hydrograph at x = L will be
obtained by first obtaining the predicted hydrograph at point on the
channel reach between 0 and L so that the relative length of Ax
and the channel length L , Ax/L , is less than 1 (the channel reach
length L can be scaled to length 1 if desired). The channel reach
of length L s partitioned into N subintervals (not necessary to be
equally spaced), here of length L/M , so that Ax = L/NM,

The partition of the channel reach can be chosen so as to lnocate a
point on the reach from 0 to L pertaining to the mouth of a
tributary at which measured inflow data is known. Relative to the

computed hydrograph from the main branch of the river and knowledge of

PTEnT Sr o ¥

L X

o2




PO P o el T ™t 4 M s n T
! ?

the hydrograph of the tributary there is a juncture problem at this
location on the channel reach. For a tributary with flow rate not
differing greatly from that of the main stream of interest the
tributary can be treated as a point source.

The Q vs A curves are computed at points x and x+Ax between
f 0 and L on the channel reach, with the assumption that the river
channel characteristics change slowly from 0 to L so that linear
interpolation can be used to obtain an approximation to the Q vs A
curves at x and x+Ax (g%- also is approximated from the Q vs A
curves), The needed values of %%- = f'(A), Q, and A for equations
(13), (18), and (19) can then be approximated from the constructed

Q@ vs A curves at x and x+Ax on the channel reach.

Now with the channel reach from 0 to L partitioned into N
subintervals and taking x.i = jL/N as a point on the channel reach
where the hydrograph is known, has been computed. Equation (13) then
Is used to compute the hydrograph at xj*‘ = (j+#1)L/N ; the following
will outline the proceedure. Suppose at xj the predicted hydrograph
has been computed at times t‘,tz,t3, «e-.st, so that Q(xj,t‘) .

k)
are known. To use equation (13) to compute Q(xj+l’ti) where

Q(xj,tz), veney Q(xj'tk) and C(xj,t'), C(xj,tz). v, C(xj,t

Q(xj*',t‘), Q(xj+l’t2)' ceny Q(xj+1'tl-l) have been previously calculated,
it is necessary to first obtain the time t o f'(A(xj.tlo)), and
f'(A(xj,t‘)). Time t,, can be obtained by iteration and since from

‘ Q(xj,t.

.y to Q(xj'ti) linear interpolation is to be used, it is




sufficient to compute A(xj'ti) and At = Ax/f'(A(xj,ti)) f rom

the Q vs A curve at xj , take an approximation for tlo as

- - * -
- . - [
tio ™ t, At then compute A(xJ,t ), At Ax/f'(A(x 'tio) and

io J

- *
take to " 4 (At + At )/2 . Note that at LI the first recorded

measurement time on the hydrograph at xj , to compute t where

1o
tio Sty s use linear interpolation from Q(xj,tI) to Q(xj,tz) and
extend this straight line approximation to values less than t1 so that

tlo can be computed as previously.

Once t,, is computed then a = f'(A(xj'tio))/Zf'(A(xj'ti)) can
be computed for equation (13) so that Q(xj+1’ti) can be computed

with a correction to be given for the unmeasured lateral inflow q . To
approximate the term for the lateral inflow, as noted in the previous
section, relative to the hydrograph at xj , the inflow for water is
accumulated when the hydrograph is increasing in Q for increasing time,
with a small percentage of the acculated inflow added to the computed Q
and the Inflow is treated as in equation (13) when the hydrograph is
decreasing in Q for increasing time. For example, if the hydrograph
at xj begins increasing at time tm and is also Increasing at time

t 4y then the accumulation (storage) Kdm at t_ is Rdm = q(xj,tm)Ax
so that JS/qdsdw/K = rxdm and take a new Kdm = (1 - r)f\dm . Since

the hydrograph is also increasing at Q(xj.t ) take

m+1

Adm+l = Adm + q(xj,tm+‘)Ax and repeat what was done previously for Adm .

In this way much of the lateral inflow, when the hydrograph at x, is
increasing, is stored until the hydrograph changes from increasing to

decreasing in flow rate Q as the time t increases. In the examples
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of the next section the parameter r was chosen to be .05. Note
that when the hydrograph is decreasing ﬂdm = [[qdsdw/K.

