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SECTION 1
INTRODUCTION

1.1 PURPOSE

This chapter is ome of a series of Auaiului vh'o.u purpc;\t\c. is to
provide technical information and policy guidance for the PTeparation
of techzically sound, defensible Waste Load Allocations (WlAs). The
objective of luch load allocations is to ensure that cc:epuhllc'u:c:
quality conditions will be achieved or maintained, such that
duigu:od hcncficial.uau aze pro:oc:od.‘ An additional benefit . _
dcrivcd 2:3: the ;c:fo::anc: of a sound WLA is :aa: che dc:'céﬁ:‘.na::an

of a:uzm allovable levels. of treatment of vastevaters can result in

" a moTe cf.fcc::.vc utilization of available fuadl.

This chapter addressas Nutriens/Eutrophication impaczs iz stresms

aad rivers.
1.2 REATION TO OTEER BOGKS AND CEAPTERS

Table 1= summarizes the relationship of the various "books" and

"chapters” which make up the set of guidance manuals.

It is intended that this, and other technical chapters, be used
conjunctively with :hc la:cthl preseated in Book I, vhich provides

general ia!cm:ioa mliuhh o a va:ia:y of situstions, Ihc




Iable 1-1.

S R S t o

ORGANIZAIION'O? GUIDANCE MANUALS FOR PERFORMANCE OF aSTZ
LOAD ALLOCATIONS '

BOCR I

BOOR II

BOOR III

Mjii
300K

GENERAL GUIDANCE

,(ﬁiscussioa of overall WLA process, procedures, and

considerations)

STREAMS AND RIVERS

" (Spesific technical guidance for these water bodies)

Chapter 1 - BOD/Dissclved Oxygez Impacts and A=—onia
Toxicity
2 = Nutrient/Eutrophicatioa Izpacts
3 = Toxic Substances Impacts .

ESTUARIES

Chapter 1 - 30D/Dissclved Oxygen Impacts ‘
2 = Nutrient/Eutrophication Izpaces : .
3 = Toxic Substances Ispacts

LARES, RESERVOIRS, AND IMPOUNDMERTS

Chapter 1 - 20D/Dissolved Oxygem Izpacts
' "2 = Nutrient/Eutrophication Impaces
3 = Toxic Substances Impacts

Note: Other water bodies (e.g., groundwaters, bays, and oceans) and
other contazinants (coliform bscteria and virus, IDS) may
subsequently be incorporated iato the manusl as need for
conprehensive treatment is determined.
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information presented in Book I applies to all types of water bodies

and to all ecntlniaan:s_:ha: must be add:is;ed by the VZA process.

Ih;s chapter is ,esseatially a supplement to Chaptc: 1, vhich
deals vith BOD/DO impscts in stieams and rivers. It uses and builds
ou material presented iz that document. Iz cases vhi:e.czcessive |
stiauliﬁien of the ;zév:h of photosyathetic plants by nutrients
discharged to & stream must be addressed in A WLA study, an additional
level of complexity is introduced in:o the analysis. Bowever, the
same basic principles of transport and resction discussed for simple
SODIDO Teactions contiaue to apply, aad n;ay'ef the aodcl; Tecommended

for =easzdc:a:;ea o£ 30D/DO analysis caa bde u:zl;zad to aa;ly:e
4
au::zca: ﬁspne::. Ia cffce:. the zapacz of autrients can bc

aupcr:a;escd on the basic 30D/DO anslys;s.

r.3 SCO?! OF THIS CEAPTER

. The material presented ia :hi§ chapter emphasizes :h; effect of
Photosynthetic activity stimulated by sutrient discharges on the
dissolved oxygez resources of a stremm o river. It is primcipally
directed at calculations of DO concentraticas and presents scme simp~-

lafied estimating techriques for doing so.

Some ealculs:ioa. |casurement or estimate of biomass (utually

expressed in temms of chlorophyll comcentrations) is nae-ssary for

analysis of no effec2s. 1In certaia eaans, there may be a concern

g



Revisdion ng, o

with the_a::ﬁal levéls ;f biomass ccncentrttion; although ncrmilly this
will not be the target of a WLA analysis for streams and rivers. As
discussed in the chapter, there is no general value £or chlorophyil -
concentTations which describes acceptable versus unacceptable |
conditions in ierus of general aesthetics. Desirable target values
have been set for a number of lakes and estuaries, and these vary widely.
" They are largely influenced by the physical characteristics of the water

bod§ in question.

Such aesthetic eonsiderations. Telated to the absolute magnitude of
'pthoplankton levels (a) do not often apply to flou;ng s:reams--at leas:
not £rcqunnt1y cncugh to warrant detziled treatment in a guidance manual,
and (‘b}. wc:uld be site spec:.ﬁc and complex encugh to warrant speczal
:rca:n:?: b) c:pcricnecd analysts. in cases where the concern in terms of
WLA activitics warranted such attention. The meost likely exception would
be :hc occurrence of excessive growth o£ rooted ;quAtic plants; However,
shilc :ho modeling frameworks eurrently available can address ph) toplankien
in a sa:isfhetory nanncr. none providc 3 wcll established basis for

calculation and’ prujoction for rooted aquatic plants.

The guidance in this document relaces only to water quality impaccs
produced by phytoplankeon = photosynthetic plant forms suspeaded in the
water columm. It camnot be used to add.uu situations in which the
dominant response to mutrient loads is in :h. -form of rooted aé;a:ic
plan:s.(n:craphytns). Ia some river systems, dense stands of atcached

plch:s=caa be expected to have very significant impacts on dissolved

- . ' 1‘4
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cxygen concentrations, in addition to ether cu:raﬁhici:icﬁ in#ac:s. The
State of Wisconsin has es:ina:cﬁ :haﬁ approxinacely 802 of WLA sites on
szaller streams have significanc nic:aphyte.popclations.- For such
situaczions, analysis approichcs other than those described in this

| Teport are ncctssiry The ovc:all cx:ca: of macrophyte p:cblcas, and the
ls:ien:ific undc:s:anding of thexm, is being evaluated zo determine is
technical WLA zuidancq should be developed for macrophyte dcuina:cd s:reaas.

‘A significant consideruion. which supports the decision to
rcs:r:ct the analyt:.cal procedures described in this chapter to an

evaluatian of the DO effects, is tho fact that adverse effects on

dovastrean uses that are Telated to b;mu .PeT se depend not caly
en :hc -nua: of biomass buz on the species as vell. The d;s:&aezly
d:.zhrc: effects e£ Aalgae vumu rooted pla:s in temms of aesthetic

eoaudmuen is one example. Aaa:h-r is :hc case of a wazer supply

use vhc:o excessive algal gm:ha ®ay clog screens and £ilgers, -

p:ahlm. I such cases, the upce;n Present are o0ften more signifi-

gaat than the zoul bieuss.

Anslysis tools availgble for general use a4Te currently incspablc
of making such distinctionms. Ia cases vhere species couceras sud
problems aze s focus of the WA effort, the decision maker will lun
to rely on historical patteras aad judgment. Comeributicn to this
decision process by vaser quality models vill be limited to an |
€XpTession of general bicmass levels, vhieh nay dd. but will be only

one of tae elements in 5 daciniaa.

. 135




For these reasons, the emphsasis selected fer this chapter is oz
" the estimation of gemeral biomass levels (in terms of cklorophyll,
concentrations  in the vater column) and their effect on digssolved

oxygez concastrations.
l.4 OMIZLTI‘OB.O!' THIS mrm'

The remeinder of this ehapu: is organized imto four paru, as -

sumarized bmlov.

Section 2.0 provides background on the va:ious tachnical factors
which are relsvant in an analysis of stream dissolved oxygen impacts
' caused by the stimulation of algae gTowth by aucrient dis:harzes. The
objece o£ this uc:ion is to previdc the acn-:c:hni:al adniaisra:or
or dncistm maker with an overview and an appreciation of the basic
principl:és and proccdu:cs involved.

Seczion 3.0 is devoted to 'z discussienm of u:l.uuziul a-:ndcls that
are required to perform the ealcula:im of ‘vater qual:.:y mpac:s en |
. which the WlAs will be bu«l. Guidancc u p:ovidcd :o.usu; in
, ydccun; an .lpgrapmn todel and applying the model to the local
situation in a tachnically sound, consistent manner. This section does
a0t duplicate the basic guidance prasented eon nodcls'md selections in
Chapter 1 en BOD/DO izpacts in streams and rivers. That document .
should be refarred €0 as primary source material. The model selection
saction in this chaptar discusses the addigional considerations that are

partinent for autTient-eutrophication situations.

" 1=6
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‘Section 4.0 addrcsscs pcr:incat :e:hnical issues which relate to

.the analvsis of nu:ricnz/cu:rophica:ion influenccs on strears dissalve‘ )

oxygen. Much-of the material presented previcusly iam Sectiom 4 of the
BOD/DO chapter applies, and should be used as basic sou::e na:e-ial.
s;::ion 4 of :his chap:cr presentcs supplenen:aty material, :hn: is
izporzant when nutrient/eutrophicazion si:ua:ians aze add:esscd. The

principal e=phasis here is the analysis and 1n:¢rpr¢:a:ion of field

- data to establish the nutrient/algae/D.O. Telationships utilized in

water quality modeliag analyses.

- Section 5 preseats s series of {llustrazive examples that show
procedures for using field data in model calculations s,vhether simplifie¢
analyscs cre eaploycd or formal mathematical models are used. Results

prcsan:cd hese aliso provide an illustracion of typi ical wacer gualisy
;:;g, e
Tesponses to applied autrient loads.

—
by

1.5 APPROPRIATE LEVELS OF EFFORT IN PERFORMING WLAs

The levels of effors :ha:_can’bo applied to the performance of a
vaste load allocation covers a broad speczrum in :c:us‘ef Tescurces
assigned to collect vater quality data and :hc extent of analysis

efforts to calibrate and verify mathematical models. A: one cx:rcnc.

preliminary analysol vould rely on existing data and estimaces of

additional information needed zo pezfora the analysis. At the other

extTeme, WLA s:u¢$c§ could be quite thorough and comprehensive.




While an effors app:oaéhinz either of these extremes could be
rTeasonable ind nppropr#&:c under & particular set of circumstances, the
general case would entail an intermediate level of efforc. When ide::if
fying the magnitude of water q?ali:y impacts, the degree of :on}idence )
desired will generally be a function of both the cotpléxi:y of ﬁhe water
qualicy problem and the cost of the ::ua:ncn:.alzcrnatives under consid-
eration. Typicflly. adcquat;'sitt-spocific da:a'must bi\sccu:eﬁ ans
analj?cd. Daza ;ccds vary with the iypc of problem and with the mocel
selected. The nature of the data available, even more than the amount

of data, will determine the extent to which models can be verified and

the confidence with which WLAS can be established.
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| - SECTION 2 .
BASIC nmcm.zs OF PERFORMING RIVER EUTROPEICATION
WASTE LOAD ALLOCATIONS

2.1 GENERAL

The usﬁal meaning of the word “Eu:rap&ica:ion" conveys.:hc concept
:ha: wacter bodies (usually lakes) undcrzo a aa:ural aging process,
whcreby :hcy become incrcasinzly enriched, cverproductive, and ulcie
zately fill in and transforn fron 4 lake to a marsh.. This process is .
driven byrfha.nn:ricn:s u:ilizcd by phytoplank:on. Human cultyral
8::1?1:3..3. which include thé dischargcs of ms:m:er :ru.nen:

plant cffluga:s, DAY cause an unaccepctable acceleration of this

procass.

Virtually 311 vater hodacs ouppc:: :hc grovth of phytoplankzon
(pbotosynthetic algae) to some dc:rct. These "primary producers"”
form the base of the food chain. They utilize inorganic carbon (CO2
or alkalinity), sitroges, phosphorus, siliea ia the case ct’dia:cas,
and other micronutrients to generate bicmass (orgazic carbon) using |
the energy of gnalizhg, Most growth elements are PTesent naturally
_and/or are required in small smounts. Zither aitrogen or pho-phorus.
er both, are sutrientcs vhich typically prove to be the. £actors vhzeh
eea::ol :h. a-oca: of groweh, and these may be p:nsca: in significan:
smounts in trca:-cat plaat cfﬂlcoats. Laldxia; the autrieat load
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‘discharged by a treatmesnt plant therefore may be sufficient to prevent

excessive grovth.

Table 2-1 presents a listzéf'ﬁctcr quality froblcnx vhich may oc=

cur as a result of excessive c:ﬁlq;fzicn of photosynthetic plant
gzovth due to au:rici: discharges. Problems related to vgtcr';ﬁpply
uses (1) can range from blockage of ia:akq scTeens by anéroseopic
plan:s; taste aad odor problems caused by aic:o:eogic plankzonic al-
gae, to diurnal varistions ia pE and hardness caused by algal ac;ivi:y
vhich raquires the operator to closely monitor incomiag vater and
opera:iAnslly compensate for its varziable quality. Taste and odor
problems hsvc.bcca associated wizh various’ groupo ef I:co filcating,
az:roseapz: algae (blue~green, greea, diatoms, and £lagellaces) (2).'

D;a:aas, vkzeh nu::z:;enally Tequire silica, are the priacipal £zl:er

t"a'

clogging algae gToup. Spoezcsvaf blue-g:occ algae have beeaa kaown to
cause filtar clogging, with some instances of problems being caused by

gTeen, yellow=green aand pigmented £1£;clln:¢s;

Assthetic enjoyment of a water bodi can be impaired visually by
surfacs scums, 5101313! mats or vindrows of rooted or attached aquatic
plants. Also, decaying algae vashed up om shore cas lead to odor
Problems. Svimming and boatisg can also be affected if excessive

Bacroscopic weed growth occurs. In scme caios. excessive w-ag grovth

0
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Zable 2.1. ﬁATER QUALITY PROBLEMS ASSOCIATED WITE EUTROPHICATION

WATER SUPPLY

Taste and Odor

Clogging of Filters - _ o .
Color and Turbidity . - .
= Increased Chlorine De=and . :

Growth in Pipes, Cooling Towers, and Resesvois Walls

Variable pH and Eardoess - Operational Difficulzies

Elockage on Inzake Screens

AZSTHETIC ENJOTMENT OF WATER BODY -

Floating Mats ‘

Attached Rooted Aquatic Windrows

Surface Scums - :
Color and Turbidity

SWIMMING AND BOATING .
Excessive Weed Growth in Shallov areas .

scdw%’op IR
&

Low Hissolved Oxygen Lavels
Reduced Specias Diversicy '
pH Changes which Enhance A=—onia Toxicity

FLOODING .

Increased Channel R&ﬁshqcss and Decreased Effective Depth
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can cause a decrease in a Strean systez's capacity to handle flood flows -

gincn the associated channel roughness slovs down flood wataers (3).

The overall ecology of s water body ean be affected by exctssive
plan: activizy. Instead of Bumerous algal species being presen:. a few
species begin to dominate and affcc: the entire food chain. Less

tolerant orzanisns perish and species diversity is raduced.’

The form of ammonia which is :aiic‘:n fish species is the unicnized
canponcnn (NH3). The preportion of the total annonia concentration’
which:i: prnscn: in the toxic form is a funetion af pH alkalinicy and
:-aplztcmrc. szncc excessive algal growth can cause a significanc

.

1n=:tase in pH of :hc vater. calu:n. si:ua:icns uzy oceur’ where :ox.c

effects ars enhanced.

.

While the foregoing ul:c::qualicyifrabicu; can be produced to some
extent in flowing sircaas.fas vell as likns. they would ordinarily be
c:pcc:c& to be more prcnincné in lakes because of the relatively long
Tetantion tines and quicseca:_candztious vhich érevail. The significant
advective é:anspcrt component, vhich is picscn: iz most stTeams, tends
%o limit residence timas of suspended iigao ia reaches uhcri environ= |
asntal conditions are most favorable to growth. This tends to ni:iga:c
the full dcvclopana: of such problcas. al:hcugh there sre notable

cxccptiena.
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A problea of principal concern in rivers and s:icaas is the efiec:’
of nu:rieﬁ:-s:izula:ed grovth on dissolved oxygen conctn::n:iens.
Gtowinz plants providc a . net addition of DO to the water body on an
average daily basis. yet respiraziau can cause low dissalvcd oxyvgen
levels at anight that can affcc: the survival of less :alcg;n: £ish
species. Alsc, if environmental condifions cause a die-off of either
the nicrascapi; oT macroscopic plants, their decay can cause severe
axygin depressions. Therefors, excessive plant growths can affect a
stream's ability to meet botk average daily and inscantanecus dissolved

’ .
oxvgen siTeaz standards, and hence is undesirable.:

2. Z CDRCEPTS OF RIVER ECTROPBICAIION ANALYSIS

3
é,.—.

2.2.1 Coununi:v-?zgos_

Though any stream communicy is caapcscd ef both plants and aniaa.s. )
the 1ni:ial effeact of eutrophication is em the plant community which are
the primary producers of the food chain.

Plants in streams range from aicrdscapié. free floating algae
(phycoplankzon) to macroscopic vascular plancs. As discussed in the
folloving sections, all green plants require sunlight and inorganic
dutrients for photosynthasis, and affect varicus other elements of :hc
Zood chain. either diraetly as a £ood scurce or iaditcczly by aodi-.
fy:ng the strean's chemiczal rcgiaa via :hcir Detabolism. Stcream com-
munities are noted for their variety, which is uaialy attributable to

fa e



‘the effects of variable streas gecmetry. The annual flov cycle sorts
out various bottom materials, cTeating distinct habitat zonmes while
constantly Tesupplying nutrients Tequired for growth. Various Biolog-"

ical comrunities exist in a3 stream, inecluding:

e shallow water biota
e benthos
® periphyton or attached growth

® stream plankton

Shallov vater commuzities often develcop along the shors zone of
the middle and lover courses of scrnm’. E-.ur;enz, £loating leaved

* ‘SC'
. "and mhmcd vegetation of:cn eanp::.u this cm;:y. _ For submerged

vnn:a:io:&m be eszablished, vater clazicy us: be uf.fzcica; to e~
sure adcqu:c light penetration. -Therefore, chc slnllw.cr the streanm,
or the mores genZle the bank slope, the z:uuz the chaace for plant
uubluhn:. The z:uu: the vater :u:b:.d:.:y. the qur the extent
of anhmcd plaa:s. !ncr;ca: plun aTe lu.;hly dependent oz hvo:- )
.able substrate, slope of bank and miability of flow, which influences

watar depth.

