
MIXING, DISIBERSION, AND RESUSI*ENSION IN 
VICINITY OF OCEAN WASTEWATEI~ PI,UME 

By Libe Washburn,' Durton H. Jones,' Alan Dratkovich," T. I). I)ickey,' 
. and Ming-Sue Chens 

ABSTRACT: Buoyant plumes discharged from ocean outfalls arc impnrtnnt for 
dispersing municipal wastewater into thc marinc environment in many coastal arcas. 
although ficld studies ol operating outfall systems arc rarc. Here. we rcport on an 
cxtensivc ficld study of the elfluent plumc from onc of the li~rgcst wastcwatcr 
outfalls on the wcst coast of the United Statcs. This study shows tbat thc dispcrsion 
and mixing lcvcls of thc plumc dcpcnd upon thc local current spccd i ~ n d  anlhicnt 
dcnsity stratification. Undcr thcsc highly stratificcl. I~ttc-summer conclitions, wc 
find that a combination ol tcmperaturc, salinity, turhidity. and cl~loropltyll fluo- 
rescence measurcrncnts arc rcquircd to unambiguously itlcntily plu~nc wittcrs. Over 
the coltrsc of thesc obscrvations, the lcoal currcnt spccd at plunlc dcpth varicd 
from 0.111 d s  lo 0.07 d s .  corresponding to a Froudc numlwr Fr rangc of IO* '  to 
0.2. A lirrlitcd number of dilution cslimatcs arc madc lor thc lower Fr c~tsc, and 
thcsc fall in tlic range 110 to 160, which is within thc design rnngc for this type of 
diffuser. Ilrc ohscrvcd maximum hcight ol risc and wastcwatcr licld thickness arc 
in reasoni~hlc agreement, with lahorntory results b r  zcro corrcnt spccd (Fr = 0). 
At thc higher currcnt spccd, turbidity laycrsoriginnting at t l~c  sea flcx~r arc ohscrvcd 
which result from rcsuspcnsion of hlttonl scdinlcnts. 

Municipal wastewater from heavily populi~ted urhi~n areas itlong thc soittl\ern 
California coast is discharged into the marine environment through coastal 
outfalls built on  the sea floor. This niethod of disposal is chosen because 
of the relatively steep bottom slope near the shore, and hecause the con- 
tinental shelf is narrow (Gross 1983). These fi~ctors allow relatively deep 
discharge of effluent near the shore and provide more rapid flushing of the 
coastal environment by offshore waters. Effluent is injected into the ocean 
as a rising buoyant plume, which is rapidly diluted with ambient waters due 
to entrainment and mixing processes. The goal of this discharge is to reduce 
the environniental impact of the wastewater by achieving high levels of 
initial dilution. After the initial buoyant rise of effluent from an outfall 
system, additional mixing and dilution occur only through the action of local 
oceanic processes that are intermittent in spice and time ant1 are poorly 
understood (Csanady 1973; Koli and Brooks 1975). Severill li~boriltory and 
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theoretical investigations o f  tiiixit~g iuitl dilution processes in httoyi~tit plunies 
under idealized conditions have been contlitcted ('Turner 1973; Morton et 
al. 1956; List 1982; Roberts 1977; Fischer et  ill. 1979; Wright 1977) atid itre 
used in tlie design o f  outfi~ll systems. I-lowever. coniplcxities of tllc coi~slitl 
marine environment, e.g.. variilble local currents and clianging anihient 
density stratification. arc difficult to account for in theories of plume dis- 
persal. Furthermore. differences in scale between laboratory and natural 
conditions make direct extrapolation of laboratory results'uncertain (Fischer 
et al. 1979). Therefore. det;iiled field observations of pl~tnie structnre utidcr 
a variety of oceanic conditions are important for developing n more cotnplcte 
understanding of  buoyant plume dispcrsi~l into a stratified environnicnt. 

We contlitcted an extensive fieltl study to examine tlie dispersion of the 
effluent plume from one of the largest municipal outf;lll systems on tlie wcst 
coast of the United Stittes. The study region (Fig. I) lies offshore of tlie 
Pi~los Verdes Petiinsuli~ in southern Califortiia i ~ n d  contili~is an outfall systerii 
operitted hy tlie Si~nitiltion Districts of Los Angeles County. 'l'liis system 
has been thc pritni~ry, single-point soltrce for most cotiti~tiiitii~n~s of cnvi- 
ron~netital coliccrn in the Southern California lliglit (Mcnrns itntl Yoilng 
1983). 

Two shipboi~rtl silrveys of tlie area were conductctl on August 19-20. 
1986, itnd eilcli survey consistctl of five Irittiscct lines orictitctl itlotigsliorc 
(Fig. I). Da t i~  were collected from an itistru~iietitetl plillform tliitt citrrics it 
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FIG. 1. Study Area Showlng Two Actlve Outfall Diffusers, Labeled A and B; In- 
shore Llne 1 Conslsts of Vertical Casts at Locations of Dots; Currents Were Meas- 
ured at Location of Dot and Circle; Depth Contours in fl(1 ft = 0.305 m) 
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CTD (conductivity. temperature, depth instrument manufactured by Sea- 

~ ~ Bird Electronics, Inc) and a beam trans~nissolneter (operating with a 660- 
nm wavelerlgth light source, manufactured by Sea Tech. Inc.). Initially, all 

I ~ signals were sampled at 33 Hz. averaged into 17 point blocks. and then 
stored on disk in the ship's laboratory. To stabilize estimates of salinity and 

I density, these blocks were further averaged into half-overlapped. 10-s bins. 
Sampling alon lines 2 to 5 (Fig. I) was accomplislled by continuously 

dtform between the surface and the bottom as the research winching the pf 
I vessel moved forward at about 1.5 m/s. Data were collected during both 

upcasts and downcasts to maximize horizontal resolution. This type of "tow- 
yo" transect provides sufficient resolution for characterizing the dispersal 

I of the outfall plume over horizontal scales of order 500 m. To avoid damage 
from impacts with the bottom, an acoustic pinger is suspended just below 
the platform so that its position above the bottom may be determined. 