Once Q(x ) is determined from equation (13) there is

JISEAL
sufficient information to compute C(xj+l,t'). The knowledge of the
Q vs A curve at the downstream location permits calculation of

= ) [}
A(xj”,ti). A(xj”.ti), and o = f (A(xj,tio))/(f (A(xj,ti")) + vo)

where Vo " Q(x tiz/A(x ) needed for equation (18) or equation

i’ j+l'tio
(19). C(xj+l'ti) is then corrected for the lateral inflow concentration
using the information with regard to the lateral water inflow, As for
the water above a new C(xj,tm) is computed from C(xj,tm) as
new C(xj,tm) = (Q(xj,tm)c(xj,tm) + Cﬂ(xj,tm)idm)/(Q(xj.tm) + Kdm) where
Ci(xj,tm) 0os the concentration of the accumulated lateral inflow.
Then take new Cﬁ(xj,tm) = new C(xj,tm) so that the routed water and the
lateral inflow accumulation is mixed before routing to x+ix do&n-
stream., Note that the integral
t  x+Ax

ftofx Ci(s,w)q(s,w)dsdw
will be approximated from the upstream data only, and will be taken to
be C‘(x,t)q(x,t)AxAt in this discussion. For the portion of fhe
accumulated flow added when the hydrograph is decreasing in Q for
increasing time t in equation (18) or (19) use ffCiqudw/D =
C'(xj,ti)q(xj,ti)AxA§/D . Here q(xj,t')Ax is Kdi to be compatable

with the previous notation.

A further discussion of some of the above will be continued in the

next section when the computed results of a flow and concentration are




given for a particular example of a reach of the Upper Sandusky River

: in Ohio.

Y STORM EVENTS

T T

In this section the numerical approximations of the mass balance

equations in the integral form (equations (13) and (19)) and the

YT e ——

method of trea}ing the unmeasured inflow was implemented using data
available from the USACOE [1978] on the Sandusky River (Ohio).

The 33 mile river reach from the measurement station near Bucyrus
to the measurement station near Upper Sandusky has a tributary, Broken
Sword Creek, with a measurement station at Nevada. The mouth of the
tributary was about 16.2 miles from the upstream measurement station
at Upper Sandusky. The total river basin area above the Upper Sandusky
measurement station was 298 square miles with 88.8 square miles accounted

for by the Sandusky River basin above the Bucyrus measurement station

and 83.8 square miles accounted for above the 3roken Sword Creek
measurement station on the tributary. This leaves 125.4 square miles '
of drainage area with unmeasured inflow. The unmeasured lateral inflow
area along the 33 mile river reach was approximated by a trapazodial area
roughly matching the geometry of the river basin, This total area

then was partitioned for each Ax on the stream reach based upon the
percentage of the trapazodial area which would drain into this A4x

of river. The percentage of available area apportioned to stream reach

Ax was then multiplied by the estimated amount of total! available

unmeasured inflow for the unmeasured drainage area to obtain the

r—— = -
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unmeasured inflow available for the channel reach from x to x+Ax.

This percentage was then used to approximate the value of the integrals

t x+Ax
I 1 q(s ,w)dsdw

o
and

t x+Ax
[tofx C'(s,w)q(s,w)dsdw
needed for equations (13) and (19) .

From the USACOE [1978] data two storm events were considered. For
one storm event, data from 3/1/76 1300 hours to 3/10/76 1900 hours
scaled so the initial time corresponds to time t = 0 and the final
time corresponds to t = 216 (hour). During the time at the upstream
measurement station (Bucyrus) when the hydrograph was changing most
rapidly, the measurements in flow and concentration (specific conductance)
were available in approximately 6 hour intervals. Simular data was
available near the mouth of the tributary (Broken Sword Creek). The
initial upstream data was interpolated linearly to obtain approximate
measurements at three hour intervals from t = 0 to t = 216 . Using
the procedure suggested in (Gray [1973], section seven), the upstream
hydrograph (Bucyrus) was used to estimate the duration of the storm
event (111 hours), beginning at t = 25.5 and ending at t = 136.5 .

For the time period, t = 25.5 to t = 136.5, the intensity of the
rainfall was assumed to be uniform over the unmeasured river basin area.

Since the downstream hydrograph was known a mass balance for water

and and material (conductance) could be used in conjuction with data at




; the upstream location (Bucyrus), the tributary, and the downstream

' measurement station (Upper Sandusky) to calculate the water and material
inflow from the unmeasured area over the time t =0 to t = 216,
If the water flow and concentration at the downstream location are
known, an estimate for the unmeasured lateral inflow might be obtained
from the knowledge of previous storm events on the river basin for a
corresponding time of year and storm duration. For this storm, from
t= 25,5 to t = 136.5 the unmeasured inflow was estimated to be
428.2 ft3/sec over the entire 125.4 square mile river basin , so
that the integral