The benthic plant community is composed of uerueopic algae
and nonmocile and wotile forns which live in or em the sedinent (4).
Comzunicy development :l.s dependent on the type of substrate

26
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(stzeambed éharacuris:ics). water veloci:ies, turbidity, and chemical

composition.

Periphy:on are attached to subncrged s::uc:ures such as Tocks in .
s:reaabeds, as opposed to :he benchal community which grﬁvs into or
Tests on_:hc bottom. The pc:iphy:on caununi:y depends on conscan: wvater
level and can be influenced by the clarity and velocity of :hc_va:cr
(5). A slow curren: veloeity allows sile depesizion which inhibi:s
growth; altermately, a:cissively swift currents can cause the zctached
assemblages to be scoured from their submerged 3£ruczures.

vgp #

‘Baay biologs $t$ state that na distinctive plankzon community exists
in s:;ttna sincs stresam plank:on :cuauai:ics oftan ste derived .from
headwater lakes, backuater areas, or from organisms dislcdgcd from the

bottom. In river systems that have bcca developed for navigation and

‘ pover by the construction of dans. the impounded stretches of :he Tiver

can experiencs subl:aa:ial blocas e! tr.c flaatiag plaa:s. termed
phytoplankzon. '

Though all plants bave the same bas}c Tequirements for ircwth.
analysis methods that relate cavi:enannzai vaiiablcs to poﬁula:ion
dynamics are at varicus stages of development. Modeling frameworks that
explicitly address Teceiving in:c: problens in settings dominated by
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free floating forms (plankton) have been in existence for nearly a
decade (6); vhereas models that address atlached algae are only Tecently

being developed (7). The follcving sactions briefly dcscribe the

governing concepts of phytoplankson growth, lou, and nutrient ula:iano

ships as formulated by DiToro et al. (6).

2.2.2 Phvsoplsoktos Growsh

fhgtoplaak:en exposed to optimal cnviromcnul condizions main~- -
tzin a mazimm growch Tate, an‘ I.u; :lua idull envirommental con-
X dizigus reduce this m:.m grovth rate :vo a3 actual growvth rate, G.
The three primary eavirommestal variables that affsct phytoplaskeosn

grovth :uc aTe!

5 ]f:‘

tﬁ* -
o :uupera:uﬂ :
“M

Qv

e nucrients

o light energy

- Zach species is unucnecd to. a di.!!lrcnc degree by each of these

hc:o:a.

9

Jenperature. Auer and Cansle (7,8) summarized daca from phytoplankson

gTOVEh experiments eoadixcud at various :mc:icuzu. These results,
plottad as the solid and duhod lines in Pigure 2-1(a), illustrate :hc

different temperature. optimms for different phyla of phytoplankeon
and also the differences iz the vay temperature influences growth
Tate. Hovaver, natural phytoplankson populations ars composed of s
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NUTRIENT CONCENTRATION

Figure 2.1, Phytopiankton growth rata: effect of
. mperature and nutrients, ,
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variety of spc:ics..:hc dominant component of vhich would be expected :o
shift to those which £ind-:ho eavironmental cend;:ians at any particular
time closest to their Particular optimus groweh condizions. éppley (¢)

summarized zrcwth.da:a.troa a4 variety of sources to define an expression .
that represents Optizum growth as a function of tamperaturs. This

expressicn is:

T-20

where T = vater temperature (°¢)

) ® temperature coefficient for grovth race
b * Specific growch race at 20% (day™1)
G ® growth rate adjusced for temperature (day'l) :

Both é;? and cna: are specific gfowtﬁ rates, with basic eczﬁs beiang the
equivalent of mg bicmass gyu:hiszzéd/day Bg biomass present. They are
maximum values in the sense that they écp:csca: growth races which will

oe:ug in :hctabscaco_ef any linizggionS'duc to lighe or autrient.

This maximm specific gTovth rate is shown s the dotzad line in Tigure
2=l. It can be thought of as an “eavelope” Tepresenting the maximum
growth Tate at any Semperature, for the sequence of phytoplankcon

Species that achieves cpeimm gTovth rates at differeat temperatures.
Reported ranges for specific growth rate and temperature coefficients

are (15):

2-10
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g . 1 to 3 per day (ar 20°C)

©=1.01 g0 1.18
These ranges encompass most of the reported data. Inves:iga:ofs who have
used t'hue Telationships in snalyses commonly select values for e
between 1.2 and 2.1, and a value for 2of 1.066 as estinates for the popu=-
la:ions they are dealing wish (15, 26 27, 28, 29). On this basis, the
tupera:ure/g;mh relationship is defined as: .

Cpay = 4(2.066)T~20

(vhere u = 1.8 zo 2.1) (2.1)
Butrients. The primary sutriests required for c§11 syachesis
are iaoz;:uic carbon, sitrogen, and phosphorus. Diatoms have an
addizional m:r:.ea: rcqu:.rlucn: for silica. If ome zutsiemt is in .
= .

shore sup%ty. it will. 1m: the growth rate. The mutriest reduction

facsor, & ”. is of the Zem
]

5

Ty
vhere:
B = the nutrient eoacca_::ation - (ag/1)

&. = half-saturation (l!i.'ehciz'.l) -constant =~ (mg/l) -

As shown iz Figure 2-_1(b). st sn adegquate nutrient eon.eea:u:iea..,
grovth proceeds at the maziawm 4:::0 (29: optimal light sad iapcu:uzc
conditions, with oy T 1. At lower nutrient concentrations, the groweth
Tate is reduced, with l‘ baiag defined as the comcentratios at vhich

‘the gTowth rate is Balf the saturated growth rate, G ox

The relationship betwaen growth rate asd gutrient concentration

showa by Figure 2-1(b) -yhui:io an important comsideration in deci-
| | 2-1
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sicns on nutriemt comtrol. Where nutrient l-cvels are significantly in
excess of grovth lm::f.nz concentrations, due either to the point ‘

source under z:casidc:a:ion ©T nonpeint source loads, even a substane

tial reduction in comcencration may have only urg:f.n;l cff.oc: on

;:w:.;h rate, but reduction in the limiring nutrient will significantly re-
duce potential peak bicmass levels. To h:vc & significant effect on 2 water
qualizy problem, at least one of éhc autrients must be reduced to a
concencration low encugh to have a comstraining effect on the gzowth

. Tace. Camnl_.y accepted values for KN are as follows (10):.

I*-‘oi- Nicrogen == IS‘ = 0.005 =0 0.025 mg/1
For Phosphorus = KN'- 0.001: o 0.005 =mg/1

Salar :adiazian prevtdes a uuu:c of :he uzh: ‘energy

available £ar pho:a:yn:hcsis. The average daily amount that reaches

che ur:h's suz'faco variu with lacitude and with time of year, as

:Lnfluc:ccd by the :l.a:idcn: angle of the sun' s zTays and :hc haz:h ef the

day. In the Ncr:hc:a Bcnisphcn. n.:imn dailly average solar radia:ion
occurs during Juu. at a latizude aof about 459, as shown by Figure 2-2(a) (11).

This figure also shows the magnification of seasonal differences
&% 2ore northerly latitudes.

- Solar radiaticn is measured routinely at selected veather staciens in
the Unized States. It is usually reported as LANGLEYS (LY), vhich is a meas-
uTe of the total radiaticn of all wave lengths thac Teaches the surface of
:hcurthdu:inglz&-heu:pcried mwuqm:olpn-ulauc

per .quau ecn::’.ac:c:. Algal and g:h-: photosynthetic plancs ruyand

-7
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to -olar energy in the visible part of :hc tpcet:un. and vigible light
' cncrzy is oftcn measured iz terms of intensity = g3 foot-candles. 4

common conversion used ia ea;:alaziaat is:
- ' 2000 ft-candles/day = 350 LY/day.

Figure 2-2(b) shows the idealized variatiem in solar radiatien

during a given day.

Suaiight reachiag the surface of a vater body may be reflected,

particularly early and late in the AJy vhen the sut angle is lowv.

During most of the day, sun angles are high esough that most ipcident

lijh: pcac::a:cc the vater surfsce. The intensitcy ef the incident
lighe (I )ﬁit.azzcauatcd a8 it penetrates the wvater column. This
a::cauag}i: is causcd by .bca:p:zon of energy by vater Inlcculcs. oz~
gazic eaayoundl. and eole: colloids oz by scattering and back rcflec-
tion by sucpcndcd solids aad turbidicy. !hc Tate of attenuation
.varzcs wvith the prcvazlzn; eoadx:iaaa is a parz;cular vater hody and
can be represented by az “extinmetion coefficient,” k « TPhytoplankzon
are distributed :h:ou;hoc: the vatéer column, and the light esmergy (1)
they Teceive varies with dng:h (2) ia aeeord&nec vith the following

Telationship:

" where: _
I, ® light intenmsity at depth s
I& ® incident light intensity at surface

k, = light extinction coefficienz. -

2«13
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This relaticnship is illustrated by Figure 2-2(c). The depth of

the euphotic zone, where active photosynthesis takes place, is
conven:icnallf considersd to extend to the depth where } ﬁc:cen: of
the inci&en: light remains. - Az the | percent light transmission
lcvcl;.pho:osfﬁthcsis and respiration are assumed to be equal and no

net DO is observed from photosynthetic activicy.

Excinetion coefficients can be detarmined directly hy':he use.cf a

Photocell immersed to different depths. A com=onm altermative measure
of the degree of light extinction in a vater bodv is provided by sub~
merging a secchi disk and Tecording :he dcp:h &2 which it is no longer

visiblc fron the surface. Correlations bc:veez secchi disk and photo=-

cell :czsuzcaen:s Sugges: that secchi depths carrespord =o =he poine

where 20 pazecu: of the incident lighe rcnains. This provides a basis

g
for conversion of secchi dcpth ncasur:aca:s to an estimate of excince

D

tion coefficient k.. Empirical daca (12) suggest the following aoproximate

relationship:

k 1.6
® lccchi depth

Hovever, the correlatiecn betvesn secchi dcﬁzh and c:tinétioa
coefficient is notoriously poor in many vaters; factors may range
from 1.5 co S.0. vlccauao the equipment is not costly, and it 1srqu1=o
easy to zeasure the cx:ine:ian eoczficica: dirce:ly by a phczoccll.

this technique 1: rccauncndcd in preference to secchi dcp:h

Teasurements. ' ‘ ‘ .

< 2«18
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As illustrated by a, b and ¢ of Figure 2-2, at a particular time
af yc:: ‘the light energy lvaxlablc fo: pho:ocyn:hcs;s vill vary over
the course of the day and over dep:h iz the vater colu:n This will
Tesult in temporal and :pa:;;l.varzgtaoas ia the ;?av:h.ratc because
grovth rates for phytoplanktos are ; fune:iéa of the light cn;:gy they
Teceive relative to a "saturation™ light iatensity (1,) at vhich maxi-
num growth rate occurs. Bigher or lover intensities result iz s re-
duction in ::ﬁg:h Tate, as shown by .Figure 2-2(d). Information on ;ﬁo'
Telationship of groweh rate to light energy may be used to define a
light limitation factor (: )

Ihc s:avth Tate at optimum lighe (I ) cas be e:pcezcd to be spe-
c;n; &cpiis;n: hovever, iz anslyses dealing with zatural vater sys=
tems the prt:cncn ef a mixzed popula:zoa pernits sn average value o be
assigned, as illustrated by rzga:e 2=3. A :yp;cal value for satura-
tion Izzh: intensity (I ) for mized ;opnla:zoal is about 350 LANGLEYS/
day (2,000 fz. eandlcs/day (13). Sitce spcczfic estizmates for gooweth rate
(G), oxygen productivity () and lzzh: saturation (I ) can be derived

-

fzom £ield studies.

Because light energy available to phytoplankten varies so nueh
with depth and :a-o of day, an appropriste expression of light avnil-
ability for use in azalyses lhacld account for these changes. A depth
and :iac cvcragcd effect of cvailablc light energy ou phytoplankson

. 216
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 Figure 2.3. Etfect of light intersity on growth (G) and oxygen production (P).
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grovth Tate can be obtaized for a site, by integrating the light ia~

tensities rgla:ionihipc over depth and time. This reduces to

This reduces to

:vhczt:

rignri 2=4 illustrates the effects dé average daily light inten-
sity (I.) and light atzenuation ia the water column (!‘l) o8 the
growth rate or productivity vhich aight actually be expectad to ocecur,

Telative to values whichk esuld ocsur under ideal conditions. Apart -

o ‘ ' .
X;QE;.' 1i¥h: limitation factor, such that G -2y Gn.x

Revision No. 0

- | Ie =k, 2

10/31 f . e-kez (-Ts-e Hd o
T*q T-dj(' 3 . et - at dz
. s : .

-k
2.718¢ -;‘ e -’I‘ (2.3
. 2. s . s
LR \e e

photoperiod - daylight fraction cf.avérazia: éorio§
averaging pcrioé = 1.0 day

1£g§t extinction coefficicg: (llan:crsi

depth of segment (meters) -

lvctjgo.of,i:cidcag light on vater surface over a 24 hour day
a§cr;gc of incident light over photoperiod ( = I‘lf)
saturated light intensity

[ o
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: froq the general information it preseants, it can alsé provide a useful

perspective for incerpreting the results of laboratory or field studies.

The g:uw:h‘ar produ::ion.fa;:ors shown are £e§ a photcpcriod of
12 héurs. Corresponding factors. for other photoperiods nay be
‘obtained as a multiple of the ratio cf :he pho:opcriad of 1n:eres: to
12 hours. If the saturated light 1a:¢nsity (I’) is taken to be 350
LY/day, and ?igué; 2=2(a) is used to estimate daily average solar
radiazion (Ia) at the beginning and end, and at the peak growih period.

the following evaluation can be made:

- S;ﬁinlﬁad goowing scason°' o . ' .
:? Avcragc daily solar radia:ion (I ) =350 LY/day
¥ Pnorcparied is about 12 hr (f = 0.5)
Average in:ensi:y during photoperiod Ifﬂ 700 LY/day
Light factor 1l = I£/Is =2 Ny _ )
. Growth rate (time and depth averaged) - curve C, Fig. 2=4
e DPeaak growing season:
I, = 600 LY/day; photoperiod 14 hr (Z s 0.58)
If - ;036: light factor 1 = Izll‘ - 3
Growth rate (time and depth averaged) - curve D, Fig. 2-4.

0f interest is the fact that the 1adica:¢d rcla:ieaship suggcs:s
that tht 1igb: atztensuation p:apcrtios of a Ultcx bedy have a nueh norc

o220
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significant influence on growth and pfoduétivi:y than does the light

Tegizme itsell (species in§ time of year).

The 1i§h: §x:inc:ien fac:cr is ploi:cd as the prcduét of the |
extinction coefficient (k ) ‘and the depth of the strean (H). Tyjica.
values observed for k vary widely with type of water body, ptia:ipal’w
as a function of the anaun: of suspcndcd matter normally encountered.
Figure 2-5(a) summarizes typiecal zanges in :ﬁe value of k for differ-
ent types water bodies. The tenfold Tange indicated for stcreams and.
rivers can be refined using the relationship developed by DiToro (14),
which is Sisce on the intrinsic properties of ' 1ight inceractions and

caliht;:cd against observed data from a rivcrinc/cs:uazinc syste=. The
sugzcs;;& rcla:ianship (Figure 2=35(b)) indicates :he siguifican:ly meTe
pronounced effdct on 1ish: attenuation by organic nnlccules (especially
ilgac)'yhich absord lizh: energy, compared with inorganic solids, which
scatter light. Vhere the only prclininary information availablc is an
cs:ina:c ef total suspcadcd selids estimazes of k may be dc:ivcd

from the rcla:ianship shown. by Figure 2-S(e), assuming that estimates

of the relative distribution ef 7SS can be made betwean inorganic

- (natural origia, erosicm, etc.) and organic (treatment plant discharges,

algae) sources. -

In summary,. phytoplankton groweh rate (G) is a function of tamperature,

light,. and nutrient concentraticn. Az 8 given tcupcritu:c. the maximum

T2e21
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Figure 25. Estimacas for light extinction,




grovth rate for :ha: :cnperature is reduced by a lizh: factor (r ) and a

nutrient facter (

G =g e To rL . (2.6)

max a
or G = ug (1.066)7'2o AR

Oxygen ﬁradnctivity is discussed further later in this section and in
greater detail in Section 4. Tetra Tech (17) discusses limitations in
the approach suggested abeve for quantifying nucrient limitarien

effects, and al:er:;:e approaches which have been used.

.2.3 thteelanktaa Loss . - o .

Séieh and decompositiosn, prodai{on by free floctihg.cainal;'(zoo-
planhtpn). and sedimentation are the Primary mechanisms that contribute
to phytoplnnﬁton lossc;. Doath and dceenposition. ia addition to re-
ducing biunass. ulso consumes o:yzcn. In eelbinntion with tho intorncl
(endogenous) rg;pirstiou necessary to maintain the vital functions of the
living algal cells, oxygen uel;lzation due to desth and decomposition has
e diéoct effect on the DO resources of s strina;. The combined effect is

eeuvontionally designated by a rcsplrntion rate which can be messured

dlroetly by some of the field test procedures described in Section 4..




1T (2)
Revision No. o

Losses due to srazih; by zooplankten ottcn:provo to be & significant
element in lake studios;.it: significance in riverine situstions is not
really known, but it is thought by the authors to be relatively iasignif-
icant in most cases. The exception may be cases where the outflow from s
eutrophic lake feeds the stridh being analyzed. sineo quantxtttxve data
on zooplanhton grazing effects is not sormally available for WLA studies,

practical considerations argue for the acceptance of this assumption.

Net sedimentation of algal cells, which causes them to be removed
from the eutrophic zone, can be an important element under the quiescent

conditiaus in relatively doop lake environments. In relatively shallow

nndk:nrbulcat river conditions, this t:ctar is gcnerally insi;nifzcan;.
Sz
hautvc:. for larger, slow moving streams and rivers, it may be as xmpor-

..-_J.‘_ -

tant as the respiration rate.

cell pnntn ing Rosggggtggg. The rato of bicmass loss inerc;scs with .

tempersture as sheun in Pigure 2-6(;). and is dcseribod by the tollovzng'

relationship: -

D ® uy (1.08)T-2°

vhere: T = water temperature (°C)
1.08 = tezperature coctficicn: for :cspirztien ra:c

-1

U, = cp-ezzzc Tespiration (lnss) rate at 20°¢C (da )

Dp e respiration (loss) rate adjusted for

: :lnacra:urc.(dly )

s
'd
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Biomass dcc‘t‘h and decomposition rates and the associated oxygen respira-
tion rates are assumed -to be cquiirilcnt. so that the indicated relation-

ship is applied to define either loss of biomass or oxygen utilization.

