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In ord er ‘v plan. ’ .’ r-~ and engineers to be able to analyze and evaluate instream
‘ n t t t i  ‘~ s and recon~ end wa ter q u a l i t y  mana gemen t programs , a question mi ght

. i r t . i a’~ t ’  f rom what part 01 a watershed the major amount of a nutrient or
flo w originat e-.. What i~ needed is a simple calculational procedure requiring
a minima l amount ‘f field data. The object of this report is Li ’ present such
a p r o c e du r e  developed iround the small amount of data available .
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A ~dl ’~ulatod procedure will be deve l toped 
~
y which the water can be fol lowed as

it t rave ls  downstream . This is actual va te r  routing in contrast to the
c lassical “water routing methods ” which fo l low the hydrograph wave downstream.

~hc procedure is expanded to include the t racing of conservative water  chemis-
t ry as the w at e r  moves downstream. Thus , at a downstream station , i t is
po’.s lt ’ lc to predict t he conservative wa t e r  quality parameters and compare these
parameters with measured data if available. Cood comparisons between calcu—
l a ted  and measured conservat ive substances such as chlorides and conductivi ty
indicate the ca lcu la t iona l procedure La reasonably accurate. A further check
on accuracy is obtained by performing a mass balan~ e on th~ t o ta l water volumes
involved . Predicted concentrations of  substances such as total phosphor us and
~.uspi aded sol Ida do not compare well w i t h  the measured va lues , indi ca t ing that

~heøe are not conservative and that lt~~ sib le deposition and resuspension occur
in various stream ri~ac ht•s during th~ s to rm.  Fu r thermo r e, the me thodology p~-r—
mRs the e st  im it ion  of  the I rac t  ions of various parameters at a given down-
st ream st . o t  ion which have been der i ved  f rom various upstream sources. For
examp le , ii - t r a c t i o n  of c h l o r i J t -  passing the Fremont station on the Sandusk y
Ri.’t r which was derived Iron the Honey Creek basin can be calculated . Thus, if
e b b !  ide rodu~~t ion were desired f o r  Lake Erie , the princi pa l upstream sources
can be i dent I t ied by the met t~~’do 1 ogv presented here in.
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AbSTRACT

Y low and water quality data /~ta r ttng in l97~)have been col lected , anal yzed,
and plotted at nine L’SGS gaging stations in the Sandusky River of northern
Ohio for several storm events. A procedure has been developed whereby the
water as it travels downstream is followed. The calculationa l procedure is
f urthe r expanded to inc lude the tracing of conservative water chemistry as it
moves downstream. Thus , at a downstream station it is possibla to predict
such water quality parameters and compare them with their measured values.
The conservative substances such as chlorides and conductivity compared wel l -  -

indic ating cha t the catcutattons were reasonably accurate. Such substance.
as total phosphorus and suspended solids do not compare well indicating these
are not conservative and that deposition and resuspension occur in various
reache s of the stream. Further , the methodology permits the estimation of
the f ract ions of these substances at a given downstream statio n which are
th~rtved fro, various upstream sources. Various fac tors such as point I!
sources , river f low rate , etc. are discussed as to how they af fect  the
transport of total phosphorus , suspended solids , chlorides , conductivity, the
nitrogen specie s , and other water qua li ty pa rameters.
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INTRODUCTION

In s~r(I,~r for pI.~nnt. rs :ind tng b e e  ra to he •,h Ic to ~rna I V ? t ~ and eval isa
Ins t r ~~sm cond i t ions  .~ sd recomeend water  qua l ity  management programs , a
qiie ’.c ton m1~ ht ar ise is to from what part of .i watershed the major amount of
a nutrient or f low orig inates. What is needed Is a simple calculatbona l pro
ce dure requiring a nintisa l amount of f ield data. The objec t of this report
Is to  present such .i procedure develope d around the small amount of data
av a t  l iti le.

k c i  I e i i l ~ t I ona I prot-edii rt• w i ll he deve I oped by vii Ich t he water can he
to i Iow~d as it trave ls downstream. This is Ac t ua l w ater  routing in contrast
to t he c l a ss i c a l  w ater  rout ing met hods~ which fol low the hydrograph wave
downstream. The procedure is expanded to inc lude the tracing of conservative
w a t e r  chem ist ry  as the wat.~r moves downstream. Thus , at a downstream sta-
t ion , it is possib le to predict the conservative water qualit y parameters and
c~mpa re these paraoeters with measured data if avai lable. Good comparisons
between ca lculated and measured conservat ive substances such as chlorides and
conductivit y bndic *te the calculatbonal procedure is reasonably accurate. A
fu r the r check on accurac y  is obtained by perfo rming a mass balance on the
tot al water volumes involved . Predicted concentrations of substances such as
t otal phosphorus and suspe nded solids do not compare well with the measured
valuca~ i nd ica t ing that these are not conservat ive and tha t possible deposi—
t ton m d  resuspens ion occur in various stream reaches during the storm .
h.rt’iermore , the met hodo l ogy permits the e~ t1mation of the fractions of
var Ious parameters at a given downstream s ta t ion wh ich have been derived from
various upst re am sources. For example , the fraction of chloride passing the
i re.,nt stat ion on the Sanduøkv River which was derived from the Honey Creek

he c-, l c u s L i t e d .  Thus If chloride red uct ion were desired for Lake
Fri.. rh ,. principle u ps t r e a m  sources can be Identified by the methodology pie—

~ eti t .~~j herein.

CALCULAT IONAL_ PROCEDURE _ DEVELOP1€NT

W a t e r  Mass Balance

Consider the mass ba lance for st ream f low Q for an infinit esima l stream d c —
ment z between large point sources such as tributaries. The rate of change
in f low f r  the element Is equa l to the inputs minus out puts. The input.
co ns is t  of addit ions from small point and diffuse sources along x , the
uapst resss f low , and ground water inflow. Outputs consist of st ream out f low
fro, t he elemen t plu. losses to the stream honk. Gains or losses through
ground water and stream banks w ill he assum ed to be neg ligible. In reality,
the y ~h~tsld be minor during storm events. Also , they are extremely hard to
approxim a te. The differential equation takes th~ form

• + - ~ + 
~~

) ...Eq(t)

f : . .  
1

J- -t 
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where A • str eam cross sectiona l flow area
Q — discharge
~ — tim e

ii ist  t u t u  , ,t * uwust  re in
t’u * — Increment .il t i f  ~ t
i t  — di tu i se  later al inflows per unit length

Point sources b~ ui1c~~l lv represent di scuint inut tiec in the river system and may
be kindled in two d i t t t • r , • t t  ways if a numerical solution technique is used.
F i r s t  • point so lu rces  coul l be added in during the solution procedure by
~~s s u ir n i i tg  tha t any which occur over an in f in i tes imal  reac hAx can he dist i l—
hu t u~~i over the reach u t  second Iv , the ~~x ’ s could he chosen such that the
point sources ire .d.ied the st ream at ttit~ end of :5 Ca Icus lat tona l step,
meaning the  f l o w  at  the eni of one reach is updated for the beginning of the
u c t  reach.

Combining te rms In Equat ion I and taking the limit as A x — ~~C gives

+ — q

~h l5 Is thu’ st  suti.;r.j  di t , r rn t  t .m l • 1 ° - ’~ 
t i n  mused .~~s a bas ic  for all water

( luvul ~~~ r i~i t )  ‘i t  i ~ . S t  n u -e  t h is  u’~~uu. i  t t on  bas two  unknown pa rameters Q and
a r.~lat io rmshi p k o w  us the u r u ’ m— discha rg e  curve is used t o  relate the

t v .  In ot her i s ~~ u r u- u’c .5 Itte rm inlstlc fori u~ balance Is employed .

Q — f ( # ~ . ..Fq ( 3 )

This r.~l atton ship is e t t ~u r  in t he f i r m  of  F~ uat ion 1 as determined from
. i ct us ~~l ield d~ t. m or as an emp i r i ca l  r. ’~at ions h 1p ~ ac h ac

Q • cz.A’~ .. .Eq(4)

whe re and c must he - ippr ix imated .

P.nth i u i u i a t  ion 1 and 4 have been used with EquatIon 2 for water routing.
V e rhof ! and Melf i  ( 197 t ~) and Verhof f , Me l fi , and ‘fa ksich (1979) have used
f i e ld dat~ w hile Huang ( 1978)  uses an emperlcal relationship.

