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SUMMARY 

The Stage I1 development for the Sultan River Project in Snohomish County, 

Washington, involves raising Culmback Dam, constructing a tunnel and pipe- 

lines, and building a powerhouse on the Sultan River. A comprehensive program 

of data acquisition, analysis, and numerical simulation was conducted to 

evaluate the effects of the Stage I1 development on water temperature and tur- 

bidity in the discharges from Spada Lake. Results were used to assess the 

potential effects on fisheries and the city of Everett's water supply. 

Measurements of reservoir inflow and outflow temperatures, discharges, and 

turbidities, as well as reservoir temperature and turbidity profiles and 

complete meterological data were obtained to calibrate and verify a numeri- 

cal model. This extensive, high-quality data base reduced many of the un- 

certainties associated with previous studies of this type reported in the 

literature. Improvement and extension of the M.I.T. reservoir model made 

possible year-round simulation of both temperature and turbidity. Calibra- 

tion and verification of the model resulted in a high level of confidence 

in the numerical results. 

TEMPERATURE 

Temperature simulations were performed for the existing Stage I reservoir 

and for the raised Stage I1 reservoir with a deep intake (Elevation 1366 ft) 

and a surface withdrawal intake. Although the outflow temperatures follow 

similar trends, some differences were noted between Stages I and 11. 



Pred ic t ions  of Stage I1 power tunnel  outflow temperatures ,  with t h e  in t ake  

a t  Elevat ion 1366, were compared with the  h i s t o r i c a l  record a t  the  c i t y  

of E v e r e t t ' s  Diversion Dam on t h e  Su l t an  River.  The r e s u l t s  showed t h a t  

outflow temperatures from t h e  r a i s e d  r e s e r v o i r  i n  t h e  June-September period 

would be 2 t o  3 ' ~  co lder  than e x i s t i n g  recorded minimum condi t ions .  I n  

c o n t r a s t ,  su r face  withdrawal i n t a k e  r e s u l t e d  i n  power tunnel  outflow tem- 

pe ra tu res  wi th in ,  o r  a t  most s l i g h t l y  above, t h e  range of recorded tempera- 

t u r e s  recorded a t  t h e  Diversion Dam, which s i g n i f i c a n t l y  improved the  temp- 

e r a t u r e  regime i n  t h e  Sultan River  i n  comparison with t h e  deep in t ake  a t  

Elevat ion 1366, a s  f a r  a s  p o t e n t i a l  e f f e c t s  on f i s h e r i e s  a r e  concerned. 

During winter  and e a r l y  sp r ing ,  outflow temperature ranges would be p r a c t i -  

c a l l y  t h e  same i n  a l l  cases  s i n c e  t h e  r e s e r v o i r  i s  i so thermal ,  and l i t t l e  

hea t ing  occurs i n  t h e  r i v e r  o r  r e se rvo i r .  

Temperature s imula t ion  r e s u l t s  show t h a t  a su r face  withdrawal i n t a k e  f o r  

t h e  power tunnel  would provide temperature v a r i a t i o n s  i n  t h e  Su l t an  River 

below t h e  c i t y  of E v e r e t t ' s  Diversion Dam s i m i l a r  t o  those  p resen t ly  oc- 

cu r r ing  i n  t h e  r i v e r ' s  North and South Forks. The warmest temperature 

w i l l  occur about one month e a r l i e r  i n  t h e  year  than with e x i s t i n g  condi t ions ,  

and t h e  outflow temperature w i l l  c lo se ly  fol low t h e  pre-Culmback Dam thermal 

regime. 

A su r face  in t ake  i s  simple t o  ope ra t e ,  with t h e  opera t ion  determined s o l e l y  

by t h e  r e s e r v o i r  water l e v e l .  For most yea r s ,  only one change i n  t h e  in t ake  

l e v e l  should be necessary between June and October. 

TURBIDITY 

Major winter  storms a r e  a  p r i n c i p a l  f a c t o r  i n  causing t u r b i d i t y  events  i n  

Spada Lake. Flooding caused by winter  storms br ings  i n  l a r g e  q u a n t i t i e s  

of suspended f i n e  c lay  p a r t i c l e s .  Erosion i n  Culmback Gulch, wave-induced 

eros ion  along the  r e s e r v o i r  s h o r e l i n e ,  and eros ion  from exposed banks do 

not  con t r ibu te  s i g n i f i c a n t l y  t o  r e s e r v o i r  t u r b i d i t y  a s  compared wi th  f lood 



f lows  of  t h e  S u l t a n  R i v e r ' s  p r i n c i p a l  t r i b u t a r i e s .  The Nor th  Fork i s  now 

t h e  pr imary s o u r c e  of t u r b i d  in f !ows .  The i n c r e a s e  i n  r e s e r v o i r  volume (from 

34,600 t o  154,900 a c r e - f e e t ,  o r  more t h a n  f o u r  t imes  t h e  e x i s t i n g  vo lune)  

i s  t h e  p r i n c i p a l  f a c t o r  i n  u n d e r s t a n d i n g  t h e  g e n e r a l  d i f f e r e n c e s  i n  t u r b i d i t y  

b e h a v i o r  between t h e  e x i s t i n g  and r a i s e d  r e s e r v o i r  f o l l o w i n g  a  t u r b i d i t y  

even t  . 

With a  l a r g e r  r e s e r v o i r ,  t h e  i n i t i a l  t u r b i d i t y  l e v e l s  i n  t h e  r e s e r v o i r  

and i n  t h e  d i s c h a r g e  a f t e r  an  even t  w i l l  be  lower than  e x i s t i n g  l e v e l s  f o r  

a b o u t  two t o  f o u r  weeks. Numerical  s i m u l a t i o n ,  based on t h e  1979-80 w i n t e r  

d a t a ,  shows a  r e d u c t i o n  i n  t h e  o u t f l o w  t u r b i d i t y  immediately a f t e r  a  major  

t u r b i d i t y  e v e n t  t o  abou t  h a l f  t h e  l e v e l  of t h e  o u t f l o w  t u r b i d i t y  from t h e  

e x i s t i n g  r e s e r v o i r .  However, t u r b i d i t y  i n  t h e  r a i s e d  r e s e r v o i r  o u t f l o w s  

w i l l  remain a t  a  s l i g h t l y  h i g h e r  l e v e l  (between 2 t o  3 NTU's g r e a t e r )  f o r  

abou t  t h r e e  t o  f o u r  months,  compared w i t h  t h e  e x i s t i n g  r e s e r v o i r .  

With t h e  S t a g e  I1 r e s e r v o i r ,  t h e  t u r b i d i t y  o f  o u t f l o w s  w i t h  e i t h e r  t h e  s u r -  

f a c e  wi thdrawal  i n t a k e  o r  t h e  i n t a k e  a t  E l e v a t i o n  1366 w i l l  be p r a c t i c a l l y  

t h e  same u n t i l  s t r a t i f i c a t i o n  deve lops  i n  t h e  s p r i n g .  A f t e r  r e s e r v o i r  s t r a t -  

i f i c a t i o n  d e v e l o p s  i n  l a t e  s p r i n g ,  t h e  s u r f a c e  wi thdrawal  i n t a k e  t u r b i d i t y  

w i l l  b e  lower  t h a n  w i t h  a n  i n t a k e  a t  E l e v a t i o n  1366 f t .  Dur ing t h e  l a t e  

s p r i n g  and summer months,  o u t f l o w  t u r b i d i t i e s  u s i n g  a  s u r f a c e  w i t h d r a w a l  

scheme w i l l  be  about  t h e  same a s  f o r  t h e  e x i s t i n g  r e s e r v o i r  under  t h e  same 

m e t e o r o l o g i c  and h y d r o l o g i c  c o n d i t i o n s .  The l o c a t i o n  of  t h e  i n t a k e  l e v e l  

had p r a c t i c a l l y  no e f f e c t  on p r e d i c t e d  t u r b i d i t i e s  f o r  t h e  low- leve l  o u t l e t .  

The s u r f a c e  wi thdrawal  i n t a k e  n o t  o n l y  p r o v i d e s  a  b e t t e r  the rmal  regime i n  

t h e  S u l t a n  R i v e r  t h a n  t h e  i n t a k e  a t  E l e v a t i o n  1366, bu t  i t  a l s o  r e d u c e s  

t u r b i d i t y  i n  t h e  power r e l e a s e s  from t h e  r a i s e d  r e s e r v o i r .  The s u r f a c e  

wi thdrawal  concept  i s ,  t h e r e f o r e ,  t h e  l o g i c a l  c h o i c e  f o r  t h e  power t u n n e l  

i n t a k e  f o r  t h e  S t a g e  I1 development of t h e  S u l t a n  R i v e r  P r o j e c t .  
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Section 1 

INTRODUCTION 

1.1 PURPOSE 

The Stage I1 Development for the Sultan River Project in Snohomish County, 

Washington, involves raising Culmback Dam, constructing a tunnel and pipe- 

lines, and building a powerhouse on the Sultan River. A comprehensive 

program of data acquisition, analysis, and numerical simulation was under- 

taken to evaluate the effects of the Stage I 1  Development on the water 

temperature and turbidity in the discharges from Spada Lake so that the 

possible impacts on fisheries and the water supply for the city of Everett 

could be assessed. 

1.2 SCOPE 

The scope of the study described in this report is as follows: 

Collect sufficient field data on meteorology, flows, 
temperatures, turbidities, and other water quality 
parameters for Spada Lake, for verification of a 
mathematical model of the temperature and turbidity 
distribution within the reservoir and in the out- 
flows from the reservoir 

Develop and verify a mathematical model 

Use the mathematical model to simulate the temperature 
and turbidity within the Stage I1 reservoir and in the 
outflows from the reservoir 

Develop and verify a streamflow temperature model for 
the reach between Culmback Dam and the Diversion Dam, 
and simulate the temperature changes in the low-level 
releases from the Stage I1 reservoir as it flows down 
the Sultan River to the Diversion Dam 



0 Compare the simulated temperatures of the Stage I1 
reservoir outflows with historical streamflow tempera- 
tures 

Compare simulated turbidities in the Stage I1 reservoir 
outflows with the turbidity in the exisiting outflow 

Collection, reduction, and analysis of the data is described in Section 2 

of this report. Development and verification of the mathematical models 

for reservoir temperature and stream temperature simulation is described in 

Section 3. Results of the reservoir temperature studies are presented in 

Subsections 4.1 and 4.2; Subsection 4.3 presents the results of the stream 

temperature simulation. Finally, the existing turbidity variations in 

Spada iake, verification of the mathematical model for turbidity, and pre- 

diction of turbidity variations in the Stage I1 reservoir are presented 

in Section 5. 

1.3 DESCRIPTION OF EXISTING AND PROPOSED PROJECTS 

The existing project, shown on Figure 1-1, provides a firm water supply for 

the city of Everett, Washington. Culmback Dam, constructed on the Sultan 

River in 1965, forms Spada Lake, a small reservoir with a surface area of 

about 800 acres and a volume of about 34,500 acre-ft at the normal opera- 

ting level, El. 1360. The average inflow to Spada Lake is about 745 cfs. 

The flow out of Spada i.ake passes over a morning glory spillway (crest 

El. 1360) or through a low-level outlet controlled by a Howell-Bunger valve 

(centerline El. 1241, tunnel intake centerline El. 1250). Releases from 

the lake then flow downstream to the city of Everett's Diversion Dam where 

diversions are made to Lake Chaplain, a re-regulating and secondary storage 

reservoir. 

Stage I1 of the Sultan River Project will develop the hydroelectric poten- 

tial of the Sultan Basin witilout impairin;$ the water supply resources of 

the basin. A schematic plan of tile proposed project is depicted in 

Figure 1-2. Culmback Uam will be raised, increasing the water level in 
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Figure 1-2 Sultan River Project. General Plan 



Spada Lake 90 ft to El. 1450. Raising the dam will more than quadruple the 

reservoir storage volume. The principal release from the raised reservoir 

will pass through a tunnel and pipeline to a powerhouse, located on the 

Sultan River about 5.4 miles below the city of Everett's Diversion Dam. A 

pipeline from the powerhouse to Lake Chaplain will furnish the city's 

water supply requirements. Flow augmentation to satisfy fish requirements 

in the reach between the Diversion Dam and the powerhouse will be made by 

backflowing water from the pipeline outlet structure at Lake Chaplain 

through the existing Diversion Tunnel to the Sultan River as shown on 

Figure 1-2. In addition, it is assumed that a minimum release of 20 cfs 

will be made through the low-level outlet works at Culmback Dam. 

1.4 RIVER REACHES FOR COMPARISON OF EXISTING AND RAISED RESERVOIR 
TEMPERATURE REGI>ES 

For the existing project, the temperature regime in the Sultan River below 

Culmback Dam is determined by the temperature of water released from 

Culmback Dam and the subsequent heating or cooling of the water as it flows 

downstream to the confluence with the Skykomish River. At present, releases 

from the low-level outlet combine with spills over the morning glory 

spillway in a common outlet tunnel and flow into the Sultan River at the base 

of the Culmback Dam (Station 9A on Figure 1-1). In general, there is rela- 

tively little spill from mid-July through September, so the releases in 

summer usually come from the lowest levels which contain the coldest water 

in the reservoir. As the flow passes downstream, heat exchange with the 

atmosphere causes the water temperature to increase or decrease, depending 

on the time of year. Based on past records, the water temperature increases 

about ZOF between Culmback Dam and the Diversion Dam (Station 11 on 

Figure 1-1) during the summer months. Daily river temperatures have been 

taken by the city of Everett at the Diversion Dam since construction of 

Culmback Dam in 1965. This record was used as the benchmark against which 

changes in temperature were measured. The Diversion Dam is the only 

station for which long-term records on the Sultan River are available. 



The temperature regime will be much more complex for raised reservoir con- 

ditions. To help maintain resident trout fisheries between Culmback Dam 

and the Diversion Dam, a flow of 20 cfs will be released from the low-level 

outlet at Culmback Dam. The temperature of these releases has been obtained 

from the reservoir model and the temperature rise between Culmback Dam and 

the Diversion Dam has been predicted using a streamflow temperature model. 

Data necessary to extend the stream temperature model from the Diversion 

Dam to the powerhouse site were not available. Consequently, comparison 

with the Diversion Uam temperature record formed the basis for evaluating 

temperature changes in the Sultan River for the entire reach between the 

Diversion dam and the powerhouse. 

Discharges passing the Diversion Dam will mix with fishwater return flows 

from the Diversion Tunnel. The temperature of the fishwater return flow 

will be the same as the power tunnel outflow temperatures. A mixed temp- 

erature for the reach between the Diversion Dam and the powerhouse site was 

estimated, using the water temperature of the fishwater return flow as 

obtained from the reservoir model and the temperature of the water in the 

Sultan River at the Diversion Dam as determined from the stream temperature 

model. 