Both Y and D are cpeciﬁ: rupin:!.on ot lcss rates, or specific respr £
tion Tates, with basic terms equivalent to bicmass los./day/bioms

present, or oyzen ccnsuned/day/bmus present, or specific respizacisn

-—wes

rates, with basic terms equivalent to biomass los:/day/biazuss p:esea:,
Or oxygen consumed/day/bicmass present. Respiration is taken to be

independent of light or nutrient conditions, so that further adjustmen:

of DP is not necessary.

Sm investigators select lower viiues for temperature coefficient.
(8 -,I.O-’:S) based on analysis of study daza (26, 27, 2°, 29), in prefe:-

3
ence to the value of 1.08 reported ia the TetraTech summary of rate

=T o

coefficients (15). . L

The most consistent empirical. relationships relate respiration
Tates to maximum oxygen productivicy (P.) under ideal light and nucrient
conditisus. Asalysis of cbaerved data (15) indicaces that algal

Populations typically exhibie Tespiration rates which gre about § zo 202

of maximum oxyges production rates. A value of 102 45 a commonly used
estimate, so that:

2-26
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R & 0.1 (r)

vhere : R = endogenous Tespiration rate (mg/l/day)
P' w_sa:ura:cd.(uaxiana) oxygen productivicy, wich
no light or nutrient limitation (mg/1/day)

Using consiszent stoichometry betveen oxygea and biomass (czrbca or
chlerophyll) fcr both respiration and producticn, these rcsul:s can be

extended to biomass growth or Tespiration loss.

%oomsma:;mxcwg

’ L J
wnezt 'R and g are the sve:z.ic Tespiration and -row:h Tates it 20°C, as

| dcse:ibcd carlicr. Usiag 42 estimate of Mo = 2 phytaplank:aa biomass

lots?duc te :cspiration is estimaced by

e
=

Dy = up (1.0 (vhere = 0.1 20 0.4) (2.7)
. Ihcse rcla:ienshipn tuz:os: that uhcrc environmental condizions are
such :hat the light liaﬂzatiaa faccor (:L) has a value i the order of
0.1 (see Pigure 2=4), an :1;:1 population 1: 20t likely ¢o :ncrcasc.
&ven in the pressnce of c:ccas sutrients. They vill be respiring avay
as fast as they are able to gTow,

2-27
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ggxggyiank:an Sedizentacion. Phytapiank:an are lost from the wace:
colu=m through net sedizencation, i.e., sé::l;ng to the bottom minus re- )
suspension from the beotzom. 1In ' a vertically well aixed.untcr column, -
the pby:oplank:on loss race (S) at a given settling veloci:y (Vs), is
inversely proportional to the desth of the water colnzn, as shown in

Figure 2-6.

T (2.8)
‘where: .
H is the depth of the segxent (meters)

V$ is the settling veloecicy (mecers/day)

B : . [ 4

3("‘:

A

2. Z;im Screcn.ng Procedure fot Dc:craining Algal-=Nucrient

Relationshins

The following simple screening procedurs will provide an appropri-
atce indiéa:ion of a "nonproblem."” That is, if the maximum possible
chlorOphyli level that eoﬁld éo achieved is c:::ca;ly low, it will
usually be safe to conclude that nutrients do not pose a problem. The
guidance in section 2.2.5, which relates chlorophyll levels to dissolvcd
oxygen elfects, can be used to dc:c:ninc hov lov the concentration of

chlorophyll must be in a particular situation to be considered insignifi-

cant,

d 2-28




1L (2
Revision Ng,

On the other hamd.:it will not be appropriate to ﬁsc this screening
procedure to conclude tha: there is 2 problem. The reascn is thar in
nost natural wvater systems, and cspccially in flowing streams, the
. actual levels that occur wvill be subs:an:ially less than the maximum -
po:cn:ial under a conbina:icn of ideal cnndi:ions. Collection of
chlorophyll 4 data could be used to verify :he estimated ch&orophy‘; a
levels and determine if :hcre i: a prablcn.'

Stoichiomesric ra:ios nay be used in preliminary scrccnzag analyses

to make two useful initial assessments that can help to focus subseque*:‘

data acquisition. testing and analysis ac:ivitics. The f£irst of these
is & dc:c:zina:iau of the limizing uu:ricnt (nitrogen or phosphorusé.

and‘:hc:cforc the most approp:ia:c for control. The sccend is an

g

c:::aa:c of the maximum pocencial chlotophyll a lcvcl :ha: could resuzc,
and the inplica:ions of this on uhc:h:r autrient conctrol need be cone
sidered. 1In either case, it should bc Tecognized that such a SCreening
is relatively imprecise, and rcsults should be 1n:crprc:cd wvith care., -
When indicated conditions art uarginal ra:hcr than bcing dr;na:ically in
favor of one result of another, addi:ionnl analyses should be performed
as indicated in the discussion that tollcws,

A;;ac Tequire inorganic carben, nitrogen, phosphorus._silica
(diatoms), and varicus trace elements in the presence of light to
synthesize algal photoplasm. PFrom a comtrol perspective, ni:rﬁscn and

phosphorus arl the only cssca:ial elenents zhat are possible to control,

since ca:bon dioxide is often (but not alvays) readily available in

{
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solution and the various trace elenents are usually plentiful in natusas
systens. Stumm and Hofzan (16) show photosynchesis as:

106 COZ_ - . " = . , )

. )
16 N03 .

+ Energy - -

. (Sunlight) ' Algal Photoplasm
HPO4 < ’

+ PHOTOSYNTHFSIS ' C106 st3 0110 N]G P

122 H,0 Chlorophy11
: +
* .
. ' 138 0 :

18 H e T
=6

=N
Trace Elements

&

Por this structure, 16 nnlcculcl of iporganic a;:rognn and one
molecule of ;aa::anze phosphorus are Tequired to synthesize a unit of
algal- pho:oplatn containing 106 molecules of czganic carbon. Froz
s:oz:h:aac:ry. nsza; a:aa;c veights, it can be shown that the Tequired
veight razio of ai::ogca to phosphorus is approxian:cly 7 mgK to 1 mgP
for every 42 Rg organic carbom synthesized. Prem this sutritional
Telationship, analysis of historieal wvater quali:y data may be used to
estinate the biomass potential of :hc au:rica: load, and o cvalua:c
whether nitrogen or Phosphorus is the mutrienms to focus on for con-

trol. Stoichiometry can be used go calculate the equivalent orgamic .

. 2=30




carbon that could be synthesized if all the available Butrients vere

utilized.

| Chlorophyli ais of:aﬁ used as a -ccsure;enz of phyicplankzoa
bxauast. since it is readily quantifiable and is s measurement of the
phc:ocyn:hc:zcally active p:saea:. Al:hcu;h the veight ratio of each
ef the sutrients to chlorophyll varies with the age of an algal popu-
lation, species composition and putriziomal state, the folloviag ra-

tios are. commonly used to represent “typical™ cosditionms:

7 ugh/ug Chlorophyll a
1 u:P/ug'Chlorophyll a

The chln:ophyll-ca:ban-nu:xicn: stoichiane:ry of alzal ce;ls is nor pre-

!csr—
cise andg:a:ios that are sanchha: diffc:cnz than those used in this

v‘

ceport may be preferred by other anclysts. Such preferences are usually

b;sod on local data, which should be used whenever possible.

Tigure 2~7 preoca:s 8 graphical display of :ho naximm chlcro-
phyll a eaaccn:rn:zen vhzeh would be possible under ideal enviroomen-

tal conditions for a raa;c of zanrzaa;c N and ? concentrations. Iho

isopleths lhn'n sssume .:azeh;alo:ric ratios N;:P: Chl e 7 1 1.

Consider a case where euleulation: of streanm eonecatratlonl of N and
-P, based on disehc:zo loads and stream flows and concentrations, iudi-,
cated that canccn:ra:inns*e! Rs 0.38 ng/l and”? * 0.02 mg/1 would resul:.
Ufing the stoichiomerric Tatios adopted, the maximus potential chlorophyll

& concentrations would be either:
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levels. !;gurc '2-8 caap:rcs ehlorophyll 3 concentrations with per-
ceived water quality conditions and target objectives for several dif-

ferent water bodies.

2.2.5 Ehyconlankzon - Dissolved Oxypen Relationships

During photosynthetic cell synthesis, algae produce disiolvcd
oxygen, whereas algal respiration consumes dissolved oxygen. The
Stream comes in contact with the oxygen producad by the cell synfhesis

which is pure oxygen, as opposed to the a:nosphcre.i: is exposed to at

the surface wanich is approximately 21% uxygcn. The parcial pfcssure o2 cthe

pure czygca is g-eater than that of the a:aasphc'c and, ctherefore,

"'."
o

saisld Cxygen concentrations greater than air saturation cca:cg::a:iqns
can céii:. vSupcr-sa:ura:cd dissolved oxygen levels are ofzen obsesved iz
Tegions of significant algal ac:ivi:y. Asiillus:ratcd in Figure 2-9,
photosyncheasis, which is dcpcndcn: en solar radian: energy, occurs only
during dayligh: hours while algae consume oxygen for respiration

continucusly day and_n;ght.

As illustrated in Figure 2=9, the time variable rate of photosyn=-
thesis produces a diurnal variation of dissolved oxygen. If the race of.
photosynchesis, P, is greater than :S; Tate of respiration, R, on an
average daily basgis, the algal activicy will be a source of oxygen to the
system, wvhereas, if the algac aTe in 3 dcel:aiag phasc and R is greater

:han P, the algae will be a net sink to the system. Yet, even if P 1:

L 2a38
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TOTAL INORGANIC PHOSPHORLS (my/2)

Figure 2.7. Maximum phytoplankton chiorophyil § concantration
b -ahmaienofinorpnienimmmdm.
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‘ 1cChl s ‘ ,
(NITROGEN) 0.35 mg/l = 350 pg/l ¥ o= = 50 ng/1 Chl a
1N :

or

1Chl g

(PHOSPHOROUS) 0.02 mg/1 = 20 BE/l 2 eemmm—— = 20 pg/l Chl s
. ilp

Since each rep:oscuts a maximum potouti;l, the louor of the two is the
maximum result, and the nutrient that produoos it (phosphorous) is there-
by the limiting nutrient. The mazimum possible chlorophyll 8 concentra-
tion that could result from the waste discharge in combination with the
background siream concentration is 20 ug71. This level might be achieved
if there is adequate Tesidence time in the study area, optimal onviroo-
mental conditions (i.o.; temperature and ligh:) exist, and iil of the
pbotphoeoos is in & form available for algal uptake.- Netural ooooitions:

howovoeiﬁgro a:uolly considerably less thasn optinol. Stron- turbidity,"

shading oy'o !orost canopy, or colf-shodia; by the algae thonsclvos usy-

ally restrict the available light. Sectioms 2.3.1 and 3.3.2 discuss the

effect of st:nan rosidon: time on. nu:ricn:-phy:oplank:on rcla:ionships.

If the ratio of sitrogen (mg~N/1) to pﬁoophoruo'(lz-rll) is
| grester thas 12 to 1, phosphorus is considered to be the limizing nu-
trient; if che N to ? ratio is less than S to 1, aiorogoa is comsid-
ered limiting. The sbaded regions in Pigure 2-7 indicate the arsas
vhere nitrogen and phosphorus limitations occur.

Hovever, a aumber of factors must be considered Hhon in:orpro:ing '

the rcsul:: of the type of oaalysis illustrated above, particularly

when the ou:cono is not 4t one extreme or the other.
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e Nutrient availabili:y is an 1=:or.an: issuc. Organic and par:z:u;a 2
fotas of the nutrieats can not be utilized directly by algae.
Although o Telatively slow conversion to available forms takes
place in n;tural water cystcns,,the residence time in most
strean systems will be too short to make this s si;nifieaht

factor.

‘® The lack of precision of stoichiomesric ratios can be an impor-
.tant considesation vhcn N to P ratios are only margiaally in

~ favor of one or the other 8s & limiting nutcient.

. lit:egcn fizing blue-green algae may negate the inpc;t ef a
ecatrol pProgram based on nitrogen ‘being the limiting nutrient,
h-esuoo they can draw on a source (ataocphcrie)_ethog than the

>§.‘
wastewatsr discharge.

The. £irst two of these issues can bc addressed more reliably by the
use of algal grauth pc:cn:ial (AG?) :csss to supplcaca: or suhs:i:u:e
for the simple caalysis bascd -] staichieac::ic zatios. Propcrly
peziorzed AGP tests ars ;cacrally prefecred because they will provide ‘
BOTE accurate results than the use of s:ctéhienc:ric.ra:ibs. The
Selenaszrum Sapricornutum Princz Algal Assay Bottle Test dcscéibcd by

' !1;10: et al. (30) is‘ag example of a suitable AC? tes:.

It may be difficult to detarmineg 'hizhcr_a-;aztienla: chlorophyll a
concentration will be a "problen” or mot, simply on :hc basis of

:aa=ca:ratiaas that d:s:tasuish betwveen .cccp:ablc vs. unacceptable
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greater than R, Figure 2-§ illuscrates that the alk;; aczivity can cause

. early morning dissolived oxygen levels considerabl+ below the average daily
value. In states where there is a inizun dissolved oxygen standard, in
addition to an average daily -standard, the diurnal'dissolvcd'éxygeu swing

¢an cause viclatior of minimum standards.

The quantification of the general ;;la:ianship betvaen phytoplankezon’
and dissclved oxygen described above is an essential parc of an analysis
of nutrient/eutrephicacion izpacts on streams and rivers for use in che

~waste load allocation process. Dectailed guidance f;r such quantificacion
" is presented in Seecticn 4 (Technical Considerations) and Scc:ionys (Sa=ple

Calculacions).

4l

2.3 EQUATIONS FOR EUTROPHICATION EFTECTS ON DISSOLVED OXYGEN
T | .

==
A simﬁlified algal=dissolved oxygen equation is prasented below. I:
_.applies for a pgublca sc::ing‘uﬁcrc'éhc algal concentration (chlcrophyll'i)
in a body of water is known and an estimate is desired of the effec: of
algal photosynthesis and'éckpirtiicn. on the daily avcrage‘dissalvcd oxygen
concentzation, as well as the effact on diurnal D.0. variacions. The
technique described is thae presenced by O'Cennor and DiToro (18) for

dissolved oxygen production, ang follows the cutline for primary.

proeduction proscn:cd by Rytheze (19). Befors the technique is used o
jus:ity Point source nucrienr Texoval estimates based on existing
. ‘$1te-spacific conditions should be compared with actual 24=hour DO |

readings to verify the accuracy. of the equacion. .

2=38
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The equa:icn detailed below is basi:ally an expansion of the dissolved
oxygen balance to include algal effects, :aking into account mot only
'spa:ial variations (3/&x), but alsc temporal variations (3/?:) of dissclved
oxygen, C. The equation is written in terms of Qiisolved oxygen deficic,
D(x,z) = C,=C(x,2), vhere C, is :he;;aturazcd dissolved oxygen concen-

tration.
TR KD e KL(x) - K N(x) * & - P(2) + R (2.9)

vhere:
e £lov (gfs) RN

- Q
L; = effective cToss~sectional .area (3: )

4%@@* Al

.- %— aversge velocity (£ps)
) 4 ® Teseration rate (1/day)
Ky = carbonacecus dcox&icai:ipn rate (1/diy)

L(z) = gpasial disz:ibu:ion of ultimate carbomaceous 30D
o s/u

“Le (ng/l)
L 3 = rate of 20D dceay (1/day)
R, = mitrification rate (1/day)

W(z) @ spatial discridution of aizrogencus BOD
= 5o %t (mg/1) |
s ® sediment axygen demand (jlanIday)
B ® gverage depth (meters)

Pe) algal gross photosynthetic production of oxygen
(ng/1l/day) y

R = algal respization (mg/l/day)

P .94




Iz is assumed that S, P(t) and R are spatially comstant and that
the primary cause of temporal oxygen variation is photosynthetic pro=-

duction, and S and R aze held temporarily comstant.

The diurnal variation of light ‘hibh vas previously illustrated .

iz Pigure 2-2b, is shown to be idealized as a half cycle of & sige
vave. Assuming .that the depth=averaged rate of photosynthetic _oxjgen
production P(2) resembles the shape of the diurmal solar radiztion

curve, then P(t) as a fumction of time for one day is: ‘

P(t) = Pm sin % (t-ts) if (:s; T s e.rf)

B(D) e g ' 1 (zg¥f 2t < gl

- P, = the'mazximm rate of pbotosynthetic oxzygen
production (mg/l/day) :

£ = photoperied (2racticn of day)

t - time at vhich significant solar
Tadiation begias (sunrise) (days)

t = time of day

T = 1.0 day
Io exzend 15(::) for more than ene day, a Fourier series can be used.

=T

.. Zf - .
P(t) 'Fu'{"l- . 5.1 bﬂ cos (Zm .(t-ts--fll)}
where: | -bn - A._ ° ecos (-1"—{). :

/£)% « (22

= dverage daily rate of photasynthetic - . 2f
Pav . CXygen production (mfl/éav\sw L

4
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For an imitial conditiocn 8t time zero of D(xz, Q) = 0 at = > 0 gad ap

aTbitrary temporally varviae boundary conditios 4t x = 0, D_(t), the

solution of Equazion (2.9) for ébnstant flov, tempera
vater loads,

ture and waste-
and no dispersion is shown in Table 2-2.

Iz can be seen thar Parzs (a) through (f) in Table 2-2 comprise

the classical expanded S:ru:er-?helps equations, where parss

(e) and
(£) are zhe daily

average effects of photosynthesis and respiracion.

I'his. Portion of the equatien is applicable 2o situations vhere the

diizfnal variation of oxygen is not Tequired, and for constant upstreanm

dissolved oxygea boundary conditions, where Do(: = x/U) reduces o Dd'

Tcr::; (z} and (h) Primarily zive che diurnal var'.a:.icn, with term (n)

nrcsul:;ﬁ:_ig frzom zhe abrupe beginning of Photosynchesis a2 X = 0., The

eficc:-fgf terz (h) decays dovnstreanm -

23 x/y increases, and is negligible
vfarx>‘ax‘/u.'