FiEusre I i l l u s t r a t e s  a typ ica l  curve for discharge versus wet ted  area for
atibcr itital flow. This curve is typic al ‘ r most streams. The average water
v e I u .u - t t v (cu r a flow Q Is Q/A and Is shown on the diagram as the slope of a
chord connecting a point Q on th e  curve and zero. The average hydro graph
velo city is the slope of the line tangent to the curve at point Q. As can be
seen from the curve , thp hydrograph velocity is always greater than the waLer

r velocit y . Ac the water moves downstream , the hydrograph will catch up to the

_ _ _ _  
-- -
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l ite r , e , r r v  It a distance downstr . ’ u m , and then leave it behind. If a
referu .us~ e point is att*ched to the hy drogra ph, the water would be observed to
-utuve f r - u s  le f t  to  right through the hydrograph.

~qua t tons 2 .uis~I 1 or 4 c .iut ui uv b,. solveul for one of the two pa ramaters
u~~ us! s~ the ~I if f u se lat era 1 lii i 1 ows per sin I t length 

• q , Is known or can be
u .  isoui ih l  v .ipprox Inst i’!. t)epe rtd I ng sipuin tit,. informat io’~ wan t e d, two uiif
f. • rcunt  .ipproache s r~sv he taken. If q is eithe r known or can be reasonably
.uppruuc I .Lu teu i , F.quatiu-uns 2 and 1 can be solv~ ,I us ing ~ f in ite d i f f e r e n c e
~~u t u e - s u  ~ Iv(ri g A or Q S8 .u function of x and t .  Such ~ solution would take

tu. form Lit Fi gure 2. Figure 2 t i lust  rates a solut turn mat rix for flow for
ii I t  .u t~~u~ dtswns t re in f roil an upat ream at at I on and time tnt ii a at orm event.

u h nodal point w hich is indicated by Q represe nts a “olut Ion to Equat ion 2
fo r  equla I ~~~ •.~ ts to iii s r s u e  ansi t in.’. Ti (busta r tes that occur along the reach
o u s t  h.. i I.I.’d t i  is l ise u s t  (nu t ty  jump s. The va lues of Q -st t ime xero for
- t I 1 u t i s t  -inc.’ ur. ’ r ’t. ut oular .  . ‘ndi t ion, whi le Q’ a for d istance tern for all

a ru ’ t o  (n i t  i ii i’i f i t I .s~~~~. Values other than those calculat  .‘d for
• ‘quul  dI~~t unce• s oul t f s . . st.’ps 0*1st be interpo lated from these solutions. in

h i s  is.’, -1 t(~ l it  I u uss ~~ (p for thu’ - i re - s —d ischarge curve would he needed at
‘ i - l i  * d i  st inc.’ dutwost  r ’  ii. !~ur ill luract tca l purposes , this re l:s t t on a h t p

c u t i l u t  h.’ .upproxtmuu t s’ u I (ru ’, i~~ .• r..l.i~ Lorish lp at end points of the stream reach
of  i s t s ’ ru’ s

f lyd rsu~ rajdi and _t!nme.s suu ru’d Intl ow (‘al cu lat ton

I ( it  sm ut Ion Is jus t u’..I.’,i it t lie ‘‘ s i  putt ot , an a l t  ernst I ye approach
u uui l ,I he t iku’n by t o t  .‘~~r u t  (st~ F loat  l i i  7 ove r t he to ta l  reach distance
g l v i  t~’,

1,

(i~ + — dx ...E1(S)
) ( dt  ~x J

wher ,. is t ~s *~ ui pst r.’sn ‘ut.h t ton d is ta n c e
I — ,  (a  the du-uwr~st r.’-uo s t - u t  f - u t  d f q t ui1 ,’

This g ives 
1.,

— + ~~
j

’
Adx — ~qdx 

•..Eq(6)

w Iser .’ Q, A , and q are fu nctIons of tine.

Tt u i s  “ 1~’ it l i i  Is vu’ s- v s imilar t i  the ‘c la ss t c rout ing techni ques which
*~r i t - . :  t i . - change In storage is equal to  the input minus output. The
In i te,:ru l  of  a re s Is t ’tcu storage between stations I and 2 and the integra l on
the right-hand s l it , ’ Is the nnnpntnt Inflow for the section. The stations of

S 

-- -- - ... ~~~~~~~~~~~~~~~ - - - - - --- —-—~~~~~~~~~~~~~~~ -~ - -- ——--—--- -~ -.---- --
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Interest ire’ chosen relat~~veI.y close togethe r such that the discharge and/or
fl ow are.. Is .upproxlmately linearly dependent upon distance between the sta—
tlons during storms as shown in Figure 3. Here the amplitude of discharge
(or area) and variations are snail relative to the wave length of the
hydrograp h wave form passing through the system. As a guide the stat ions are
chost ’n such that the distance ’  between them Is much smaller than the
hvdrog rap h wave length , so for ualc u lati ona l purposes the water surface pro—

- -  it  Ic (a rea)  is assumed to be re lat ively linear bet ween stat ions as the wave
progresses downstream as shown in Figure 1 by the heavy straig ht line. This
t’i un iv  t r is’  II there is no abrupt change In the area—discharge charac—
ts ’r IsL i - s . Th is ext  h ide’s ths . possible interrupt ion in the surface profile
dut. t o  large point source Inf l ows  such as major t r ibutaries . At periods

is where the hydrograph is starting to rise from some base flow or where it
peaks rela t ive ly  sharply, this approximation may give some error.

As s uming a linear approxitnat ion to area can be used , Equation 6 gives

- .
~ ~-~-— (A + A,) — P1 ...Eq(7)

— 2dt

where ~ rep la ces t he nonpotot integra l and L is the distance between stations
(I. ,-L 1). At this point the term , P1, could also include any large point
su-usi rces .ulong the reach such as tributaries. Thus , at apptoprtate times , P1
rcp la~ ec a lt  the point and diffuse source input s bet ween the two stations
w ith .s re ich distance L. This equation may be used to calculated P1 between
t he s t a t Io n s .  It should be noted that Equation 7 only has to be applied at
the two ..rid points s i t  t he reach. This equation can now be written in expli—

It u nIt e u 1t f f e r u ’ us ~
- i’ form ..nci solved for the local tnf low (Incliuling or

e’x c l u i u l tng  point % s ’ u u rc e s )  hetw ~u’n two ctatinn ~ uu c ing the measured hvdrngraphs
‘nd 1 q.ia t tor i I ~ur a t  t h e  two end s t a t i o n s .  Equation 3 may be easier to use
t han Equat ion 4 , s ince th is  relation ship Is ac tua l l y  obtained from field
dat a .  ThIs is especIa l  l v t rue  s in ce hydrog raph. are needed and area—
d ischa rge data are usuall y obtained In the process of defining the
)sydrog raphs.

I t must be remembered that H is a cslc~ila ted unmeasured inflow dependent
upon Equations 7 and 1. in real i ty  H might not exactly identify with the
.uc’ t ual unmeasured flow if it could be determined Independent of any routing.

F.qu..arton 7 may be rearranged to define a downstream f low Q2 giving

— 1(A ,) — Q1 - 
~~—(A 1 + A 2

) + p~ 
...~ q ( S )

This equation may be used to ‘~routc~’ a hydrograph from an upstream station to
a st - i t ton down st ream i f the upstream hydrograph is known along with the area—
discharge curves and the inflow function P1(t). Thus the only unknown is
A2 wh ich can be found. Q2 can be determined from A 2 by the area—disc harge
relationship.
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A nuserie-al techn ique can be used to solve Equations 7 and 8. Pot example ,
to expl icit finite dif ference from Equation S takes the form

A • A  - A  + A  +2 ,j+1 l ,.j l ,j+l 2,j

— Q2 ,1 + M~4,1) ...Eq(9)

where I denotes the upstream station , 2 the downstream station , and j time.
Note the solution is in terms of area. Areas must then be converted to flow
through the use of the area—discharge curve.

Q2j I’. the discharge -it t l us . downstream station at time j. This value is
obtained from A 2 ,j using the area—discharge relationships. The value of
A , was deter mined by the above equation for the previous time step.
In t f t.a l lv  A 2 ,1 or Q2,j must be known as t ime equals zero.

if flow and consequently the flow area are known as the upstream and
downstream statio n and the ungaged latera l i n f l o w , H, is known, Equation 9 can
be rearranged to solve for H giving

- - Q2~ +

( A
2~~~~ — A 2 1  

. A 151~~1 — A 1,1 ) 
...Eq(lO)

A quadrati c approximation to the area as a function of distance in the
Integra l which was t tnea r(xe4 above has been attempted. Thu doe. not yield
any sim ile formula or calculational procedure for estimation purposes.