The water temperatures of releases at the powerhouse will be virtually the 

same as those leaving Spada Lake, and were obtained from the numerical model 

used for simulating the reservoir temperatures. The temperatures at the 

proposed powerhouse site were compared to the historical record obtained by 

the city of Everett at the Diversion Dam. 
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S e c t i o n  2  

F I E L D  DATA A C Q i J I S I T I O N  AND PSDUCTION 

2.1  RESERVOIR TEMPERATURE AND TURBIDITY 

2.1.1 Genera l  

The numer ica l  model f o r  s i m u l a t i n g  t h e  r e s e r v o i r  t e m p e r a t u r e  and t u r b i d i t y  

a c c o u n t s  f o r  t h e  f l o w  of w a t e r ,  suspended m a t e r i a l ,  and h e a t  i n t o  and 

o u t  of t h e  r e s e r v o i r .  The f i e l d  d a t a  a c q u i s i t i o n  program was t h e r e f o r e  

d e s i g n e d  t o  moni to r  t h e  d i s c h a r g e ,  t e m p e r a t u r e ,  and t u r b i d i t y  of t h e  

r e s e r v o i r  i n f l o w s  and o u t f l o w s  a s  w e l l  a s  t h e  d i s t r i b u t i o n  of t e m p e r a t u r e  

and t u r b i d i t y  w i t h i n  t h e  r e s e r v o i r .  Local  meteorology was moni tored because  

h e a t  exchange w i t h  t h e  a tmosphere  and wind mixing were t h e  p r i n c i p a l  f a c t o r s  

i n  d e t e r m i n i n g  t h e  changes i n  t e n p e r a t u r e  w i t h i n  t h e  r e s e r v o i r .  Tab le  2-1 

l i s t s  a l l  of t h e  s t a t i o n s  shown on F i g u r e  1-1 and summarizes t h e  d a t a  

c o l l e c t e d  a t  each  s t a t i o n .  Measurement of d i s c h a r g e ,  w a t e r  t e m p e r a t u r e ,  and 

m e t e o r o l o g i c a l  p a r a m e t e r s  fo l lowed  s t a n d a r d  p r o c e d u r e s ;  t h e  methodology,  

i n s t r u m e n t a t i o n ,  and d a t a  r e d u c t i o n  f o r  t h e s e  p a r a m e t e r s  a r e  d e s c r i b e d  

b r i e f l y  i n  subsequen t  pa ragraphs  i n  t h i s  s e c t i o n .  T u r b i d i t y ,  however, 

p r e s e n t e d  a s p e c i a l  problem and is d i s c u s s e d  below. 

2 .1 .2  T u r b i d i t y  

T u r b i d i t y  i s  a n  o p t i c a l  p r o p e r t y  of w a t e r .  To model t u r b i d i t y  r e q u i r e s  

t h a t  i t  b e  r e l a t e d  t o  some p h y s i c a l  q u a n t i t y  t h a t  can  b e  d e s c r i b e d  mathe- 

m a t i c a l l y ,  e . g . ,  t h e  c o n c e n t r a t i o n  of suspended s o l i d s  o r  of b i o l o g i c  

m a t t e r  c a u s i n g  t h e  wa te r  t o  b e  t u r b i d .  

T u r b i d i t y  i s  expressed  i n  terms of t h e  amount of l i g h t  t h a t  i s  s c a t t e r e d  by 

m a t e r i a l  suspended i n  t h e  w a t e r .  Measurement of t u r b i d i t y  by s c a t t e r i n g  



Table 2-1 

Station 
NO. - 
1. 

2. 

3. 

4. 

5 .  

6 .  

6A.  

7. 

8. 

9A. 

11. 

12. 

14. 

15. 

16. 

18. 

22.  

- 

SUMMARY OF WATER QUALITY SAMPLING STATIONS 
FOR THE SULTAN BASIN 

Location 

North Fork, not used 
in this study 

Elk Creek 

Williamson Creek 

North Fork, above 
Williamson Creek 

North Fork, Entrance 
to Spada Lake 

South Fork, Bridge 

South Fork, Entrance 
to Spada Lake 

Spada Lake, midlake 

Spada Lake, near 
the log boom 

Outlet of Culmback 
Dam 

Diversion Dam 

Lake Chaplain 

Marsh Creek 

USGS Gauge, 
Sultan River 

City of Sultan 
Water Supply 

Sultan River, belav 
Powerhouse site 

Tom of Sultan 

Stage 

USGS Gauge 

USGS Gauge 

Stage Recorder 
USGS Gauge 
Weight Gauge 

Stage Recorder 
USGS Wire 
Weight Gauge 

( c )  

Stage Recardet 

USGS Gauge 

remperature 

City (a) 

City (a )  

City (a) 

Continuous 
recorder 
Cicy(a,b) 

Continuous (b 

recorder 

Profiles 

Profiles 

Continuous 
recorder 

Continuous 
recorder 

Profiles 

urbidity 

City ( a )  

city [a)  

ISCO 
ampler 

City (a,b) 

ISCO (b) 

ampler 

rof  iles 

rof iles 

ISCO 
ampler 

ISCO 
ampler 

rofiles 

Water (d) 

Juality 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Notes: (a )  "City" designates once daily reading by the city of Everett 
(b) Recorders moved to Station 6 during winter for ease of access. 
(c) Stage recorder at Culmback Dam to record Spada Lake levels. 
( d l  "Water Quality'' designates collection of periodic samples for 

analysis of chemical and biological constituents. 



of light is called nephelometry, and the standard unit of turbidity is ex- 

pressed as Nephelometric Turbidity Units (NTU,s). The definition of the NTU 

is based on a standard solution of Formazin polymer as described in the 

14th Edition of Standard Methods, AWWA (1975). Proper use and evaluation 

of turbidity measurements requires a basic understanding of the interaction 

between some physical properties of the sample and the characteristics of 

the instrument used to produce a turbidity measurement. In general, there 

is no unique relationship between turbidity and suspended solids concentra- 

tion, because turbidity, as measured by a nephelometer, depends on the 

characteristics of the suspended particles as well as upon the individual 

instrument characteristics. The relative importance in nephelometry of such 

factors as the total number, size and geometric shape of the suspended parti- 

cles, the spectral distribution of the incident radiation, and the instru- 

ment design is discussed by Austin (1973) and Vanous (1978). 

If the particles causing turbidity are of the same material and fairly uni- 

form in size, then the relationship between turbidity and NTU is linear. 

This fact is supported by Mie (1908) who showed that the amount of scatter- 

ing caused by uniform-size, spherical particles is linearly related to the 

number of particles. Data by Lobring and Booth (1974) and Locher et al. 

(1976) show that there is a linear relationship between turbidity readings 

and the total suspended solids concentration for different "standard" 

materials, the slope of the lines being different for each material. Data 

obtained in this study showed that there was a linear relationship between 

turbidity in NTU and suspended solids concentration for Spada Lake. 

Consequently, modeling turbidity in the numerical model could be accomplished 

in terms of Nephelometric Turbidity Units instead of concentration of 

suspended solids. In this study, turbidity is the property that was modelled 

because turbidity is the accepted parameter on which comparison of existing 

and future water quality will be based. 

In general, different instruments do not read the same NTU value for a given 

sample even if they have been calibrated with the same Formizin standard 



because of differences in nephelometer design among instrument manufacturers. 

Therefore, all turbidity measurements obtained in this study were obtained 

with the same instrument, a battery-powered nephelometer manufactured by 

Resources Technology, Inc., Gainsville, Florida. 

2.1.3 Reservoir Inflows 

The North and South Forks of the Sultan River are the two principal sources 

of inflow into Spada Reservoir. The United States Geological Survey 

(U.S.G.S.) established gauging stations with wire-weight gauges on the 

North Fork at Station 4 (Figure 1-I), and the South Fork at Station 6 

in 1976. Gauging stations with hourly recording gauges were also established 

by the U.S.G.S. on Williamson Creek ( G  on Figure 1-1) and on Elk Creek, 

Station 2. Because the small drainage areas and mountainous terrain lead to 

short duration, highly peaked runoff events, Leupold and Stevens Type F 

stage recorders were installed on the North and South Forks at Stations 4 

and 6, respectively, to supplement the U.S.G.S. recording stations. The 

installation on the North Fork is shown on Figure 2-1. Reservoir inflows 

were calculated by combining the stage data obtained on the North and South 

Forks with the Williamson Creek data and with hydrologic estimates of 

flows from several small ungauged areas which make up about 15 percent of 

the catchment area. 

Inflow temperatures were obtained with clock-wound, mechanical thermographs 

supplied by Weather Measure Inc., Sacramento, California (Model T601-AS-22). 

To obtain continuous stream temperature records as close to the reservoir 

as practicable, the thermographs were installed on the North Fork at Station 

5 (Figure 1-1) and on the South Fork at Station 6A. 

Turbidity measurements were obtained by using automatic sequential samplers 

manufactured by ISCO Inc., Lincoln, Nebraska. These samplers, shown in Fig- 

ure 2-3 were located at Stations 5 and 6, and obtained pumped samples at 

pre-selected, programed intervals. Turbidities were measured with a battery- 



Figure 2-1 Stage Recorder Installation, North Fork 

Figure 2-2 Thermograph Installation. Low-level Outlet 
at Culmback Dam 

2-5 



powered, portable nephelometer manufactured by Resources Technology Inc. 

( R T I ) ,  Gainsville, Florida. During periods of high turbidity, the samplers 

were serviced Monday, Wednesday, and Friday of each week. A more detailed 

description of the field operation was presented by Locher, Elder, and 

Ryan (1980). 

2.1.4 Reservoir Outflows 

Lake levels were monitored with a Leupold-Stevens, Type F, stage recorder 

to obtain the head on the morning glory spillway and the head on the Howell- 

Bunger outlet valve. Rating curves for the morning glory spillway and 

Howell-Bunger valve were developed to compute the reservoir outflow. The 

rating curve for the spillway was developed on the basis of model study 

data for Culmback Dam (Acre and Higgins, 1962) and on data from other 

morning glory spillways. The outlet valve rating curve was derived from 

U.S. Army Corps of Engineers Hydraulic Design Criteria (1973) and included 

the effects of system headlosses. 

Outflow temperature and turbidites were measured at Station 9 A ,  located 

at the outlet of Culmback Dam. A mechanical, clock-wound thermograph, 

shown on Figure 2-2, was used to obtain a continuous record of outflow 

temperature. Turbidities were obtained using the ISCO automatic sequential 

sampler as depicted on Figure 2-3. 

2.1.5 Reservoir Profiling 

Measurements of temperature and turbidity in the reservoir as a function 

of depth were made approximately every two weeks at Station 8, and about 

every month at Station 7 (see Figure 1-1). Station 8 is located near the 

log boom at the lower end of the reservoir, and Station 7 is located about 

midway between Culmback Dam and the upper end of the reservoir. Measure- 

ments were obtained with a Hydrolab Model 8002, a battery-powered field 

instrument capable of measuring temperature, dissolved oxygen, pH and 

conductivity in s i h .  Samples for turbidity were obtained with a grab 

sampler and turbidity measurements were made with the RTI nephelometer. 



Figure 2-3 Servicing Automatic Sequential Pump 
Sampler 

Figure 2 4  Diversion Dam. Intake to Diversion Tunnel 
and Instrumentation 

2-7 



The reservoir profiles indicated the spatial and temporal distribution of 

temperature and turbidity within the reservoir and provided a check on the 

capability of the numerical model to simulate conditions in the reservoir. 

2.2 METEOROLOGY 

Exchange of heat between the lake and the atmosphere is controlled by the 

meteorological conditions. Most previous investigators in reservoir tempera- 

ture simulation have used meteorological data from neighboring sites, or have 

generated the data using empirical formulae. This procedure creates un- 

certainty in the validity of the simulation. Reliable and accurate site 

meteorology is therefore essential for estimating correctly the fluxes 

through the lake surface. A meteorological station located at M on Figure 1-1 

was established to obtain wind speed and direction, solar radiation, pre- 

cipitation, relative humidity, and air temperature. 

An electronic weather station (EWS) manufactured by Climatronics Corp., 

Bohemia, N Y ,  was supported by mechanical units to ensure reliability. The 

mechanical units consisted of a Weather Measure Hydrothermograph Model H311S 

which measured temperature and relative humidity, a Model R401 mechanical 

pyranograph which measured solar radiation, a weighing pan rain gauge (Model 

6032 distributed by Weathertronics, Sacramento Ch) and a Measurement 

Research Inc. (MRI) mechanical unit for wind speed and direction. 

2.3 DIVERSION DAY INSTRUMENTATION 

To assist in the calibration of the stream temperature model, water and 

air temperature measurements were obtained at the Diversion Dam with a 

Weather Measure Model T601S-16 thermograph. The turbidity of the flows 

diverted to Lake Chaplain was obtained with an ISCO sampler (Figure 2-4). 

Stage recorders were installed to monitor the discharge over the Diversion 

Dam as well as the quantity diverted to Lake Chaplain. 



2.4 QUALITY ASSURANCE 

One of the most important and often neglected aspects of a data acquisition 

program is obtaining assurance that all of the data are of good quality. 

To ensure that all of the temperatures were measured with respect to a 

common datum, each thermograph was checked with a mercury calibration 

thermometer when the charts were changed each week. The Hydrolab was 

calibrated with the same thermometer, and temperatures measured with this 

instrument were compared in the field with the thermographs and the mercury 

thermometer. The field crew was required to maintain a log book wherein 

all periodic checks on instrumentation calibration were recorded. 

A sling psychrometer and calibrated thermometer were used to check the 

meteorological station during each weekly visit. Internal calibration checks 

of the electronic weather station were also made weekly. Data from the 

two solar radiation devices and the two rain gauges were cross-checked each 

week. 

The field turbidimeter was supplied with calibration standards. Both the 

instrument zero and calibration were checked prior to obtaining each set of 

turbidity readings. Standard Formizin solutions were used in the lab to 

ensure agreement with the supplied standards. 

2.5 DATA REDUCTION 

All of the chart records from the stage and temperature recorders were 

reduced by hand, coded and keypunched, providing hourly values for further 

analyses. Turbidity values and hourly values of the meteorological 

parameters were also reduced and keypunched. 

In some instances, there were gaps in the inflow water temperature records 

caused by instrument problems. These gaps were bridged by using the 

stream temperature model described in Section 3 of this report, the meteoro- 

logical observations, and the daily temperature readings obtained by the 



city of Everett at Stations 4 and 6 on the North and South Forks, respec- 

tively. In this manner, complete records of inflow temperatures were made 

available for the numerical simulation of the reservoir temperatures. 

A water balance for Spada Lake was performed to check the inflow and out- 

flow data used in the numerical simulation. Inflows were computed by 

combining the hourly stage data obtained on the North Fork (Station 4) 

and the South Fork (Station 6) wit'n the 'J.S.G.S. stage data for Williamson 

Creek and with estimates of flows from several small ungauged areas. 

Outflows were calculated using the reservoir water surface elevation and 

the rating curves for the morning glory spillway and the Howell-Bunger 

valve outlet. A computer program used these data, the observed precipi- 

tation, and estimates of evaporation based on the meteorological data to 

calculate the daily variation in lake level. The calculated lake eleva- 

tions were then compared with the observed lake levels. In general, the 

agreement was within f 1.5 ft, which was satisfactory, given that a con- 

sistent error of 30 cfs for a month's time in the inflow or outflow results 

in more than a 2 ft change in water surface elevation, and that the 

area-capacity-elevation curve shown on Figure 2-5 was based on a map with 

10  ft contour intervals. 
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Section 3 

NUMERICAL MODEL FOR TEMPERATURE 
AND TURBIDITY 

3.1 THE M.I.T. RESERVOIR MODEL 

The time variation of temperature and turbidity in Spada Reservoir was simu- 

lated using an expanded and modified version of the M.I.T. reservoir model. 