Various methods of Deasuring and es:ina:iﬁg §I0ss photo-

synthetic Oxygen productien (P) dTe described in Seczion 4.

rod
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Table 2=-2. ANALYTICAL SOLUTION FOR SIMPLIFIED ALGAL-DISSOLVED OXIGEN

EQUATIOR
' - X . .
. . o Xy =K. (a) Time Variable
D(x, t) = D, (= ge3l . Boundary Condition

: X x
K. L [ -k -K '
o fifzg (e T U - e @ U) (b) Cazboznacesus

a d oxidation
X X
K_N -K -X
- I'Tn 9 (o al e ° U) (¢) nitrogencus
a " *a oxidation
-X
. _S ( a O (d) Sediment oxygen
* ) o l.-e. demand
k, X |
° 14 : ol
*‘%: (1 -e @ ) (e) Algal respiration ,
= : Y .
2. p 3%- (I -e @ U) (£) Average daily
L= B xXg Y " photosynthesis
B ' . 2f
Pas 3 " Pav
l . .. . . .- . . . R - . . ]
- ’n cos ( 2mn(t-t -£/2) - ¢gq 1 '%12))
anal /xz 0(21“1); . . o : . a

(g) Diurnal fluctuation
X é - : b '
nwl 43 ’*(Zln):

-os‘(iin(t-t -£/2-x/U) - un:'l (%15))

h) Result of abrupt beginnzng
F ) of photosynthesis e Xs=0

LT 243
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Table 2-2. ANALYTICAL SOLU"ION FOR SI!"‘I.II-'IED ALGAL-DISSOLVED OJ"’G..N
EQUATION (concluded)

Where: Dv = Dissolved Oxygen Deficit : (=g/1)
D, = Ianitial D.0O. Def;:z: (az X = 0) -(Qxllf
x = Distance douns::eaa - (miles)
U = Stream velocity . (miles/day)
‘Lo ® Initia cacbonaceous BOD éoacéa::a:ion : (mg/1)
K, = Izitial ﬁiarogenous BOD concentration (=g/1)
t‘ = Reaeration coefficient ' (day’l)
Kr = Carnonaceous 30D Temovel coefficient (day'l)
R, = Carbeeféeous.aon oxidation coefficient (day‘l)
S Kitrogenous BOD oxidation coefficient (day'l)
% § = Sedisent oxygen de=aad ' S (z:sn/:zldﬁy)
3;13- ® n"‘% : coas - . (meters)
:?“ P, = Algal oxygen productivity . (mg/ll/éay)
R = Algal oxyges respiration . (zz/l)day)
£ = pho:apcried__ ) i ' —

2=43
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' SECTION 3
MODELS: SELECTION AND USE

3.0 iNTRODUCTION

4 decailed discussion ef.ihc selection and use of models
appropriate for vater qﬁalizy ai&lylio of rivers and streams is
presented iﬁ Book Il =~ Chapter 1, BOD/DO Iapac:§ iz Streams aand
Rivers. The guidance presesnted in that section dealing with ao&e;
seleczion, modeling proécdurcd. asuos;neni of vcrifica:ioa adequacy,
sad allocation of waste loads zenerally applies equallv vell to
an:r;cn:/cu::ophzea:;oa zapac: cx:ua:xons. Hos:-cf the ava;lable
models :hc:.hcvo been ideatified are also applicable. This section
does ao:‘tepea: any of the fundamental guidance that applies in both
situations. It concemtrates on the additional features that a;e
specific :o.nu:zicaﬁ)cutrophica:ioa effects and are not addressed iz
the 3OD/DO ehaf:cr. thc:efatt. this ‘section should be used as a
supplement to tho ealprchennzvo dilcust;on of model nclcc:;on and use

- previously provided.

fVQ types of an:rica:/eu::ophicgziea vaste load allocatios
anslysis caa be considered:
o those :ha: address dissolved Oxygen as the principal water -
qualicy va:;able cf iaterest

¢ those that consider algal biomass as :ho3p:£na:y vater
quali:y vaziableg. : ’

3-1
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s:udi;s that focus on algal bicmass require the use of‘de:ailed
eutrophicacion models to ;ddiess ihis couplex process. 3¢causp of the
array of different eledments tlat may be incorporated in such a model,
thers if & substantial dcégcc of complexity of the kinetic 1n:c:relaf.
:;cAshipm and ‘aumerical sclutien schepes involved. In situstions vhere _
a detailed ;u:rﬁphicazioa analysis is considered :6 be appropriate,
iz should be undertaken enly by experienced an;lysis. For this reason
and because additional diséussian cf complex eutrophication models is
p:cvided in a separate guidance aaaual in this series (Book IV, Chapter
2= Nu::icntlzutrcphica:icn Izpacts in Lakes, Reservoirs, and Inpound-

zents), these models are not addtcsscd fur:h¢° in thig chaptcr.

Ihc discussicns en nodcl selection and use that follow assume gﬁa:
dissaIvcd oxygen ef:u::s are :hc vater quality eansidcra:ioa on uhich
wxszlanad alloca:icu Hill be bascd.

,J—:

3.1 SELSCTIHG A MODEL

Ihc faatures et the models sclcc:cd and discusscd in the B30D/DO
chapter ara m::.zcd in tablc 3=1, vhi:h incorporates the folloving
modifications. The DOSAC mcdel has been deleted because it lacks the
ability to simulace algal effects and is thersfore mot appropria:c for
nn:ricat/cu:zaphiea:ica tYpe analyses. An additional model, WASP, has
been added. This model was dcvclepod by the research group at Manhattan
College for the EPA. This nodcl,avnilablc fron zzA'. Grca: Lakes
. Reseazeh Lmb.. Gross Isle,. uichigaa. had 2ot been. publzshcd by EPA at
the tinme :..s sanusl vas develecped.

3-2




Table 3=-].

STMMARY FEATURES OF WATER
EUTROPEICATION DO ANALYSIS

QUALITY MODELS SUITASLE FOR NUTRIZNT/

QUAL RECEIV

8 Quasi-lsterial definition.

b Can be run out to steady state.
gic boundary condition can be true variable ( light, temp.)
d Organic nitroges is implicitly carried is QUAL II as a fraction of algae

€ Only the meterolo

biomass.

3-3

MODELS SNSIM 11 11 WAS?
SPATIAL DIMENSIONS v 1 1,28,
. HYDRAULIC Single Reach oz Network o ° o - °
FEZATURES . Advection and Dilution ° ° : ° ' o
' Dispersicn ° g o
TZMPORAL Steady S:asc e ° o(b) o(b)
DEFINITION Dynamic « Eydraulies (e) ° °
Dynazic = Water Quality ° ° °
WASTE LOAD Point load (P) or P, N P, NP b P, NP
INPUT Nozpoiat load (KP) '
CEARACTZRISTICS Constant (C) or c c c, Vv c, Vv
Variable (V)
Dissolved Oxygen ° ° ° e
L C30D and K20D ° 0 ° °
KRINZTIC B Sedizent 02 Demand ° ° ° o
FORMULATIONS:, =~ P-R , ° - @ () ° °
E%g Nitrogen Forms .Hﬂz ORG, NBa ORG, hns
(Parameters - NO, NO; N0, NOo;  NO, KO,
Modeled) Phosphorus Forms INORG INORG' INORG, ORS
. Chlorophyll o ° ° °
Tezperature - ° .
KINETICS - ' One Formula - , _ ° o
REAERATION RATE Multiple Formula. Choice o ° e
OPERATING Max Cost/Rum ($) 5 s 100 -
CosTS Set Up (Man-Weeks) 6 10 20 12
Notes.
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An addi:ional.indel. DIURNAL, justifies Teference here, even though
like WASP, it is not presently iﬁ the public domain. This model was
originally developed at Manhattan College, and was modified by E?a
- Reglon 1II1 and Westen, Inc., into its present form. DIURNAL solves the
‘equaticn presented in Table 2=2 to simulate the cffcct.of'CBOD, NBOD,
Sediment Oxygen Demand, pha:csyn:hcsis‘and.respiration on the dissolved
oxygen concentration of river waters. Effects of aguatic pi;n:s suckh, as
phytoplankten, periphyton, and veods; fay be considered by the model.
This model performs the ceapu:i:iaas perfornmed manually in the example
in Sectiom 5.4, to caleulates the hourly dissolved oxygen valucs'for
specified river miles, as vell as CROD and NBOD values for the sections
of stream simulated. Additional information on this aodel oy be

obtained from the Water Qualizy Comecrol Scction. EPA ch-aa 111,

- Yas

ga'

!i::a:a to be considered in an c:c:z;sc to select the most ap=-
prop:;;;c:andcl to apply in a particular situstion are. discussed
belov. Ihcsc‘conz;dc:a:;oas apply vhether the ah;oczivu is to select
4 model from the list in Table 3=l or cvalaa:c the su;zabzlx:y of

other -ndcln v;:h vhzeh the aaalyn: is familiar.

3.1 h.u.mzmn

The first step in the process of selecting a model is to estimate
the relative magnitude of the various socurcas o£ sutrient loading to
the streaa augaca:a of interest. !hcoo vill usually imclude:

® concentrations entering the study ares through the cpa:rctn
) (baek;rouad vater quali:y)

¢ concentrations that will Tesult !:a- the dilution of

:gziei;al and industrial point source loads by the stream

@ concentrations :ha: vould be expected to Tesult baacd on zn
cs:i-;:. of donpoint source loads emcreien onn .. i- -t




Baged on‘:he relative significance of each of the eon:rzbut;ng
sau:ces, az initial indiecation of :hn potential concrollability of the
proble= by a point source waste load allocation can be made. Ia ad- -
di:ioa, information on model features of importance vill be provided.
For example, vhere nompoint source loads are indicated to be signifi-
cant, the model selected should have this vaste load input capabilicy

izy.

3.1.2 Spatial Defirnition

For most waste load allocation studies for streams aad rivers, i
one dimensional analysis tr:aevaek v;ll be appropriate. Wide and/or
deep rivers may prov;dc exceptions, and-the determination of a need to
utilize 2 or even 3 diaensional framevorks should be based on the geo-
aorpbolagy of the river and on a Teviev of azy av;;lable vater qu;l::y
data. gyp:oprxa:e vater quality data can provide an zndzca:;on ef the
preocacﬁ?ot lateral and/or vertical gradients. Onl: vhere such grad-
ients exist and are significant vill it normally be appropriate to
consider anl:zdxacnszonal modeling £ranovorks. Ivo or three dimen-
sxonal analyses will sxgazfzcan:ly incresse :he'canplezi:y and cos:.of'

as analysil_ctfort-yartienlarly.bccausc of the substantially greater

monitoring requirements.

Izpounded Tivers will quite often require an analysis using more
than one dimension. Guidelines for this tyPe vater body are covered

by & separate dceﬁnea: in the series of manuals.

Dewp rivers will sometimes shovw significant dissolved oxygen
gradients because of the ecnbza&:ion of sediment e:ygca denand ig-
- fluences on the lowver levels and algal ;rcduc:zvz:y in the Rear-

surface areas. The Beed for zneozpcra:zag addz:xangl dimensions vzll

influenee the model selectipn nroceae.
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As sugzestcd by the listing in Figure 3-1, cthe appropriace space

scales vary depending on the water quality constizuent addresscd A
finer spatial szale is usually Tequired for addressing dissolved oxygea

problems, compared with that needcd for nu:ricn:/bicnass evaluations. -

In summary, it is desirable to select one dimensicnal modeling-
framcvark vhenever it is Teascnable to do so. EHowever, the model selectzed
should be able £o address all'sigpificaat vater quality gradien:zs existing
in the vater body being analyzed.

3.1.3 Temporal Definition : o —

As shown in Figure 3=-1, dif‘crcn: vater quality problems have
diffcrta: tize scales. The time scale associated vith dissolved oxygen is

on the’ a:&cr ef days co vecks. which is shorter than‘the month to seasonal.

time scaIt ralated to nutrient associated problems. The sclcc:iou of a
steady-state or time-variable model should be dc:c:nined on the basis of
the water quali;y variable of concerm, the available data base, and the

m2jor mechanisms affecting that variable.

For the evaluation of dissolved oxXygen vater quality effects,
including situations whers algal influences-are important, a s:cady-s:i:e
analysis oftem can be used. Phytoplankton chlorophyll eenccn::a:ions vill
commonly be lulfieicatly constant over the period cevc:cd by a stlady-sea:e
analysis to Justify this approach. 1a such cases, & steady-state analysis
of dissolved oxygcnizcsycn:cs to poiat source Bon'dischargcs has

superinzposed on it the algal-induced diutna; fluctuations. These

»




0

Kevision No.

Swajqosd Aiyenh 121em Jo Juaussassa 10§ $3j836 aceds pus ey 1 1€ unby

$37VaS INIL

spxing uocineg Nouy, oy
TS L |
n NN DR LN LN | I
i B T
wie}-buoy ajno} ey
W10S peajoniq
|
sluspnny
491105 pepusding” -~
ulAxQ paajosnq
sj0130g
(q8190)3
. juseyy
0 1 08 o0t g0l vol

(spuodss) 32

¢ ,

$3VIS 30vds

(S01w) 30NV1SIQ 3AI1L03 433

(1085 00%) (104 0Q) (109 9)
cOl ol . 1]} o0l -0 -0 -0l
1POG Poajornq
PR
| L
LY
1 |
usBAu() paajossiQ
spliog popusding
)isideg ,.
] | -
sepquivoly
L 1
fsusseyy
| | |
0 00 0 g0l =01 01 -0

(soiu) IONVISIQ 3AILDIS43

37




evision No. ¢

fluctuations can be cilgula;ed by simplified analytiecal apﬁroximaiions,

as summarized earlier in Table 2-2.

Time=variable approaches to eutrophication probleus.;re scne:ine;'
enployed vhen ii:ine-vatiable-da:a base exists (or can be developed)
. to calibrate the aodeleynanic;Ily over a range of conditions. Models
such as RECEIV ;I and WASP are constructed to be Tun iz :hei:ine-
variable mode. Whes using these models, the computation can be

* continued, using comstant iaput values, until a a:eddy-sta:e condizion

is reached. (QUAL II can be used in this mode as well,)

A general guideline for decisions regarding the appropriateness

of a steady~state versus a time~variable approach is as follows:

e If phytoplankton chlorophyll concentrations are relatively
constant over s time period of 1 or 2 weeks, thez a steady~-
state approach is justified. Where DO levels are the vater
quality feature of interest, periods of this length, during
the critical season iz terms of stream flov and temperature,
are those usually selected for investigation. Where they
exist, spatial variationms in algal biomass can be handled by
spatial averages over appropriate river Teaches, '

¢ Where the principal water quality issue is biocmass levels,
longer time periods (covering one or more seasons) are -
utually selected. On such a time scale, expected changes
are large, and time-variable eutrophication models are the
®Ost appropriate modeling approach..

ddl.4 ERipetie Formulations
4s indicated by Table 3-1, the steady-state SNSIM model can ad-

dress nu:rien:lcutrophica;ion effects oily to the extent that it can
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incorporate gross ﬁhotolyntﬂe:ic oxygen production and algal respir-
ation values (P-R) in the dissolved exyzenlcalcula:ion. Sinee the
model coztains mo élgnen:s for chlorophyll and nutrients, it bas mo
capabiliiy for evaluating hov P-R and bence stream DO effects would

change, based on nutrient comtrol. This model would be applicable

vhen:

e Dissolved oxygen response to BOD loads is the primary vater
quality problem of interest. '

® Algal effects are a minor compoment of the dissolved oxygen
concentration dynamics.

e The péint source discharge being studied iz a mimor con-
tributor of the total mutriest load causing the algal DO

effects, or for some other reason is not the subject of a .
Nutrient Waste Load Allocation. ‘e )

Models providing detailed kinmetie formulations (such as QUAL II,
RECEIV II or RASP listed in Table 3-1) are most appropriate whes:
.e An important vater quality concers is the magnitude and
temporal or spatial variatiom ina phytoplankton biomass.

o Algal effects are a significant element of the dissolved ax&gen
Tesources.

- ® The complexity and significance of the envirommental effects
varrant the magnitude of the resources (both data collection
and analysis) vhich are implied by the use of such models.

e An assessment of the impact of nutrient load reductions is
desired.

Since the introduction of complex kinetic eutrophication models by
. Chen (30) in 1570 and Di Toro, et al., (6) in 1971, these models have

undergone coqtinuing improvement and refinemenz. It is 1npdr:an: that
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the analyst use the most current version of the kinetic fprmula:ions, in
Qdditian. such models a:e-sufficiently complex that it is izporian: to
perforn 2 baseline check of the model program to ensure that it is com- .
‘puting correctly, either py checking results against analytical solu-
_tionms or againsf manually calculated résul:s govcring several integra-

~tion steps.
3.2 MODELING PROCEDURE

The most appropriate modeling procedure to adopt in a particular
case will depend on the situation being addressed. Omne of the following

three general situations will usually apply to the case at hand.

e Situations where the photosynthetic effects on DO are
relatively minor compared with other influences, or where
autrient allocations are not being considered for whatever
other reason. In such cases, the analyst may seek only to
quantify the algal component of the DO response so that this
‘effect can be -factored into caleulations to determine appro-
priate allocations for CBOD and/er NBOD. Appropriate tech-

* niques for this situation are discussed in Section 3.2.1 below..

® A WLA analysis that requires an allocation of nutrient loads
because algal effects on DO in a streaz are substancial, .
Tepresents a situation requiring an increased level of dectail.
For stream situations where these effects can be examined with
a steady-state modeling framework, Section 3.2.2 below revievs
approaches which are appropriate. Nutrient/phytoplankton DO
interactions form the basis for nutrient WLA's vhich are
gearted in stream D.0. effects.

e Circumstances that require detailed evalustion of phytoplankton
population dynamics in response to nutrient-inputs and other
environmental factors may require the use of ‘complex kinetic
sutrophication models. These may be appropriate vhere the
Tecelving water system is complex, vhere longer-term (seasocmal)
changes iz algal population are izmportant, and/or population
levels per se are important. A situation of this type is zot
covered by that ‘manual. .

. 310



Kev1Sion No, y

3.2.1 Net Algal Effects on Stream D.O.

_ Where the WLA analysis requirés only the contribution of algal
effects to the net average dissolved oxygen comcentration at a stréa:
station, and an észimate'ﬁf the magnitude of the diurnal b.o. variatien,
the necessary cilculatians may be performed using either the simplified

equations presented in Table 2-2, or a model such as ‘SNSIM.

In either case, an estimate of photosynthetic oxygen productien ard
respiration is required as an input for the calculation. The necessary
estinmates can be derived from several different types of field monitor-

ing data, including '

e Llight and dark bottle studies (or Benthic chambers) .
e Diurnal dissolved oxygen observa:inn;

e Chlorophyll concentrations

Section 4 of the manual d;scussés :he-analysis'and interpretation of
such data to devclop the inputs required for model calculations. These
values then provide a comstant input for the model, similar to the way

sediment oxygen demand is 1ncprpora:cd.