Water Rout

The trac Ing of the water , arid thus its chemistry as it moves downstream, can
be derived (roes it. average water velocity. if the velocity is known for all
t imes during the storm , the water ’s position is known. Thus, for a given
water voli e

ds • Q / A  • v ...Eq(ll

where Q - ave rage flow
A • wetted cross sectional flow area
s • axial position of a ester voles.
t • t ime

• avera ge water velocity

8 } 
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if ~~ is assumed constant over a small step In time and distance , Equation 11
in its approximation form can be used to give the position of the water par

- ‘  
ccl as It travels downstream. Thus

• v~,At ...Eq(12)

Once the pos i t ion of the water Is known as It travels downstream, the chem-
istry then can be computed.

Stream Chemistry Mass Balance

The one d imensional longitudinal mass balance for chemistry for a differen-
tial element gives

+ v ~~~~
- • ~( D~~-) + S + S ...Eq(13)

~~ ~x ourc e ink

where C Indicates chemistry concentration
C) ind icates the dispersion coefficient
Sou rce indicates chemistry sources
S ink indicates chemistry sinks

The above equation assumes the chemistr y is well mixed in the cross section .
Baker ( 1979)  and Baker and Kramer (19l9a , 1979b) have shown good mixing to
have occu rred at the sampling stations used on the Sandusky River. Generally
the smaller the stream width , the better the mixing. Al so there is better
mixing during unsteady storm flows, the periods for which the anal ysis was
developed.

By travel ing with the water as it moves downstream the convective term
v ~ C / ~~x drops out.
w

The f i r s t  term on the right hand side which i. the longitudinal dispersion
term is itsstsued neglig ible for the following reasons . The influence of

— dispersion re lat ive to  convection dec reases with Increasing flow rates.
Although dispersion is of much Ic.. importance durng storm events , some
researchers even neg lect it during steady low flows . There have not been any
dispersion coeff ic ient studies conducted for storm flow condition.. This
would Indicate it may not be possible to even estimate a good value for storm
f low.  Also , by including dispersion, th, calculations are greatly compli-
cated. This might make them unwieldy for most applications. Thus a simp le
technique which does not include dispersion could have wide applicabilit y by
a variety of Government agencies and other study organizations. Finally the
consequence s of excluding the disp ersion term can be tested by comparing the
pr edicted versus measured results for conservative substances such as chlo-
rides , and conductivit y . Anticipat ing the results , it can be said the pre-
dictions without disp ersion compare well with the measured values. Thus , it

- - appear s tha t th. dispersion term can be neglected .

_ _ _ _  
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Necau.s,’ of the ~issumpt ions made , this procedure might not yteld accurate
results under conditions where dispersion is important . The accuracy is to
be defined by the user f rom the results for conservative substances.

Thu s I-~qusat inn II becomes

~C — S
ource ink ...Eq(14)

• th is is u.ss&~nti.ll y the I.agrauig t.in f orm of the mass balances on the substance
o f  interest .

This equation basicall y says that the substance concentration In a fixed
volume of water will change because of interna l generation , 5ource (e.g.
ni t r i te genera t ion by ammonia oxidation), or because of interna l dtsap—
pe.Irance , S10k (e.g. sediment settl ing to the bottom). Since this analysts
w a s  based on conaerv .-et iv.  substances bOth Source and S ink are zero. Thus so
long as there are no intern- i l Inputs for mixing the concentration remains
co nst.,nt ~s the. water moves downstream. Since all externa l sources are
assum ed to occur at -i point , no sce utmulatton is possible. Only mixing riced

Pu,. -o r- is idered ‘at the point.

As uri -xi ~a~r 1,
., consider  -a steady state flow of A with concentration B. If

m o t he r  sor ,r - ,• 1-. added w i t h  a f low of C and concentrat ion U, the total flow
is A+C w i th  a resuil t int concentration of (A8+CD)/(A+C). The fraction of the
mainstre am flow is A/ (A+C) and tha t of the added source is C/(A+C). The
fraction of the chemistry (A8+CD)/(A+C) that originates from the mainstream
flow is AI1/(AB+CU), while that from the added source is CD/(AB+CD).

Flow Fractions

Following this ~ime procedure , the flow fractions at t tme i+l for the gaged
and ungaged flow can be calculated as shown in Figure 6.

+
Qj4 q~s +%

Q
G 

...Eq(15)
Q1

4q ~s+ %

Ii
L ~QL

I
F +

1+1 Q1
+ q~s 4%

q~ s

...Eq(16)
Q1

4 q ~ s + %

I I  
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~
‘TTiodicates ,rac tio~~~~~~~~~~~1C ind icates gaged

LI Indicates ungaged (flow I.
distributed as lateral inflow)

QC Indicates gaged flow
QU ind icates ungaged flow

Also the fraction of the flow from the upstream ith element at the f+Ith
point is

Ok. QU
h — F  — F

j +I 1+1

Water Chemis t ry Concentra tion

By doing a steady state mass balance on the chemistry, the chemistry con—
centratton for the water at time 1+! can be shown to be

C
1Q

1+1 Q~~~~(j • b + o ~

Cc Qc
- - 

I 
— . . . E q ( 1 7)

+ q.b 4 + q~ s 4

where C indicates chemistry concentrations

On the ri ght hand side , the f i rst  term represents the dilution of the
upstream chemistry by the flow added from point (tributary ) and nonpoint
(ungaged lateral inflow ) sources; the other two terms represent the addition
by a tributary and unmeasured Inflow for the Inc remental reach x, respec-
tively. Knowing sufficient information on all the tributaries and each
ungaged i n f l ow area , the tributary and ungaged concentrations can be traced
throug h the system.

Wat er Che.1s~ ry Fractions

The che~~1st rv due to various inpu ts is not calculated directly, but Li traced
as a frac tion of the concentration given In Equation 17. As shown in Figure
6 the gaged and ungaged chemistry fractions are given by

T
C
~ Q C

— 
~ 1~~

141 Q
1

C~ 
4 C

1
q~~5 4 ~~~~

CcQc
. . . Eq (18)

Q
1

C
1 

4 
~~~~~~~ +
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I.

Ct
F Q C

C- I 1:1
F ’ =
1+] Q

1
C1 

4 C
~

qAs 4 C Q ~;

~~~~~~
. . Eq (1 9)

Q1
C1 + C1,qAs + C

c~~

where CC denotes gaged chemistr y
CU deno tes ungaged ch em ist ry

Again the traction the upstre am station is 1 — FCC 
— FCt

1+1

The tir st term on the right .hand side represents the dilution of the chem—
i~~tr y fraction as the water travels downstream , while the last term is the
t r .uut t ~ na1 addition due to an ungaged source. EquatIons 15 and 18 may be
repeated t r r  severa l t r i bu ta r ies  ‘and other gaged point sources to be mont—
toted. Tributaries which .are not monitored are grouped with the nonpotnt
uungaged sources. These ungaged sources may be broken into as many subsources
as desired by using Equations 16 and 19 as long as appropriate values for C
and q for ,-ac h subset exi st or can be reasonabl y approximated.

Wat er to be traced starts out at the upstream station. Here it has the
me.isured chemistry concentration s -and flow ‘at that station ; and the fraction
from the upstream station is one whi le all other fractions are zero. As this
wat er trave ls downstream , the influence of the upstream station becomes less
and less w h i l e the Influence of the u nmeasured contribution increases. When
th Is water hits a tribut ary dur ing a rout ing increment x , the tributary
inpu t affects the water at this point. Thereafter, the tributar y fraction is
di l i t i.d .

The ca l - ru la t ions tran slate the chemistry and water to the downstream station
where comparisons are made with measured perameters. The preced ing deriva-
finns were made only for this comparison and they will not necessarily give
accurate information between the stations of interest.

CALCULATIONAL PROCEDURE

The fundament al principles useful for understanding the transport of
materials in stream. have been discussed in the previous sections. The goal
of this section Is to present the sequence of calculations required to follow
the nutri ent s and othe r materials as they move through the main stem of a
r iver system. Basically these calculations are accomplished in two steps .

‘4 
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Firs t  the movement o~~ the ~ ater from the upstream stat ton and the t r i but a r i e s
to  the downstre am *t~~t io i  must be traced. Once this movement of the ~~ter Is
q uia nt If tel the t r u asp-o r t >1 nut r t e n t s  can be cal  vu tat ed.