I Generally, we estimate that data are obtained to within 5 m of the seafloor. 
The changes in bottom profiles between different data sections reflect the 
small-scale variation in seafloor topogra hy along tracks that are nominally 
the same, but that may actually be disp P aced by several meters. 

Conventional vertical profiles were collected near tlie shore along line 1 
where tow-yo sanlpling was not possible due to large patches of kelp. Results 
presented here are mainly from two transects along line 3, which crosses 
very near tlie outfall system (Fig. 1). Only along line 3 could the plume be 

I unambiguously identified during both surveys. Observations itlong the other 
lines are used for charilcterizing the properties of the surrounding water 
masses. We identify the two transects as Section I .  obtained from 12:22 
A.M. to 153  A.M. Pacific Daylight Time (PDT) on August 20. 1986 and 
Section 2 from 5:29 A.M. to 7:09 A.M. PDT on August 19. 1986. During 
both these time periods, winds were very light ancl surface wave heights 

I were less than 1 m. 
Continuous measurements of horizontal current colnponents ilnd tem- 

perature were milde during the observation period at three nominal depths 
I -. (23,34, and 45 m) at a shelf location approximately 2 km upcoast from the 
I diffuser array (Fig. 1). Time series of current and temperature are shown 

in Fig. 2 for a 10-day period centered on the time of the towed sampling. 
I Survey times for sections 1 and 2 are indicated by verticill dashed lines and 

plotted values are hourly averages (centered on the hour). In producing 
these plots, data were initially recorded every 4 minutes and then vector 
averaged (for current components) or filtered (for temperatures). Largest 

I current speeds are greater than 0.4 mls, and directional bias is downcoast 
I (toward 120' true) and to a lesser extent onshore. Over this period, a 

transition from downcoast to upcoast flow is evident beginning on August 
20 with maximum velocities at 34 rn, about the depth of the effluent layer, 

I exceeding 0.4 mls. 
A statistical summary of vector-averaged components for the 10-day pe- 

I riod is given in Table 1. Over this time, the standard deviations of both 
horizontal current components exceed the mean values. and thus, the var- 
iable components dominate the current regime. This variability in the cur- 

I rent field is probably associated with internal waves, tides, and d i~~rna i  
surface wind forcing. Winant and Bratkovich (1981) and Bratkovich (1985) 
have examined the relationship between wind forcing and the oceanic re- 
sponse for southern California continental shelf waters ant1 find high levels 
of variability at tidal and internal wave frequencies. Motions at these fre- 

I quencies also produce corresponding temperature fluctult' lons. 

AUGUST 1986 

FIG. 2. Time Serles of Temperature and Currents at 23, 34, and 45 m for Period 
August 14-23.1986 

TABLE 1. Current and Temperature Statistics (August 14-23. 19861 I 1 A v  1 I I Standard I 
Deviation 

I 

Temperature strittification beneath tlie thermocline is moderate (0.2-0.3" 
C over the 11-m instrunlent separation), and occasional temperature in- 
versions occur near the end of the 10-day period. Standard deviations for 
temperatwe are in the range 0.14-0.33" C (Table 1). ahout thc silme ortlcr 
as the average differences ohserved between i~tljilccnt instruments. Ili~setl 
on tinie series from tile decpcst instrument (45 ni), tempcrilture fluctui~tions 
tend to be enhanced near the bottom boundary. a property ohscrvetl i n  
many continental shelf environments and attributed to internal priivity wave 
variability 1e.g.. Eriksen (1982)j. 

23 
34 
45 

The effluent is i~ijectetl into thc water column through il pair of outfill1 
diffusers that lie 2.5 kni off the coast in ;I water depth of (A) m (Fig. 1 ) .  
Diffuser A in Fig. I is 730 111 long and consists of it pair of pipes. joinctl in 

'Nolc: Positivc U is toward 30" true and positive V is toward 300" true. 
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' a Y, with a diameter of 2.29 m. Ports in the diffuser vilry in diameter from 
0.17 to 0.19 m and are spaced every 7.32 m. Diffuser B is a single pipe lying 
approximately alongshore. It is 1,353 m long, 3.05 m in diameter, and has 
ports spaced every 1.83 m, with diameters varying from 0.05 to 0.09 m. The 
port diameters increase toward the ends of both diffusers. which are closed. 
About 35% of the total volume flux passes through diffuser A in Fig. 1, 
while 65% passes through diffuser B. The total volume flux through the 
diffuser system is not constant but varies diurnally, as shown by the time 
series for a typical day (Fig. 3). Time series of volunle flux are not available 
for August 19 and 20, 1986, although the total daily volume fluxes are 358 
x l(r and 366 x l(rC gal (I gal = 3.785 x 10-hm3), respectively (klorvath 
1986). In subsequent calculations, volume fluxes for the time periods of 
sections 1 and 2 are estimated by scaling the values of Fig. 3 by these total 
fluxes; the time periods of the sections are identified in Fig. 3 by vertical 
dotted lines labeled 1 and 2. 