This model was originally developed by Huber, Ryan and Harleman (1972). Major 

improvements to the basic model were made for simulating turbidity in the 

reservoir as well as the turbulent mixing induced by the action of winds, 

the formation, growth and melting of an ice cover, and the inflow and out- 

flow dynamics. 

The M.I.T. model is a one-dimensional (vertical variations), time dependent, 

variable area model for simulating the temperature distribution in a reser- 

voir. The basic structure and key elements of the model are illustrated in 

Figure 3-1. The model incorporates surface heat fluxes, internal trans- 

mission and absorption of solar radiation, the distribution of inflows and 

outflows, and the resulting vertical advection within the reservoir. A 

basic assumption of the model is that horizontal temperature variations 

are negligible i . . ,  the thermal structure of the reservoir can be 

described by a one-dimensional, heat balance equation in the vertical direction). 

Detailed descriptions of this model can be found in Ryan and Harlenan (1971) 

and Huber et al. (1972). 

3.2 MODIFICATIONS TO THE M.I.T. TEMPERATURE MODEL 

Surface heat fluxes are key parameters in the temperature model. The prin- 

cipal fluxes are solar radiation, longwave atmospheric and back radiation, 

and evaporation and conduction. Minor modifications were necessary to 
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correctly simulate some of the fluxes for Spada Lake. These modifications 

are discussed in Subsections 3.2.1 through 3.2.4. Subsections 3.2.5 and 

3.2.6 describe improvements to the model for simulating the effect of wind 

mixing and the development of an ice cover, respectively. Subsection 3.2.7 

describes the treatment of the inflow dynamics. Finally, Subsection 3.2.8 

describes the modifications to the model for improved treatment of the out- 

flow dynamics. 

3.2.1 Solar Radiation 

Measurements of solar radiation were taken with a silicon cell radiometer, 

and a mechanical pyranograph. The spectral response of the silicon cell 

radiometer was in the 0.35-1.15 range; the range for the pyranograph was 

0.36-2.0 U. Evaluation of the data obtained with these instruments pre- 

sented problems. For example, the silicon cell radiometer was calibrated 

under clear skies during the summer in Arizona against an Eppley instrument 

with a spectral response in the 0.28-2.80 1~ range. Use of this instrument 

in the Pacific Northwest (where thick cloud cover, atmospheric haze, and 

effects of a different latitude result in an incoming radiation spectrum 

significantly different from the calibration spectrum) lead to incorrect 

(low) measurements of the short wave radiation. For conditions observed at 

Spada Reservoir, a correction was made in the model to the measured short 

wave radiation to account for the change in the calibration factor based 

on a comparison of the data obtained from the silicon cell radiometer and 

the mechanical pyranograph. 

3.2.2 Long Wave Radiation 

The original M.I.T. model used the Swinbank formula (1963) ,  adjusted for 

cloud cover, to estimate long wave atmospheric radiation. In general, this 

formula is satisfactory for the air temperatures usually observed in moderate 

climates, but it appears that the Swinbank formula underestimates the radi- 

ation flux at temperatures below 0°C. Consequently, the Swinbank formula 

was replaced by the Idso-Jackson (1969) formula which is considered more 



s u i t a b l e  f o r  year-round s i m u l a t i o n s  i n  a r e a s  c h a r a c t e r i z e d  by long  p e r i o d s  of 

nea r -ze ro  t e m p e r a t u r e s .  A s  shown by F i n d i k a k i s  e t  a l .  (1980) ,  t h e  Idso-  

Jackson  formula  p r o v i d e s  a  b e t t e r  e s t i m a t e  i n  t h e  t e m p e r a t u r e  range  -10 t o  

10°C. No ad jus tment  was n e c e s s a r y  f o r  longwave back r a d i a t i o n .  

3 .2 .3  Evapora t ion  and Heat  Conduction 

E v a p o r a t i v e  l o s s e s  were  e s t i m a t e d  i n  t h e  o r i g i n a l  model u s i n g  a  Lake Hefner 

t y p e  formula  (Marciano and Harbeck, 1 9 5 4 ) .  The o r i g i n a l  Lake Hefner  fo rmula  

is based on d a i l y  e s t i m a t e s  of t h e  e v a p o r a t i o n  and d a i l y  a v e r a g e s  of t h e  wind 

speed ,  a i r  and wa te r  t e m p e r a t u r e ,  and r e p r e s e n t s  t h e  b e s t  f i t  t h rough  d a t a  

o b t a i n e d  under v a r i o u s  c o n d i t i o n s  of a tomospher ic  s t a b i l i t y .  To accoun t  f o r  

t h e  e f f e c t  of a tmospher ic  s t a b i l i t y  and improve t h e  e s t i m a t e  of t h e  evapora-  

t i o n  and conduc t ion  l o s s e s  e s p e c i a l l y  i n  s i m u l a t i o n s  w i t h  t i m e  s t e p s  s m a l l e r  

t h a n  one day,  t h e  c o n s t a n t  i n  t h e  e v a p o r a t i o n  fo rmula  was expressed  a s  a  

f u n c t i o n  of a tmospher ic  s t a b i l i t y  and t h e  v a l u e  of t h e  c o n s t a n t  under n e u t r a l  

c o n d i t i o n s  ( D e a r d o r f f ,  1968) .  

Conduct ive  h e a t  t r a n s f e r  was e s t i m a t e d  i n  t h e  o r i g i n a l  model u s i n g  t h e  

Bowen r a t i o  approach .  The e f f e c t  of a t m o s p h e r i c  s t a b i l i t y  on c o n d u c t i v e  h e a t  

t r a n s f e r  was accoun ted  f o r  i n  a  manner s i m i l a r  t o  t h a t  f o r  e v a p o r a t i o n  

l o s s e s .  

3.2 .4  Absorp t ion  and Transmiss ion  of Short-Wave R a d i a t i o n  Wi th in  t h e  
R e s e r v o i r  

The t r a n s m i s s i o n  of short-wave r a d i a t i o n  was computed i n  t h e  M . I . T .  model by 

assuming t h a t  a  f r a c t i o n  of t h e  i n c i d e n t  s o l a r  r a d i a t i o n  i s  absorbed  a t  

t h e  s u r f a c e  and t h a t  t h e  t r a n s m i s s i o n  i n t o  t h e  r e s e r v o i r  d e c a y s  e x p o n e n t i a l l y  

w i t h  d e p t h .  The e x p o n e n t i a l  decay of  t h e  t r a n s m i t t e d  short-wave r a d i a t i o n  

was computed a s  a  f u n c t i o n  of a n  e x t i n c t i o n  c o e f f i c i e n t .  Using a  s i n g l e  

e x t i n c t i o n  c o e f f i c i e n t  f o r  t h e  e n t i r e  spec t rum of i n c i d e n t  r a d i a t i o n  g i v e s  

o n l y  a n  approx imat ion  t o  t h e  a c t u a l  r a t e  of ene rgy  t r a n s m i s s i o n  i n t o  t h e  

w a t e r ,  because  t h e  e x t i n c t i o n  c o e f f i c i e n t  is a c t u a l l y  a  f u n c t i o n  of t h e  



wave length of the incident radiation. The long wave lengths (i.e., the infra- 

red radiation) penetrate to a much smaller depth than the shorter wave lengths. 

This effect is usually accounted for by assuming that approximately forty 

percent of the incident short-wave radiation is absorbed at the surface. 

Because of the effect of the annual variation of the atmospheric mass on the 

incoming solar spectrum (and thus on the fraction of the short-wave radiation 

which is absorbed at the surface) a slightly different approach was taken in 

this study. It was assumed that the short-wave radiation which is absorbed 

at the surface is equal to the fraction of the total solar radiation reaching 

the water surface with a wavelength greater than 0.74 u .  On the basis of 

data presented by Jerlov (1965) this approach seems reasonable. With this 

assumption, and using data on the spectral distribution of solar radiation 

under different atmospheric mass conditions published by Nikolskii (1973). 

the fraction of the short-wave radiation absorbed at the surface was 

expressed as a linear function of the atmospheric mass. 

The extinction coefficient used in the M.I.T. model was a bulk coefficient 

for the entire spectrum and accounted for the effort of different physical 

processes causing attenuation of the incident radiation flux. These 

processes include attenuation by pure water, scattering by suspended 

particles, absorption by suspended particles and absorption by biologic 

matter. These last three components of the extinction coefficient have 

high variability depending on the characteristics and quantity of suspended 

solids and biologic matter in the water, and are site-dependent. The 

principal contributors to the extinction coefficient in Spada Lake appear 

to be scattering and absorption by suspended particles. Biologic activity 

is low because of the lack of nutrients in the water. 

The most widely used practical method for measuring light attenuation is 

the Secchi disk. The Secchi disk is a standardized disk, 8 inches in diameter, 

which is gradually lowered into a water body. The depth at which the disk 

is no longer visible is called the Secchi depth. Different investigators 

have obtained satisfactory estimates of the extinction coefficient by 



computing it as inversely proportional to the Secchi disk depth. A commonly 

used value of the constant of proportionality is 1.7 as proposed by Poole 

and Atkins (1929). Secchi disk depth observations in Spada Lake have shown 

a variability over the lake. Observations at Station 7 in the shallow upper 

end of the reservoir have indicated generally lower values of the Secchi 

disk depth during the summer than observations at Station 8 near the dam. 

Best results were obtained using the Station 8 Secchi disk values, and 

increasing the constant of proportionality to 3.4 to account for the more 

turbid shallow areas. 

Secchi disk depth measurements were made in the field approximately every two 

weeks. To account for variations of the Secchi disk depth, and consequently 

of the extinction coefficient between field observations, direct interpola- 

tion between observations at Station 8 was used. 

3.2.5 Wind Mixing 

The version of the M.I.T. model presented by Octavio et al. (1977) included 

the effects of wind mixing in a relatively simple manner. For Spada Lake, 

a more sophisticated approach was necessary. 

Winds cause turbulent mixing in the upper layers of water bodies. Typi- 

cally, a mixed surface layer of uniform temperature is formed, which deepens 

under the continuous action of the wind. The exchange of heat at the sur- 

face is thus coupled with the wind-induced mixing. The rate of growth of 

the mixed layer can be estimated by writing a one-dimensional turbulent 

kinetic energy equation and a heat balance equation for the mixed layer. 

These equations were integrated over the depth of the layer and then 

combined to yield the rate of deepening the layer. An accurate estimate 

of the rate of production of turbulent kinetic energy and the associated 

dissipation in the epilimnion is an important factor in the prediction of 

the growth of the mixed layer. 



The main mechanisms of p r o d u c t i o n  of  k i n e t i c  ene rgy  i n  t h e  mixed l a y e r  a r e  

t h e  a c t i o n  of t h e  wind s t r e s s  a t  t h e  s u r f a c e ,  c o n v e c t i o n  due  t o  s u r f a c e  

c o o l i n g ,  and wave b r e a k i n g .  

The energy  which is a v a i l a b l e  f o r  t u r b u l e n t  mixing below t h e  wave mixed 

l a y e r  depends  n o t  o n l y  on t h e  i n t e n s i t y  of t h e  wind bu t  a l s o  on t h e  wind 

p a t t e r n .  S h o r t  d u r a t i o n ,  i n t e r r u p t e d  winds - c h a r a c t e r i z e d  by f r e q u e n t  

changes  i n  d i r e c t i o n  - a r e  n o t  a s  e f f e c t i v e  i n  c o n t r i b u t i n g  t o  t h e  growth 

of t h e  mixed l a y e r  a s  a r e  c o n s t a n t  d i r e c t i o n ,  u n i n t e r r u p t e d  winds ,  because  

a h i g h e r  p e r c e n t a g e  of t h e  energy  i n p u t  from i n t e r m i t t e n t  winds i s  used 

t o  deve lop  s u r f a c e  waves. T h i s  ene rgy  is d i s s i p a t e d  n e a r  t h e  s u r f a c e  and 

i s  n o t  a v a i l a b l e  f o r  deepening t h e  mixed l a y e r .  

The p r o d u c t i o n  r a t e  of  t u r b u l e n t  k i n e t i c  ene rgy  below t h e  wave zone due t o  

wind a c t i o n  was e s t i m a t e d  u s i n g  t h e  Tucker and Green (1977)  method, b u t  

modi f i ed  t o  a l l o w  f o r  t h e  energy  r e q u i r e d  f o r  wave bui ld-up d u r i n g  i n t e r -  

m i t t e n t  winds .  Hour ly  wind v a l u e s  were  used i n  t h e  computa t ions .  

The energy  d i s s i p a t i o n  r a t e  i n  t h e  mixed l a y e r  below t h e  wave zone was 

e s t i m a t e d  on t h e  b a s i s  of d imens iona l  arguments ,  u s i n g  a p p r o p r i a t e  l e n g t h  

and v e l o c i t y  s c a l e s .  These  s c a l e s  a r e  d i f f e r e n t  f o r  t u r b u l e n t  mot ions  

g e n e r a t e d  by d i f f e r e n t  mechanisms, e . g . ,  wind and c o n v e c t i v e  mix ing  due  

t o  s u r f a c e  c o o l i n g .  The p r o c e s s e s  d e s c r i b e d  above,  a s  w e l l  a s  t h e  

d e f i n i t i o n  of some terms used  i n  t h i s  s u b s e c t i o n ,  a r e  i l l u s t r a t e d  i n  

F i g u r e  3-2. 

The t u r b u l e n t  k i n e t i c  ene rgy  and t h e  h e a t  b a l a n c e  e q u a t i o n s  were s o l v e d  

w i t h  a n  i t e r a t i v e  scheme. Each i t e r a t i o n  had t h r e e  s t a g e s .  The f i r s t  

s t a g e  c o n s i s t e d  of s o l v i n g  t h e  h e a t  b a l a n c e  e q u a t i o n .  I n  t h e  second s t a g e ,  

any c o n v e c t i v e  i n s t a b i l i t i e s  found i n  t h e  t e m p e r a t u r e  p r o f i l e  were  removed. 

F i n a l l y ,  t h e  t e m p e r a t u r e  p r o f i l e  which had been o b t a i n e d  from t h e  f i r s t  

two s t a g e s  was mixed l a y e r  by l a y e r  s t a r t i n g  from t h e  t o p ,  u n t i l  t h e  e n t i r e  

n e t  g a i n  of mechan ica l  ene rgy  had been used t o  i n c r e a s e  t h e  p o t e n t i a l  energy 
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of the water column. Thus, a new temperature and depth were obtained for the 

mixed layer. Computing the surface heat fluxes based on the new water 

surface temperature and then using these heat fluxes in the heat balance 

equation results in a different surface temperature than that for the original 

temperature profile. This iteration cycle was repeated until convergence for 

the mixed layer temperature was achieved. The first two stages of this 

process are featured in the original M.I.T. temperature model. The scheme 

was implemented by using a modified version of the algorithm developed by 

Octavio et al. (1977) .  