Th~ - .a t r a i t - i t  tons v ies. r I hel hcr. h a  t r-a . - .• the wafer anti a~ihit a nces -us the y - ire
r .avasporte.t f rom ata upst ream s t  .at Iota t a t  a r i ve r o a downst ream stat Ion . In

o rder  to  t race  the w at. ’r , sone reha t iiai~ship between the discharge and the
r iv e r  e ross—s t - v - t Ion~ l ar ea  ( a r e a — c l i s t - ha rge re lationship) ,aa,ist be used . For
C a l . - t culc ul a t ions iht*  d ischarge relationship should be measured as .a func’
t u.n of dis t ivac e  downst  re am. Uowever , for t •’a l cai t ’at tor u s I purposes her.~ i’~ , it
w i l t  be assu,iej ( h - a t  lie a ru u — t i  sch.a ~~~ ra’ L.a t lonshu t p it ~iaa h - ... LN in

a v~’ r.agt~ of that it t h e  uu ps t  re am uaa.I  .t~awns t  re am s t a t  tone .  Al s o, for calcula-
tions in the i~ i 1 u  s t u .-, of  a r iv e r it is necessary to know for any trib utary
o f  Interest it s flow ‘and m a t e r t - a l Input s at it s mouth. However , the
m..,asu,r I : a ~ stations on the tribu ta ri ,-~ -are usually l- u-ated some distance
tapvs rei,. Therefore the tribut ary input s must be t rans la ted downstream to
t hat. oout h before the m.atn stem calculati ons can he completed.

Wate r Transport Calculat tons

M a n y  p r - > - .• hai res have been developed for the solution of Equation 2 includIng
in it .~ lt f f a . r e nc .’ sc hemes and the method of c h a r a c t e r i s t i c s .  The major goa l

o f  t h e s e  so lution technIques has been to  model and p re l ic t  the height of the
. . v i t e r  (‘ a~ drograph wave) during a storm. Tha. goa l of the paper presented here
is  v ia s i t a ’ .it~~ferent and th~ s the manner in which this equation is used will be
l if fer .’nt . Since the water n ow is known both at the upstr eam and the
town-a r.. u, ‘v f a t  tori q , the mat n use of  F.quia t ion 2 is for the c a l c u i l * t  ion of the
a one-iso r - - l I a ’ r,a I inflow , q. The eqvl~a t I n is then aused to  pred t the
atownst v -  a~~ ~~~~~~~~~~~~~~ ip h w i t h  smoo t hed valai.-s v t  the r i u l t u u l  ate -i Inflow q.

Th.’ e - h v l it i ota vss , - - I t o  a’ a t ra i l  -ate M , the local I rat tow bet ween i he two ma in stem
S t a t  t ons  t n - l a u , 1 I i .  t r I~~~u ta r I es , Is given in Equation 10, ~ aere the length
h,’tw ,.a-n s t  a t  t a ns i s  T . avid the t ime interval is ~~ t .  Since the dtsc Ii.ar~ ,. 9
a a - I  t lie r r - -.cs — s e c t io n a l  ‘a re - a  A ire known as -a funct Ion of time at both
v ips t  r.’ a-n and downct re—am stat inns ( the area—discharg e curve at each stat ton is
• ‘-iplove i) ,  t he univ uinkraowv u In t h i s  equation for any t ime interv .il Is Mjs.1.
Tiat is t he la t e ra l  inf low for that sect ion of the river can be calculated as a

vu n a - t ton of t im e  for t he inc rements of time. Such a ca lculation between
Re i c -.’r.i.a and Upper Sandus k y ,  Ohio , on the Sandusky River is shown in Figure 6.
f’ i.’ i nf low  f a i n c t v v n  is somewhat irregular and a smoothed version of this curve
l.a - a ls shown in this fig ire .

The ‘.- i ’ r ’i e t  Inf low function M obtained from FIgure 6 is uaed along with the
ip st r . ’ a- ,  htst ’harge and discharge area for a storm along with the past

rtuwnct v-e a-n If’iriaa r~ .~ to predict the future downstream discha rge area and
•1t .a ch.arga. using usa ti on 9. The rps,ilt tog pred iction s ‘are shown in Figure 7.
It ca n he si’Pn that aising the smoothed inpu t fainctions causes little
devi ations in the downstream hydrograph.
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The calcaal ’ate.i inf low function M contains both the measured tributary Inflow
and that resai l t l rug trot, unmeasured areas ti r a t ualua g direc tly Into the main stem
of thi- r iver.  T1~t. ains eaiaau re t i n f low iii calriul at ’~.t by subtracting the tribu-
ta ry ta flow frsn the calca i lated t o ta l  inf low. Occasionally, some calculated
vu a l a su ’s ‘f the net anmea ’a.s red inf low ar.- na-gu t I va-. Thi s could be realistic
her a,u,a a ’ t lae ra - - a ’ a  he a va t gnif irant ri-charge p t the groundwater especially
aluir ing thai- su mme r asoaiths in this are.a (wes te rn  Ohio) . However , since this
occu rs ra rely and ranalomlv during the calculat tona l procedure , the unmeasured
tn t  low wa s conat ra ined  to  be equa l to .ir gre a t t - r than !ero.

The t r ibuta ry  inf lo w w hit -t a Is subt ruictecj from the to ta l  Inf low Is that eval—
uiat et I at the trth ui t ary -a ,a.i rh. Since the measurement point on the tributary
is some dis t ance ip.a t r e a l  ‘ rou t he mouth , It is necessary to calculate the
inf low ‘at the mouth. Thi-. is  a coispitahe d by ustng EquatIon 10 to ca lculate
an H for the area upstre am of the measurement potnt. The upstream station is
taken as the uppernut-a t he-at iw a ter s  of the st ream wi th  a zero area—discharg .
curve  and h y d r o g r a p h .  T h i s  loca l i n f l ow is then prora t ed by the area drained
Ira the short distance trots tributary measurement station to i t s  mout h and
used In Equation 9 to ca lcuili te the hydrograph at the t r ibutary mouth,

In all  the cases studied in the Sandusk y R iver , the Inflow from the measure-
ment point to the tributar y mouth was minor. The major change that occurred
in translating the tributary flow from the measurement point  to the mouth was
the del ay in time sat which the flow enta-real the main stem of the river.

\ t  t h i s  point thi- in ’l.)wc to t he main s t t~n - -.1 the river are defined for the
a-at Ira ’ -attire event and the water  can be tr .u,-e.I -as it progresses downstream.
The haste equation used to specify the posi t i on  of the water is Equation 11
or i t s  approx imat ion Equation 1 2. Using a linear approximation for the flow
hetwa•a- ra  s t a t  ton, and vi sing the known f l ow s  it the uipatrean and downstream
s t  a t  t una -a- a  well as the known tributar y Inflows it is possible to predict the
tt sa-ha.arga . in the main stem of the river as -i func t ion  of d istance for any
In stant f ri  t i’ ,.-. This is shown in Figure 8 for a time t 1 and the next time
increment t +At which eqasal s t j .~~ . Civen that the parcel is at a point

-it t ime t 1 with flow rat u Q~, we wi sh to calculate the position of the
par~- .~l a t  time 

~141~ 
From the area— di scha rge relationshi p; at the end sta—

t i - v a - v  the cross—sectiona l area of the river at the point of interest is estt—
mated .and the water velo city Is calculated ‘as Q i / A t. During the time
interval t • t 1~~1 

— t 1 the water will move to a new position Sj..~. This
position is calculated by the following formula.

‘1+1 s~ -~ (Q 1 /A
1
):t . . . Eq (20)

This calculation then positions the water parcel at distance 
~t+l and

This point is indicated by Qi+i on Figure 8. This process Is then repeated
w ith  the f low as a function of distance drawn for t ime t j~~2.
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For greater accuracy, the following formula was used :

4’ { ( Q~/A 1 ~ Q1~ 1
/A

1~ 1 )/2}t .at ...Fq.(21)

- This equation is used Iterat Ively after a first estimate of sj .3 and Qj+i ~~obtained from Figure 8 until the approximation for 5j~~ and Qj+ i match with
the f l o w  curve a t t~~4 1.  Th is is shown in Figure 8.

Th is calculation process is repeated In the same manne r except when a trtbu—
- tary Is crossed. If the calculation of the new position of the water , ~~~~~

indicates that a tributary has been passed the calculation is modified such
tha t the increment of time ~~t is divided into two parts. The firt part

- . carries the water to the tributar y using the velocity calculated at the
starting point. For the remainder of At , a distance of travel is calculated

- using the main stem strea m flow just downstream of the tributary mouth as the
- - starting point.

This calculation then permits the position of the water to be known as a
funct ion of time . Usually the water is started at the upstream station , s
0, at d i f ferent  tImes. Some water is ‘ tagged’~ as it star ts  downstream before
the storm begins at the upstream station. Thereafter , water from different
parts of the u ps t re a m hydrograph are chosen at t ime intervals such tha t the
fat e of the upstrea. water can be fol lowed through the main stem of the
stream . Thus it is now possible to predict when water from a position in the
aipau tr ea m hydrograp h reache s the downst ream station. Usually, the water
travels slowe r than the storm wave (hydrograph ) and hence , the water at the
peak of the hydrograph at the upstream stat ion reaches the downst ream sta tion
after the hydrograph has peaked at this station.