As the effluent emerges through the ports of the diffusers, many small 
buoyant plumes are formed. They rapidly coalesce and produce an effective 
line source of buoyancy (Koh 1982; Fischer et al. 1979). At the point of 
discharge, the effluent temperature Tis approximately 30" C. and the salinity 
S is 2 practical salinity units (psu) (equivalent to parts per thousand) resulting 
in a density anonlaly u of -2.6 kglm3 (Horvath 1986; A. Steele. personal 
communication, 1987). Density nnomnly is dcfincd ;IS cr = 1, - I .OfM. where 
p = the in situ density of seawater in kg/m" .'lqypical ilnihietlt seawater 
values for 7;S, ant1 u at the dischar e depth are 10.9" C, 33.7 psu, ant1 25.8 
kdm3, respectively (Fig. 4). There ! ore, the effluent is lcss dense thi111 the 
surrounding seawater by about Au = .28.4 kg/m3, wllich results in an initial 
upward acceleration of the plume waters of g' = (A1Jp)g = 0.27 m/s2 or 
about 3% of g, the gravitational acceleration. About 88% of this initial 
density difference is due to the lower salinity of the effluent. while the small 
remainder results from the higher temperature. The flux of buoyancy per 
unit length of diffuser, or specific buoyancy flux 6, defines the source strength 
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FIG. 3. Tlme Serles of Volume Flux for Outfall System for Typlcal Day; Scale at 
Rlght Glver Approxlmate Values of Speclflc Buoyancy Flux; Dotted Vertlcal Lines 
lndlcate Tlme Intervals of Data Sectlons 

FIG. 4. Typlcal Background Vertical Profiles of Temperature (Solid Llne), Salinity 
(Dashed Line), and Density Anomaly (Dash-Dot Llne) in Study Area; Right Panel 
Shows Profile of Buoyancy Frequency 

of the plume (Fischer et 81. 1979) and is given by b = g'q, where q = the 
volume flux per unit length of diffuser. For both diffusers, q is approximately 
equal at any given time. An approximate scale forb based upon the reducetl 
gravitational acceleration presented is shown on the right-hand scale of Fig. 
3. For section 1, b is about 1.18 X lo-' m3/s3, and for section 2, it is ilbout 
2.18 x m3/s', after scaling by the total daily volume fluxes. 

After discharge. the effluent plume rises into the water colt~mn wllile 
mixing continilously with higher density seawater. Undcr striitilietl condi- 
tions, the plume stops rising when the combined density matches the sur- 
rounding seawater density. at which point the effluent settles into iI layer 
over the diffi~sers. Before settling. the lnixed effluent may overshoot the 
equilibrium depth due to its vertical momentum. During these two surveys. 
the water column was well stri~tificd, with a typical mean b~oyi~ttcy frecluency 
N defined as 



of 1.2 x s-I and a maximum of nearly 0.04 s-I; (Pig. 4). Profiles of 
Fig. 4 have been scaled such that equal displacements on T and S curves 
indicate approximately equal changes in a. I-ligh near-surface striltifici~tion 
was produced by strong summer heating of the upper 25 m. Below 25 m, 
both temperature and salinity gradients were stahle and contributed equally 
to the mean background density gradient. 

The simplest plume structure found during our surveys occurred when 
local currents were very weak. Because the effluent contains high concen- 
trations of particles and oils relative to ambient seawater (Horvath 1986), 
the plume is turbid and can be observed by mapping the beam attenuation 
coefficient, beam'c, a turbidity parameter derived from the transniissometer 
signal. The beam attenuation coefficient is the reciprocal of the length over 
which a bei~m of monochrom;~tic light (660-nm wi~vclcngth in this ciac) has 
been reduccd in intensity by a filctor of Ile due to scattering i~nd i~hsorption 
by suspended particles (Jerlov 1976; Baker and Lavelle 1984). I-ligh values 
of beam c, therefore, correspond to high levels of turbidity. 

In section 1, the plume appears as a turbid layer, 30 m thick and 3.5 km 
wide, located over the diffusers at depths below 25 m [Fig. S(a)] .  Another 
layer of particles with high values of beam c is observed above 25 m, but 
is not due to the plume. Pumped profiles from it station between the diffusers 
indicate high levels of chlorophyll fluorescence in this layer. which are due 
to naturally occurring phytoplankton. The turbid effluent layer shows no 
evidence of chlorophyll. Another difference between these turbid layers is 
that the plume layer has high levels of ammonium (far exceeding ambient 
concentrations), an effluent component, while the near-surfilce layer does 
not. During the- 1.5-hr period of this transect. the mean current speed 
(averaged between the 34-m and 45-m current meters) was very weak at 
about 0.01 mls; a reliable estimate of current direction is diffic~tlt because 
of the very small current components. Peak values of beam c in the effluent 
layer exceed 1.2 m-I, compared with surrounding values below 30 m of less 
than 0.6 m-'. Two local maxima in c within the effluent Ii~yer are probably 
due to separate inputs from the two diffusers. Values of bcam c along lines 
4 and 5 (Fig. 1) are also less than 0.6 m-' below 30 m. indicating that the 
plume was shoreward of line 4 during the survey. 