3.2.6 Ice Cover Formation and Melting 

In order to simulate the formation, growth, and eventual melting of the ice 

cover which may form during the winter, a solution for the temperature dis- 

tribution in the ice cover was developed. Temperature variations in the 

ice cover were described by the standard heat conduction equation. Boundary 

conditions used were: 

Constant water temperature at the ice-water interface 
(equal to O°C) 

Heat flux at the ice-air interface was estimated by considering 
all the physical processes that add to or take away from the system 

a The temperature at the ice-air interface (as well as throughout 
the cover) cannot exceed zero 

A key parameter in the estimation of the heat flux at the ice-air inter- 

face was the albedo of the ice surface, which can vary significantly 

depending on the condition of the surface, including the presence or 

absence of snow, and the effect of melting. These effects were included 

in the simulation. 

The time variation of ice thickness can be estimated by solving a heat 

balance equation for the ice cover. The rate of heat conduction from the 

water underneath the ice cover was obtained by solving the heat diffusion 



e q u a t i o n  i n  t h e  t h e r m a l  w a t e r  boundary l a y e r  undernea th  t h e  i c e  c o v e r .  

These e q u a t i o n s  were s o l v e d  n u m e r i c a l l y  u s i n g  one-dimensional  q u a d r a t i c  

f i n i t e  e l ements .  

A c r i t i c a l  f a c t o r  i n  t h e  s i m u l a t i o n  of t h e  o n s e t  of t h e  i c e  cover  is t h e  

p roper  a c c o u n t i n g  of t h e  wind mixing e f f e c t .  I f  wind mixing i n  t h e  s u r f a c e  

l a y e r  i s  u n d e r e s t i m a t e d ,  t h e  s i m u l a t e d  w a t e r  s u r f a c e  t e m p e r a t u r e  d e c r e a s e s  

a t  a  f a s t e r  r a t e  t h a n  t h e  obse rved ,  r e s u l t i n g  i n  a n  e a r l y  f o r m a t i o n  of i c e  

i n  t h e  r e s e r v o i r .  For example, i n  Spada Lake, i f  t h e  e f f e c t  of wind mixing 

i s  n e g l e c t e d ,  t h e  s i m u l a t i o n  p roduces  a n  i c e  cover  1 2  days  e a r l i e r  t h a n  i t  

a c t u a l l y  o c c u r r e d .  Accounting f o r  t h e  wind mixing e f f e c t  s u b s t a n t i a l l y  

improved t h i s  a s p e c t  of t h e  s i m u l a t i o n .  

Once formed, t h e  i c e  cover  a c t s  a s  a n  i n s u l a t i n g  b l a n k e t  on t h e  r e s e r v o i r .  

The o n l y  s i g n i f i c a n t  h e a t  i n p u t  i n t o  t h e  ice-covered r e s e r v o i r  i s  from warmer 

s t r e a m s  d i s c h a r g i n g  i n t o  t h e  r e s e r v o i r  and from a  s m a l l  f r a c t i o n  of t h e  

short-wave r a d i a t i o n  which p e n e t r a t e s  t h e  i c e  c o v e r .  The l a t t e r  e f f e c t  on 

t h e  s u r f a c e  h e a t  f l u x e s  was a l s o  i n c l u d e d  i n  t h e  model. 

3 . 2 . 7  In f low Dynamics 

The M.I.T. model t r e a t s  i n f l o w s  i n  a  r e l a t i v e l y  s i m p l e  manner. The i n f l o w  

is assumed t o  e n t r a i n  a  p r e s c r i b e d  amount of wa te r  from t h e  s u r f a c e  l a y e r s .  

The r e s u l t i n g  mixed 'nf low t e m p e r a t u r e  d e t e r m i n e s  t h e  l e v e l  a t  which t h e  

plume e n t e r s  t h e  r e s e r v o i r .  The mixed i n f l o w  i s  assumed t o  have a  Gauss ian  

v e l o c i t y  p r o f i l e  w i t h  a  s t a n d a r d  d e v i a t i o n  r e l a t e d  t o  t h e  i n f l o w  d e p t h .  

M o d i f i c a t i o n s  were made t o  t h e  model t o  improve t h e  e s t i m a t i o n  of t h e  

amount of e n t r a i n m e n t ,  and t h e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  i n f l o w  plume. 

R iver  i n f l o w s  were s i m u l a t e d  i n  t h e  model i n  f o u r  p h a s e s ,  s u r f a c e  mixing,  

p l u n g i n g ,  under f low,  and i n t r u s i o n .  F i g u r e  3-3 i l l u s t r a t e s  t h e s e  phases .  

S u r f a c e  Mixing.  A t  t h e  e n t r a n c e  t o  t h e  r e s e r v o i r ,  t h e  i n f l o w s ,  a l t h o u g h  

o f t e n  buoyant ( p o s i t i v e l y  o r  n e g a t i v e l y ) ,  expand v e r t i c a l l y  s o  t h a t  they  

remain b o t h  on t h e  s u r f a c e  and a t t a c h e d  t o  t h e  bottom. I f  t h e  r e s e r v o i r  
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topography p e r m i t s ,  t h e  i n f l o w  w i l l  e n t r a i n  r e s e r v o i r  w a t e r  th rough  i t s  

l a t e r a l  boundar ies .  S tandard  i n t e g r a l  j e t  a n a l y s i s  was used t o  e s t i m a t e  

d i l u t i o n .  When t h e  plume w i d t h  e q u a l l e d  t h e  r e s e r v o i r  w i d t h ,  no f u r t h e r  

d i l u t i o n  was a l lowed .  

Plunge L ine .  A s  a  buoyant i n f l o w  moves i n t o  t h e  r e s e r v o i r ,  t h e  plume 

v e l o c i t y  d e c r e a s e s ,  u n t i l  a t  some p o i n t  t h e r e  is a  b a l a n c e  between i n e r t i a l  

and buoyancy e f f e c t s .  I n  t h i s  r e g i o n  t h e  i n f l o w  e i t h e r  p lunges  below t h e  

r e s e r v o i r  s u r f a c e  and f lows  a l o n g  t h e  bottom as a n  under f low,  o r  i s  de- 

t ached  from t h e  bottom, f l o a t s  and s p r e a d s  a c r o s s  t h e  r e s e r v o i r  s u r f a c e  

as a  s u r f a c e  i n t r u s i o n .  The l o c a t i o n  of  t h i s  change i n  i n f l o w  b e h a v i o r  

is c a l l e d  t h e  p lunge  l i n e .  The l o c a t i o n  and d e p t h  of t h e  p lunge l i n e ,  and 

f low c o n d i t i o n s  downstream from t h e  p lunge  l i n e ,  were  de te rmined  u s i n g  a n  

approach  s i m i l a r  t o  F i s h e r  et a l .  ( 1979) .  

Underflow. When a  r i v e r  i n f l o w  p l u n g e s ,  i t  moves downward a l o n g  t h e  

s l o p i n g  r e s e r v o i r  bottom t o  a  d e p t h  a t  which i t s  d e n s i t y  is t h e  same a s  

t h e  r e s e r v o i r  d e n s i t y  ( n e u t r a l  buoyancy l e v e l ) .  A t  t h i s  d e p t h  t h e  i n f l o w  

moves i n t o  t h e  r e s e r v o i r  a s  a n  i n t r u s i o n .  For v e r y  c o l d  i n f l o w s ,  t h e  

underf low may move a l o n g  t h e  bottom t o  t h e  dam. 

The under f low was ana lyzed  a s  a  s t e a d y ,  g r a d u a l l y  v a r i e d  f low w i t h  a  

c o n s t a n t  i n t e r n a l  Froude number a t  e a c h  d e p t h .  Though a s t e a d y  s t a t e  

a n a l y s i s  was used a t  e a c h  t ime  s t e p ,  t h e  under f low c h a r a c t e r i s t i c s   were^ 

a l lowed t o  change i n  r e s p o n s e  t o  changing r i v e r  and r e s e r v o i r  c o n d i t i o n s  

s i n c e  t h e  t i m e  s c a l e  f o r  e q u i l i b r i u m  a d j u s t m e n t  of t h e  underf low w a s  l e s s  

t h a n  t h e  t ime  s c a l e  f o r  r i v e r  and r e s e r v o i r  changes .  The e n t r a i n m e n t  r a t e  

was e s t i m a t e d  by wn-iting a  s i m p l e  s t e a d y  s t a t e  t u r b u l e n t  k i n e t i c  ene rgy  

e q u a t i o n  f o r  t h e  under f low l a y e r .  The govern ing  e q u a t i o n s  f o r  t h e  under- 

f l o w  were  i n t e g r a t e d  n u m e r i c a l l y  s t a r t i n g  from t h e  plunge l i n e  and moving 

downstream u n t i l  t h e  underf low had reached  t h e  l e v e l  of n e u t r a l  buoyancy. 



Inflow Intrusion. Once the inflow reaches the level of neutral buoyancy, 

it becomes detached from the bottom and flows horizontally as an intrusion 

layer into the reservoir. The estimation of the growth of the intrusion 

layer was based on the work of Chen (1980). The thickness at the intrusion 

layer was obtained as a function of the total flow, viscosity, local 

density gradient, and the travel time from the point of detachment from 

the bottom until the intrusion reaches the dam. 

This scheme does not account for the effect of ambient turbulence which is 

likely to produce further spreading of the intruding layer and modify its 

profile. An approximate description of the outcome of this process was 

obtained by assuming that the velocity distribution in the intrusion layer 

is Gaussian, with a standard deviation equal to half the computed intrusion 

layer thickness. 

Diurnal Fluctuations. The M.I.T. model typically used inflow temperatures 

averaged over the time step (usually one day). However, in Spada Reservoir 

the summer inflow temperatures often exhibited a diurnal fluctuation of 

2°C or more, which could result in distributing the inflow over a large 

range of depths (as large as 15 m), compared to the calculated intrusion 

thickness (typically 1-2 m). To account for such diurnal effects, the 

observed hourly inflow temperatures were used. However, performing the 

complete sequence of inflow dynamics computations for each hour would have 

increased the computational effort substantially. Therefore, average 

inflow temperatures over the time step were used to compute the average 

intrusion layer thickness and entrainment rate for the time step. The 

hourly inflow temperatures were used to calculate the intrusion levels 

for each hour. The flow distribution for each hour's inflow was then 

computed on the basis of the average conditions for the time step. 

Finally, the vertical distribution of the total inflow for a given 

time step was obtained by superposition of the hourly flow distributions. 



3.2.8 Outflow Dynamics 

Modifications to the M.I.T. reservoir model were made to account for two 

factors which affect the outflow dynamics, and which were not considered in 

the original model: 

0 The effect of the reservoir bottom on the withdrawal layer 
thickness and the velocity distribtuion for a bottom outlet 

0 The possibility, under certain conditions, of withdrawal 
from both sides of the thermocline as suggested by recent 
experimental work 

The growth of the withdrawal layer for the bottom outlet and the associated 

velocity distribution were estimated by applying the results of theoretical 

and experimental studies of Monkmeyer et al. (1977) and Lawrence (1979) on 

selective bottom withdrawal. It was assumed that, in the immediate vicinity 

of the outlet, the flow is axisymmetric and that further away from the out- 

let it becomes two-dimensional and uniform in the lateral direction. The 

growth of the withdrawal layer thickness in the axisymmetric flow zone 

was computed using an empirical expression proposed by Lawrence (1979). 

The estimate of the further growth of the withdrawal layer in the two- 

dimensional flow zone was based on the work of Monkmeyer et al. (1977). 

The approach described above is based on the assumption that the reservoir 

is lineraly stratified. However, this is seldom the case. Typically, the 

thermal structure of the reservoir consists of a uniform temperature epi- 

limnion and a weakly stratified hypolimnion which are separated by a 

thermocline. A steep thermocline may act as a barrier and restrict the 

withdrawal from both the hypolimnion and the epilimnion. Selective with- 

drawal from two layer fluids has been studied in recent years by several 

investigators. The work of Jirka and Katavola (1979) was used to deter- 

mine whether the withdrawal layer from the bottom outlet extends into the 

epilimnion, and if so, to determine the fraction of the total outflow 

withdrawn from the epilimnion. 



The ratio of the flow withdrawn from the epilimnion over the flow withdrawn 

from the hypolimnion was computed as a function of the density difference 

between epilimnion and hypolimnion, the outflow velocity, the size of the 

outlet, the distance of the outlet from the thermocline and the thickness 

of the thermocline. It was assumed that the velocity distribution in the 

upper layer is uniform and that the velocity distribution in the lower 

layer is described by the sine-exponential profile proposed by Xonheyer 

et al. (1977). At the interface of the two layers, the velocities computed 

for each layer must be equal. 

A test for the possibility of withdrawal from both the epilimnion and the 

hypolimnion was also incorporated in the treatment of the spillway outflow 

dynamics. The same basic approach was used as for the bottom outlet, with 

some modification to account for the characteristics of a spillway flow. 

The velocity profile in this case was assumed to be uniform in the wind 

mixed layer, where the temperature is uniform, and to have a Gaussian 

form below the mixed layer. 

3.3 TURBIDITY SIMULATION 

3.3.1 Relationship Between Turbidity and Suspended Solids 

Turbidity is an optical property of water which is usually measured in 

terms of the amount of light scattering at a certain angle relative to a 

light source. This approach to turbidity measurement is characterized as 

nephelometry, and the accepted turbidity unit is the Nephelometric Tur- 

bidity Unit (NTU) which is defined in Standard Methods, 14th Ed., AWWA 1975. 

To simulate turbidity variations, it is necessary to relate the turbidity 

to the substances which cause it. The predominant cause of turbidity in 

Spada Lake is the presence of fine clay particles in suspension. The 

amount of light scattering and consequently the turbidity measurements 

depend on the total number, the size distribution, and the geometry of 

the suspended particles. A mathematical relationship between turbidity 



measurements and the concentration of suspended particles of different 

sizes and different material may be rather complex. However, if the 

turbidity-causing particles are of the same material and fairly uniform 

in size, then the relationship between turbidity and the total amount 

of suspended solids is approximately linear. Analysis of concurrent 

turbidity and suspended solids measurements in Spada Lake justified the 

use of a linear assumption (Figure 3 - 4 ) .  

3 . 3 . 2  Formulation 

Variations in turbidity were simulated by solving a one-dimensional, mass 

balance equation for the total concentration of suspended particles. The 

assumption of linearity between turbidity and the concentration of suspended 

solids facilitated the simulation, since all data for suspended solids in 

the inflows and in the reservoir were in terms of Nephelometric Turbidity 

Units. 