In most cases where a net algal effect on D.0O. is to be superim-
posed an”:he results of an analysis of CBOD and NBOD igpac:s, the
analyst will have no sound basis for modifying the value of P-R derived
from survey data. It ihoﬁld nevertheless be recognized that the proce-

dure does not consider the following poincs:
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] Projections for minimum design flow conditions (e.g. 7Ql0)
zust consider that algal activity might be different than
under more average summer flow conditions, during whigh
surveys may have been conducted. Travel time increases under
lowver flows, providing a greater opportunity for phytoplankton
to reach their maximum population potential. Stream nutrient -
concentrations may be either higher because of reduced dilucien
or lower because of reduced nompoint source loads. Water claric
might not be the same under average summer flow, and minimwm -
flow condicions.

) Nutrient discharges stimulate growth of populations which are
present in the stream at the point of discharge. The tacit
assumption made when a constant P-R component for algal
effects, developed from survey data, is transferred to low
flov conditions, is that the upstream contribution of such
populations remain essentially unchanged.

3.2.2 Effect of Nutrient lLevels on Stream D.O.

For situations in which phytoplankton impacts on streazm D.0. are
l;rgc enmuzh':o wacrant raduction in nutrienat leéels as a peans of 0
supressing these effec:s.-anilysis procedures are required which first

calculate the effect of modified nutrient levels on phytoﬁlank:on popu;
lations, and then :he.gffect of the nodifi&d phytoplankton level on

strean dissolved oxygen.

QUAL II and WASP (Table 3=1) are models which are able to address
this situation. 1In addition, a simplified “desk top" analysis is
described below, and illustrated by exinplc in Section S. In most cases
the formal computerized models 1den:i£icd'abovc wvill provide a more
accurate analysis, given the availability of adequate data. For some

users they may also provide a more convenient analysis.

3-12
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The presén:a:iqn‘of :hc-desk top analysis procedure howvever,

pProvides an effective vay pf illustrazing the folloving:

¥ ) Hov £ield’daca 22y be translated into the necessary inputs fer
computacions.

‘e The type of sysien Tesponses which occur.
) The type of insights that can be derived from a2 screening.
' analysis, and the perspective obtained which can guide de-
tailed analyses which zay follow.
One example of the latter is the concept of "short" versus “"long"
streazs. Beciuse nutrient limiting concentrations are so low, there may
be situations in which even substantial Teductions in nutrient dis-

charges will not influence the levels of phyrtoplankton or the D.O.

effects, in a $tream reach of concern. ‘ _ . .

3.3 DESK TOP ANALYSIS PROCEDURE

3.3.1 Nutrieant and Phvtoplankzon Distributions - "Short" Streams

As previocusly stated, tesidcnceltinc is an important factor in
determining 1f maximum phyé:plank:en grouti will occur. Streams with
inadequate residence time for maximum growth are referred zo as "shor:"
sStreams, Growth Telationships in these st:cami are discussed in this
section. Relationships for streanms vith residence times in excess cf‘
that needed for maximum growth ("long" streams) are discussed in section

3.3.2.

3-13
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In shoft streams, Daxizum potential i;gal populations will not
occur because the :%quirca travel times in the streams :o'achigve thex -
are often greater than the actual travel times. For test cases, a
simplified model can be constructed for the limiting inorganic nutrient
:oAcentra:icns.and the phytoplankton (:hlorophyll a) concentration == so
long as the nutrient is in excess of phytoplankten growth-liﬁiting
con;;n:ratians. For purposes of determining "short" streams, a defini-
tiocn that nutrients are in excess if they are greater than five times
the H;:haelié concentrations (5 ug/i inorganic phosphorus, 25 g/l
. inorganic nitrogen)is adopted. Therefore, inorganic phosphorus aad
nicrogen will be coasideréd in excess of phytoplankton growth=limiting
concentration if ctheir instream concentrations ;rc'greater than 0.0235 =g/l

and 0.125 mg/l, respectively.

;s shown in Figure 3-2, both inoréanic phosphorus and.ni:rogen
‘ins:rcam concentrations at the cutfall are in excess of the Michaelis
| concentrations for various degrees of treatmeant when the effluent flow A
excceﬁs one percent of the to:al'strcanlflbv. The indicated relation-
ships apply for POTW's, since they are based onvtypical effluent concen-
trations for nnai:ipil discharges. The flow ratios which produce'a
nutrient excess may be quite different for 1ndustrinl discharges is
typical ¢££1uen: nutrient concentrations are higher or lower :hen the
sunicipal data used for the illustration. For example, pulp and paper
effluents generally contain much lower nutrient concentrations than do

POIW discharges.

S 3=14
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Thomann and Mueller (23) describe a simplified set of differenmcial
equations for chlorophyll A and inorganic phosphorus and.nitroéen under

a steady state condi:ion:

gﬁ, =G A ' : c.1)
== 2, G A (3.2)
GEr-ayeA 3.3
where: A = concentration of chlorophy11 2 | ugll
PsN = conoentrat?ons of inorganic phosphorus *
and nitrogen . mg/1
t* = trave1 time in stream (= X/u) ' : days -
X = distance downstream of effluent mi1es'
u = stream velocity | | ' miles/day
L ey
'N: = nitrogen: ohTorophyllratuo ' :
(0.007 mg N/ug A) _ mg/ug
6, = phytop1ankton net growth rate day'1;
N p - %/H .
6 = phytopIankton growth rate (r, = 1.0) day"
Dp = phytoplankton death rate day’1
A = phytoplankton net settling velocity - ft/day
H

= average stream depth | I 4 -

In these equations, inorganic phosphorus is assumed not to settle

and is not recycled from respired algae.




Solutions of equations 3.1 through 3.3 are:

' Gnt' , :

A=A, e : . (3.4)
a, G A [ G tr o

ps= po - —%n—o (.e.‘n - 1 ). for P.> 0.025 mg/1 - (3.5)

ay 6 2 G t*
: N 0

-1 ). for Nr> 0.125 mg/1 = (3.5)
n : R “

Note that these equations ire only valid in the region where nutrientcs

are in excess of phytoplankton growth néeds. A » Py and N are the
instrean concentrations of chlorophyll 2 (ug/l), inorganie phosphozus

(mg/1) and inorganic ni:ragen (ng/1) at the ou:fall after mixing of the -

' upstream and effluent flows. The travel tizme to :he loca:ion in the

stTeanm vhere nutrieats begin to significantly affect the phytoplanktcn
growth ra:e can be caleculated from Equation 3.5 or 3.6 by substituting P

= 0.025 mg/1 for inorganic phosphorus and 0.125 mg/1 for érganic nitro-

gen:
1 Ag * Py = o,ozs] -
t* = 1n[ —r— (3.7)
PE, Ao |
) Ao+ N - 0.125]‘. (3.8)
w En""[ R

where: t*, tﬁ = travel times to stream locations where 1norgamc
P phoesphorus and nitrogen concentrations begin to
significantly limit phytoplankton growth (days)

a8, 6 A o T
A;--Lg—‘?'_ . ~ (mg/1)

Ag * —— | . '(MQ/.'I). ,
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In summary, "short" streams are defined as those streams where
actual travel times are less than :; or z§ as calculated from K
Equations 3.7 and 3.8, For sugh streans, phyioplaﬁk:aﬁ vill vary
exponentially according to Equation 3.4 and.are essentially independzﬁt ‘
of nutrient concentraticns (th:h are in excess of grawth-iinitiag‘ -
concentrations). Nucrient removals at a point source will reduce the instrean
concentrations Po and/or K° ané will decrease the travel times t; and/or

ey 1f c;kor tf becomes less than the actual stream travel time, peak

chloéophyll concentrations will be rgdgccd.

For small streams, 10 to 20 miles long with velocities of 0.5 to 1.0
fr/sec (8 to 16 miles/day), resulti@s travel times are from 1 to 2.5
days. - 1f a high rate activated sludge (HRAS) plant.flow with pl- S og/1
(75% of whi;h is avai}able for.uptake) mixes with an equal upstreas flow
with p -.0,62 ag/l = aﬁd Po = 25 ug/l, F ‘s ]/day, Gn - O.SIday..:;
will equal approximately 7 days. If phosphorus removal were instituted
and the effluen:‘vere teduced to 1 mg/l, :; would become approximately &
days. In both cases, :;.cxcegds tﬁc actual travel time and the strean |
would be classed as a “short" stream, with phytoplankton concentrations

varying txpéueniially throughoﬁ:.kts length.

The following procedure for hnalfsis is suggested:

l. ﬁi:mrninc the limiting nutrient: (inorganic phosphorus or
nitrogen)., 1Include an estimate for the fraction of the

. inorganic nutrients availablq for uptake (say 0.75).

., 318
B E



2. For presené :ond;:i;ﬁs. eszinike Gn.'c, Dp and v using
observed phytoplaukfon data and empirical relationships.
3. Calcuia:e t; oT :§ for present conditiops from Equation 3.7 or
3.8.
o If t; (or ﬁﬁ) is greater than the actual travel time
in the s:fean reach under consideration (:;). then
nutzients are in excess an& ' |
Bnt3

A s A
max Oe

o If t; or tf is less than t]» mutrients have the potencial =5
&

) - * * '
limit at tp or :N and

. G {t* or ¢+
A A n
' mx% o e ( P . N

4. Under projected conditibns and future fgmoval~pfog:ams. Tepeat
steps 1 through 3. 1If the new t;_(or :ﬁ) is greater than the

nev t:. nutrients would still be in excéss.

An example of this calculaticnal procedure is presented in Section S.1.
has been assumed in this example that the limiting nutrient has

ready been calculated to be inorganic phosphérus.




3.3.2 MNutriemt and Phveoplankton Distribution - “Long" Strea=s

For those streanms vhose'lengths are such that nutrieats are not in

excess over the entire length, the preceding analysis frapework is only -~

valid up to t;.ot X at vhich.pein: nutt?ents.begin to.affec: the phy:é-
plankton growth rate. Maximum phytoplankton concentrations will occur

© downstrean ofkt; :ﬁ. If the analyst desires t§ obtain :he\uagnitude and
location of the peak phytoplankton concentration in a givea streac,
recourse to Triverine algil software is recommended. However, reasonadle
estimates.of these quantities can be obtained from the simplified
nutrient-algal equatiaﬁs (Equations 3.1, 3.2 and 3.3) as long as the

algal grovth rate G is modified to include the nutrieant limitatien

factor Ty With this factor inc;uded. the cqga:ions become nonliner and
analytical sclutions are not available. ﬁuaerical in:egraiion of the’
¢qua:ion; may then be berforued.uging a sinﬁlé Euler predictor=correcter
(26) technigue. As illustrated in figure 3.3, this technique consists
of: calculating the slope of the concentration ;s. travel time curve
(Ai) at a2 known co;cen:ration location i; projecting forward this slopes

at selected travel time At* and predicting the éoncén:ra:ion‘z at

i+1
the dovns:rcaa.location i+1; calculating the slope at 1*1'(2'1*1)'using
the predicted value I;,l cal:uli:ing a correc;cd value of Al#l using the
average of the slopes at 1 and i+l. After obtaining the corrected
concentration atg i-l, the process is repeated for the next location

dovanstrean.

Assuning inorganiec ﬁhosphorus is the limiting nutrient, the numeri-

cal procedure illustrated in Figure 3-3 involves the following steps:

3-20
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1. The differential equations for chlorophyll 2 (Equation 3'.1) and |

inorganic phosphorus (Equation 3.2) are rewritten as: .
‘A' =0 A ’ ‘ . -~ “ (‘.3._:
pPP=gA (3.°

where: A’ and p' are the derivatives (slopes) of the Avs. t*
and p vs. t* curves

e =6, =6 =D -.v/H '. (3.
6 =6, T . r, (no longer a constént since ry
decreases with distance downstream)
B |
PN = ng 5
. * (3.
B2t

2. ‘The chlorophyll 2 and inorganic phosphorus derivatives (slopes)
are calculated at location i using the known concentrations A,
and p;: ‘ ' _

A'.i-. a’iA‘I ' ' - - (3..

p'y = BjA 4 | S

Py
Note that 6 =G ,, - PL-W

3. Pradicted values of chlorophyil a (R) and inorganic phosphorus (

- are éalcu'latcd at location i+1: , . ‘

- Ry = Ryt 8T o (3.2

514.1 bl 91 + 31 at* . (3.1
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4. Predi ctedv s'lopes.of both concentration curves are calculated at

location i+l:

A1 ® 8541 Ajny - - - 3.7y
p"i'l'] ] Bi"" pi*_‘ o ’ ', (3-]8)
that 6 = G r, aia
Note tha = -_— -
max ’Snp * pw-b'l

s. Corrected values of both concentrations are calculated at )‘+1:

' ‘ A' #A! : '
i i+1
Ai‘ﬂ aAi +(-——2—:——)At* - (3‘.19)
o) .
p”ﬂ ® p1 + (—T——— at* . (3-.20)

An example of the procedure for a "long" ‘streaz is presented in
Section 5.2 using the DESIGN conditions of.the"short" strean analyzed

in Section S5.1.

3.3.3 Algal Effect on Daily Average Dissolved Oxygen

Presuming that a spazial distribution of algae is knoun in terms of
chlorophyll s, a rela:ionship between chlorophyll a and the average
daily photosynthezic (P ) and respiration (R) rates is Tequired for use
in the simplified oxygen equation [Table 2-2 (c) and (£)]. When algae
are groving (¢ >0, far every nicrozran of carbon syn:hesizcd. estimate

that there are approximately 2.67 micrograms of oxygen produced (23).




This ratio is siightly different than the value of 2.67 which would be
derived from the stoichiometry'sugges:ed by Stumun and Morgan (6)
presented in Seciion 2.2.4. Algal s:cichiome:ry is not precise‘and -----
somewha: different relationships, based on other studies or local data,

may be preferred by knowledgeable analyszs. However, using the ratio

selected above:
a - 2.65 a

where a, and a_ are the stoichiometric ratios of oxygen and carpon to
chlorophyll a. Since a_ ranges from 50 to 100 micrograms of carben

syanthesized per microgram of chlorephyll a produced (23),

aa = 2,67 X (50 to 100)

A, = 133 to 266 ug oxygen/ug Chl a

or’ A, = 0.133 to 0.266 g0,/ug Chl a.

Wich the rate of chlorophyll 2 production equal to G'A, where G is the o

daily nveraged growth :ate of algae and A is the phytoplankten
chlorophyll a, the daily average rate of oxygen production (PAV) is
sizply, '

Similarly, the daily average rate of oxygen uptake by viable algae is
given by,

Rsa D_A (3.22)

»
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vhere Dp'is the death rate (endogenous Tespiration rate) of the
phytoplankton. In both cases, through knowledge of the algal kinecic
éates (G and Dp) and ﬁhe chlorophyig 5.(algal) concentrations, the daily
averags pho:osynthe:ic oxygen production ra:e~(PAv) and the respiration

rate (R) can be estimated.

1t may be noted that spatial variation in ﬁhe chlorophyll a implies
‘'spatially varying rates af pho:ésynthesis and respiration. Since the
simplified algal-oxygen solution (Table 2.2) is developed for spatially
coﬁs:an: values of P and R, streams with varying rates can be
segmen:ed with represenzative values of P L and R constant for each .
segment. An example of- the calculation of the spatially varying P ané
R values =— as wvell-as resu;:ing dissolved oxygen deficits = is given
'in Section 5.3 for the."long" stream discussed in the example in

Section 5.2, under DESICN conditions.

3.3.4 Algae and Maximunlniniqun Daily Dissolved Oxygen

With no sunlight throughout the night, respiring algae will
diminish dissolved oxygen concentrations to their lowest levels in the
predawn hours. As solar radiation increases throughout :he'day. tke
Tate of oxygen productiom increases, peaking in the early afternoen wi:ﬂ

maximunm dissolved cx?gep concentrations occurring shortly thereafter.

3-25-
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Estimates of these maximum and minimum daily dissolved oxygen g
concentrations may be obtained through use of the time variable portioens -
of the simplified algal-dissalved oxygcn equatian in Table 2-2. .
Specifically, the time variable boundary condition (a), the diurmal

- £fluctuation (g) and the spatial transient (h) are used to Falcula:e
fluctuation about the daily average dissolved oxygen concentration

discussed in the preceding sectien.