- - I n  addition to computing the position of the water it is possible to deter-
mine the co~postt fon of the water which arrives at the downstream station.
That is , the fraction of the water  which resulted from the upstream station ,

1. the tributaries , and the unmeasured inputs can he found . The equation, for
these calculations were given as Equations 15 and 16. The fraction for each

r of the inpu t sa Is updated during each tIme incremen t , I.e. as time goes from
t 1 t o  t 141. Thus it would be possible to calculate the fractions of water
f rom each source as a function of distance for the water.

Occasionally, during the calculations the discharge predicted from the linear
curve between the two ma i n stem stations Including discont inuitles caused by
the tr ibutary Input wi ll drop below that of the low flow discharge in the

V river. This Is shown in Figure 9. In this Instance the flow is smoothed
along the low flow line as shown in Figure 9. Thi s occ urs rarely, but when
it does occur It is during a rapidl y r ising or decl ining flow of a storm.
The rapidly declining stage of the storm Is shown in Figure 9. It should be

U noted tha t this aprozimation does not introduce much more error since the
linear approx imation for the discharge as a function of dis tance is good
during these rapid changes in flow.
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Concentra tion Calculations

The concentration of the water at the upstream station Is known from the data
measured there. As the w a t e r  leaves the upstream station it mixes with water
fr om the unmeasured inf low areas of the basin and with the water from the
t r ibu ta r ies .  Since the concentration of materials in the u nmeasured wa ter or
the t r ibuta r ies is not necessari ly the same as tha t of the water in the main
stem of the stream , the concentrat ion of ma teri a l In the water changes as it
proceeds downstream. Stated simp ly, the w a t e r  In the main stem is diluted by
water t rom t r ibutaries and unmeasured areas of the basin.

If the storage capac i t y  of the r iver at the poInt of externa l water entry is
small compared to the f l ow  rates of the water , the steady state mixing con-
cept can be used to ca lcu late the resulting concentration in the water. This
assumption Is very good for all streams which do not have large natural or
man—made impoundments; this Is the case for the Sanduskv River which is
studied herein. The steady s ta te  mixing equation was given as Equation 17.

This equation is calculated for each increment in time and thus the con-
centration of the material of interest is determined as a function of
d istance since distance Is also a function of time . it must be remembered
that this calculat ion presumes the substance Is conserved in the water.

This ca lcu la t ion , in part icu lar , y ields the predicted concentration at the
downstream measurement station on the main stem. At this point the calcu—
li t ed concentration can be compared with the measured value . It is ex pected
t hat conserved substances w i l l  compare favorabl y and tha t non—conserved
suahstant’es will exhibit deviation s from the predicted values. These
devIati ons will give indicati ons as to transport processes e.g. if the
easured concentrattcv n Is greater than that computed , there might have been
some net resuspension of that substance for the stream bottom and banks into
the flowing water. Thus, the comparison between calcu lated and measured con—
centrat ion at the downstream s ta t ion  is valuable In that it permits a teat of
the accuracy of the computations for conservative substances such as chloride
or conda activ ity and It yields information as to the transport processes of
nonconservative substances such as suspended sediment and total phosphorus .

In addition to the c~-~nputations on the concentration of the water as a func-
tion of distance , it is possible to calculate the fraction of the substance
In the water which comes from differen t sources. These fractions , from the
upstream station , from tributaries , and from unmeasured areas are calculated
as the water proceeds downstream. The equations for these calculation. were
given as Equations 18 and 19.

It must be remembered that these calculations are for conservative substances
such as chlorides or conductivity . However, the fractions of other sub-
stances can contain significant information as to the processing of the..
substances In the stream . For example , one might find a correlation between
dec reased quantities of a given substance e.g. total phosphorus and the time
when a given fraction of total phosphorus was predicted to be from a given
source , e.g. a particular tributary. Thus one might conclude that th. total
phosphorus from tha t source might be settling out in the main stem of the
river.

22
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Discussion of Errors

The computationa l technique presented herein for the trac ing of substances in
a river contains a numbe r of expedient assumpt ions. These assumptions are
made w i t h  the recognition that the quantiative conclusions derived may have
some error associated with them. However, these assumptions are expedient
i .e .  the computations could not be accomplished without them and the
underst anding of river transport to be gained from calculations outweighed
the errors Incurred .

The best test of the compue .itlon techni que Invo lves the comparison of the
predic t ions and measurements of the water flow and the conservative substance
concentrations at the downstream stations. if the predictions and the
measured quantities at the downstream station match reasonably well It will
be concluded that the assumptions made do not adversely effect the corn—
putat ions. As will be shown later , it appears that the predictions and
measurements compare well.

It Is worthwhile to summarize these expedient assumptions. The water
d ischarge is presumed to be linear as a function of distance between the two
main stem river stations. To presume any higher order function would be too
comp lex mathematically. The tributary discharge and concentrations were
approximately translated downstream from the measuring station to the mouth
where the water entered the main stem of the river. It is generally
Impossible to measure the water flow at the mouth. The method used to
translate the water downstream (basically a time delay and area flow
augmentation) were about as simple as could be conceived. Other more
sophisticated calculations could be used for this purpose depending upon the
application I.e. the distance between the measuring stat ion and the mouth of
the triba itary.

It Is also assumed that the unmeasured inflow cannot become negative. This
assumption is invoked infrequently. However , it may not necessarily be true
s ince a negative Inflow from unmeasured areas is possible when water from the
r iver enters the soil for ground water recharge. Also, the flow in the
StreSm is never permitted to drop below that of low flow conditions. Again
th is condition is involved infrequently. A higher degree approximation of
the discharge as a function of distance might alleviate this problem.

CALCULATIONAL RESULTS

The calculattona l procedure developed above was used to study storms on the
Sandusky River basin. Water routing was started at the USGS gaging station
near ~ucyrus with the calculated results being compared to measured data at
downstream stations near Upper Sandusky, Hexico , and Fremont. A map of the
watershed is shown in Figure 10.

These data were collected and analyzed by Heidelberg College, River Studies
Laboratory, for the U. S. Army Corps of Engineers. See U.S. Army Corps of
Engineer., auffalo Diatrict (19l8a , 1978b , 1978c). The area—discha rge rela-
ti onships were developed from actual field data collected by the USGS at the
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- Table 1 - Ungaged Lateral m t  low Concentrations
Storm of 77/02/22

- 

- 
: Ungaged Lateral Inflow

- : Concentrations Exeluding Tributaries
- : Ti’ N02+N03 SS Cl : Coed.

Station mg/i mg/ i mg/i : ag/i umhos

~ucyrus :
(1.2 : 3.0 40 : 25 650

Uppe r Sa nduaky : : :
: 0.2 3.0 : 75 : ¶0 500

Mexico : :
0.2 : 2.0 : 40 : 50 : 500

Fremont : : :
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time they defined or redefined the discharge relationships at the stations
used. The following results and plots are just to give an indication of what
t ype of Information can be derived from this procedure. Figure 6 illustrates
a calculated and approximated un*aged inflow including the tributary of
Interest , Broken Sword Creek. This H is for the reach of Bucyrus to Upper
Sandusky for the stor. of 77/02/22 . Figure 7 shows an excellent match on the
downstream hydrograp h for this storm.

For this reach, it was found tha t the ungaged inflow went negative at some
periods of time when the tributary hydrograph for Broken Sword Creek was
subtracted. Since this adjusted calculated N and the hydrograph for Broken
Sword Creek are used In the wate r routing to define the chemistry, they are
added togethe r to define a new H. Figure ii shows th. resulting miamatch in
the hydrograph as a result of th :a adjustment.

Figures 12a— 12f , Figures 13a— 13f , and Figures 14a—14f show the results for
the Upper Sandusky ,  Mexico , and Fremon t stations for the storm of 77/02/22.
The material concentrations from unmeasured areas are assumed to be constant
over the time period and are given in Table 1.

Sandusky River Near Upper Sandusky

Figure 12a shows the unmeasured inflow to be predom inant only during the 22nd
and 23rd. It can be expected to have relative Influence on th, chemistry
only during thi, period .

Fi gaire 12b shows resuspension of total phosphorus throughout the duration of
the storm for an unmeasured lateral inflow concentration of 0.2 ag/i.
Incr easing the local inflow concentration to a high value would only have a
major e f fec t on th. f i rs t  two days. This may reduce the resuspension of
total phosphorus during these days . The peak that show, up over the 1st and
2nd res ults fro. a spike at the Bucyrus station. This spike is represented
by one high number in the da ta for  this  station . Since one measurement is
involved , this may indicate an erroneous data point . However , since this
same trend shows up f o r  suspended solids and the station Is just downstream
of a sewage t reatment plan t , this point Is probably real.