From the distribution of beam c in the water column [Fig. 5(a)], the 
maximum height of rise of the plume y,,, is between 36 and 39 nl, although 
this may be an underestimate since we cannot be certain that we observed 
the maximum height. For comparison with results from Ii~boratory studies 
and dimensional analysis, this height may be nondimensionalized by a buoy- 
ancy length scale (Fischer et al. 1979; Roberts et al. 1989) 

which yields the nondimensional height of rise 

For these observations. I,, = 14 m, using b at the time of section 1 (Fig. 3) 
and the average buoyancy frequency between 30 m and the seafloor ( (N)  

DISTANCE (km) 

DISTANCE lkm) 

FIG. 5. Contours of Beam Attenuation Coefficient along Transect Line 3 (Fig. 1); 
Positions of Diffusers along Sampling Line Are Indicated wlth Brackets near Sea 
Floor, Labeled A and 8; Below 25 rn, Effluent Layer Is lndicated by Stlppllng for c 
> 0.6 m-' and Hatching for c > 0.9 m-': (a) Section 1; (b) Section 2 

= 7.6 x s- I ) .  Ol>servational estimates of A fill1 in the riillge of 2.6- 
2.8, using the observed range of y,,,,,. Thcsc are in agreement with vi~lues 
of 2.84 suggestetl by Fischer et al. (1979) and 2.6 given hy Iloherts el al. 
(1989). These latter values of A assunle that tllc buoyant plit~nc riscs into 
a motionless stratificd fluid, which is approximately true for these di~t i~.  
Similarly. the thickness of the wastewater ficld h, may also he nondimcn- 
sionalized by I,, 

aiid compared with i~nalytical and laboratory results. B;~scd on thc beam c 
distribution. It, ranges from 27-35 m and I? ranges from 2.0-2.5. This is 
somewhat larger tllan 11 = 1.8, given by Roberts et al. (1989). 

In contrast to the very weak currents of section 1, t l~c  cllrrcrits were 
stronger riuring section 2. with a mean speed of 0.07 1111s directetl downcoitst 
[toward 169" true and to the right in Fig. 5(h)l .  This higher currcnt speed 
results in an effluent plume that is nlore disperscd ;~ntl lhi~t extends hcyond 



the survey area along sampling line 3 [Fig. 5(b)]. Peak values of beam c 
above the diffusers are less than 1.0 me', indicating lower particle concen- 
trations (Baker and Lavelle 1984; Jerlov 1976; Spinrad 1986), a~ ld  occupy 
a relatively small area of the section. Note that this is true despite the higher 
total fluxes of buoyancy and particles out of the diffusers compared with 
section 1. The distribution of beam c within the plume is less uniform on 
scales of order 1 km and may reflect the straining action of horizontal flow 
structures as they stir and distort the effluent field. Unfortunately, we are 
unable to estimate the nondimensional parameters A and l3 for this section 
because the effluent laver merees with the near-surface ~hvto~lankton  laver " . .  . 
[Fig. 5(b)j. 

The effects of the plume on the temperature. salinity, and density fields 
are also more apparent when local cirrents are weak (Fig. 6) compared 
with when they are stronger (Fig. 7). A distinct uplifting of isotherms over 
the diffusers results from entrainment of colder deep water into the rising 
plume and is particularly evident at low current speed [Fig. 6(a)]. This is a 
consequence of the fact that the buoyancy of the plunie primarily results 
from low salinity. Typical temperature anomalies in the plunie are of the 
order -0.3" C, compared with the surrounding waters in the same depth 
range. However, temperature alone is an ambiguous indicator of the plume. 
The 11.2" C isotherm, which is uplifted to 35 m over the diffusers, naturally 
occurs ilt this depth between 8 and 9 km in the same section. In Fig. 6 ,  the 
towpath of the instrument platform is indicated with a broken line and the 
end points of the profile of Fig. 4 are shown by arrows. 

For both current speeds, the plume appears as a re ion of lower salinity 
with isohali~ies depressed downward [Figs. 6(b) and 7&)l. The signature in 
density anomaly is somewhat similar, but is not as apparent [Figs. 6(c) and 
7(c)]. Typical salinity anomalies in the plume are of the order -0.1 psu, 
and those in density are of the order 0.01 kg/m-'. Because density gradients 
decrease with depth (Fig. 4), the spacing of isopycnal surfaces in Figs. 6(c) 
and 7(c) is changed by 11 fi~ctor of 10 below the 25.5 kdni-%sofilnce. 

-- Significant changes due to advection occur in the backgroi~nd properties 
throughout the water column between the times of these two sections (sec- 
tion 1 was obtained about 19 hr after section 2). Salinity in the upper 30 m 
is generally higher in section 2, with maximum near-surface salinities ex- 
ceeding 33.7 psu [Fig. 7(b)]. Later, in section 1 they are less than 33.58 
[Fig. 6(b)]. Also in section 2, a layer of vertically uniform salinity and 
temperrrture (at least to within 0.025 psu in salinity and 0.5" C in tem er- 
ature) is found centered on 19 m from zero to six kilonieten [Fig. 7($)]. 
This layer is absent in the later section. Temporal changes in background 
salinity and temperature at plume depths are of the order 0.2 psu and 0.5" 
C, which are larger than anomalies caused by the plume itself. In bottom 
waters, maximum salinities in section 2 exceed 33.82 psu, and minimum 
temperatures are less than 10.6" C; later in section 1, maximum salinities 
are less than 33.72 and minimum temperatures exceed 10.UO C. 