For streams and rivers with spatially varying phy:eplaﬁk:on
concentrations, the portions of the simplified equaticns (a, g, h) are
applied piecewise to each stredg segment having a representative value
of the oxygen produczion cate (Pn) cons:ﬁn: over its length. Concen-
trations of the diurnal dissolved oiygen dcficits“within and at the end
of a zﬁvcn streanm segment can be calculited from Equations (a), (g) and

(h), expressed in the following form:

D(t) = Dy(t) + D (t) + D (t) o (3.23
. : -K. AtY |
_where: Do(t) = Do(t -at*) e 8 (3.2¢4
Dy (t) = =P, 3;% dy cos 8, (3.25
. -k, at* 2-": _
Dz(t) =+p, € d- cos 6, Rut.X 6 .26

n=]

L 3-26




and D(t) - = time variable dissolved oxygen deficit
s concentration in a segment, mg/1

DD' D].'DZ = the components of the deficit in the segment
due to photosynthetic oxygen production

upstream o the segment (Dg), and production

within the segment (Dy and D2), mg/] '

t = time of day, in days

At* . ® travel time through the segment, in days
b ) .

d = n , days”]

A2 | SR Y
j ot (2m/T)° | . (3.27)
®n,t = (2m/T)(t-t-#/2) = tan”(2mn/ (K, T)) racians '. (3.28)

e

nytex © Op,¢ = 2T At*/T, radians - ' | CL(3.29)

The first component Do(:) of the total deficit is equal to the
defi;it at the upstream face of the segment, phase-shifted by the travel
time within the segment At* and reduced by reaéra:ibn [exp (-K‘ ac*)].
The second ccnponen:~nl(t) is the diurmal deficitc va?iation_due to the
oxygen produ:tiog iate,(P‘) vi;hin the segment. It i{s a function of the

time within the day t, the pho:operiod-f and the reaeration rate K‘ and

is independent of the location within the segment. The third component
of the deficit Dz(t) is due to the abrupe beginning of the segment-
specific pfoduetian.ra:e at the upstrean face of the segment. It is a
function of ¢, £, and K‘). as vell as a function of the travel time
vithin the segment. At X = 0 (At* = 0), the values of the first and
third terms are at a maxigum; for locagians in a segneﬁ:_hnvinz t;avel

times greater than 6/R‘, these terms are negligible. -

'3-27
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In the general case of an arbiirary upsé;ean boundary and spatiall
varying phytoplankton, the times of day when the maximum and minimuzs
deficizs occur camnot be expressed analyticaily. Thus, the procedure is ’
to-calculate deficits throughout the day on a sufficiently shor: time .
interval so that nixinun and minimum values can be dectermined to the
accuracy required. This procedures is computationally tedious, and
development of appropriate computer software is recommended. TFor the
case where phytoplankton concentrations are uniform over a sufficiencly
long reach of stream (>6U/K‘). Fhe boundary condition Do(:) and the
spatial transient Dz(:) are negligible and diurmal deficits are given by
the diurnal fluctuation D,(c) vhich is comstant spatially. Di Tore (21).

has calculated the difference between the maximum and winimuz daily

concentrations (&) for the latter case, vhere:

4 = | D(max) - n(mi] T (3.30)

-

- and D max and Dnin are the maxizum and minimum diurnal D.O. defz:i: ‘.

concentrations == for a range of values of the phc:operiod f -and

Teaeration caefficien:s K‘. A ‘plot of the results is shown in Figure

4=3 in Chapter Four of this report. Assuming that Dnax and D are

ain
syzmetric about the average daily deficit, a deficit of A/2 would be
added to or subtracted from the average dailly deficit ‘to obtain the

zaxizum and minimum daily deficits. Thus,

D(max, min) = D(daily av.) + 4/2 ~  (3.31)
Section 5.4 presents an example computation for diurnal Dissolved

Oxygen concentraticn variations due to algae.
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SECTION &

TECENICAL CONSIDERATIONS

4.0 PROCEDURES FOR DIRECT MEASURDMENT OF PEOTOSYNTEETIC OXYGEN

PRODUCTION AND RESPIRATION
4.1.1 Light sand Dark Boetle Techaiqu |

This sec;ion emphasizes the analysis and iaterpretation of data
developed by standard light/dark bottle teéhnique described by Standarzd
Methods (25). As shown in Figure 4-1, clear glass (light) and foil-wrapped
glass (dark) bo::les.are stationed or suspenéed at various fiﬁed
deptbs in & river and filled vith water collected at their respective
depths. Usually, as attempt is made in deep Ttivers to suspend the
bo::les_c: least to the dep;h cf the euphotic zone, :aken.:q be the 12
light penetration depth. F:on-:he e:pcnéﬁ:ipl r;laticnsﬁip describing
light attesuation with depth vhich.va: pre;en:qd esrlier k?i:ure
' 2-2¢), the depth ﬁo 12 zémaining light can be estimated as 4.6/ke;
Since ke is approximated by 1.6/8ee=hi dép:h,.:ﬁe approxzimate depth

of the euphotic zone is 2.9 z Secchi depth.

Dissolved oxygen measurements are made at regular time intervals,
vifh :hcrii:ht bottles, which receive the solar radistion, measurisg
oet photosysthetic oxygen production (P-R), and the dark bottles in
the absence of light measuring gross respiration (R) as ch&v# in
figure 4-1. | |

It should be notcd_:hazé . :

e Only the photosynthetic ac:ivi:y‘of the algae in the vniet
column (pbytoplankzon) is measured by this technique. 1If

-

4-1
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{1) Siope of light sette DO ams

(115-8.0) 24 hr

—‘-;--l?;-ﬂzm
(2) Siooe of @wrx betse DO s

8.1-78) M kr

3} R = saps of dark bortie dom « 1.4 mg/tiaay
4) P = Sicee of light baxtie < Siase of davk Betie
Pu20+ 1.4 234 my/t/any

6) Casuvisom P for sach daoth sevpied
A.8,.C, D) and piet @ shawn

8] Eguer orms wuir v Ay B Ay W
. .-mc-n-—-—umm.

OePFTH

Figure 4-1. Light snd dark bottle studies.
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there are ciznifiéan: attached algae or rooted plants, no
Bessurexent of their photosymthetic contribution is made.

¢ The estimate of respiratioz (R) made £rom the dark bottle
studies includes both algal Tespiration and bacterial
Tespiration from oxidatien of carbonaceous and sitrogenous
compounds. .

® Both P and R zre temperature dependent.’ Since they are
essentially expressions of growth rate and Tespiration rate
in oxyges equivalents, the temperature rate relationships

discussed earlier iz the Teport for growth and respiration
apply directly to P and R measurements derived from light/

datk bottle tests.
As a practical matter in pe:forainz lizh:/d;rk bottle tesss, it

'.is important that the light bottles not be alloved to progoess to the

point Qhere saturation is exceeded. Losses of DO during sample hand-

ling'a::endinz :Se aszlytical azeasursme=cs would i:i:odu:e er:a?s iﬁ:o *

the test results. rigurq 4=2 has been éevelepéd, based on-:he.phyto-

plazktos din;oived cxygean ptodu;:ion Telationships wvhich have been

presented3 a2d can be used to estimate ipp:oyria:e'aaapling intervals

and maximum duration of light bottle measuremesnts.

The productivity vs. defth rciitionlhié developed from the light
and dark bottle test data, showa in Figuce ;-i, provides s determi-
nation of the dey:&-ave:azed pringry productivity. The extent to
vhick it is time averaged aepe;ds on the period of the day covered by
the neasurénen:l. ‘Because-of the significant variations in P with
depth and time (illgz:ra:cd previously by Figures 2=4, 2=9), care must

be taken that light and dazk bottle test results are intetﬁreted

correctly.




MAXIMUM HOURLY A DO IN LIGHT BOTTLE AT SURFACE (mg/t)

2.0+

Revision
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2.4
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Maximum Algal Growth Rate = 2.0/day = Gmax
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<
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«O
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® 4 e . ®© 100 .120 140

CHLOROPHYLL 3 (ug/®)

Nom: Bamis for relatiorship shown is:

Maximum hourly '
ADOimy?) _ .  Corbon " 2.67 (1.085)7—%
Cnl 3 Wio/2) = 1000-24

Figure 42. Expected maximum hourly change in
DO in surface light boctle.
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If light and dark bottle tests are being performed to provide

input vilues for the &nalysis procedures described in this manual,

an understanding of the following productivity factors and

. their relationship wo light and dark bottle test results is

required.

Py = mazimum theoretical oxygen productivity for 3 pPopulation
.under optimum light and mutriemt conditions. laboratory
conditions are usually necessary to determine this value,

P'y = maximum productivity at a field site, subject to site
Butrient levels, but Teflecting optimum light condizions
(Is). This would be the Peak observed value in surface
sazples (no depth attenuation of light) and would corres-
pond to the time of day whes ineident light Io has a
value equal o the saturated value £or the vopulacion . .
(I')o . .

Py = the mazimm of the sequence of depth=averaged productivicy
levels vhich occur under the changing incidesns light levels
over the duration of the Photoperied (£). b2, usually
occurs at the time when the incident light I, is at a
maximum. Thus, if the productivity mesurements, shown by
Figure 4-1, vere made over s period of several hours near

" midday, the depth-averaged value of P vill be somewvhat
lover than, but will approzimate Py.

Pav = the depth~ and time=gveraged value of P representing the
average oxygen production rate for the system segment vol-
ume over the course of 3 24~bour day. 1f algal activity
vere lov eaough thst the Reasurements and calculations

. illustrated by Yigure 4=1 represented a 24=~bour period,
then the depth-averaged value of P £inally derived would
be equivalen:z tp P.v.' ’

Where measurements sre made over an intermediate period, the

depth averaged value of P vhich results caz be lubs:autially less than

4-5
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Pm and substantially ‘more than Pav' In some cases, appropriate éxtra-
. polations must be made to derive the values used in the analysis. An

example of such 2 correction to the measured rate is presented in

" Table 4-1.

4.1.2 Benthic (Sediment) Chamber

This method is similar to the light and dark bottle technique,
‘but insteaa of measuring the productivity of the algae in the water
column, a clear plexiglass *benthic chamber" is used.to measure the
productivity of the attached algae on the bottom (periphyton) and any
rooted aquatics. A covered (dark) benthic chambef measures the
community respirﬁtipn éf the‘algae. bacterial and animal components of,
the benthos. The benth@: ;himber-is.used to measure productivity
and respiration at various points across a stream cross-section to
estimate the areally.averaged flux terms, since water depth- and

benthic population can’vary substantially.

The rate of’px}égn product%on measured with a benthic chamber,
pBC (mg/l/day). is related to the volume of water contained by the
chamber (VBC) and the surface area of the stream bed covered by
the chamber (ABC). An érea-averaged photosynthesis rate is calcu-
lated from the average of the individual rates (PBC) determined by
Tepeating the testxit equally spaced locations across the stream sec-

tion. The rate of production (P) is derived from the light and dark

4-6
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Table 4-1. CONVERSION OF MEASURED PHOTOSYNTHESIS RATE TP AVIRAGE
DAILY RATE -

T - Light Bottle Measurements:

L, & t, * beginning and end
1 ‘of test with respec:
to time of sunrise

P° = observed average
production rate betveen

\t va £, and t,
18 24 6 '
1=0 1 12
' HOUR

Conversion of Measured Race 2o Average Dailv Rate
M

2(t.~t.)/T
P. =P x 2 1
AV T cos(n:l/f) - cos(w:z/f)(

for the speciai case vhere tl « 0 (sunrise) and tzi- £ (sunset)

17 S 27
P " P xISET " T

Examole

As in Tig. 4-1, Iight bottles measured from 10 a.a..:o 4 p.m.
(tl -4, :2 ® 10) give a photosynthetic production rate of (

30.05 mg/l/day. Assuming a 12 hour photoperiod beginning at
6 a.n., the daily aécrage Tate would be estimazed as:

P, = 30.05 mg/l-day x 2 (10=4/24)

AV cos(® x 4/12) = cos(* x 10/12)
= 11.0 mg/1/day

The maximum daily rate would be:

Py = ¥T/2f < P, © %+24/2:12 + 11.0 = 34.6 mg/l/day
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chamber data, using the same calculatics sh&vu for light and dark

bottles in Figure 4~1. Then: ‘
‘Fac (mg/1/day) = 27[(’5:)1 * (Pec), * == (Psc)n] |

and, area—saveraged pbotosynthetic production for a bemthic population is:

v
P (gn/m’/day) = P - r:-g

This surface loading rate is comverted to a conmcentration basis by

dividing by the average depth (E) of the stream:

P (mg/1/day) = F,. - 3BC . 1
MO/MGRY)E Fae T Ry T W

4.2 INDIRECT METEODS OF DEIZIRMINING PBOTOSYNIEETIC OXYGEN PRODUCTION

4.2.]1 ZThe Delta Method of Estimating Oxvgen gzbduq:;og

Photosynthetic oxygen production (Pi can be es:ini:ed from li:e
data oz diuraal fluctuationms im disoolvcd'oingﬁ éonccn:rati;a. The
Tationale is based on a theoretical amalysis by Di!a;o (Q1). The
principal fl;ﬂﬂtl that influence the characteristics of a photosyn-
thesis-induced diurnal oxygen variastion (the amplitude and shape of

the curve) arae:

e the photoperiod (£) = daylight fractiom of the day.

- ® the rate of photosynthetic oxygen productiom (P), based on
:hc temperature, light and sutrient regime for the study
l1ocation.
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fe

e the s:iTeam Tearation rate (k3) of the siream segmen:
being studied. The reaeration-rate modifies the amplitude
of the dissolved oxvgen variation by influencing the rate
at which DO is replenished at low points in the diurnal
swing, and by influencing amounts lost to the atmosphere
when DO concentrations exceed saturation values.

Using parts (g) and (h) of the water quality model summari:zed in
Table 2-2, multiple analyses'wére pérformgd using algal oxygen production
(P) inputs such as illustrated by Figure 4-3(a). Tﬁg Telationship shown
wouid reéresent the variation in depth-averaged P over tﬁe course of a dayv.
Figure 4-3(b) illus:rates the solution for a range of values of reaera-
tion coefficient (Ka). based on the indicated set of input conditions.

The 'significant damping effect of high reaeration rates is eviden:z. as
Teaeration rates decresase, the magnitude of the diurnmal swing &

(DO max) - (DO min) ajproaches a constant value,

Repeazing the process described above for a range of reaer;ticn _
coefficients and photoperiods, provided the information for developing the
relatéonship between P,4, ka andvf, shown in Figure 4-3(c). Note tha: for
Ka< - (day'l), A/Pm is essentially independent of Ka and is a sole function

of the photoperiod (f). This relatidnship-édh-be'usea to:

e Estimate P_ wheni is determined from anaiy:ed'survey data,
f is known, and K, has been calculated or estimated.

e Estimate Awhen P is estimated using chlorephyll a data

(discussed subsequently), f is known, and Ky is calculated
Or €an be estimated.

It is presumed that reasonably constant phytoplankton populations exist

over a sufficiently long reach of stream, since the above analysis

assumes a spatially constant photosyﬁthetic Tate.
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4.2.2 Determ;nlng Oxygen Production from Phveopiankzon Kinezics and
Cell Stoichiometry

Utilizing the phytoplankton kinetic eQuations presented in Section
. 2.2.2 and \alues commonly found in the literature for the various co-
| effzczents, maximum saturated photosvnthetzc oxygen production, P

can be est;mated Since P is essentially the product of algal growth
rate and algal biomass. From a knowledge of ambgent phytoplankton’
chlerophyll concentrations and water tempe}ature, P can be estimated
using Figure 4-4(b) reproduced from Figure 2-4, if the average water
depth and the extinction coefficient of the water (k ) are known.. K
can be estimated from Secchi depth (SD) measurements or suspended solid
concentrations, as described in Sect;an 2 of the manual.

°-

As an example, for a river at 25°C and an ambient chiorophyll a

conben:ration of 20 ug/l, daily average oxygen production (PavJ can be
estimazed as follows. 1f the carbon/Chl a ratio is assumed to be 50, the

saturated producxzxzty (Qs) can be estimated using Fig} 4-4(:).

Ps/éhla'u 0.37

fps = 0.37 x 20 = 7.4 mg/1/day

High and low bound estimates of the carbon/Chl g ratio, provide a range

for this estimate of 4 1o 9.4 mg/l/day.

1f the photoperiod is 14 hours, average light intensity for the time

. of year (I ) is 600 LY/day, and organism saturated light intensity 1s
taken to be 350 LY/day,




(a)

Pav/Pg =1y

P, (mg/t/day) / Cii g (gt}

11 (2)
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1, = I,/f = 600/0.58 = 1050 .

If/Is = 1050/350=3.
1f the river depth is 10 ft, and secchi depth measurements made at the
‘time chlorophyll samples were taken yield a secchi depth SD = 4 ft, the

light extinction factor can be estimated
K, = 1.6/SD = 1.6/4 = 0.4 fr™%
KeH = 0.4 x10 =4

From the estimates of If/Is and KQH, Figure 4-4(b) provides an

estimate of the light limiting factor (z)-

R 0.32

L PAvl?s

Thzs rat;o. and the value of P est;mated earl;er. provzdes the

estimate of average dazly productzon rate. < ' °

| ?AQ = 0.32 - Py = 0.32 = 7.4 = 2.4 mg/1/day’
the range in values for Ps translates inco a'range of estimates for

P,y of 1.3 to 3.0 mg/1/day.

4.3 EFFECT OF PHYTOPLANKTON ON IHE NITOGENOUS DEOXYGEMATION RATE
AND BOD TEST RSSULIS

. 4.3.1 Ni:rcgenous)Deozzgenation Rate Cbnsidetations

Nicrogenous deoxygenation rates (Rn) are usually calculated for a
Teceiving stream using the conservative assumption that the loss of
ammonia is a result of nitrification. As such, the calculated Kn may be
higher than the aczual Tate because ammonia sinks that do not consume
oxygen aTe not considered in the calcuii:ion. When fﬁe algal biomass is

lazge, the calculated Kn based on the loss of ammonia may significantly

4-13
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overestimate the K_ rate. In these situations, it is recommended that .
an estimate of these losses be incorporited iﬁ:o the Kn calculation, or

that Kn be determined based on an increﬁse in nitrate rather than the

loss of ammonia. . . ' o .

4.3.2 Corrections to BOD Test for Presence of Phvtovplankton

When a sémple is collected from a Tecelving water, the presence of
algae in the sample can have a significant effect on unfiltered C30D
measuremun:; and the resulting calculation ;f the caébonacecus deoxy=
genation r?:e (Kd). Since CBOD is a .measure of the oxygen deg}éced in a

. sample volume, if algae are present in the sample, the consumption of
oxygen due to algal respiration is also neasu;ed'in additieﬁ io the ,
co?subption of the scluble organic material. Additiomally, since the
saﬁgles are stored in the dark, no photosynthesis occurs; hence, in

. addition to continual respiration, death takes place and the bacterial

‘_,4..'0

decomposition of the dead algae also consumes oxygen.

The effect of phytoplanktom in standard 30D tests depends on the
chlorophyll concentration of the vater sample, the algal respiration
rate, and the bacterial oxidation rate of cellular material from dead
algae. From stoichiometric relaticnships and information or estimates
of the oxygen utilization rates, the contribution of algal cel}s to

measured BOD values can be determined.

The phytoplankton contribution to ultimate carbonaceous 30D is:

o

(CBODD)P “a, P




vhere:
P, = ambient phytoplankton chlorophyll a cencentration
a = oxygen to chlerophyll ratio for algal cells. It is the

carbon equivalent (ACP)_of algae converted stoicho-
metrically to oxyges units. ‘

fhe corresponding comtribution of phytoplankton to a S5-day test .

is (22):
D

" - .
. 1 -5D p -5K
(CBODS)P =8, P°(1-Fc);[:t;:vb(1-e P E?:ub(I-Q 1)

~

-5p
a, POFC (1-e _ P)

wvheze: :
F. = temporally averaged value of the fraction of the initial

phytoplankion that are viable over the tes® duration.

kl = "bottle rate" bacterial deoxygenation of orgasic matter. .

DP = algal respiration rate (equation 2.7),

- The £first term in the above'equa:ion Tepresenss decomposition of dead
algal cells; the second term Tepresents oxygen utilization by

exdogenous respiration of viable algal cells.