Turbulent transport of suspended particles was described with an eddy 

diffusion model. The eddy diffusivity coefficient for the turbidity was 

computed as a function of the length scale associated with turbulent 

mixing and the turbulent kinetic energy. The vertical distribution of 

turbulent kinetic energy in the reservoir was estimated by solving a one- 

dimensional energy equation. The same assumptions regarding the generation 

and dissipation of turbulence which were discussed in Subsection 3 . 2 . 5  

were made in the formulation of this energy equation. In addition, it was 

assumed that there was no turbulent transport of energy or production of 

energy in the hypolimnion. The effect of gravitational settling of sus- 

pended particles on the turbidity in the reservoir was accounted for by 

adding a constant settling velocity to the vertical advective velocity in 

the turbidity transport equation, and adding a sink term, proportional to 

the settling velocity, to account for settling on the slopes and the bottom 

of the reservoir. The settling velocity of suspended particles in water 

depends on the density, size and shape of the particles, and the kinematic 



2 0 0  

180 

160 

140 

3 
I- 
z 120 

>. 
L loo 
n - 
m 
a 80 
3 
I- 

60 

40 

20 

0 

SULTAN RIVER PROJECT 
RESERVOIR TEMPERATURE SIMULATION 

A S t a t i o n  5 1 a s t a t i o n  7 \ 
0 S t a t i o n 8  

T O T A L  S U S P E N D E D  S O L I D S ,  m g / 1  

Figure 3 4  Relationship Between Turbidity and 
Suspended Solids Concentration 



viscosity of the water. It was assumed that the settling velocity of the 

turbidity causing suspended particles in Spada reservoir is 0.4 m/day for 

a water temperature of 20°C. This is the settling velocity of spherical 

particles of diameter 2.2 u ,  as computed from Stokes' law (for particles 
of specific gravity 2 . 7 ) .  This also would be the settling velocity of 

disc-shaped (Lerman et al. 1974) particles of diameter 5.3 p.and ratio of 

radius over thickness equal to 10. Field observations in Spada Lake have 

indicated that typically 60-80 percent of the suspended particles are 

less than 5 !J in size. Microscopic observations indicate that the particles 

are more like plates than spheres, as is typical for clay materials. 

In the simulation, the settling velocity was varied as a function of the 

water temperature which affects the kinematic viscosity. Thus, for 

example, the settling velocity used at 5 ' ~  water temperature was approxi- 

mately equal to two-thirds of the settling velocity at 20°C. 

3 .4  TEMPERATURE CALIBRATION 

3 .4 .1  Results 

The set of meteorological and water temperature data collected from 3 1  May, 

1979 through 30 September, 1980 were used to calibrate the model. Calibra- 

tion consisted of comparing the simulated with the observed temperature 

profiles in the reservoir and the observed reservoir outflow temperatures. 

Good agreement betwee,! simulated and observed temperature values indicated 

that the reservoir model with the modifications described in Section 3.2 was 

capable of accurately simulating the different physical processes which 

affect the thermal structure of the reservoir. This agreement provided the 

confidence and assurance necessary to use the model for prediction of the 

temperature distribution in the raised reservoir. 

Figures 3-5 and 3-6 show the simulated and the observed (at Station 8) 

surface temperatures and temperatures at 4, 10, and 20 meters below the 

reservoir water surface for 1979 and 1980, respectively. The agreement 
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between simulated and observed values is considered excellent. Noticeable 

features of the simulation shown in these figures are (a) the proper modeling 

of the thermal mixing during the fall which was made possible by the 

introduction of the wind mixing algorithm described in Subsection 3.2.5 and 

(b) the accurate prediction of the time of the formation and melting of the 

ice cover in the winter, which was made possible by using the approach 

described in Subsection 3.2.6. 

A comparison of the observed and simulated temperature profiles in Spada Lake 

at different days during the simulation period is depicted on Figures 3-7 

and 3-8. These profiles show clearly that the overall agreement is excellent. 

Figures 3-5, 3-6, 3-7, and 3-8 demonstrate conclusively that both the 

spatial and the temporal distribution of temperature in the reservoir are 

being simulated correctly. 

Figures 3-9 and 3-10 compare the simulated temperature of outflows through 

the Howell-Bunger valve with the daily observations obtained by the City of 

Everett. Since the city's temperatures are recorded to the nearest degree 

Fahrenheit, the agreement is excellent. When the morning glory spillway 

is in operation, the outflow temperature is a mixture of the spillway and 

low-level outlet releases. Figure 3-11 shows the simulated outlet tempera- 

ture during two periods of spill in comparison with temperature records 

obtained at Station 9A. Again, the agreement is considered excellent. 

These results show that the formulation of the reservoir outflow dynamics 

discussed in Subsection 3.2.8 closely simulates withdrawal of fluid from 

the appropriate layers in the reservoir and provides further evidence that 

the model is satisfactorily simulating the reservoir thermal behavior. 

3.4.2 Limitations of 1979 Simulation 

Upon completion of the calibration of the reservoir model for 1979 and 

most of 1980, it was concluded that using the 1979 data as input for 

simulation of the raised reservoir temperature regime would not produce 



" t y p i c a l "  r e s u l t s  because  t h e  summer of 1979 was u n u s u a l l y  h o t  and d r y .  

The warm wea the r  and l a c k  of  r a i n f a l l  i n  t h e  l a t e  summer of 1979 r e s u l t e d  

i n  low i n f l o w s ,  which i n  t u r n  caused r e s e r v o i r  drawdown t o  t h e  second 

lowes t  l e v e l  r ecorded  s i n c e  1968 (Tab le  3-1). 

The combinat ion of a  low r e s e r v o i r  l e v e l  and c l e a r ,  warn d a y s ,  caused un- 

u s u a l  h e a t i n g  of t h e  remaining s m a l l  body of w a t e r  ( = 1 3 , 5 0 0  a c r e - f e e t )  and 

abnormal ly  h i g h  o u t f l o w  t e m p e r a t u r e s  i n  September and October  of 1979. The 

f a c t  t h a t  t h e  1979 o u t f l o w  t e m p e r a t u r e s  were e x c e p t i o n a l l y  h i g h  i n  September 

and October i s  i l l u s t r a t e d  g r a p h i c a l l y  on F i g u r e  3-12. T h i s  f i g u r e  d e p i c t s  

a l l  of t h e  a v a i l a b l e  t e m p e r a t u r e  d a t a  f o r  r e l e a s e s  th rough  t h e  Howell- 

Bunger v a l v e  f o r  t h e  June-December p e r i o d  t h a t  have been recorded  by t h e  

c i t y  of  E v e r e t t  s i n c e  t h e  r e c o r d i n g  began i n  mid-August of 1976.  The d a t a  

were  recorded t o  t h e  n e a r e s t  d e g r e e  F a h r e n h e i t .  Undoubtedly,  t h e  1979 

t e m p e r a t u r e s  a r e  n o t  " t y p i c a l " .  To o b t a i n  more r e p r e s e n t a t i v e  r e s u l t s ,  i t  

was decided t o  s i m u l a t e  1978 c o n d i t i o n s .  The 1978 c o n d i t i o n s  were  s e l e c t e d  

because  some r e s e r v o i r  p r o f i l e  d a t a  f o r  1978 were  a v a i l a b l e  from a  p r e v i o u s  

s t u d y ,  and because  t h e  d a t a  shown on F i g u r e  3-12 i n d i c a t e  t h a t  t h e  1978 

t e m p e r a t u r e s  were more t y p i c a l  than  t h o s e  observed i n  1979. 

3 .4 .3  R e s e r v o i r  Temperature  S i m u l a t i o n  f o r  1978 

The o n l y  m e t e o r o l o g i c a l  d a t a  a v a i l a b l e  f o r  1978 were  d a i l y  maximum and 

minimum a i r  t e m p e r a t u r e s ,  d a i l y  p r e c i p i t a t i o n  and t h r i c e  d a i l y  o b s e r v a t i o n s  

of c loud  cover  (beg inn ing  June 1 7 t h ,  1978) c o l l e c t e d  by t h e  c i t y  of  E v e r e t t .  

The u s e  of m e t e o r o l o g i c a l  d a t a  from o t h e r  s i tes on t h e  r e s e r v o i r  t e m p e r a t u r e  

s i n u l a t i o n  was n o t  c o n s i d e r e d  a  r e l i a b l e  p rocedure  u n l e s s  a  r e l a t i o n s h i p  

between meteorology a t  Spada Lake and t h e  o t h e r  s i t e  cou ld  b e  e s t a b l i s h e d .  

T h e r e f o r e ,  d a t a  irom S e a t t l e  t a k e n  d u r i n g  1978-1980 were  c o r r e l a t e d  s t a t i s -  

t i c a l l y  w i t h  t h e  a v a i l a b l e  1979-1980 m e t e o r o l o g i c a l  d a t a  o b t a i n e d  a t  Spada 

Lake t o  e s t a b l i s h  t h e  n e c e s s a r y  r e l a t i o n s h i p  between c o n d i t i o n s  a t  t h e  s i t e  

and a t  S e a t t l e .  Hourly v a l u e s  of s o l a r  r a d i a t i o n ,  r e l a t i v e  humid i ty ,  and 

a i r  t e m p e r a t u r e  f o r  1978 were  t h e n  s y n t h e s i z e d  by u s i n g  t h e  a v a i l a b l e  1978 

S e a t t l e  d a t a  and t h e  s t a t i s t i c a l  r e l a t i o n s h i p s  d e r i v e d  from c o r r e l a t i n g  

t h e  1979-1980 S e a t t l e  and p r o j e c t  s i t e  d a t a .  
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Table 3-1 

CULMBACK DAM. MINIMUM RESERVOIR DRAWDOWN 

Year 
Reservoir 

Water Surface Elevation 
Month and Day of 

Occurrence 

Aug 23 

Sep 16 

Sep 2 

Mar 22 

Nov 1 

Sep 19 

Nov 6 

Oct 3 

Nov 15 

Feb 10 

Nov 1 

Oct 16 

Reservoir inflows were estimated from the city of Everett's daily stage 

readings on the North and South Forks (Stations 4 and 6, respectively), 

the U.S.G.S. data from Williamson Creek and estimates of flows from un- 

gauged drainage areas. Outflows were calculated from the city of Everett's 

records of lake level, valve opening, and the rating curves for the morning 

glory spillway and Howell-Bunger valve outlet developed for the 1979 study. 

Daily stream temperature readings for the North and South Forks at Stations 

4 and 6 were available from the city of Everett. Diurnal variations in 

the inflow temperature were generated using these readings, the synthesized 

1978 site meteorology, and the stream temperature model. 

The results of the simulation of temperatures in Spada Lake for 1978 are 

depicted on Figure 3-13. The agreement between the predicted and the 
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observed temperatures was generally satisfactory, although the agreement was 

not as good as the 1979 simulation, probably because the meteorology for 

1978 was synthesized, rather than measured at the site. In particular, 

the simulated lake surface temperatures were lower than the observed 

temperatures during late July and the first half of August. This result 

is probably caused by the relatively poor correlation obtained for air 

temperatures above 80°F. Lower air temperatures led to a lack of heat 

input in the first half of August which was then reflected in predicted 

reservoir temperatures in the last half of August and early September 

being lower than the observed values. 

A comparison of the observed and simulated outflow temperature from the 

Howell-Bunger valve for 1978 is shown on Figure 3-14. The agreement is 

considered good. It is clear that the 1978 simulation produces results 

that are similar to the recorded outlfow temperatures shown on Figure 3-12, 

for 1976, 1977, 1978, and 1980. 

On the basis of comparing the observed and simulated temperatures for 

1978, it was concluded that the synthesized 1978 record was a satisfactory 

representation of a typical year's temperature record. 

3.4.4 Comparison of 1980 and 1978 Simulations 

The outflow temperature variations from Spada Lake during 1980 were practi- 

cally the same as those for 1978, as shown on Figure 3-12. City of Everett 

observations of lake surface temperature for 1978 and 1980 (not shown here) 

were also similar. Results of the simulated outflow temperatures were also 

very similar as may be seen by comparing Figures 3-10 and 3-14. On the 

basis of comparing these data with all of the available data, it was there- 

fore concluded that both the 1978 and 1980 simulations would be representative 

of typical conditions for Spada Lake. Since the 1980 data were not complete, 

the 1978 simulation thus provides information during October and November of 

a typical year as the reservoir cools in the fall. 



. 
To p r o v i d e  as comprehensive and complete  a  p i c t u r e  of  expec ted  c o n d i t i o n s  

i n  t h e  r a i s e d  r e s e r v o i r  a s  p r a c t i c a b l e ,  s i m u l a t i o n s  of r a i s e d  r e s e r v o i r  . 
performance w i t h  t h e  d a t a  t o  October  l s t ,  1980 were o b t a i n e d  and compared w i t h  

t h e  1978 and 1979 d a t a .  These r e s u l t s ,  d i s c u s s e d  i n  S e c t i o n  4 of t h i s  

r e p o r t  show t h a t  t h e  1980 and 1978 s i m u l a t i o n s  of t h e  r a i s e d  r e s e r v o i r  a r e  

a l s o  s i m i l a r  and t h a t  t h e  1978 and 1980 d a t a  t o g e t h e r  p rov ide  a  v a l i d  s e t  

of t y p i c a l  c o n d i t i o n s  w i t h  which p r e d i c t i o n s  and compar isons  of t e m p e r a t u r e s  

i n  t h e  r a i s e d  r e s e r v o i r  can  b e  made. 

3.5 STREAMFLOW TEMPERATURE MODEL 

3 .5 .1  Formula t ion  of t h e  Model 

The t i m e  v a r i a t i o n  of w a t e r  t e m p e r a t u r e  i n  t h e  r e a c h  of t h e  S u l t a n  River  

between Culmback Dam and t h e  D i v e r s i o n  Dam was s i m u l a t e d  u s i n g  a  one-dimen- 

s i o n a l  s t r e a m  t e m p e r a t u r e  model which a c c o u n t s  f o r  t e m p e r a t u r e  v a r i a t i o n s  

i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  T h i s  model was a l s o  used  t o  f i l l  i n  m i s s i n g  

p i e c e s  of r e c o r d  on t h e  North  and South  Forks  a s  mentioned i n  S u b s e c t i o n  

2.5.  The model i s  based on t h e  assumpt ion t h a t  t h e r e  i s  complete  mixing over  

t h e  s t r e a m  d e p t h  and i n  t h e  l a t e r a l  d i r e c t i o n ;  i t  a l s o  a c c o u n t s  f o r  

a d v e c t i o n  and h e a t  f l u x e s  a t  t h e  wa te r  s u r f a c e .  The h e a t  f l u x  e s t i m a t e s  

were based on t h e  m e t e o r o l o g i c a l  d a t a  o b t a i n e d  from t h e  m e t e o r o l o g i c a l  

s t a t i o n  l o c a t e d  on Spada Lake. The c a l c u l a t i o n s  of h e a t  f l u x e s  were made 

i n  a  manner s i m i l a r  t o  t h a t  d e s c r i b e d  i n  S u b s e c t i o n  3 .2 .  