PLUME MIXINQ AND D ~ L U ~ O N  

Because of the large differences in density between the rising effluent 
plume and ambient ocean waters, entrainment and mixing processes are 
vigorous, and the properties within the plume change rapidly. The small 
plume-related anomalies in the local temperature, salinity, and density fields 
of Figs. 6 and 7 are evidence of this rapid mixing. During the buoynnt rise 

I DISTANCE (kml 
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DISTANCE (km) 

FIG. 6. Contours of Temperature for Section 1 Correspondlng to Beam c Contours 
of Flg. 5(a). Contour Interval Varles: It Is 0.5 C above 12 C Isotherm and 0.1 C 
below; (b) Contours of Sallnlty for Sectlon 1; Contour lnterval Is 0.025 psu Every- 
where; (c) Contours for Density Anomaly; Contour Interval Varies: It Is 0.25 kg1 
m-a above 25.5 lsopyonal and 0.025 kglm-a below 
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FIO. 8. (a) Large-scale T-S diagram [Adapted from Flscher et al. (1979)], lncludlng 
Effluent Values at Upper Left End of Mlxlng Llne and Entire Local Oceanlc Range 
between 30 and 60 m at Lower Right End (Small Box); Arrows Indicate Directlon 
along lnltlai Mlxlng Llne and Dllutlons of 2,4, and 8 Are Shown; Lines of Constant 
Density Anomaly are Labeled -2 to 26; (b) Temperature-Sailnlty (T-S) Diagram for 
Reglon between 30 and 60 m along Transect Llne 3 Corresponding to Figs. 5(a) 
and 6; Solid Clrcies lndlcate Turbld Water wlth Beam c > 0.6 m-' and Open Clrcles 
Indicate Relatively Clear Water with Beam c < 0.6 m-l; Lines of Constant Density 
Anomaly (kglm-') Slope Upward to Right and Are Labeled 25.4 to 25.8; (c) Tern- 
perature-Salinlty Dlagram Correspondlng to Figs. 5(b) and 7; All Symbols and 
Parameters as In Flg. 8(b) 

? large. I-Iowcver. errors in  7;, and S,, beconie more importilnt will1 increi~sing - v.  
As effluent wiiter parcels rise wii l l in the plume and mix wiih w;rrnler aed 

i fresher ambient waters higher in  the water colun~n. their trnjeciorics it1 l l ie 
7 : s  plane wil l  curve upward and awily from the initiil l mixing lines. A 

1 scliematic diagram showing this process for the case o f  a sinlple linear 
! ambient T-S r ~ l i i t i on  is shown i n  Fig. 9. A water parcel first emerges from 
I the dilfilsers witli effluent properties corresponding to point A :~i onc c ~ l d  
1 of  the initiil l mixing line. ' l l ie other end defining this line iit I3  is tlic 7 . 3  

point of  the ambient seawater at the diffusers. Tlle bre;~k in  tlle line intlicntes 
I that T and S nt A are filr from B in the diagram. 

As enIrainnlent and mixing proceed, the T-S point follows a curvetl, hut 
unknown, trajectory to a point C, where the density o f  the nlixetl effluent 
equals the surroilntling senwater density. Further nlixing with anlbient water 
woilld move point C f i~rt l lcr  along the dashed curve, while weaker mixing 
would leave point C bilck along the solid curve. Uecai~se o f  the complexity 
o f  turbulent entrainment iind mixing processes, an essentially infinite num- 
ber o f  trajectories are possible, which results in  other mixed effluent 7'-S 
points such as D and E. I-lowever, all these points wil l  be containetl in the 

, wedge-shaped region formed by the initial nlixing line and the (assumed) ' linear. ambient T-S relationship. This is observed i n  Figs. 8(b) and 8(c), 
where all the T-S points corresponding to the efflucnl layer fiill i n  the wedgc- 
shaped region between the initial mixing lines and tlie :ipproximntcly linear 
envelope o f  ambient 7'4 points. 

Due to the variable i~mhient properties ant1 the conlplexity of turhulcnt 
mixing processes. i t  is not possible. i n  generitl, to use T and S to tleternline 
the dilution field. For some points in  the effluent field. however, reasonable 
dilution estimates can be made. This is the result of the unexpected obser- 
vation that several T-S points lie within the filmilies o f  in i t i i~ l  mixing lines 
[stippled areas o f  Figs. #( I ) )  and 8(c)J and have 7'-S relntionships consistent 
with simple end member nlixing between the effluent ant1 the dccp wittcr 

AMBIENT T-S 

SALINITY 

' FIG. 9. Schematlc Diagram Showlng Trajectory In 1-S Space of Effluent Water 
Parcel as It Mixes wlth Surrounding Ocean Waters durlng Plume Rlse 

! 



at the diffusers, or nearly so. This is true for ahout 13% of the points in 
the plume for the case of weak currents and about 6% for tlie case of stronger 

I currents. Lines of constant dilution factor D are computed by first fitting a 
linear regression line to background T-S points near the diffusers (to estimate 
values of TB and S,) and then evaluating (5) and (6) for tliese fitted points. 