Figure 12c generally shows a loss of nitrate/nitrite nitrogen fro. the system
for the ainmeasured inflow concentration which was assumed in the computation.

Figure 12d shows a general resuspension of sediment from the botto. as would
be expected with high flows. At the very beginning and end of the chemo—
graph , depositio n app ears.

The comparison, between the measured and calculated chloride and conductivity
are only fair. Ther. are several reasons for the deviation between the
predicted and measured concentra tions ; two are major reasons. First the
actua l data prior to the start  of the store was not used , the val ues at the
start  of the storm were pre-ext ended back so wa ter traveling from the
upstream station would reach th. downstream station by the start of the
Stor m . This problem emi sts for most of th. storms discussed herein and it
probably accounts for the mis match at the start of the storms . Secondly, the

33 
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mismatch occurs because th. unmeasured inflow concentrations were ae.um.d
constant when in actuality they are variable. Ot her minor contribution, to
the erro r could be variab i lity In the area—discharg. relationship or the
neglect ton of dispersion of the flowing water.

Sandusky Riv •r Near Mszico

Figure 13a indicates a large Influence of unmeasured inflow. Figure . 13b—13 f
can be examined In the s-a.. manner as the Upper Sanduaky .tet ion. Figure 13b
and Figure I 3.d indicat e resuspension , .specIally the large resuspension for
suspended .diment. Various concentration, must be run to tndic ite
unmeasured inflow concent ration influence.. If this influsoce is negligible ,
then these graphs realistically reflect the transport process in the system .
Generally, th. predicted chloride and conductivity (Figures 13. 6 13f) agree
with the measured values. A variabl , unmeasured lateral inflow concentration
may I.prov. the com par ison .

Sandusky River Near Fr..ont

Figure 14a again shows a significant contribution from the unmeasured bas in
area. Figure . 14b— 14f show a fairly good match for these parameters using a
single nonpoint c hemistry va lue. Th. low value s for calculated chloride and
conductivity for the 22nd and 23rd are due to the approx imation of the data
before the 22nd us Ing the 22nd data. If actual data were used before this
time , tht calculated value. would be close to the ..a.ur.d values. The total
phosphorus Pigur. 14b and s spend.d sediment 14d primary indicate resuspen-
sion with some deposition especially at the end of the storm.

Linear isation of Area—Discharge Relationships

Figure IS shows the ar .a—dtscharg . relationships for the lucyrus (I) and
Upper Sandusky (US) stations. Al so shown ar. two lin.arl.ed versions of the
a rea-di scharge curve ps.sIng throngh th. origin , one labeled 11, and the
othe r 12.

Figure 16 show, the results obtained by routing th hydrograph at Sucyrua to
Upper Sandusky for a small storm using the linear area—discha rge relationehip
labeled t~ . Sine. In this case the hydrograph wove speed is the same as the
water sp eed and is les. than it otherwis, would be when using the ac tual
area—discharge curve , it would be expected that there would be a shift to the
r i g ht of the hydrograph prop erties. For this case the ac tual area—discha rge
curves were us ed to calculate N used for the above routing. Figure 16 can be
c ompa red to Figure 7 which us.s the actual area—disch a rge rc lat ionahip4 .
Not. the major sh if t . occur at high flow wh ere deviation , of L1 from US and 1
(Fi gu re IS) ar. sign if icant.

Yl gur.. 7a and 17b show the result. for flow and conductivity for Upper
Sandusky using linear area—discharge approx imation. These results can be
dir.ct ly compared to Figures 12a and 12f , respectively. A. can be macn in
this case , t here isn i .uch diff erenc e in the results because this liasarisa—
t lon c losely approxi mated the area—discha rg, curves in th. flow region used.



Fl
1 600C

I430~~ /7
/

:~~:o~ - ~ 2 
/
/

a
,
,

. 1

I
I —

0- 1 1 1 1 T

0 ISC 900 * 3S0 *303 Z250 ~ 73

FLO W PREP IN SO. F~~.

Figure 13

47



F - -, - - —~—-_------ —- -
- _ _

S~ NDUS~ Y R IVER N EA R UPPER 5~~N0U S~~Y
STORM BECTNNING 77’02/22

— OBSE RVEO HYORO CYR~~ H
C~~LCUL~~TE. D HYOROGR~ PH

32 C0 -— — —  -_ -—__________________

2800 /
/,

?400

-

~ i
I _

i
i

2000~
C,) -

-. -

L)

~ oo .

0 J -

I —

~
200

1

I
-

.I-

~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

- T ~~

FE~ Mqc

Figure 16

I
48



_~ -- - --~ - ~~~-~~-_ - -  - - - -~~ ~~
——

1;
SANDUSKY RIVER NEAR UPPER SANDUSKY

STORM BEGINNING 77/02/22
— MEASURED ~~~ UNMEASURED

SROKEN 8~OR0 CREEk ~~~ SUCYRUS

3200- —

2800-

2 430-

2000-

U)

Li

2

~~~ *600-

2
o 

-
-J

, I
’

*200- 1

- / ‘t
~f~~’,800- is

S 
‘

• /

I
I

400-

‘ 

:, 0 
?? ‘ ?3~~ 24 26 26 

‘ 

~~~
T
tI

V
1~~~~ t~~~~ $

FEB
Figure 17*

4,

—1
- _ - - -_ - -- - -- - _------ - --_- - _ - ~ -~~~~~~~ -—-~~~- -~~~----  -~~~~~--~ -— -~~~~~~ - • — -_ - - -~~~~-_



___ - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SANDUSKY RIVER NEAR UPPER SANDUSKY
STORM BEGINNING 77/02/22
— MEASURED 8R0K(N SWORD CREEK
- CALCULATED UNMEASURED

000- —

700

600 \

so0 -

~3 400

2
0
L) 

—

300- VI —I S

- 

\ / 
\ p

,~fr\_\, •_ 
-

~~~~~~~~~

-

200- 1 1I ~ — —.- 
‘I \\ I ,•~-~‘~‘/~~ — -

- 

/ ,_
—•J

100- —
~~~~~ 1 ‘

~~~~~~ - _ _,
/

22
’ 23 24 

V 

26 ‘
20 27 28 1 2 3

FEB
Figure 17b

So

_ _ _  
_ _ _ _  - - -



- - - - - TT —-— 

~~~~~~~~~~~~~~~~~~ I m~~~Ii-~~~
1~

SRNDUS KY RIVt R NEPR UPPER SRNDUSKY
STOR M BEG INN IN G 77/02/22

r1(~ SUR ED ::: UNM(~~ tJR( O
L BROKEN SWORD CREEK ~UCYR i S

: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7000-

-q 

\
\

I-) 

- --- -S

- . — . - 
- 

•• 
‘

S

S.
— -.5

C - — a — — a 5 1 a  A A S s —

FEB

Figure 18. 
-

S i  31

- 

— S. —



_ _ _ _ _  - - - -~~ --~~~-- -  -— - --V— - - —

SRNOIJSKY RIVE R NEAR UPPER SANOUSKY
STOR M BEGIN N ING 77/02/22

— M(~~SUR (0 ::: UNr~E~ 5uREO
BROKEN SWOR D CREE K BUCYR U~

3Z33-

I±
.

~~~~~~~~~~~~~~~~~~~

’

% 

‘
~
t
~ii.130-

o
26

FEB 
-

Figure lSb

32

S. 



- -~~~~~ -— ---- -
~~~~ -- --—~~ 

_ _

SANDUSKY RIVER NEAR UPPER SANOUSKY
STORM BEGINNING 77/02/12

— NER6I~ E0 ~~ UNMEASUREDBROKEN SNORO CRUK SUCTIUS

3*00~

‘$00

2400-

2000-

U)

I..