The S u l t a n  River  between Culmback Dam and t h e  D i v e r s i o n  D a m  was d i v i d e d  i n t o  

f i v e  r e a c h e s  t o  accoun t  f o r  v a r i a t i o n s  i n  c h a n n e l  s l o p e ,  geometry ,  and o r i -  

e n t a t i o n  of t h e  r e a c h .  The incoming short-wave s o l a r  r a d i a t i o n  was a d j u s t e d  

t o  accoun t  f o r  e f f e c t s  of shade from t h e  s t e e p  canyon w a l l s  and t r e e -  

l i n e d  banks ,  and t h e  o r i e n t a t i o n  of t h e  s t r e a m  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  

from t h e  sun .  For s i m u l a t i o n  of p e r i o d s  of m i s s i n g  r e c o r d  i n  t h e  North and 

South  Forks  d a t a  ( S t a t i o n s  5 and 6 A ) ,  only  one o r  two r e a c h e s  were  n e c e s s a r y  

t o  o b t a i n  s a t i s f a c t o r y  r e s u l t s .  Mean v e l o c i t i e s  and d e p t h s  of f l o w  were 

computed u s i n g  t h e  surveyed c r o s s - s e c t i o n s  a t  S t a t i o n  4 on t h e  North  Fork ,  
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Station 6 on the South Fork, and at the Startup Gauge, a discontinued U.S.G.S. 

gauge located on the Sultan River about 5.2 miles downstream from Culmback 

Dam. Mean velocities and depths in other reaches of the river were computed 

using Manning's equation and the ratio of the channel slope in the reach to 

the channel slope at the U.S.G.S. gauge. Because no detailed survey of the 

river was available, it was assumed that Manning's "n" and the stream width 

were approximately the same in all reaches. 

The computation of streamflow velocities and depths was based on an assump- 

tion of quasi-steady flow, e.g., for the reach between Culmback and the 

Diversion Dams, the flow in the entire reach adjusts to changes in releases 

from Culmback Dam within a time period shorter than the time step used in 

the simulation (4 hours, in this case). This assumption was justified on 

the basis of the stage records obtained at the Diversion Dam and the stage 

records and records of Howell-Bunger valve operation at Culmback Dam which 

showed that the travel time in the reach was 1-112 to 2 hours. Estimates 

of travel time on the North Fork were made using the stage recorder at 

Station 4 and a temporary recorder installed at Station 5. The reach on 

the South Fork is only about 1.4 miles long; the travel time is very short. 

Inflows to the model to fill in data gaps were obtained from the stage 

records on the North and South Forks. Temperatures on the North and 

South Forks were obtained from the city of Everett data when appropriate. 

Inflows to the stream temperature model at Culmback Dam were obtained 

from the simulated outflow from Culmback Dam. Inflow temperatures at 

Culmback Dam were also obtained from the reservoir model. 

3.5.2 Calibration 

For the North and South Forks, the model was calibrated using the city of 

Everett's data, meteorological data, and the continuous temperature records 

obtained at Stations 5 and 6A. The model was then used to bridge gaps in 

the records at 5 and 6A when necessary. 



For the reach between Culmback Dam and the Diversion Dam, the model was 

calibrated using meteorological data, the outflow discharge and temperature 

at Culmback Dam, and the observed water temperatures at the Diversion Dam 

(Station 11). Meteorology used in the simulation was based on data 

obtained from the meteorological station at Spada Lake. A comparison of 

air temperature records obtained from the meteorological station and a 

continuous air temperature recorder at the Diversion Dam showed that 

maximum air temperatures at Spada Lake tended to be slightly higher and 

minimum air temperatures tended to be slightly lower than the corresponding 

air temperatures at the Diversion Dam. Further analysis of the meteorological 

data did not appear to be justified, because a comparison of results using 

air temperatures from Spada Lake and the Diversion Dam made relatively little 

difference in the simulated stream temperatures. Cross sections used in this 

study were based on data obtained at the discontinued U.S.G.S. Gauging 

Station (Startup gauge) located approximately 5.2 miles downstream from 

Culmback Dam, and on several sections obtained from a previous study of the 

Sultan River which were located between Culmback Dam and the Startup station. 

Extensive surveys of river cross-sections required for a detailed description 

of the remainder of the reach were not available. 

Because of the lack of a complete description of the river geometry and 

because of variations in meteorological conditions along the river reach, 

not as much confidence can be placed in the absolute values of the simu- 

lated stream temperatures as in the simulation of the reservoir temperatures. 

However, the calibration results shown on Figure 3-15 are quite satisfactory. 

Furthermore, the calibration did extend over a rather wide range of flows 

from about 80 cfs to 330 cfs. It is concluded that the stream temperature 

model will produce results that are a reliable indication of the tempera- 

tures of low-level releases from the raised reservoir in the reach between 

Culmback Dam and the Diversion Dam. 
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S e c t i o n  4  

DISCUSSION OF RESULTS: TEMPERATURE SIMULATION 

4 . 1  EXISTING AND RAISED RESERVOIR TEMPERATURES, INTAKE EL. 1366 

4 . 1 . 1  Comparison of R e s e r v o i r  O u t l e t  Temperatures  Power Tunnel ( I n t a k e  
E l .  1366) w i t h  E x i s t i n g  R e s e r v o i r  

The i n t a k e  s t r u c t u r e  o r i g i n a l l y  proposed f o r  t h e  power t u n n e l  i s  d e p i c t e d  

on F i g u r e  4-1, which is a  copy of  t h e  FERC E x h i b i t  L drawing,  S h e e t  28. 

The i n t a k e  c e n t e r l i n e  is a t  E l .  1366 o r  84 f e e t  below t h e  s p i l l w a y  c r e s t  

(E l .  1450) f o r  t h e  r a i s e d  r e s e r v o i r .  F i g u r e  4-2 compares t h e  s i m u l a t e d  

o u t f l o w  t e m p e r a t u r e s  from t h e  Howell-Bunger v a l v e  f o r  t h e  e x i s t i n g  r e s e r -  

v o i r  w i t h  t h e  s i m u l a t e d  power t u n n e l  o u t f l o w  t e m p e r a t u r e s  f o r  t h e  r a i s e d  

r e s e r v o i r  u s i n g  t h e  1978-1980 d a t a .  The i n d i v i d u a l  y e a r s  a r e  compared 

s e p a r a t e l y  a t  reduced s c a l e  and superposed t o  d e p i c t  t h e  g e n e r a l  t r e n d s  i n  

t h e  s i m u l a t i o n s .  R e s u l t s  f o r  t h e  r a i s e d  r e s e r v o i r  were  c a l c u l a t e d  u s i n g  

t h e  same m e t e o r o l o g i c a l  c o n d i t i o n s  and i n f l o w s  a s  f o r  t h e  e x i s t i n g  r e s e r v o i r .  

Outf lows from t h e  r a i s e d  r e s e r v o i r  were de te rmined  from t h e  r e s e r v o i r  opera-  

t i o n  s t u d i e s  u s i n g  t h e  FERC l i c e n s e  a p p l i c a t i o n  r u l e  c u r v e s  and t h e  observed 

i n f l o w s .  No o p e r a t i o n  f o r  f l o o d  c o n t r o l  was c o n s i d e r e d .  

Al though t h e  o u t f l o w s  from t h e  e x i s t i n g  and r a i s e d  r e s e r v o i r s  shown on 

F i g u r e  4-2 f o l l o w  s i m i l a r  t r e n d s ,  i n  each  c a s e  t h e r e  a r e  s i g n i f i c a n t  d i f -  

f e r e n c e s  between t h e  two sys tems .  The t e m p e r a t u r e  of t h e  o u t f l o w  from t h e  

r a i s e d  r e s e r v o i r  e x h i b i t s  l e s s  v a r i a t i o n  from y e a r  t o  y e a r ,  t h e  o u t f l o w  i s  

s e v e r a l  d e g r e e s  c o l d e r  throughout  summer and e a r l y  f a l l  and t h e  peak ou t -  

f low t e m p e r a t u r e  o c c u r s  l a t e r  t h a n  f o r  t h e  e x i s t i n g  r e s e r v o i r .  The b e h a v i o r  

is  e x p l a i n e d  by t h e  f a c t  t h a t  t h e  volume i n  t h e  r a i s e d  r e s e r v o i r  i s  abou t  

f o u r  t i m e s  l a r g e r  t h a n  t h e  e x i s t i n g  r e s e r v o i r ,  b u t  t h e  s u r f a c e  a r e a  t h r o u g h  

which t h e  p r i n c i p a l  h e a t  t r a n s f e r  o c c u r s  i s  o n l y  t w i c e  a s  g r e a t .  



Both reservoirs start at the same initial temperature in the spring, but 

the smaller reservoir heats up more rapidly. Not only does it take longer 

to warm the raised reservoir but it also takes longer to withdraw the 

larger volume of cold water contained in the raised reservoir. Hence, the 

outflow from the raised reservoir will be colder for a longer period of 

time in comparison with the existing reservoir. 

In typical years, the maximum outflow temperature from the existing reser- 

voir occurs during the last week in August, as shown on Figure 3-12, whereas 

the maximum outflow temperature from the raised reservoir using the intake 

shown on Figure 4-1 would occur sometime around the end of October. This 

result is a consequence of the fact that the raised reservoir cools more 

slowly in the fall, which provides a supply of warmer water for a longer 

period of time in the raised reservoir in comparison with the existing 

reservoir. 

It should be noted that the existing reservoir has delayed the occurrence 

of the peak temperature in comparison with the natural stream conditions. 

This result is illustrated by comparing the mean stream temperature for 

the period 1969-1979 obtained from data collected by the city of Everett 

at Station 4 on the North Fork with the mean stream temperature for the 

same period at the Diversion Dam as shown on Figure 4-3. The natural 

stream temperature tends to peak about August loth, while the temperature 

at the Diversion Dam peaks three weeks later, about September 1st. 

4 .  1.2 ..... C.m[,.+ri.;nn of Pwcr I'unnc.1 Out I c t  'I'L.npcr3rure;i (111~nk? l : l ~ \ ~ . ~ t  io:i ...... .. - ...... ... ........ - 
I j h b )  I ti s r i  K o r  i t  1 h c  l)ivt,rsi.>n D:ln ...... -. ......... -. ............ - . - .....--. 

To assess the potential impact of the temperature changes caused by raising 

the dam on the Sultan River temperature regime, the power tunnel outlet 

temperatures must be compared with data obtained in the Sultan River. 

Because the principal release from the raised reservoir will occur at the 

powerhouse, the temperature changes anticipated in the reach below the 
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powerhouse will be considered first. As discussed previously in Subsec- 

tion 1.4, the historical record of temperatures obtained by the city of 

Everett at the Diversion Dam will be assumed representative of existing 

conditions in the Sultan River below the Diversion Dam. 

Figure 4-4 depicts the maximum, minimum, and average temperature obtained 

by the city of Everett at the Diversion Dam for the period 1969-1979. The 

shaded area on the figure delineates the range between the maximum and 

minimum recorded temperatures. The temperature variations for releases at 

the powerhouse predicted by the numerical simulation for the intake at 

El. 1366 using the 1978-1980 conditions are also shown on Figure 4-4. 

The power tunnel outlet temperatures are lower than the average river tem- 

peratures from mid-May through September and near average in mid-October. 

For "typical" conditions, as indicated by the 1978 results, the temperatures 

are only slightly above average in November and December. In general, 

with the power tunnel intake located at El. 1366, the water temperature 

in the Sultan River below the powerhouse would be 2 to 2 . 5 " C  below the 

minimum of recorded temperatures from July through mid-September, while in 

October, November, and December, the outflow temperature would be within or 

slightly above the range of recorded temperatures. 

During the winter and early spring, the temperatures in the existing and 

raised reservoirs would be in the same range because in both cases the 

reservoir becomes isothermal in winter. As shown by comparing the two 

curves for this period shown on Figure 4-2, the outflow temperatures for 

both the existing reservoir and the raised reservoir with the intake at 

El. 1366 would be nearly the same from January through April. 

The winter river temperatures at the Diversion Dam are practically the same 

as the outflow temperatures because relatively little heating of the stream 

flow occurs in winter. Consequently, for all practical purposes, the winter 



temperature regime f o r  " typica l"  condi t ions  on t h e  Sul tan  River below t h e  

powerhouse should he approximately t h e  same f o r  t h e  proposed p r o j e c t  a s  

f o r  t h e  e x i s t i n g  p ro jec t  with t h e  in t ake  a s  depic ted  on Figure 4-1. 

4.2 SURFACE WITHDRAWAL INTAKE 

4 .2 .1  Surface Withdrawal Concept 

A review of t h e  r e s u l t s  of t h e  temperature s imula t ion  f o r  the  r a i sed  r e se r -  

v o i r  with t h e  in t ake  conf igura t ion  depicted on Figure 4-1 indica ted  p o t e n t i a l  

adverse impacts on f i s h e r i e s  i n  the  Sultan River.  Figure 4-4 showed t h a t  

the  predic ted  outflow temperatures with the  in t ake  a t  E l .  1366 were below 

the  normal range of temperatures a s  measured by the  c i t y  of Evere t t  a t  t h e  

Diversion Dam throughout t h e  summer and i n t o  t h e  e a r l y  f a l l  months. 

To a l l e v i a t e  these  low temperatures ,  s e v e r a l  v a r i a t i o n s  of a  mul t i - leve l  

in take  were considered. A mul t i - leve l  i n t ake  would permit withdrawal and 

mixing ( i f  requi red)  of water from the  appropr i a t e  l e v e l  o r  l e v e l s  w i th in  

t h e  r e s e r v o i r  t o  ob ta in  temperatures b e t t e r  s u i t e d  t o  f i s h  l i f e .  There 

a r e  numerous (and expensive) mul t i - l eve l  i n t ake  designs repor ted  i n  the  

l i t e r a t u r e .  However, opera t ing  such an in t ake  t o  meet s p e c i f i c  temperatures 

can be d i f f i c u l t ,  and s t u d i e s  conducted by o t h e r s  have shown t h a t  opera t ion  

t o  meet spec i f i ed  temperatures e a r l y  i n  t h e  summer may r e s u l t  i n  f a i l u r e  

t o  meet these  o b j e c t i v e s  l a t e r  i n  t h e  season,  depending on t h e  meteoroloAy 

f o r  t h e  p a r t i c u l a r  year .  Th i s  type of opera t ion  a l s o  r e q u i r e s  continuous 

monitoring of inf low, r e s e r v o i r ,  and outflow temperatures.  

Af t e r  considering seve ra l  a l t e r n a t i v e s ,  a  su r face  withdrawal concept was 

developed. A su r face  withdrawal in t ake  i s  extremely simple t o  use and 

avoids t h e  ope ra t iona l  d i f f i c u l t i e s  described above. Figure 4-5 d e p i c t s  a  

schematic layout  of t h e  su r face  withdrawal scheme. A s e t  of s toplogs  o r  

some o t h e r  type of a d j u s t a b l e  l ea f  g a t e  would be placed i n  f r o n t  of t h e  

opening so t h a t  water would be withdrawn from a su r face  l aye r  approximately 

30 f e e t  deep. The s toplogs  a c t  a s  a  s k i m i n g  weir  with t h e  weir  c r e s t  a t  
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the top of the stoplogs. The height of the individual stoplogs used in this 

study was about 10 feet and the withdrawal layer thickness was maintained 

as the reservoir elevation changed by adding or removing stoplogs. Opera- 

tion was governed by water level in the reservoir with a minimum of 1 3  feet 

of water being maintained over the top stoplog. Because the water level in 

the proposed reservoir changes slowly, stoplogs should have to be removed 

or added only two to three times each year. Variations in the outflow tem- 

perature would then be governed by the site meteorology and reservoir inflow 

temperature. 