I Lines of constant D from 100 to 1,000 are shown in Fig. 8(b) and 8(c): 
Minimum dilutions for the case of very weak currents are mostly in the 
range 110- 160, while at tlie liigher citrrent speed, where fewer points fall 
within the initial mixing lines, dilutions are in the range 200-600. Ihese 

I dilution estimates represent lower bounds, since there is some uncertainty 
in the actual initial mixing lines, and mixing with waters for which the T-S 

I properties lie off the lines may have occurred. 
, It is also of interest to see where these points [i.e., those in the stippled 

regions of Figs. 8(b) and 8(c)] occur in the water column. For the case of 
weak currents. the points are rimarily found over the diffuser labeled B 
at depths between 30 and 50 m %ig. 10(a)], although a few points are found 
over diffi~ser A. For these water parcels, we hypothesize that effluent mixes 
with ambient waters at dilutions of 110- 160 (or more) near the diffusers 
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1 FIG. 10. (a) Location of Water Parcels Corresponding to Stippled Region In Fig. 
# ,  8(b); Dlffuser Locatlono Indicated by Brackets; (b) Locatlon of Water Parcels Cor- 
I respondlng to Stlppled Reglon In Rg. 8(c); Diffuser Locatlons Indicated by Brackets 

and then rises in the plume with little atlditional mixing. If n~ixing ltiglier 
in tlie water colunin were dominant in their fc~r~iiation. thcn they would lic 
well above the initial niixing lines. as is tlie case for all other points witltin 
tlie plu;iic in Fig. 8(6). Large departures from the initial niixirig lines for 
tliese latter points reflect more continuous mixing higlier in the water col- 
umn. 

In contrast. i ~ t  the higher current spcctl, water pi~rccls wliose T-S points 
fill1 within the stipplcd rcgion of Fig. 8(c) are foi~~ttl  only within a few liicters 
of tlte iliffusers [17ip. IO(b)j. 'l'his ohscrvirtion supports our hypotliesis thi~t 
points on the initial niixing lines result from niixirig with i~~iihic~it  wntcrs 
near the diffusers. The majority of mixed effluent 7'3 poi~its in Fig. 8(c) 
lie farther from tlie initial mixing lines than in Fig. 8(b). ;I result illso con- 
sistent with continuous, and perhaps mme vigorous, mixing during plume 
rise. 

Changes in plume structure and property distributionsdue to the increi~scd 
current speed V may be parameterized by changes in the Froude number. 
defined ;IS Fr = U'lb (Gscher et :!I. 1979; Roberts 1977). This nondimen- 
sionnl pilr:lmcler compilres the competing effects of the i~nil~icnt current to 
disperse iincl n\ix tlie plume (high Fr) with thi~t of tlic \>uoyi~~icy Ilux t o  
concentrate and rni~inti~in the plume (low Fr). For tliese observi~tions where 
both U and b change with time, Fr is 9 x for section I [Fig. 5(a)J and 
0.2 for section 2 [Fig. S(b)] .  The variation in Fr by a fitctor of about 20() 
may result in the striking contrirst in plume structure evidcrit between Fip. 
5(a) and 5(h). Qualitatively similar changes in plunie state iIS iI fi~nction of 
Fr are ohserved in Iitboratory expcrinients at much smaller length scales 
(Roberts 1977). The nii~ximum Fr expected nt this site for tlic 10-di~y period 
arouncl these observations is itbout lo2, based on the maxi~iir~tn current 
speed of 0.5 mds at 34 In (Fig. 2) and tlic mini~num b of I .  I8 x 10- ni3/s' 
(Fig. 3). 

Another effect of higher current speed is the resi~spension of bottom 
sediments into the water column. Benthic studies in the vicinity of this outfall 
system suggest that previously buried outfall sediment components. such as 
DDT. may eventually be exposed due to resuspension processes ("Envi- 
ronmental" 1987). Resuspension is evident in these ohservittions by high 
levels of turbidity originating at the sea floor well awny from the diffusers. 
A cloud of liigli turbidity hnvitig it mi~ximum Iiorizonti~l extent of at Icitst 3 
km can be seen in Fig. 5(b) between 5 and 9 kni; a second cloud is also 
evident between zero and 2 km. Extensive hi h-turbidity bottom layers are 
not evident for the case of weak current fiowf~ig. 5(n)j.  Inputs of particles 
from the bottom potentially complicate the interpretation of plu~ne structure 
based on the distribution of beam c in the water column. llowever, we are 
able to separate the contributions to the particulate field clue to effluent 
and bottom sediments through analysis of scatter plots of S and hei~m c. 

In a scatter plot of beam c versus S at the low current speed. most c-S 
points of high turbitlity c > 0.6 ni-I) z~lso fall within the clttn<lr;~nt corre- 
sponding to S C 33.6 psi1 labeled effluent in Fig. I I ( ( I ) ] .  These points exhibit 
a linear trend and suggest a correlation between fresher ancl more turbid 
water; these water parcels are located in tlie effluent layer over the diffusers 
[open circles, Fig. 12(n)]. To test the significance of this trend. n lincar 
regression is computed for thec-S data in the quadrant of Fig. I I(a) Ii~belctl 



1 40  
0 '  

EFFLUENT SEDIMENT 

SALINITY 
f bJ 

SALINITY 
laJ 

FIG. 11. (a) Beam Attenuation Coefficient-Sallnlty (c-S) Dlagram Correspondlng 
to Fig. 5(a) for Depths between 30 and 60 m; (b) c-S Diagram Correspondlng to 
Fig. 5(b) 

effluent. A least-squares fi t  to these data yields tlie dashed regression line 
with 9 = 0.72 for N = 127. We interpret this trend as resulting from end- 
member mixing between the turbid, fresh effluent and clear, saline ocean 
waters. Scatter along the mixing line may be caused by particles settling out 
of the effluent layer and the fact that the ambient seawater, which mixes 
with the effluent, is not uniform in salinity. 