The non algal (NA) component of the 30D measured iz the field is

(CBOD,) = CBOD, - (CBOD.)
3 NA 5 3 P

Figure 4-5 summarizes the relationships described above aad shovs
the effect of chlorophyll concentrations on~CBOD5 test iesul:s for a

range of possible values for Tespiration and deoxygenation rate.
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4.3 SUGGESTED MINIMUM SAMPLING REQUIREMENTS

Table &2 preéents a list of suggested minimum menitoring re-
quiéements. This table is'a slightly mogified version of a simil#r
table presented in Chapter 1, which deals with BOD/DO impacts in
. ”streéﬁs.and Tivers. The modifications introduced reflec: the ad-
ditional requirements for situations where eutrophication effects ire
of major concern. The general considérations with regard to the num-
ber and location of sample staticns;lwhich were discdssed in the othe:

chapter, also apply to eutrophication situations.

The only addizional considerﬁ:ions likeI& 35 be speciii: for eunso-
phication situations is that location of.at least some'of the sampling
stations should be guided by the presence of cénditions that would tend
tO enhance algal productivity. Such tonditioﬁs would include open,

well-lighted segments‘with longer residence time.

4-16




BODy (me/t)

80D /(Phyto Chiorophyll x Acp) {mg/t)/(mgC)

§.0

Fc'u
"o_ ‘1‘”/"
DP'QJ/QV

e 0.03

2.0 +

1.0 4

0
0
Fc * 0S5
2- _ ' - 0.100
Fhv-:-ttu‘u‘
=  Aapersuen Raw, - 0.075
14 & - 0.060
o = .
0.10 o=
“ - 0.025
° 1] . ] v L L] 1 { i
0 et - €2 03 0.4 S

DEOXYGENATION RATE K, (i/dey)

Fipri 45, Algsl component of BODs measurement.

P ‘-17.

BODy/ Phyto st Carbon/Chl a = 0.05 (my/T)/(ug/t)
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C483AT WL (1) = 3

JTable 4-2, SMTESTID DM AMELDG REQUIRDENTS

b Other varizbles be added, s, TOC CD, ete.
e &mem%zgz 2dd one aaybefm'an-wy.

d Contirgent m problem setling and aviilable funds,
¢ In deep rivers use stratified periphvtameters,

f Use single bottle technique, in triplicate.

£ Contimous mesnrm-ent reccemended,

h 2b~tour coeposie saple,

i Mry be combined, : )

J Replicates recorrmrdad, ‘ g

. z.b Nober of® . 2 at‘_' ..
o 20 Problens  Duration®’ Measwements/ - Sepling

Variszble Context of Survey Dy Statien
Dissolved Oxygen - All Problems .2 Days - 2/Day AYPE © 1o
Temperature All Problexs 2 Days 2/Dayg 1002
PR Al Probles  1mey - ey 1002
Conductiviry or All Problens 2 Deys 1/Days 190:
carf ' Al] Problexs 2 Deys 1/Dayh soz
uot All Problems = - Onceh 50z
Craanic-N 2D & N 2 Days UDeyh 50-100%
"y 3D & NBD 2 Days 1/Dayh 1002
xoB.‘ (G & mxD 2 Days 1/Day 10
¥o,* | D & XD - Once 252
Organic Phosphorus Butrophicstion 2 Days 1/Dayh 50-100%
Inorganic Prosporus  Eutrophication 2 Davs 1/Dayh SO~100%
Flw - All Problens 2 Days 1/Dayg 1 Station
Tize of Travel All Problens - nce/ flov 1002
Velccity and Depth Al Problems 2lays 1may 100
Reaerazion’ Al Problems = onee 1002
Zortam Dememd®J Al Problems - Once 1o
Light & Devk Rortles  Pumrophication  1.Day - soz
Ditrnal Eutvophication ] Day - 502
Nitrifier Comes® NAD - . Cnce 502

. Phyteplanbzon Eutrophication 2 Deys 1/Dey 1002

chlorophyll a

Pe:g{;:pu;y e Zutrophication - - 32
Notes: ‘
3 Suggested minimmy shoyld be increased for =ore camplex problem settings,
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SECTION §
EXAMPLE PROBLEMS

A set of examp1E'computafiohs is presented in this section to §1lus-
trate the use of the deskhtop analysis procedures described in Section 3.3.

Sections 5.1 and 5.2 illustrate Procedures to develop estfmates of
maximum chlorophyll a concentrations which result from nutrient discharges.
Section 5.3 {llustrates procedures for converting either estimates or obser-

vations of phytoplankton chlorophyll 2 concentrations, to estimates of daily

average dissolved concentrations. Section 5.4 {llustrates procedures for

estimating diurnal dissolved oxygen variations.

S.1 PHYTOPLANKTON ANALYSIS FOR "SHORT" STREAMS

A “short" stream is defined as one in which nutrients are in éxcess
of growth limiting concentrations Over the entire length of interes:.
The analysis procedures illustrated describe the computational basis for.
estimating the maximum chIorobhyl] 2 concentration anticipated under
future design conditions. This concentration becomes an input in
- subsequent computations (Sections 5.3 and 5.4) which illustrate the -

estimation of Stream dissolved oxygen impacts of nutrient waste load
allocation decisions.

The example problem scenario is summarized by Figure 5?1, which
summarizes pertinent data for both present conditions and future condi-
tions on which design is to be based. Using this information, the
objective is to estimate the maximum chlorophyll a concentration in the

downstream reach of. the tributary. The assumption is made that phosphorus
has been determined to be the controlling nutrient. )




-Revision Ne. 0

FIGURE 5-1. ANALYSIS CONDITIONS FOR SHORT STREAM

WI(STP) ) B /Main Stelm
. -Q—L-- O X ’ . 1
L_,----.zouﬁus ' >
Condition
ltem Present Design
Flow =« Upstream cfs | . 20 12
- STP _ MGD 0.25 0.30
: cfs 0.3% - 0.49
- Combined Downstream Flow cfs . 20.39 12.49
Stream - Depth (H) : . ft 3.0. - 2.2
- -Velocity (u) fps : 0.5 0.4
mi/day 8.2 6.56
- Water Temperature (T) °C : 23 25
Sunlight - Dajly Solar Radiation (I,) langley/day 600 . 600
- Photoperiod (f) R 0.5 0.5
- Light Extinction Coef. (K.) ft .33 - 0.33
- Ke + H 1.0 C.73
- If = Ip/f " 1200 1200 -
- 1¢ (saturated light intensity
for phytoplankton) 300 300
- 1¢/1g ' 4.0 4.0
Inorganic Phosphorus Concentration mg/1
- Upstream 0.02 0.02
- STP Effiuent , . "5 1
‘ Chlorodhle 2 Concentration ug/1
- Upstream (x < 0) . 25 25

- Downstream (X = 20 mi) 65
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Analyze Present Conditions‘tovEstainsh Ré]ationships to be
~ Used in Projections for Future Design Conditions

(1) Estimate net pnytoplankton growtn rate (éN)-

e Use observed chlorophyll a data at X = 0 and X = 20 miles and
assume an exponential increase.

e Travel time for reach ~t* = 20 mi/8.2 mi/day = 2.44 days'

o Chlorophyll 2 at end "A= A - EXP(G, - t*)
€5 = 25 - EXP(G - 2.44)
o Net growth rate 6, = (in (65/25)) /2.44 = 0.391 day™"
(2) Jetermine algae population dynamics rate factors. | .

° 6 =¢- D, = vg/H
G =G . rL r
D, = o.1(1.os):23'2° --.Q.lzs'd‘ay']..-(Equation'2.7)

. émx = 1.8(1.066)%%29 & 2.18 day™! (Equation 2.1)

® r, = 1.0 (initially assume excess nutrients)

r = .(2_71(%)_0.)_(.&1 [Exp (-4(sxp(1.0))) - Exp(-t_z_)]

= 0.287 (Equation 2.3)

= (2.18) - (0.287) - (1.0) = 0.626 day”!

A s T Be3
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vg = H(G - D) = G) =
= 3.0(0.626 - 0.126 - 0.391) = 0.327 ft/day
e Summary of popd]ation dynamics rates: ' ~

_ Actual Growth Rate & = 0.626

Respiration Loss Rate Dp = 0.126 éay'1
Settling Loss Rate : V/H = 0.109
Net Growth Rate Gn = 0.391
(3) Check assumed nutrient Timitation.
® Evaluate factor Po used in equation 3.7.
Al = oD 6 - A
. &g

ap = phosphorus/chloreophyll ratio = 1.0

Ao = initial chlorophyll concentration (at X = 0)

o campuie initial phosphorus concentration resulting from blending
of discharge and stream (W/&Q)-

p=d20-0.02) + (0.39 - 5) . 0.115 mg/1 = 115 ug/1

e (ompute travel time (t;) to reach point of nutrient limitation
on growth rate. L '
AL+ p - 0.025
2n = (Equation 3.7)
o .

1
t* -
P&,

/" I 5-4
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S S (L&u) « 3.01 days
® Since actual travel time to ang of stream reach
ravel time co reach nutrient 1imi
days), no growth limitation due to nutrient

concentration occurs
and the preceding analysis is valid.

Project Maximum Chlorophyll Concentfatiens
Under Futyre Design Conditions |

(4) Estimate norulation &ynamics rate factors
conditions.

under future desian
® Assume phytoplankten settlin

g rate (vs) and 11ght.extinc£ion
coefficient (Ke) will not ch

ange under futyre design conditions.

® Pertinent rate factors are modified zompared with existing

conditions because design stream flow, temperature and depch
are different.

® Using ”design“ conditions summarized in Figure 541. and the
Jertinent relationships defined eariijer (part A), the rate
factors for populaked dynamics become: ”

Light Limiting Factor P * 0.236 day”]
Nutrient Limiting Factor n 1.0 (initial assuniption)

Actual Growth Race 8 =0.585 day"!
Respiration Loss Rate Dp = 0.147
Settling Loss Rate “s/H.' 0.149
Net Growth Rate G, = 0.289 day~!
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(5) Check travel times.
® Actual travel time
t* = 20 mi/6.56 mi/day = 3.05 days

® Travel time to point where nutrient concentrétion begins to limit
growth (assume upstream chlorophyll (Ao’ unchanged).

a_-G-A '
oy o , (1) (0.585) (25)
- ilé.:.Qa%%%A: 1L = 56.6 ug/1

56.6 + 56.6 .

t; = E-—%_B-g n (——m—is-)' 1.68 days

® Since. actual travel time (3.05 days) is greater than travel time
to reach point of nutrient limitation on growth rate (1.68 days),
the phytoplankton growth rate will be less than the exnonential
rate assumed where nutrients are not limiting -- or at down-
Stream distances greater than 1.68 days x 6.56 mi/day) 11 miles.

(6) Estimate maximum pnytuplankton chlorupnyll 3 concentraticns.

® An upper bound is provided by assuming that growth rate over
the antire reach remains exponential, and nutrient Timitations

€9 not take effect. Chlorophyll concentration at mile 20
(t* = 3.05) is: ‘

G g
n
A= A° e .

* 25 * EXP(C.289 - 3.05) = 60 ug/}
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"® A lower bound is provided by an estimate of concentrations

‘ reached at ‘the travel time to the point where nutrient limita-
o tions begin to exert themselves (i.e., t; = 1.68 days;

mile
point 11).. ‘ '
G t*
np
As Ao e
= 25 . EXP(0.289 - 1.68) = 43 ug/1
® Since growth continues even when nutrients are present at concen-

trations which are less than limiting levels,
this point is that under futyre design conditions, and with an
erfluent phosphorus concentration of 1.0 mg/1, the maximum
chlorophyll a concentration in the 20 mile stream reach wou

the conclusion at

1d be:
At least 41 ug/1
Not more than 60 ug/1 .
(7) The proposed reduction in efflyent phosphorus has converted the
stream from a “short” to a “long" stream.. Refinement of the
estimate of maximum chlorophyll concentration could be made using .

the procedures described for "long" streams in the following
section. o

5.2 PHYTOPLANKTON ANALYSIS FOR LONG STREAMS

In a "10n§“ Stream, phosphorus cuncentrations are reduced by algal
uptake to levels which impose a limitation on growth rate. The future
design conditions from the previous sectiop are used, but the stream
length is extended to 45 miles to {llustrate computations for estimating

the shape of the chlorOphyII‘g and 1norganic phosphorus profiles in river
‘reaches where nutrient limigations exist.
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The rate factors for Population dynamics developed for design condi-
tions in the previous example, which carry through for this example, are
(see Section 5.1.4):

Actual Growth Rate 6 = 0.585 day”]
Respiration Loss Rate Dy = 0.147 day”!
Settling Loss Rate ve/H = 0.149 cla,y'1

Note that actual rate G was based on Gnax and FL» the light -

limitation factor. In that example, nﬁtrients were assumed to
be in excess (rn = 1.0). Actual growth rate G and net growth
rate Gn must be adjusted to reflect nutrient limitation effects.

(1) Estimate growth rates for nutrient 1imiting situations.

Nutrient Limiting Factor rL® R;;E;-B- . (Equatien 3-12)

where
. . Kmp = 0.05 mg/1 = 5 g P/

Actual Growth Rate G=G__ . rcor

* (Cpax c ) ey

= 0.585 - ( g—f—p)

Net Growth Rate Gn 2 G e Dp - ys/H-

= 0.585 (g-h) - 0.147 - 0.149
= 0.585 (r2=) - 0.296




(2) -

(3)

11 (2)
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As noted, both actual angd net growth rates are functions of
inorganic phosphorys concentration. This will Vary with stream
location as phosphorus is utilized. As p approaches zerp, ¢
aoproaches zerp ang Gn approaches Gn" 0.29% day‘].

Total travel time in the 45 mile reach is 45/6.56 = .9 days.

Select an initia) incremental,travel time Atw = 0.5 days to divide
the stream into short reaches over which the humerical integration

Compute chloruphyIl{g (A) and phosphorus (p) concentrations at
t' = 0.5 days. :

-® Slopes at { (tv s 0)

Ai = 25 ug/1; P; = 56.6 ug/1 _
G = 0.585 (526:5) . 0.538/day
a; = Gn ®= 0.538 - 0.296 = 0.242 (Equation 3.11)
By = -apG * -1'G = -6 s .0,538 (Equation 3.12)

A; = ajA; = 0.242 - 25 « 6.05 ug/1/day (Equation 3.13)

® Predicted concentrations at 1 + | (¢* « 0.5 days)

Riy ® Ay + A{ at* = 25 + (6.05 - 0.5) = 28 ug/1
E}*] *Pi* Py AtYs56.6.(13.45 . 0.5) = 49.9 ygN
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® Predicted slope at | + ]

‘ Pisr | 455 ) '
G = 0,585 5\- *= 0.585 BWTg, * 0.532/day
+* pi+"/ ‘ : N
%7 * 0.532 -0.296 = 0.236/4,,
Bysq = -0.532/day
Rie1 " 00 By = 0.236 - 284 6.1 ug/1/day (Equatior. 3.17)

3;*, "Bi+1 I}+] * «0.532 - 28 = -14.90 ug/1/day (Equation 3.18)

® Correctad éoncentrations at § '+ 1

A! + %, ‘
Ai +<17_’§”) At”

Ajay =
=25+ (%ﬂ) ‘05« 28.2 43/1 (Equation 3.19)
. (PPt Py .
Pisr * P; "’(ﬁ* at

56.6 +("3-“52° ”-90) .05 = 49,5 yg/1 (Equation 3.20)

® Therefore, at t* 0.5 days, the estimated chlcropnyllig and
Phosphorys concentrations are 28.2 and 49.5 ug/1 respectively.

(4) This Process is repeated for each of the short segments in
Sequence. Table 5.1 Shows a listing of the computationai'results
for the first g Segments of the stream. The Process is strajgne.
forward, if Somewhat tedious, ang could readily pe Programmed for
use on Personal computers. ' '

§i1n
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TABLE 5-1. EXAMPLE OF PHYTOPLANKTON COMPUTATION FOR LONG STREAMS

. | ‘Piaebtc?‘zou _ Cpeef'cr[ou
e a; <L AL Aia || ®ier ALer A
‘ Pa =78 ’P:b ] .‘:Pi-:ﬂ | P - /F,L¢!~ 'F;#l’ i

o 28.0 0.242 6.05 280 0.23%6 6.61 2§.%
56.% [[=0.938 -(3.yS 99 ~0.S32 -14.9% y§s

6.5 ,I 28.% 6.235 6.63 2.8 0.227 7.4 314
49.5 [|-0,531 =-14.97 2.0 “0.523 -16.%7 Y,

i 1.0 | 3.6 0.226 71¢ 352 6.213 ‘7.#9 383
&f 6 «0.922 -16.50 33.¢ -0.S09 -7.92 33,0

‘ l
1.5 | 353 6.212  7.4¥  39° || 0./8¢ 134 39,
| 33.° ||-0.508 =17.93 29.0 ||-p.up¢ -18. 88 23,,

28 370 11081 729 46|l a3p . 88 yp3
238 ||-0.483 (2. % 4% -0.¥34 ~(8.¥1 4 S

25 | 423 0.139 5,88 ¢s.2 | 0.005 0.23 ¢3¢
. 14.5 ~0.435 =18.% 53 |(-p.30  =(3.4 6.8

- v ©0.2S da.

3° | 4313 o.osé (.83 44.4 umue ﬁ valuzs W.G)
At
6-5 -0 333 -I“-S’ - °.a h‘d Mu d t‘: 2.54‘.

25! 423 |1 0,139 588 43.% || 0.0927 400 43<
4.5 ||-0.435 —(%.40 2 [|=0.33F =1T.0% 1p.07

275 435 100949 443 44.g ©.0189. o.8¢ 44,
. 12,067 || =2.391 =17.0/ S.831|~0.315 -i4.42 6.19

3.9 44. -a.ézvs .22 44,4 1 1-05.0949 -4 43.:"‘
| b.17)[=0.324  -2.29  2.62||-0,201 -%.97  3.29




I1 (2)
Pevision No. s

(5)‘ Figure 5«2 presents a graphical summary of chlorophyll 3 and
phosphorus concentration profiles derived from the computations.

Also shown, for informational Purposes, are the concentratiors
computed from equations 3.1 and 3.2, for the short stream examole.
At t; = 1.68 days, chlorophyll g!:oncentration using a constant
net growth rate is 41 ug/1 compared with 37 ug/1 from use of
nutrient limited growth rates. The peak Chlorophyll a is

44 u3/1, approximately 10% higher than the 41 ug/1 estimated
using the constant net growth rate at t;.

5.3 EFFECT OF PHYTOPLANKTON ON DAILY AVERAGE DISSOLVED OXYGEN CONCENTRAT ION

Using the chlorophyll 2 and phosphorus concentration profiles developed
in the previous section (5.2), the objective is to -estimate the dissolved
oxygen deficit profile along the stream due to daily average algal photo-
synthesis and respiration rates.