4 .2 .2  Results of Simulations with the Surface Withdrawal Intake 

The simulated 1978-1980 temperatures for the power tunnel outflow, using 

the surface withdrawal intake, are depicted on Figure 4-6, together with 

the city of Everett's data obtained at the Diversion Dam. The predicted 

temperatures for 1978 and 1980 lie generally within the range of tempera- 

tures recorded by the city of Everett during the period 1969-1979 and do 

not become lower than the mean 1969-1979 temperature until late August or 

early September. For 1979,  the predicted temperatures are always equal 

to or above the 1969-1979 mean temperature obtained from the city of 

Everett's data. From June through September, the 1978 and 1980 outflow 

temperatures (indicative of typical conditions) are significantly higher 

than those obtained with an intake at El. 1366 as illustrated on Figures h-7 

and 4-8 for the typical years, 1978 and 1980.  

For 1979,  the simulated reservoir operation began with the water level in 

the reservoir at El. 1438.5  on 31 May. The top stoplog was at El. 1417 .3 .  

Two stoplogs were removed on October 15th when the water surface reached 

El. 1433.7, dropping the weir crest to El. 1397.6. A similar scheme was 

used in simulating the 1978 and 1980 temperatures. Only one change in the 

intake level was required from June through October for 1978 and 1979. The 

removal of the stoplogs causes an abrupt drop in the outflow temperature as 

noted on Figures 4-9 and 4-10. Once the reservoir becomes isothermal, no 
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further operation to control the temperature is required or is possible. 

Until stratification begins in the spring, the weir crest can be set low 

enough to permit satisfactory hydraulic operation (in terms of water level) 

during the winter months. 

Although the simplicity of the operation is important, the most important 

feature of the surface withdrawal scheme is the resulting outflow tempera- 

tures. Rather than trying to meet a specific temperature criterion, this 

scheme lets the naturally occurring meteorological conditions determine 

the temperature variation. The withdrawal layer is thick enough that the 

water in the warm, surface layer is mixed with water in the lower, cooler 

layers resulting in outflow temperatures that are close to the naturally 

occurring reservoir inflow temperatures. 

Figures 4 - 9 ,  4 -10 ,  and 4-11 depict the mean daily inflow temperature for 

1978,  1979,  and 1980 ,  respectively, in comparison with the predicted outflow 

temperatures from the surface withdrawal intake. In general, the predicted 

outflow temperatures are close to or slightly above the mean daily reser- 

voir inflow temperatures. This implies that the outflow temperature varia- 

tion will follow natural conditions as governed by the site meteorology 

and reservoir inflow temperatures. Outflow temperatures slightly higher 

than average inflow temperatures are desirable to help compensate for the 

natural temperature rise in the stream that would have occurred in the 

Sultan River in its natural condition as it flowed from the reservoir site 

to the Diversion Dam. Consequently, the outflow temperatures from the 

surface withdrawal intake will be close to the natural conditions that 

would have occurred before Culmback Dam was constructed. In fact, 

Figures 4-9 ,  4 -10 ,  and 4-11 show that the peak in the outflow temperatures, 

using the surface withdrawal intake, occurs practically at the same time 

as that which would occur naturally in the unregulated stream. 

It is concluded that the surface withdrawal intake will provide a 

temperature regime throughout the entire year that will be comparable 



t o  e x i s t i n g  condi t ions  a s  f a r  a s  t h e  magnitude of t h e  temperature i s  

concerned. Also, t h e  p a t t e r n  o r  v a r i a t i o n  i n  temperature w i l l  a c t u a l l y  

be c l o s e r  t o  n a t u r a l l y  occurr ing condi t ions  t h a t  e x i s t e d  p r i o r  t o  t h e  con- 

s t r u c t i o n  of Culmback Dam. 

4 .3  RAISED RESERVOIR - LOW LEVEL OUTLET TEMPERATURES 

4.3.1 General 

Releases from t h e  low-level o u t l e t  of t h e  r a i sed  dam w i l l  be used t o  he lp  

maintain t h e  r e s iden t  t r o u t  f i s h e r i e s  loca ted  i n  t h e  reach between Culmback 

Dam and t h e  Diversion Dam. These r e l e a s e s  (20 c f s )  w i l l  be withdrawn from 

t h e  lowest r e s e r v o i r  l e v e l s ,  which is t h e  co ldes t  p a r t  of t h e  r e s e r v o i r .  

Figures 4-12, 4-13, and 4-14 dep ic t  the  simulated water  temperature of 

low-level r e l e a s e s  from the  r a i s e d  r e s e r v o i r  using t h e  1978, 1979, and 

1980 d a t a ,  r e spec t ive ly ,  and show t h a t  t h e  temperature of these  r e l e a s e s  

w i l l  be genera l ly  much colder  than e x i s t i n g  condi t ions  from May through 

September. 

A s  the  cold,  r e l a t i v e l y  small  f lows re leased  from t h e  r a i s e d  dam flow down- 

s tream, hea t  t r a n s f e r  wi th  t h e  atmosphere w i l l  cause a r i s e  i n  temperature 

during t h e  summer months, and a decrease i n  temperature during cold winter  

periods.  The numerical model described i n  Subsection 3.5 was used t o  pre- 

d i c t  t h i s  temperature v a r i a t i o n  throughout t h e  year  t o  provide a s  complete 

a comparison of  e x i s t i n g  and f u t u r e  temperature regimes i n  t h e  r i v e r  reach 

between Culmback and the  Diversion Dam a s  p r a c t i c a b l e .  

Ca l ib ra t ion  of t h e  stream temperature model was discussed i n  Subsection 3.5.2. 

Resul t s  of t h e  c a l i b r a t i o n ,  shown on Figure 3-15, show s a t i s f a c t o r y  agree- 

ment between simulated and observed water temperatures over  a range of flows 

from about 80 c f s  t o  330 c f s .  Extension t o  flows around 20 c f s  does repre-  

sent  an ex t r apo la t ion  of t h e  model, but t h e  r e s u l t s ,  discussed i n  the  follow- 

ing  s e c t i o n ,  fol low t r ends  cons i s t en t  with the  changes expected f o r  lower 

r i v e r  flows. 
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4.3.2 Results of Stream Temperature Simulation - Culmback Dam to 
Diversion Dam 

Figures 4-12, 4-13, and 4-14 depict the results of the stream temperature 

simulation using the 1978, 1979, and 1980 data, respectively. In each case, 

the solid line is the mean daily temperature of the low-level release when 

it arrives at the Diversion Dam; the dashed line is the temperature of the 

low-level release at Culmback Dam. The reason for the large fluctuations 

in the mean daily temperatures is that the low flows are rather sensitive 

to changes in daily meteorological conditions. 

As anticipated, the temperature increase during the summer months for the 

small, low-level releases from the raised dam is greater than that for the 

existing dam, as may be seen by comparing Figure 3-15 with Figures 4-12, 4-13, 

and 4-14. In general, for June through mid-August, the results show that temp- 

eratures in the upper one-third of the Sultan River between the raised dam 

and the Diversion Dam will be colder than existing conditions. In the 

middle one-third, the water temperature will be nearly the same as existing 

conditions, and in the lower one-third, the stream temperatures will be above 

average conditions at the Diversion Dam. 

The general trend in these simulated stream temperatures at the Diversion 

Dam is the same as that for the natural stream temperatures shown on Figure 4-3, 

which is not surprising, since both are dominated by short-term local meteor- 

ology. Consequently, in September, the simulated temperatures at the Diversion 

Dam are lower than existing temperatures because the existing dam delays the 

peak temperatures, as noted previously in Subsection 4.1.1. 

In October, November, and December, the stream temperatures are expected to 

be about the same as the average of the city of Everett's measurements as 

shown on Figures 4-12 and 4-13. In the winter and early spring, the stream 

temperature at the Diversion Dam will be at or above the average conditions. 

It should be emphasized that the above results apply only to the low-level 



releases from the raised reservoir. Inflows to the Sultan River between 

Culmback Dam and the Diversion Dam will change these temperatures. There 

is no reliable information regarding either the quantity or temperature 

of those inflows. Tributary flows will, however, bring the temperature of 

releases from the raised reservoir closer to existing conditions. 

4.3.3 Temperature Regime between the Diversion Dam and the Powerhouse 

The temperature of the fishwater return flows introduced at the Diversion 

Dam by backflowing the existing diversion tunnel was discussed in Subsec- 

tion 4.2.2. A comparison of Figure 4-6 with Figures 4-12, 4-13, and 4-14 

shows that from May through mid-August the simulated streamflow temperatures 

at the Diversion Dam are comparable to those in the fishwater return flows. 

The fishwater return flows are typically two to four times the flow released 

from the raised dam. The mixed temperature downstream from the Diversion 

Dam must be between the stream flow temperature and the fishwater return 

flow temperature, but will be much closer to the temperature of the fish- 

water return flows. A more precise temperature estimate cannot be given 

because of the effects of tributary inflows on the low-level release just 

discussed. Tributary inflows between the Diversion Dam and the powerhouse 

will also mix with the river flow and bring the river temperatures closer 

to normal conditions. Consideration of the quantity and temperature of both 

the low-l~evel releases and the fishwater return flows leads to the conclusion 

that effects of the low-level release on the temperature regime below the 

Diversion Dam are minimal, and that, for practical purposes, the temperature 

of the flows below the Diversion Dam will be essentially the same as the 

fishwater return flow shown on Figure 4-6. 



TURBIDITY 

Section 5 





Sect ion  5 

TURBIDITY 

5.1 EXISTING VARIATIONS I N  TURBIDITY, SDADA LAKE 

The c i t y  of Eve re t t  has  been recording t u r b i d i t i e s  on t h e  North and South - 
Forks of t h e  Su l t an  River,  Williamson Creek, Elk Creek, t h e  su r face  of 

Spada Lake a t  Culmback Dam, and i n  t h e  Howell-Bunger va lve  r e l e a s e s  on 

a  d a i l y  b a s i s  (weather permit t ing)  s ince  October 1976. These d a t a  pro- 

v ide  a  genera l ,  q u a l i t a t i v e  p i c t u r e  of p a s t  t u r b i d i t y  v a r i a t i o n s  i n  

Spada Lake. 

H i s t o r i c a l l y ,  t h e  p r i n c i p a l  i n f lux  of t u r b i d i t y  e n t e r s  Spada Lake during 

and irmnediately fol lowing one o r  two major storms t h a t  u s u a l l y  occur some- -K 
time between t h e  f i r s t  of November and t h e  end of January. The occurence 

-- - -- - 

of h ighly  tu rb id  inf lows w i l l  be r e f e r r e d  t o  i n  t h i s  r e p o r t  a s  a  " t u r b i d i t y  

event." Sone t u r b i d i t y  events  a l s o  occur i n  t h e  e a r l y  f a l l  o r  l a t e  winter ,  

bu t  a s  a  genera l  r u l e ,  t hese  events  a r e  small i n  comparison wi th  those  

a s soc ia t ed  with t h e  major f r o n t a l  storms t h a t  occur i n  t h e  winter .  

Turbid i ty  events  on t h e  t r i b u t a r i e s  t o  Spada Lake a r e  shor t - l ived  because 

t h e  r e l a t i v e l y  small drainage a r e a s  and mountainous t e r r a i n  make t h e  run- 

o f f  f loods  of very shor t  du ra t ion ,  with high peak flows i n  comparison with 

normal d a i l y  d ischarges .  The t u r b i d i t y  i n  t h e  inf low r i s e s  quickly  t o  

va lues  about 100 t o  300 NTU and then drops r ap id ly  wi th  recess ion  of t h e  

f lood t o  va lues  l e s s  than 10 NTU. Most of  t h e  t u r b i d i t y  e n t e r s  t h e  l a k e  

i n  two o r  t h r e e  days, depending on t h e  dura t ion  of t h e  s t o m .  

After  t h e  t u r b i d i t y  event ,  t h e  d i l u t i o n  by r e l a t i v e l y  c l ean  inf lows i n  

conjunct ion wi th  some s e t t l i n g ,  gradual ly  lowers t h e  l a k e  t u r b i d i t y .  



I n  t h e  e x i s t i n g  l ake ,  d i l u t i o n  usua l ly  t akes  p lace  r a t h e r  quickly because 

t h e  monthly inflow volumes fol lowing t h e  storm a r e  of t h e  same o rde r  of 
I 

magnitude a s  t h e  volume of s to rage  i n  t h e  lake. Snowmelt i n  t h e  spr ing  

and e a r l y  summer provides a  source of c l e a r  inf lows which gene ra l ly  reduces 
I 

t h e  l ake  t u r b i d i t y  t o  1 o r  2 NTU by e a r l y  June. 

5.2 TURBIDITY EVENT, 1979-1980 
I 

The t u r b i d i t y  event which occurred i n  December of 1979, Figures 5-1 and 5-2, i s  
I 

r e p r e s e n t a t i v e  of previous events  and provided t h e  da ta  necessary t o  v e r i f y  

t h e  numerical model. The t u r b i d i t y  event took p lace  over a  period of 6 days, 

beginning December 13 th ,  1979. There were two d i s t i n c t  per iods  of r a i n f a l l .  I 

In  t h e  f i r s t  per iod ,  about 11 inches of r a i n  were recorded a t  the  meteoro- 

l o g i c a l  s t a t i o n  between 6:00 AM, December 13th and 7:00 AM on December 15th;  I 

i n  the  second period,  about 4.5 inches of r a i n  f e l l  between 4:00 PM, 

December 16th and about midnight,  December 17th. Runoff i n  t h e  f i r s t  period .. 
was increased by mel t ing  about a  1-inch water equiva lent  of snow on the  basin.  

I 
The v a r i a t i o n  i n  lake  l e v e l  during t h i s  t u r b i d i t y  event a l s o  i s  depic ted  

on Figure 5-1. The d a i l y  readings obtained by the  c i t y  of Evere t t  a r e  

shown and i n d i c a t e  t h e  inadequacy of d a i l y  readings  i n  descr ib ing  such I 

events  on t h i s  bas in .  The t o t a l  volume of inf low from December 13th through 

December 20th was about 78,500 a c r e - f t ,  o r  about 2.3 times the  s to rage  volume - 
of Spada Lake a t  E l .  1360 (sp i l lway c r e s t ) .  The est imated peak hourly 

inf low was 14,200 c f s  p a s t  S t a t i o n  5 on t h e  North Fork and about 2,900 c f s  - 
on t h e  South Fork. 

I 

Xost of t h e  t u r b i d i t y  entered t h e  l ake  v i a  t h e  North Fork. The c i t y  of 

E v e r e t t ' s  da ta  show t h a t  t h e  Williamson Creek dra inage  bas in  was t h e  

p r i n c i p a l  source of t h e  t u r b i d i t y .  C i ty  d a t a  obtained on Elk  Creek and I 

on t h e  North Fork a t  S t a t i o n  4 show t h a t  r e l a t i v e l y  l i t t l e  t u r b i d i t y  

came from t h e  upper reaches  of t h e  Su l t an  Basin. Measurements a t  S t a t i o n  5 I 

showed peak t u r b i d i t i e s  of about 160 NTU, while  dur ing  t h e  f i r s t  two 
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Figure 5-1 Variation in Spada Lake Level During 
the Turbidity Event of December 1979 



days of t h e  event ,  measurements on t h e  South Fork a t  S t a t i o n  6 never ex- 

ceeded 20 NTU. During t h e  l a t t e r  p a r t  of t h e  storm, t h e r e  was one sharp 

peak of about 50 NTU on t h e  South Fork. Two hours be fo re  and two hours 

a f t e r  t h i s  peak, t h e  t u r b i d i t i e s  on t h e  South Fork were l e s s  than 15 NTU. 