At the higher current speed. c-S points scatter into two distinct lobes of 
high turbidity [c > 0.6 m-I, Fig. 1 l (b ) ] .  The first lobe corresponds to the 
effluent, as in Fig. ll(n), with S < 33.65 psu. Points in this lobe are found 
in the effluent layer over the diffusers [open circles, Fig. 12(b)], but also 
extend toward the southeast in the direction of current flow [to tlie right in 
Fig. 12(b)]. This lobe in the c-S diagram is compressed compared with tliat 
of Fig. 1 l(a), possibly because of increased mixing with clear, saline oceanic 
waters. Points in the second lobe fall in the quadrant of high salinity (S > 
33.65 psu) ~ n d  are generally found within 15 nl of the bottom [filled circles, 
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FIG. 12. (a) Contours of Beam Attenuatlon Coefficient for Same Section Shown 
in Fig. 5(a); Open Clrcles Give Locations of Points along Tow Path that Lle In 
Effluent Quadrant of Fig. ll(a), and Filled Clrcles Glve Locatlons of Polnts that Lie 
in Sediment Quadrant of Fig. ll(a); (b)  Locations of Points In Effluent Quadrant 
(Open Circles) and Sediment Quadrant (Filled Clrcles) of Fig. 1 l(b) 

Fig. 12(h)]. The only source of this liigli si~linily water is near llie sea floor 
and is consiste~lt with it sctlinlent source of particles. A few points in the c- 
S diagram at low current spcetl also fill1 in tlie quantlrant of Iligh si~linity of 
Fig. I l(n). These points itre again found very near tlie seil floor [Fig. 12(tr)l 
and may result fro111 weitk resuspension events. 'She pitrticlcs t l l i~t  itrc heing 
resirspended may be p;trt of ;I thin skin of a few ~ilillinieters tllickricss th;~t 
has been observetl in the vicirlity of this outf;tll system and hits hccn collcctcd 
in sedinie~it tritps in hentllic studies (L). Weistnitn. personill coninit~nic;ttion. 
1988). 

This study demonstrates tliat aoibient oceiinic currcnt and tlensity fieltls 
have significant. qunntitittivcly ohservnhle influences on mixing and tlis- - 
persion processes in turbulent wastewater plumes. In the two sets of ob- 
servations reported here, tlic current speetl U varies from less thi111 0.01 



m/s to about 0.07 mls, which corresponds to a range in Froude number (Fr 
= V l b ,  where b = the specific buoyancy flux) of 10-' to 0.2. The plume 
appears as a region of lower salinity. lower temperilture, ant1 increased 
turbidity compared to surrounding oceitn wilters in the si~nic tlcptli range. 
Temporal changes in temperature, s i~l i~~ity.  ilncl density i ~ t  plume depth 
resulting from advection on a time scale of several hours are of the same 
order, or larger. than changes due to the plume itself. Salinity and the beam 
attenuation coefficient (beam c), a turbidity parameter, are found to be 
more useful than either temperature or density in observing the plume 
structure. However. under general oceanic conditions, we conclude that no 
single property is sufficient for mapping the extent of the plume, but rather 
distributions of irll of these properties must be examined. 

The water column particulate field in the vicinity of the diffusers is com- 
posed of three primary components that may be differentiiltcd on the basis 
of combinations of salinity, turbidity, and chlorophyll fluorescence, at least 
under these observational conditions. The components are: (1) A near- 
surface layer of high chlorophyll fluorescence and high turbidity resuliing 
primarily from phytoplankton; (2) a middepth layer of low salinity and high 
turbidity due to the effluent plume; and (3) intermittent near-bottom layers 
of high salinity and high turbidity that apparently result from resuspension 
of bottom particles. 

For the higher Fr observations, beam c values are generally lower in the 
plume compared with those at lower Fr. which is consistent with higher 
dilution levels at increased current speed. This is qualiti~tivcly similar to 
results from laboratory and theoretical studies (Roberts et al. 1989). For 
the case of lower Fr, both the maximum height of plurne rise ilnd the 
thickness of the wastewater field are found to agree with values given by 
Fischer et al. (1979) and Roberts et al. (1989). A limited number of dilution 
estimates are made based on temperature T and salinity S, and these fall 
in the range from about 1 10 to 160 for the case of Fr = lo-'. For the other 
case when Fr = 0.2, only a very few dilution estimates can be made. and 

. - these fall in the range 200-600. However, a systematic comparison of di- 
lution levels versus Fr cannot be made from these estimates because sampling 
of the dilution field is too limited, particularly at the higher Fr. Due to the 
complexity of mixing and entrainment processes, we interpret these dilution 
estimates to be lower bounds. Outfall systems such as the one examined in 
this study are designed to produce average, minimum initial dilutions of 
order 100 (Fischer et al. 1979); (instantaneous) nlininium dilutions estimated 
here are also of this order or larger. 