X+AX
Ix q(s,t)ds

can be estimated to be U428.2 times the percentage of area available
from x to x+Ax . Simular, by a mass balance on the specific
conductance C' was estimated to be 389.9 uMHO . To account
for the groundwater inflow during the periods of time 0 to 25.5

and 136.5 to 216 before and after the storm events the uniform

inflow was estimated to be 70 ft3/sec and Cl estimated to be

700 uMHO based on available data before and after the storm

event at the downstream location. To accant for storage of unmeasured
inflow when the hydrograph was rising, as discussed in the section on
unmeasured inflow, the parameter r was chosen to be .05 (for r in
the range .03 to .08 only small variations were noted in the

location of the peak of the hydrograph at Upper Sandusky). The 33 mile

; channel reach was partitioned into 130 subreach distances of length

968 ft, as the choice for Ax
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The predicted hydrograph is given In Figure 2 for both the
flow and specific conductance as well as the values of the measured
data over the time at the downstream location. The accuracy of the
numer ical method was checked by integrating the mass balance over the
whole storm for water predicted at the cownstream measurement station
and findirg it to be 0.48 percent higher than the integrated inflow
data indicated. Using the same procedure , the mass balance for specific
conductance was 1.21 percent higher at Upper Sandusky than the actual
inflow data indicated.

A second storm event over the same river reach has been considered.

This storm event covered the time interval from 2/21/77 1900 hours
to 3/3/77 1300 hours, a total time period of 234 hours. In this
storm the storm duration has been estimated to be 111 hours, from

t =31, tot= 142,5,

For the period from t = 31.5 to t = 142.5 the unmeasured inflow
rate, ovar the channel reach, was estimated to be 225,2 ft3/sec and

the inflow concentration for specific conductance was estimated to be

814.2 uMH). During the period from t =0 to t = 31.5 the water
inflow was estimated to be 130 ft3/sec over the channel reach and
the specific conductance 900 uMHO . Also for the period t = 142.5
to t = 234, the inflow was estimated to be 40 ft3/sec for water and
the specific conductance 900 uMHO over the channel reach. The

predicted hydrograph is given in Figure 3 for both the flow and specific

conductance as well as the values of the measured data
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over the time at the downstream location. The integrated mass halance
for water at the downstream measurement station at Ipper Sandusky was
calculated to be 0.7 percent higher than the actua) integrated flow
indicated and 2.1 percent higher for specific conductance,

Remark: Both of the above examples were implimented using FORTRAM
Level G. Also the CP!' time for each example was about 1N seconds
on a Amdahl 470 Model V/7A computer.
SUMMARY AND CONCLUSIONS

An approximation technique based on an integrated form of the mass
balance for water flow and dissolved substances is developed. The
parameters in tnis method of approximation are determined from knowledge
of the 0 vs A curve and are functions of the wave velocity and/or the
water velocity. fn terms of the flow C or concentration € this
approximation yields errors of order two; the order of error of the
integral approximation is three.

An input element in the use of these mass balances is the estimation
Of the unmeasured inflow. At a point on the stream rcach a relatively
large amount of the unmeasured inflow is added to the hydrograph shortly
after the peak in the water flow. This corresponds qualitatively to
the discription of lateral inflow as obtained from the momentum equation
under psuedo steady state conditions.

An algorithm was formulated based in these approximations and applied

to water flow and conductance data from the Sandusky River in Ohio. The

predicted water flow and condictivity at the downstream stations correspond
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well with the measured values. Over various stream reaches the =dicted
total mass of water in a specified period of time was within one percent
of the total mass of the water flowing into the stream reach during the
same period of time. The theorical mass balance on the conductivity
was within two percent.
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Figure 1., - Discharge Versus Area Curves for Stations in Sandusky Piver

Basin at U.S. Geological Survey Stations (1 = Sen'usky Piver near Pucyrus;

2 = Sandusky Piver near Upper Sandusky; 3 = Tymochtee (reek at Crawford;

4 = Sandusky River near Mexico; 5 = Sandusky Piver near Freront)

Figure 2. - Hydrograph and Chemograph at ''.S. Geological Survey Gaging
Station on Sandusky River near Upper Sandusky, Ohio, for Storm Event
3/1/76 to 3/10/76

—~————=— Predicted Hydroqgraph near !pper Sandusky

X X x x x Measured Hydrograph near 'Ipper Sandusky

----- Predicted Chemograph near Upper Sandusky

A A A A A Measured Chemograph near U!'pper Sandusky

Figure 3. - Hydrograph and Chemograph at U.5. Geological Survey Gaging
Station on Sandusky River near Upper Sandusky, Chio, for Storm Event
2/21/77 to 3/3/77

Predicted Hydrograph near !pper Sandusky

X X x x x Measured Hydrograph near !'"pper Sandusky

- - = == Predicted Chemograph near !Ipper Sandusky

A A AAA Measured Chemograph near !'pper Sandusky
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