~~1s0~

1200-

FEB
Figure 1$c

33

- - - 
—



SANDUSKY RIVE R NEAR UPPER SANOUSKY
STORM BEGI NNING 7’7/02/22
— PlEASURED BROKEN SWORD CR(E. I(
— CALCULA TED ::: UNPlEASURED

~~~ OUCYRUS

6CC

I

FEB
I

Figure 19.

34

S.

— 
— --- - ——-—----—~~~~~~~~~-- -5-- -— —~~~ - —1



—, —5—-- - ------- --—-------,-— - —-•---- —-—— ___ ____5__

1. SA NDUSKY RIv-E R NEAR UPPER SRNDUSP Y
STORM BEGIN N ING 77/02/22
— PlEASURED BRO KEN SW ORD CR EEK

- CA L CUL A T ED 2:: UNMEAS URED
-~ ~~~~~

- 

~UCYRUS

e ~S - ___________________________________________________________________________________

- - L. 

.

.

- . - -- --
_
--
-
~~

.
-
~~

--~~
-
.-

~~-
..-- - .. -:i - --. - - . - - .

2

F

‘S.,’
I~~~~

7 _ 

— — 

r

0
26

1 FEB
Figure 19b -

I
______ 

33
—-5--- - - - - -1

—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
5-— -  

_J



— 5- - — - -  — - - --5 - -—-  - ---- ---5-- -_—_ - - - -_ - - _ --- _ - -- - — - - - — - - -- -— _ - - --— - - — -5--

SANOUSKY RIVER NEAR UPPER SANOUSKY
STORM BEGINNING 77/02/22
— MEASURED SROK(N SWORD CREEK

CALCULATED ~~ UNMEA~JRE0
5-

800-

500-

400-

I—.

-

300

200

100- 
___ 

- —

0- _

FEB
Figure 19c

56

_ _ _ _



fl Ftgur.’. LRa- I 3c show the results for one day, Februs-ury 26, for discharge.
Figure IR~ 1. the flow pattern for the actual area—discharge curves , ~ andits , while Figure IRb Is f or L1, and Figure lRc for 1.2. Au can be seen , there
arc -~li ght dtffer .,ni.-es between Figures IRa and IRb , whtl.’ for Fi gure IRc
there ( ‘u ~ shift  ~1 utno-u t half a day in the curve propertI.--~ to the left.
There Is .ulso - %  ~-!iange In th q - ‘u-u~ ’~t tuude of the result-u . This shi ft and
c hanges In magnitude ran be expect .- iI hec.uuse the water  is now forced to
t r- uv .- l f - uq t e r  than it t raveled before by using L, instead of R and US In
F i g u r e  15; therefore , the water  would a r r ive  sooner downstream and the tribu-
tary  and nonpoint f lows would influence d if f e ren t  par ts  of the water at tippe r
Sanduisk y as it t rave led downstream than would have been influenced before.

Figure . I 9,—I 9c show th- -~-urs C cpe -tf r.--~’sl t s for conduct lvi y for the same
d.uv tus t og - u nonpotnt concentr. t ion of 500 mIcro mhos at 25°C .. As can be
c u-t-n , tb.- i- hanging of the -t re~ —d Ischa rge urv es causes a shift in the pre—
d tcted prof U.-. prima r I lv hecaus~- t’~.— propert t i- s  of the water from d i f ferent

15 —ub l f t e l  in time.

Tine Vary I ng ~~puts

Fi gure 21~ -uhows a t ( -~i- va r~-1ng u .ii point inf low concentrat ion for conduct iv i ty
while Figu re 21 shows t b -  r.- ’471 1t’u . This f igure is compared wi th  Figure h f .
au-a ran be —~-en If siif f t c  tent i t i fornat ion is known to  define a variable
lateral infl crw concentrat ion , the chenistrv may be approx imated more accu—
ra te lv . The assumed pr ofile in Figure 20 is probably realist ic since it

t o  t he get-~.’r. t shape (if t i e  .-oru duc t ivtty concentrat ion in the
river , I... Figure ‘l.

2~~ u ’i-I 21 show qt ru i lar  results for total phosphori us. Note the rela—
t t v i - Iv lnsIgnl’ I i - int  changes when t- omp.~red to  Figuro lib . Even by increasing
the In f low con. • - ‘ i r r - i t i on  to high va lues , there is no significant changes
tu ring the st.irn - -v , -n t hoiugh the ncinpolnt inf low is re lat ive ly  large. Large
ch oges o r - - -~~-oit io lv during low flow. Thiq t l . luu qt r~ t q -c t hi-i t inflow con—
Cent r u t  t in s canluot u. - c i -uu flt for the va riat  tons and the n-fo r ,- , resuspension
occiu ra t hro~ughntut t h i s  sto rm. At the peak period of f low , the flow from
Uppe r Sanduis%~y pr• - -lom inates and, because of this , the c hemist ry  at Uppe r
S- undusky pre ’ i - i -u tout . — s i - - in the calculated pea k during the 25th as seen
in Figure l Ib.

t nqt ream Pr ocess m l nf Pb~~~ horus

Figu re 26 II Li st rat - - u  bow the ~- a l e i , l a t  tona l procedure can be used to
understand the Instream pr”t- .’s-utng of point source phosphorus. This example
is for the. Upper Sanduuc kv s t- it  1- i ~ which Is downstream of a sewage treatment
outfall. fluting low flow , both total and ortho phosphorus are lost from the
water  column. Thirtng high flow , total phosphorus is resuspended while no
.-ir tho phosp hor us Is remove t frri the s,- d t r -ie~~tq. This figure shows t *w tmae—
di~~tely available ortho phosphorus in lost from the water coluuun and is sub—

j  sequently resuspended ~nd I,’t iv~ re4 to the lake during a storm as potentially
av alithie phosphorus .
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A study of different stor m s on the Sandusky River basin has indicated net
deposition to occur during low steady flows and small storm. for some reache s
while net resuspen sion occurs for large storms . The reach from Bucyrus to
Upper Sandusky general ly shows net resuspension for all storms. Presumedly,
the material  tha t is resuspended is deposited during low flow, bet ween
storms wi th much materia l coming from the sewage treatment plant below
Bucyru . . For the reach fro. tippe r Sanduaky to Mexico net deposition occurs
during small storms. Presuaedly, a small da. above Mexico aids in the depo—
sit Ion. The reach from M ex i c o  to Fremont shows net resuspension for nearly
al l storms . Low steady flow causes net deposition in all reaches. An impor—
cant fact  resulting from this study i. that about half of the total
phosphorus entering Lake Erie resulted froa resusp ension of material In the
main stream of the river. Most of this material was Initially deriv ed fro m
the land surface.

Total Water Balance Check on Accuracy

Table 2 show, a comparison of the total volume of water for this storm calcu--
lated by d i f ferent  met hods which I. a check of the accurac y of the calculi—
tiona l procedure for a particular storm. Tvo sources of numbers are depicted
as m.ujor colum n headings. These are furthe r divided into results depicting
data which exclude and Include the listed tributaries from the unmeasured
latera l Inflow , respectively. The total line indicates the total of the
sources for the ra mrti c uula r reach. Following this is the measured amount at
the s ta t ion . These two lines should be in fairl y close agreement for good
accuracy . The next line indicate , the starting source for the next reach.
There - are two sources of error attributed to these numbers. The first , which
Is small , Is due to numerical integration of the areas under the curves and
round ing to s ignif icant figure.. The second source , which could be ma jor , is
due to downstream hyd rograph mismat ch as an example shown in Figure 11. This
occur . when the tr ibutari es of int erest are Included separately in the calcu
hat tons .-und their water volumes are subtracted from the u nmeasured lateral
inflow for the teach with the result being adjusted as not to go negative.
The mismatch volume is used in the calculationa l procedure with the resulting
percentage. being applied to the actual water volume to get the numbers in
the column titled Calculationa l Procedure. This generally causes a minor
disc ontinuity between stations (the total for the reach and measured do not
agree). The amount of error is checked by computing fractional volumes where
the tributaries are Included under the unmeasured lateral inflow for the
reach. For examp le , for the reach from lucyrus to Upper Sandusky the resul ts
where the tributaries are not broken out agree closely. When Brok en Bvord
Creek is sepa ra ted f rom the unmeasured inflow the total for the reach is 760
as compared to the measured ount of 733 as shown in column I. Column 3
shows the cal culat ional procedure volumes which are based on the measured
flow of 733. Because of this there Is some error introduced in th. volumes
as shown when these are compared to the numbers in column 4.

Total Phosphorus Balance

Table 1 shove a com prehe ns ibl . total phosphorus mass balance for the Sandusky
R iver for the storms of 77/02/22 which lasted for 10 days as derived by
finding the area under the total phosphorus fraction graphs such as th. nos

J 
in Figure 12b derived by fraction calculat ion. Th. budget must be viewsd in

iI~
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Table 2 — Comparison of the Total Volume of Water
Storm of 77/ 02/22

(Al l volumes are in millions of cubic feet)

Sources From : : Ca lculattona l
— 

Bucy rus to Fremont : F rom Input Da ta : Procedure

Bucyru. 3S0~ : 350* : 321 : 352

Broken Sword Creek : 267 : — 268 : —