The dilution estimates result from the observation that several T-S points 
corresponding to the plume lie along initial mixing lines which connect tlie 
T-S properties in the vicinity of the diffusers with those of the effluent at 
discharge. We hypothesize that these water parcels form by end-member 
mixing between the effluent and deeper ocean water near the diffusers and 
then rise in the plume with little additional mixing. Therefore, under this 
hypothesis, dilution estimates can be made because the mixing components 
are known. 

This observation differs from a prediction based on dimensional analysis 
that the time-averaged concentrations of properties in a rising plume de- 
crease continuously with height above the plume source (Fischer et al. 1979; 
Roberts 1977). However, our observations are not time averaged in the 
sense used in the dimensional analysis, but more nearly approximate an 
individual realization of a turbulent flow field. Thus, the unexpected prop- 

erty distributions that are observed may he a consequence of the tt~rhulence 
and intermittency of mixing in this high Rey~lolds numher plume. I t  sllould 
be pointed out thi~t only ;I small number of 7.4 points itre ohservctl to lie 
along tlle initii~l mixing lincs ant1 tI1i11 most 7'-S poiats ill  tlic plunic lic well 
above these lines. 'l'l~crefore, tllc propertics of ~nosl ~sixcd cfflucnl wiltcr 
parcels reflect niore continuot~s mixing with surrountling waters during plume 
rise. 

We suggest that the observed differences in plume structure hetwcen the 
two sections nlily result fro111 the vilrii~tion it1 Fr hy a factor of 200. 1 lowcver, 
the plume has a coniplex three-tlin~ensio~~i~l structure at it11 Fr. ilncl we ci~nnot 
be certain that other sanlpling sections would not yield very different tlis- 
tributions. Clearly. more ohscrvations of operating outfall systcms are needed 
over a wide ri~nge of oceitnic conditions to cllari~cterize the strttcturc illid 
turbulent ent rainmcnt processes in t hese plumes. 

I t  was also found that resuspension processes are active at low to motleri~te 
current speeds at this outfilll site, in the absence of strong Itxal iltrnospheric 
forcing. While tlie surface wave heights were low based on visual obser- 
vation, the role of surface waves in producing the observed resinpension is 
uncertain at this point. On longcr titne scales, many other processes. c.g.. 
the seasonal moduliltion of density stratifici~tion and the passilgc of storms. 
are likely to be important in redistributing sediments around this outfi~ll. 
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ABSTRACT: Opcn-chnnncl flow is cxaniinccl 81s n tlyni~nlic prcrcss. Nonliacar dif- 
fcrcntial cqu:~tio~n o l  flow arc lincnrizcd. rcsulting in a transfcr f~rsclion. 'lhc 
rcsulting funelion is tri~nsccndcnt, and convenient for use. Evnltiatictn of n stcp 
rcspnx allows thc channcl-~ritnsfcr f~~nction to he written siciiply hut with a ep- 
i~ralc dcli~y con~poncnt. 'l'ltc ftsnclion paranlctcn clcpend on Ihc clislancc of tlic 
chnnncl crcws xclion. An cxnniplc of thc transicot rcspnsc of a clriinncl i~ntl rhc 
assoc~atcd translcr function is givcn. 

The desire t o  increase efficiency o f  water projects leads to  the tlevclop- 
ment o f  closed-loop control systems. Exi~mples o f  such projects are wilste- 
water disposal systems o f  large cities (Ermolin 1990). irrigation systems i n  
agriculture (13i11ogu11 ct ill. 1988). i ~ n t l  otlicrs. Onc commoa co~ i~poncn t  o f  
such systems is the open channel; without knowledge o f  its dynamic cliar- 
acteristics i t  woult l  be impossible to  create closetl-loop fectlbilck control 
systems. 

A t  present methods for determining open-channels tlyrianiics are i~v i l i l -  
able. I n  the major i ty  o f  cilses such methods use numerical integr i~t ion o f  
continuity and lnolnenluni equations, and tire characterized hy  conlpl ici~tcd 
nlunericiil procedures tli i lt itre not i ~ l w i ~ y s  convenient for  cilrrying out prilc- 
tical engineering calculations. Therefore, approximilte metllods deserve ilt- 
tention since they would i ~ l l o w  solution o f  dynamic prohlenis i n  analytical 
form will1 sufficient exilctness. Also, there are effective metlio<ls o f  :~nto- 
nlatic controller synthesis i n  control theory that provide the requiretl per- 
formance opt in i iz i~t ion (Solodovnikov 1967). 

I n  this paper the writer proposes an iipproximate analytical solution t o  
open-channel dynaniics using transfer functions. 

A pr izmi~t ic  cliilnnel o f  constant but  arbitrary cross section is examined, 
as shown i n  the Fig. 1. 

Water is introduced inth the channel through a control gate (location A 
i n  Fig. I ) ,  dcfinctl  ;is .r = 0. where x is tl ie distance from tlic gale i n  t l ic 
dircctioti o f  flow. 1;low is initi:llly unifortn. s~ tc l i  111i1t tl ie water flow dcl)tl i 
(It) and velocity ( I ! )  are constant wi th t i ~ i l e  (I) and clistiloce. 

The St. Venant equations are freqrtetltly (Chow 1959) used to describe 
water flow i n  h o n ~ o g c ~ ~ c o u s  prismi~tic open channels. One form o f  these 
equations is 
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