(1) The following conditions apply for the example ca]culat{on.

G=0.58 -,  H=2.2ft
Dy = 0.347  © Y a0.4 ft/sec

f=0.5 T = 250
Estimate stoichometric oxygen ratio
W * 0.133 mg Ozlug ehl a

Assume that initial chlorophyll concentration (25 ug/1) 1s
constant for many iles upstream of point source discharge.

Initial phosphorus concentration in stream after discharge is
P = 56.6 ug/1. ' ~

5-12
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(2)  caleulate Pay = Rat tra

P 56.6 o =
R Kmp 5" T¥ 3.z *0.9.5

G =0.585 - r =0.585 - 0.525 « 0.542/day

PAV " 3,°G:A= (O.1§3) * (0.542)(25) = 1f80 mg 02/1/day

T . AL . .
pm * S PAV Z-0.5 1.80 =566 mg 02/1/day

Ro= 2y 0, A= (0.133) - (0.147)(25) = 0.49/day

(3)  Repeat this computation for the remaining stream segments. Table
5-2(a) presents 8 partial listing of computations for the remainng
stream segments. : :

(4)  calculate Dissolved Oxygen Deficit at t* = 0.5 days

® The assumption that upstream éhloropnyll conceniration of 25 ug/1
exists sufficiently fap upstream means that the exponentia] terms
in eguation terms (g) and (h) of Table 5.2 decrease to zepg. The .
inftial deficit (D) at t* = g 45 therefore ’
~(Pay = R)
—

D, = Ky

® Using tha O‘Connor-Dobbins reaeration formula, corrected for
design siream temperature (T = 25°C)

Q 0.5 _
Ky w13 fTT! + (1.026)720 4 5 gy gpy1

- Bala |




TABLE 5-2(a). EXAMPLE OF p.

i1 (2)

Revision No. 0

AV |
* f:hl e | P ™ G 2 A = R,-R
(}q) a9/ | (ua/t) ey | aa/t /ey -,/JL. = I T
°.00 [ 25.°| 54| 0.42:] 0.542] | 30 5.66 | 0,49 | 3
©.25 | 2.5 53] 0.91¢ | 0.535 1.§9 | 8.93 0.52 | | aq
©.S0 | 28,2 ] 49 s ©.908 o.§3l 1.99 | ¢.26 | o.55 1.4y
200 | 390 | 23.8 | 000 0483 | 2.51 | 1.7 | o0 175
2.25 | 4ot | 19.% [, 993 0.4%4 79 | 230 | /.72
2.50 | 423 | 145 | ,.744 0435 2.45( v.9 .93 1.é2
2.5 435 s0.! | 0.069]0.39] 2.26 | <110 | o.85 1.4
3.00 6.2 | 5.554| 0.323 .39 5.5 o.% 1.03
3.25| 437 ;.3 0.318 0.233 1.35 | 425 0.8 | © .49
4-...15 3;.‘5 0.608 o..;l 8.006 .o.;z .07 0-.59 —o.‘S‘I
5,00 | 23,2 o [ o - ° 6.55 | -0.55
(b). LCEFICIT comPuTATIONS
| t* [ At g R D D D, D Remazy g
.0 - - - . T | -esi|-asi
e.5 0.5 1.38 |=0.81 | -0.12 “0.37| ~6.44
1.D .5 1.Sl [«0.49 | =012 ~0.40 | -0.82
[} t t (] ¢ { -
1 ' ' . ' ) 1 Net
3.0 | .25 1.22 | =0.86 | -0.23 =0.22 |-a.S0 CousTR1ByT 0a)
325 | e.25 | e =0.50 | -0.25 | ~o.Af |~0.29
3.5| e0.25 | o.23 =0.39 | =0.19 ~0.0¢ | =0.2n
3075 .25 -a.l’ '0.23 -001' 0.0% -0.0%
4.00| 0.25| -0y =0.08 |~0.04| 0.08 | ©0.0¢ _
N N BN B N wer
6.0 05 | .0.45 o.19 | 0.0 | 8.12 A7 ne.n_emou‘- :
.5 | 6.5 |.0.38] o0.17 2.04 | 0.10 | 0,14 :
D. 4 n etP(- & At‘) T e e ae-mag 'ﬁt*‘d M ﬂb\
Dy » ~(u-R), - (, - exr (ke ats)- .. .. Phoihopleuttom
D = D.*E,_F - - = e e = e aa- net

P
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e Then, at X = G (t* = 0) initial deficit, neglecting the small
dilution due to treatment plant flows is:

-1 31
DD 7—87 * «0.51 mg 02/1

e The effect of the algae on the daily average D.0. at the end of
a segment with a constant value of PAv - R, is:

- -(PAV N R) . r w\
D =D, + EXP(-K, at*) - ——" (1 - EXF(-k, at*)

where:

D = deficit at end of segment ,
D° = deficit at beginning of segment
At* = travel time through the segment

e Selecting (PAV = R) = 1.38 mg/1/day as a representative value for
the first segment, with at* = Q.5 days.

D= -0.51 - EXP(-2.84 - 0.5) - 38 . (1 . exp(-2.84 - 0.5))
D= -0.49 ma/1 (at t* = 0.5 days)
Note that this_va]ue Jecomes bo for the next segment downstream.
e A partial listing of tabulated computational results for the
deficit values at the ends of the stream segments is presented
in Table 5-2(b).
The resulting net photosynthesis rates (PAv « R) and dissolved oxygen

deficits estimated by these computations are.displzyed in Figure 5-3,
together with the chlorophyll a concentrations. Note that the maximum net

5-16

-
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.0 T — T T Y
0 1 2 3 P 5
TRAVEL TIME, t* (cays)

o, S

Net respirstion _ -

TRAVEL TIME, ¢* {days)

02 -
0.4 =
=08 -1

TRAVEL TIME, t° (deys)

- Figure 5-3. Sostisl distribution of chiorophyll 3, net phatosynthesis .

fete ano resulting daily Sverage dissoived oxygen deficit
(from exampie in Figure 5-6).
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concentrations from tw a 0.C to 2.5 days and.cause deficits beyond -t+ = 4
days, with maximum deficits of 0.2 mg/1. .

If only average daily dissolved 0xygen concentrations are of concern
in a waste 1oad allocation, the resulting deficit profile in Figure 5.7
Can be added to gther defieit profiles caused by upstream and point

water quality Standards can be made. In cases where'minimum daily stand-
ards are of concein. an estimate of the diurnal varfation in dissolved
Oxygen must be made. This s discussed in the next section.

5.4 DIURNAL DISSOLVED OXYGEN VARIATIONS DUE TO ALGAE

With no sunlight throughout the night, respiring algae will diminish
dissolved Oxygen congentrations to their lowést,ieve1$ in the predéwn
hours. As solar radiation increases throughout the day, the rate of oxygen
" production increases, peaking in the early afternocon with maximur: dissolved
oxygen concentrations escurring shortly thereafter,

Continuing with the example conditions selected, maximum and minimum
deficits will pe calculated at the end of each Segment of the rijver using
Equation 3.23 and compared with results using Equation 3.31. A two-term
approximation of tha infinite series in Equations 3.25 ang 3.26 will be
used.
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- 1) Compute the terms of the two-

term approximation, which applies
to 211 stream segments. - -

b an/f
") o (2mm)

cos(nnf/T) {5.1)

Since for f = 0.5 and n = ], b1 -~g (indeterminate). evaluate
b; using L'Hospital's rule, i.e.: ~ '

b] . limit g; (cos n¢/T)
3r f-0.5

=m/T _sin("f/T)
Fren - T i,

4 (7 sin(r . 0.5/7) )
by = = = 0.5
1o ( (1/0.5)% 4

b, = a7/0.5 —5 €0s(27 - 0.5/1) = 0.212207
(7/0.5)% - (2m - 292 777

with:

b
d_ = 2
VK, + (2T

d, = 0.0725340

d, = 0.0164710
_Also:

e (- ) - tan”! () | (s.2)

3,8 % 2" - 2.71708

92.t = 4’t - 4-‘90]2
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where pnotoperiod f = 0.5 déys,.eq t is in radians, and. t is in
- * ’ .
days.

wn
W
-

- ®/T ]
n,t,x 4 engt 2“? AF /c \( .

and
81,s,x ™ 27t - 5.85867 (for At* = 0.5 days)

L

%,4,x = 4Tt - 10.7733 (fgr At* = 0.5 days)

Estimate diurnal dissolved oxygen deficit variation at stream
location t* = 0,

P;cm previous.example compuzatioﬁs, the following conditions
apply:

K, = 2.84/day

Pm = 6.13 mg/1/day (at X < 0).

Pn = variable at X > 0

f = 0.5 day

also t = 0 is equivalent to sunrise

Exclude PAV = R since it has been considered previously. There-
fore, with a long upstream distance with constant photoplankton
concentration (Chl a = 25 ug/].'Pln = 6.13 mg/1/day), the oxygen
deficit at K =.0 is given by D,(t) in equation 3.25.

2
D= Dy(t) = -p ,n};ﬁ d, co: 8,

= -6.13 [0.0725140 cos(2nt - 2.71708)
4 0.0164710 cos(dnt - 4.490‘12)]

= =0.445 cos(2rt - 2.717C8) - 0.1010 cos(4nt - 4.49012)

o
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An heurly tabu}ation of diurnal variation in Deficit at Stream
location X = @ follows: '

Diurna! Deficit at t* = 0, Pn'= 6.13

[] [ ] ] "

G gl g 28 JOSR Y nol)
0 0.427 |

1 6413 7 -0.351 - 13 -0.275 19 0.213
2 0.355 8 -0.457 14 -0.163 20 0,265
3 0.258 9  -0.515 15  .0.0s8 21 0.317
& 0.118 10 -0.516 15 g g3 22 0.368
5 -0.042 11 -0.469 17 9.102 23 0.409
6 -0.205 12 -0.383 13 0.161 . 28 0.427

Note that the maximum deficit Gccurs at sunrise (t = 0), and the
“minimum deficit between ¢t = 9 ang [O:hours, or three to four hoyrs
after noon. Also, the maximum difference is A = 0.427 - (-0.516) .
®= 0.543 mg/1: The value of A/Pm which results in 0.943/613 = 0.154.
This corresponds exactly with the value indicated by Figure 4-3,
for f * 12 hours and K, * 2.34/day. -

Estimate diurna] deficit variations at ¢ = 0.5 days.

With all segments having travel times of 0.5 days, the end of
the first segment is at t* = 0.5 day. Therefore, At* s 0.5, over
which Pm = 5.97 mg/1. ' : :

Since aot* = 0.5 day or 12 hours, the upstream boundary deficit
calculated above 1s phass-shifted 12 hours backward to calculate
the component of the deficit at the end of the first segment,
Thus, at ¢t' = @ hours, the component of the deficit at stream
Tocation t* = 0.5 days fs: )

Dg(t) = -0.383 EXP(-2.84 . 0.5) = -0.093 mg/

e
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where -0.383 is the deficit at t* = 0 at ¢t = 12 hours. Simj-
larly, at t' = 1 hour: ' :

Do(t) = -0.275 EXP(-2.84 - 0.5) = -0.666 mg/1

Tabulated solutions for al1 components of deficits at the ends
of segments 1 and 2 are presented in Tables £-3 and 5-4.

Repeat the analysis for all stream segments.

The computations are performed, as above, for all segments, and
the maximum and minimum deficit at each stream location is
identified. These results may then be tabylated, as in Table
5-5, to summarize the difference between maximum and minimum
diurnal deficit valyes, A = (Dmax = Dpipn)s 2t each stream loca-
tion. Also shown on this table are values of 4 estimated using
the approximation presented in Section 4 of the report.

Figure 5-4 presents a spatial plot afichioraphyllig, P+ and
dissolved oxygen deficit at locations along the length of the
stream. The approximation, shown by the dashed line, is
obtained by éomputing 4= 0,155 Pm, and then estimating:

Omax ® Davg = &2

Dmin * Davg *+ 472

Note that the approximation 1s slightly conservativa, yielding
slightly more positive deficits than the values produced by
the computations outlined in this section. o
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TABLE 5-3. DIURNAL . o usrxm VARIATION - SEGMENT 3
(8% = 0.5 day; P '« 5.97 mg/1/qay)
‘ ¢’ | D) ee'a; ‘Q.M-,T DeFiciT @ ¢4 aos an (~/0
(he) | (ma/e) | (mq/e) | D(t) ,Dn(t) , Dutt) | Do)
° °-%2T  -0.383  -s.8¢3'o 46 | 0.09 .43
b 1e-®I3 <0.275 <h.06e 0.402 ' a. 065 .40l
2 10355 ~0lk3 -0.039 6.3¢¢ o.038 o.345
4 o. 18 ©.030 o0.007 o.1IS 0.635 ,, 187
e |=0.208 o.1é41 ©.039 «0.200 <-6.038 -0.199
& [~C. 45T o.WS 0.064 —o.s «08.062 -0.443
2. |=6:SI5 o.317 0.677 -o.502 -0.67S -0.500
1o |-0.516 o.38 e.089 -0.503 -0.087 - 0.50]
Il l-0.469 o0.409 o.099 =0.457 -0.096 -06.45¢
2 1-0.383 o.427 eo.i03 =0.373 ~0.08( -0.35|
I3 l=0.275 0.413 o.l1c0 0,268 =0.097 -0.%s
14 |.0.163 - 0.385 6.085 -0.159 -o0.084 -e.is8
re 0.0% " eo.ll8 &.02% ' 0.029% 4_0.023 ©.03%0
8 | e.l6l  -0.205 -6.650 o.157 0.048 o.(55
25| 0.2t5 ~0.457 -oulo o.zss o.l168 o.256
H 0.3 -0.515 -o.125 o.309 e.12l  o.30c5
22 | 0.368 -0.516 -0.125 4.35a .12 ©o.355
23| 0.809 -o0.444 0.3 0.318 o.1l0  o.395
240427 -0.383 -0.02 0.4 0.89a e.4(3

D8 - Dlt-atYe ™Y | prlogyetttes

* ©.2417 D(4-e.5)
D) - P 2 dp Cos8, . = 5.97. e tn,

6.3
- s
Dit)s + P, ofeat b 4,

©.974 Dt) @ t*: o
Cos 6“.gx

* 517 . exp(-2. $¥-0.5).(0.0725140 cos ©1,ex * 0.006¢T10 Cos 9, ¢x )
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TABLE 5-4. DIURNAL D.0. DEFICIT VARIATION - Sguent 2
(at* = 0.5 days; P, ® 6.57) .

! me)ee'-al D(t-o5)| PetiaT @ a1y Lo (mq/0)
the) | (ma/0)" | (mare) | Tule) | B, (e) | D) | 2
o o. 43 -6.35| -o.oBQ' 0.455; a.o-a?ﬁ O.47T2
I o.40| =0.265 «p. 064 0.493 0.072 o.45]
2 ©. 345 -0.1S8 _o.033 e.350 ©0.04%2 p.38¢
& ©.1S7 ©.0%0 ©.687 o0./26 o0.039 ©.072
e -0.199 ©.155 5.027 =0.220 =0.042 -o0.215
& |- %3 0.25¢ o0.042 =0.%¥%0 -0.06% -0.%%
2 [-©.500 6.305 o.07¢ -0.552 -0.0%3 =o0.5¢(
lo [=0.80l ©.355 o0.08¢ -o.553 -0.096 -0.543
i -0.¥5¢ o0.795 o.095 =8.503 « 0./06 -o.SN-I’_
2 |-0.351 o.4%13 0:i00 -o,Ho -0.083 -0.399
I3 |-0.265 o.40f ©:097 =0.295 -0.167 -5.305
& |-0158  0.345 s.083 -o.75 -0.047 -o.18¢
6 [-e.03c 0i151 o.03a ©-032 -o.031 o,039
18 1-0.16858 <0.199 -b.048 0173 e0.653 6.178
| 0.256  -o.443 -0,le7 0.23¢ e.119 e.29¢6

2 1 0.305 -0.S00 -6zl o.3%0 e.133  o.35;
22 ] L.355 -o0.58 -o0.12] 6.39¢ ©.134% o.yo7
23| o.395 ~0.45¢ =-o.llo " 0.433 o.12! 0. WLq
24| 0.413 -p,33 -0.085 0.458 0.099 o.¢72.

Dolt) = o.2417 | D(t-o.s)

D (&) = ¢.5q

. Dgt!Q 6"-.0 -

o3

Do(t) = 457 . D) B:os .

57

A 0.4%72 --('- b."gé’\

l.o17 D&) @ theo.

liol D, () @ ¢*: 05

1.028 wall




1T (2)
i ) ' Revision No. @

TABLE 5-5. DIURNAL.VARIATION‘IN.DISSOLVED OXYGEN DEFICIT AT
DIFFERENT LOCATIONS DOWNSTREAM FROM DISCHARGE

Diurnal D.0. Deficit

e Pm , (ms/]) Apprbximaie
{days) (mg/1-day) Min Max éill ‘ al2)
0.0 6.13 . =0.52 0.43 1.05 0.98
0.5 5.97 -C.50 0.41 0.91 0.53
1.0 6.57 -0.56 0.47 .03 ° 1.02
I AT -0.61 0.51 1.12 N
2.0 73 - -0.86 0.55 .21 1.20
2.5  7.82 066 0.55° 1 1.21
3.0 6.91 -0.57 0.47 e 1.07
3.5 4.2 =033 0.26  0.59 0. 66
4.9 1.51 -~ -0.M 0.08 0.19 - 0.23
4,5 0.38 -0.03 0.02 . " o0.05 0.06
5.0 0.07 - -0.01 0.01 © 0.02 0.01
5.5 0.co 1 0.00  0.00 0. 00 0.00
6.0  0.00 0.00 0.0  0.00 0.00

6.5 0.00 : 0.00 0.00 2.00 0.00

(1) From computations f1lustrated in this section,

(2) Apprqximation from: 4 s 0.155 Pm
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.S 20
fa]
10 =~
0 ] | B { | LB
0 -1 2 3 4 5 6
' TRAVEL TIME, t* (days)
[
8 «
E
o
2
d
3 =
£ 024 . \uluimum
= Daily Deficit
(%}
] 4 =0.155pm
) .
o: -0.5
8 _Los-
=t o~ Deily Deficit
-12
Figure 5.4, Chlorephylil 3, maximum photosyntnetic axygen rate and
. dissoived oxygen daﬁcgt-avenge and extreme daily vaives
* 5«26
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