Unmeasured 143 383 144 : 382

Total  ( Bucyru. to Uppe r Sandusky) : 760 : 733 : 733 : 733

tippe r Sandusky* 73 3 : 733 133 : 733

Upper Sandusky 730* : 730* : 740 : 740

• Tymochtee Creek : 350 : — : 340

Unmeasured 1 ,200 1,550 : 1,190 : 1,540

Total (Upper Sandusky to Mexico) 2,280 2 ,280 2,270 2,280

Mexico 2 ,270 2,270 2,270 2,270

Mex ico 2,27O~ 2,270* 2,110 2,230

h oney Creek 450 450 —

Wolf Crek 1,060 — : 1 ,040 —

Unmeasured 1,650 3,030 1,690 3,060

Total (Mexico to Fremont) : 5,430 : 5,300 : 5,290 : 5,290

Fremont 5,290 ; 5,290 3,290 3,290

•Meaaured field data arid used as input to the calcula t ional proc edure

I 
_ _  

_ _
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TabLe 3 — Fzample of a Detailed Total Phosphorus Mass Balance
Storm of 77102/22

Total Phosphorus
Flow (metric tons)

Sources - From Bucyrus : (millions) : (unmeasured inflow
- 

: : concentration 0.2 mg/I)

Bucyrus : 321 6.22

Broken Sword Creek : 268 : 2.21

Unmeasured 144 0.81

Net Resuspension/Deposltl on
(Rucyr us to Uppe r Sandusk y) : — : 12.63

Total ( Buicyrus to Uppe r Sa ndusk y) : 733 : 21.87

Uppe r Sandusk y : 740 : 22.09

Tymochtee Creek : 340 : 3 0 3

Unmeasured : 1 ,190 : 6.75

Net Resuspension/DepositIon
(Upper Sandusky to Mexico) : — 24 .01

Total (ti pper Sanduisky to Mexico) : 2,270 : 55.88

Mexico : 2,110 54.78

Honey Creek : 450 14.14

Wolf Creek : 1 ,040 : 4.25

Unmeasured : 1 ,690 : 9.56

Net Resuspension/De position
(Mexico to Fremont) : — : 17.24

Total (Mex ico to Fremont) :
(for Fremont) : 5,290 : 99.97
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the context of the above discussion of the discontinuities. The sources
t raced in the model can be few or many depending upon the details desired and
the availability of the data. The corresponding budgets can be detailed or
general as desired . Table 4 shows a general total phosphorus budget where
the calculation discontinuittee between reache s in Table 3 have been smoothed
out. Similar calculations could be performed for the parameters , e.g.
suspended sediment or chlorides , to get a suspended sediment or chloride
s tream budget .

Management Imp l ications

By applying the calcusla tional procedure to various storms an engineer or
p lanner could devel op land or stream management  practices. The calculations
may be used to indicate a problem subbasin area which appears for all storms.
In the case of the Sandusky Rive r as stated before , about half the measured
total phosphorus results from resuspension of button materials which origi-
nated from land runoff. Presumedly such material is carried with the sedi-
ment eroded from the land . Improvements in erosion cont rol and changes in
land use wi l l  change the amount of material that show, up in the stream.
Immediate changes in water quality may be masked by the randomness of the
phenomenon that we are dealing with. True changes may not be evident for a
couple of Years. Point source inputs tend to deposit during low flow pro-
viding a source of mater ia l  for resuspension during high flows . In such
cases available phosphorus Is •‘ banked , transported by resuspension , and
del ivered as potentiall y available total phosphorus. Resides controlling
sediment and phosphorus at its source on the land it may be possible to
control t hem in the ~tre nm by structural me.ins. By using retention struc-
tures material could be forced to settle during low flows and retained there
during high flows , thus limiting the amount of inpu t for resuspension.

CONCLUS ION

The c.~L(- ulation of conservative substances (chloride and conductivity)
genera ll y indicate the calculation-al procedure developed herein works well in
spi te of the various approximations used . Using variable unmeasured inflow
concentrations during storms for conservative substances give good matches
for the measured and predicted values. Suspended sediment and total
phosphorus usually show resuspension for rising flows and deposition for
declining flows. This results in a net overall resuspension for the storm.
This withdrawa l 1. balanced by a net deposition during low flow periods.
Resuspension of total phosphorus during storm events is shown downstream from
a phosphorus point source. Total phosphorus and other phosphorus are depo-
sited fro, the stream during low flow conditions and only total phosphorus is
removed from the sed iments.

SU1*~ARY

A calculationa l technique has been presented for tracing the transport of
nutrients , suspended solids , and other chemical substances in a stream. At a
given point in a stream , these materials are derived from various upstream
sources. This procedure permits the calcu lation of the fractions of material
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der ived from these sources. Also the calculation of the amount of resuspen-
sion and deposition of total phosphorus and suspended solids in various
stream reaches is possible.

Although the calculation of conservative substances indicates the method
works fairly well in spite of the various approximations used, it must be
remem bered that this procedure was derived for th. primary purpose of m di-
eating what is happening at the downstream station of a reach duri ng a storm
event .und not for the prediction of the chemistry along the reach.

It is also possibLe to develop total nutrient mass balances indicating
contribution , from various areas of the watershed.

This procedure was developed with the objective of providing insight as to
what Is happening to variou , sources of input materials with the least amount
of input data required . It Is hoped this technique will prov ide researchers
with a method of evaluat ing instrea . processing of various materials from
various watershed areas.

More details can be obtained by referencing references 5—12 and 15.

68



REFERENCES

I. Baker , 0. B. , personal communication, 1979.

2. Baker , I). B. and .1. W. Kramer , “Water  Quality Monitoring and Ana lyst s
During Storm Events ,” UWM S Technical Report , U. S. Army Corps of Engineers ,
Bu f f a l o, New York , March 1979a .

3. Baker , 0. B. and I. W. Kramer , ‘ Pat te rn of Mater ia l  Transport in River
Syst~ m~ , LEWM S Technical Report , 1’ . S. Army Corps of Engineers , Buffalo , New
York , March 1979b.

4 . Huang, Y. H., “Channel Routing by Finite Difference Method,” Journal of
the Hydraulics Division, ASCE, Vol.  104 , No. HYIO , October 1978.

~. Me lf i , D. A. Computer User ’ s Information Guide for Water Routing and
Stream Chemistry Calculation ,” LF.WMS Technical Report , U. S. Army Corps of
Engineers , Buffalo , New York , April 1979.

6. MeLfi , D. A. and S. 1. Yakeich , Ana lyai. of March 3 , 1976 Storm in the
Sandusk y Ri ver Basin,” LEWMS Technical Report , I’. S. Army Corps of Engineers,
Buffalo , New York , September 1978.

7. Melfi , U. A. ~nd S. N. Ya ksich , ~Ana ly si a  of Jul y 7, 1977 Storm in the
Sandusky River Ba s t n ,’ LEWM S Technical Report , U. S. Army Corps of Engineers,
Buffalo , New York , Septembe r 1978.

8. Me lf i , 0. A. and S. N. Yak.ich , Analysis of February 22 , 1977 Storm in
the Sandusky Ri ver Basin ,” LEWMS Technical Report , U. S. Army Corps of
Engineers , Buffalo , New York , September 1978.

9. Melfl , 0. A. , H. H. Joung , and F. H. Verhof f , Dynamic Material Transport
In Rivers ,” Lake Erie Wa stewat e r Management Study Technical Report , U. S.
Army Corps of Engineers , Buffalo, New York , Septembe r 1978.

10. U. S. Army Corp. of Engineers , Buffalo District , Lake Erie Wastewater
Management St udy, “Water Quality Deta  — Sandusky Ri ver Material Transport ,”
Buffalo , New York , 19l8a.

11. U. S. Army Corps of Engineers , Buffalo District , Lake Erie Waste us ter
Management Study, “Water Quality Deta — Lake Erie Tributary Loading,~
Buff alo, New York , 1978b.

12. U. S. Army Corps of Engineers , Buffalo District , Lake Erie Wastewater
Management Study, Water Qual ity Duta — Small Watersheds and Special
Studies,” Buffalo , Mew York , l9?9c.

13. Verhoff , F. H. and D. A. Melfi , “Total Phosphorus Transport During Storm

[1 
Events ,” Journal of the Environmental Division , ASCE , October 1978.

I . ’

j i  
- 

69 

- -

~~~



—,—-- --- - _________

.1
14. Verhoff , F. H., D. A. Melfi , and S. H. Yaksich , “Storm Tr avel Distance
Calculations for Total Phosphorus and Suspended Materials in Rivers.”

15. Ve rhoff , F. H. , S. P4. Yaks ich, and D. A. Melfi , Pho.phorus Transport in
Rivers ,” LEWMS Technical Report , Li. S. Army Corps of Engineer., Buf f a lo , New
York , November 1978. 1

I
I
I

I
r

ii

ii

L

1
1

70