The South Fork was not  a s i g n i f i c a n t  con t r ibu to r  to  t u r b i d i t y  during 

t h i s  event.  

Turbid i ty  p r o f i l e s  i n  Spada Lake taken on December 20th show t h a t  t h e  

lake  t u r b i d i t y  was about 50 NTU, i n  comparison with 4 NTU on November 14th. II 

The t u r b i d i t y  p r o f i l e s  taken December 18th,  20th, and 26th a t  S t a t i o n s  7 and 8 

(no t  shown here) i n d i c a t e  t h a t  some l o c a l  t u r b i d i t y  probably entered Spada I 

Lake v i a  Culmback Gulch, a small gu l ly  loca ted  on the  no r th  s i d e  of  

Spada Lake approximately 800 f t  upstream from Culmback Dam. The inf low - 
volume from t h i s  50-acre drainage a rea  was small i n  comparison wi th  o t h e r  

inflows. This inflow entered t h e  bottom l a y e r s  of t h e  l a k e  and was - 
evacuated quickly through t h e  low-level o u t l e t .  Rapid evacuation of t h e  

lower l e v e l s  in t h e  r e s e r v o i r  was e f f ec t ed  by t h e  c i t y ' s  opera t ing  

procedures during and following t h e  t u r b i d i t y  event.  The c i t y  f u l l y  - 
opened t h e  Howell-Bunger valve and t h e  48 inch s l i d e  valve on December 16th 

discharging approximately 1,470 c f s ;  on December 18th ,  t h e  c i t y  f u l l y  closed I 

t h e  s l i d e  valve and reduced the  outflow from t h e  Howell-Bunger valve.  

A t  an outflow r a t e  of 1,470 c f s ,  t h e  l ake  volume between t h e  lake  bottom 
.111 

and about E l .  1295 was evacuated i n  l e s s  than one day. I t  was concluded 

t h a t  any con t r ibu t ion  t o  t h e  o v e r a l l  l a k e  t u r b i d i t y  from Culmback Gulch 
I 

was not  s i g n i f i c a n t ,  bu t  t h a t  Culmback Gulch was probably r e spons ib le  

f o r  some of the  l o c a l l y  high peak t u r b i d i t i e s  observed a t  t h e  r e se rvo i r  

bottom near  t h e  dam. I 

On December 22nd, a f t e r  t h e  second ra ins torm of December 16th and 17th ,  t h e  .I 

c i t y  of Evere t t  f u l l y  opened both the  Howell-Bunger valve and t h e  48-inch 

s l i d e  valve t o  draw down t h e  l a k e ,  and reduce the  volume of tu rb id  water 
I 

i n  s torage .  The s l i d e  va lve  was closed on December 31s t ;  the  Howell- 

Bunger valve was s e t  a t  about 1/4 open on January 3rd, 1980. The l ake  
I 

then began t o  r e f i l l ,  beginning t h e  d i l u t i o n  phase of t h e  t u r b i d i t y  cyc le .  



The d i l u t i o n  of Spada Lake was in t e r rup ted  by a  minor t u r b i d i t y  event t h a t  

occurred January 12th ,  1980 and another  on February b th ,  1980. Neither  

of t hese  two events  w i l l  be  discussed f u r t h e r .  There were s e v e r a l  o t h e r  

small i nc reases  i n  t u r b i d i t y  t h a t  occurred i n  March and Apr i l  of 1980, 

but  t h e s e  v a r i a t i o n s  cannot be c l a s s i f i e d  a s  major t u r b i d i t y  events .  

Another minor t u r b i d i t y  event occurred i n  September 1980. This  event 

did n o t  inf luence  t h e  v e r i f i c a t i o n  of t h e  t u r b i d i t y  model and w i l l  not  

be  described i n  d e t a i l  i n  t h i s  r epor t .  

5.3 VERIFICATION OF TURBIDITY FORMULATION 

Agreement between t h e  observed and simulated va lues  of l a k e  t u r b i d i t y  

provides t h e  confidence necessary  t o  u s e  t h e  numerical model t o  p r e d i c t  

t u r b i d i t y  i n  t h e  r a i sed  r e se rvo i r .  The two p r i n c i p a l  unknowns involved 

i n  t h e  t u r b i d i t y  s imulat ion were t h e  tu rbu len t  d i f f u s i o n  c o e f f i c i e n t ,  

which governs t h e  r a t e  a t  which t h e  t u r b i d i t y  spreads o r  mixes wi th in  t h e  

r e s e r v o i r ,  and t h e  f a l l  v e l o c i t y ,  which governs t h e  r a t e  a t  which t h e  

t u r b i d i t y  s e t t l e s  out  of t h e  r e s e r v o i r .  Both unknowns a r e  bounded by 

phys ica l  c o n s t r a i n t s .  The magnitude of t h e  tu rbu len t  d i f f u s i o n  c o e f f i c i e n t  

i s  l imi t ed  by t h e  amount of t u rbu len t  k i n e t i c  energy produced e i t h e r  by 

wind ac t ion  a t  t h e  su r face  o r  by t h e  i n t e r n a l  f lows i n  t h e  r e s e r v o i r .  

The magnitude of t h e  f a l l  v e l o c i t y  i s  l imi t ed  by t h e  s i z e  d i s t r i b u t i o n  

of t h e  m a t e r i a l  causing t h e  t u r b i d i t y .  Est imates of t h e  d i f f u s i o n  co- 

e f f i c i e n t  were made us ing  t h e  formulat ion described i n  Subsection 3.3. 

Est imates of t h e  f a l l  v e l o c i t y  were made on t h e  b a s i s  of p a r t i c l e  s i z e  

d i s t r i b u t i o n s .  The i n i t i a l  e s t ima tes  were then ad jus t ed  s l i g h t l y  t o  

provide a  "bes t  f i t "  to  t h e  observed da ta .  

0 
The f a l l  v e l o c i t y  used i n  t h i s  s tudy was 0.4 meters  per  day a t  20 C. 

P a r t i c l e  s i z e  d i s t r i b u t i o n s  from samples taken i n  December 1980 and e a r l y  

1981 were obtained by f i l t e r i n g  and weighing, by Coulter  Counter, and by 

hydrometer t e s t s .  Resul t s  of t h e  ana lyses  showed t h a t  t h e  median p a r t i c l e  

s i z e  was about 2-5 U. Estimates of t h e  f a l l  v e l o c i t y  from d a t a  presented 



by Lerman e t  a l .  (1974) show t h a t  t h e  f a l l  v e l o c i t y  used i n  t h i s  s tudy 

is compatible wi th  t h e  s i z e  of t h e  p a r t i c l e s  measured i n  t h e  f i e l d .  

Considerat ion was a l s o  given t o  sources of t u r b i d i t y  o t h e r  than t h a t  

c a r r i e d  i n t o  t h e  r e s e r v o i r  by major t r i b u t a r y  inflows. However, it does 

n o t  appear t h a t  o t h e r  sources such a s  erosion i n  Culmback Gulch, wave- 

\ induced bank eros ion ,  o r  shee t  f low over exposed r e s e r v o i r  banks c o n t r i -  

buted measureable q u a n t i t i t e s  of t u r b i d i t y  i n  comparison wi th  t h a t  

c a r r i e d  by t h e  North and Sourth Forks. This  conclusion was based on two 

mass balance ~ t u d i e s  of r e s e r v o i r  t u r b i d i t y .  Figure 5-2 d e p i c t s  t h e  

s imulated su r face  and bottom t u r b i d i t i e s  i n  t h e  r e s e r v o i r  from November l s t ,  

1979 through September 30th, 1980, toge ther  wi th  t h e  su r face  and bottom tu r -  

b i d i t i e s  taken from t h e  observed t u r b i d i t y  p r o f i l e s .  These r e s u l t s  were com- 

puted using only inf low t u r b i d i t i e s  a s  measured on t h e  North and South Forks 

of t h e  Sul tan  River. An independent c a l c u l a t i o n  t r e a t i n g  t h e  r e s e r v o i r  

a s  a  simple mixing tank  and using t h e  measured inf low t u r b i d i t i e s  pro- 

duced ca l cu la t ed  r e s e r v o i r  t u r b i d i t i e s  immediately a f t e r  t h e  event t h a t  

agreed with t h e  r e s e r v o i r  model and f i e l d  observa t ions .  These two ana lyses  

demonstrated conclusively t h a t  t h e  t u r b i d i t y  i n  t h e  r e s e r v o i r  entered t h e  

r e s e r v o i r  through i t s  two p r i n c i p a l  t r i b u t a r i e s .  

This  r e s u l t  i s  i n  agreement wi th  an extens ive  s tudy of r e s e r v o i r  turb id-  

i t y  f o r  the  H i l l s  Creek Reservoir  conducted by Oregon S t a t e  Univers i ty  ( 1 9 7 1 )  

which a l s o  found t h a t  e f f e c t s  of wave-induced bank eros ion  and f low over 

exposed banks were n e g l i g i b l e  c o n t r i b u t o r s  t o  r e s e r v o i r  t u r b i d i t y .  

Some of t h e  bcttom t u r b i d i t y  measurements taken during t h e  event a r e  

higher  than t k e  simulated t u r b i d i t i e s ,  a s  shown i n  Figure 5-2. These 

observa t ions  were probably in f l r~enced  by t h e  l o c a l  inf lows from Culmback 

Gulch a s  discussed i n  Subsection 5.2. and may not  be i n d i c a t i v e  of 

t u r b i d i t y  e f f e c t s  caused by t h e  North and South Fork inflows. 
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The high va lues  of bottom t u r b i d i t y  which were simulated a t  t h e  beginning 

of December and January t u r b i d i t y  events  deserve some comment. I n  both 

cases,  these  high bottom t u r b i d i t i e s  were caused by t h e  f a c t  t h a t  t h e  

t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  l a k e  and t h e  inflow temperature were such 

t h a t  t h e  highly tu rb id  inf lows entered t h e  lower l e v e l s  of t h e  l a k e ,  

thereby causing high bottom t u r b i d i t y  t o  appear i n  t h e  s imulat ion.  The 

bottom t u r b i d i t y  then decreased r ap id ly  f o r  t h r e e  reasons.  F i r s t ,  t h e  

Howell-Bunger va lve  withdrew from t h e  lowest l a y e r s  i n  t h e  l a k e ,  evacuating 

tu rb id  water;  second, t h e  dura t ion  of t h e  most t u rb id  t r i b u t a r y  inf lows 

was s h o r t ,  so t h a t  t h e  bottom l aye r  was soon replaced by succeeding inf lows 

which were l e s s  tu rb id ;  and t h i r d ,  mixing and d i f f u s i o n  wi th in  t h e  re-  

s e r v o i r  f u r t h e r  reduces l o c a l l y  high t u r b i d i t i e s .  Since such s h o r t  dur- 

a t i o n  e f f e c t s  of bottom t u r b i d i t y  have been observed i n  t h e  l ake ,  t h i s  

r e s u l t  shows t h a t  t h e  model i s  s imulat ing t h e  observed phys ica l  phenomenon. 

These high bottom t u r b i d i t i e s  do not  occur i n  t h e  Howell-Bunger va lve  

r e l e a s e s  because t h e  low-level o u t l e t  withdraws water form s e v e r a l  l a y e r s  

i n  t h e  r e s e r v o i r ,  no t  j u s t  from t h e  bottom-most l a y e r .  

On t h e  b a s i s  of t h e  agreement between t h e  observed and simulated va lues  of 

t u r b i d i t y  i n  Spada Lake a s  shown on Figure 5-2, it was t h e r e f o r e  concluded 

t h a t  t h e  model i s  a  s a t i s f a c t o r y  p r e d i c t o r  of t u r b i d i t y  i n  t h e  r a i sed  

r e s e r v o i r .  

5.4 PREDICTION OF TURBIDITY FOR THE RAISED RESERVOIR 

5 . 4 . 1  General -- 

A l l  of t h e  r e s u l t s  f o r  t h e  r a i sed  r e s e r v o i r  were based on t h e  recorded 

1979-1980 inf lows and outf lows a s  determined from t h e  r e s e r v o i r  opera t ion  

s t u d i e s  us ing  t h e  FERC l i c e n s e  app l i ca t ion  r u l e  curves and the  1979-80 

inflows. Operation f o r  f lood con t ro l  was not  considered and no at tempt 

was made t o  m i t i g a t e  t h e  r e s e r v o i r  t u r b i d i t y .  Most of t h e  d iscuss ion  which 

fol lows w i l l  be confined t o  the  su r face  withdrawal in t ake .  The in t ake  a t  

E l .  1366 (Figure 4-1) w i l l  be mentioned only f o r  purposes of comparison 

when appropr ia te .  



There a r e  seve ra l  major f a c t o r s  which should be kept  i n  mind when com- 

paring t h e  t u r b i d i t y  behavior i n  the  e x i s t i n g  and r a i sed  r e s e r v o i r s .  

F i r s t ,  t h e  s to rage  volume i n  t h e  r a i s e d  r e s e r v o i r  i s  more than four  t imes 

t h a t  i n  the  e x i s t i n g  r e s e r v o i r .  Second, p r a c t i c a l l y  a l l  of t h e  r e l e a s e s  

from t h e  proposed r e s e r v o i r  w i l l  pass  through t h e  power tunnel  i n t ake ;  

only  20 c f s  w i l l  be re leased  through t h e  low-level, while  a l l  normal 

r e l e a s e s  from t h e  e x i s t i n g  r e s e r v o i r  a r e  made through t h e  low-level out-  

l e t .  Third, t h e r e  was r e l a t i v e l y  l i t t l e  s p i l l  i n  t h e  s imula t ion  of t h e  

r a i s e d  r e s e r v o i r  opera t ion .  For t h e  e x i s t i n g  r e s e r v o i r ,  more than 

66,000 ac re - f t ,  about two times t h e  e x i s t i n g  s to rage  volume passed over 

t h e  morning g lory  spi l lway during the  t u r b i d i t y  event between December 13th 

and December ZOth, 1979. 

The inc rease  i n  r e s e r v o i r  volume i s  t h e  p r i n c i p a l  f a c t o r  i n  understanding 

t h e  genera l  d i f f e r e n c e s  i n  t u r b i d i t y  behavior between t h e  e x i s t i n g  and 

r a i s e d  r e s e r v o i r  following a t u r b i d i t y  event.  I n  s imulat ing t h e  r a i s e d  

r e s e r v o i r ,  t h e  same amount of t u r b i d i t y  e n t e r s  a  much l a r g e r  r e s e r v o i r .  

Since t h e  r e s e r v o i r  i s  we l l  mixed during t h e  t u r b i d i t y  event ,  t h e  incoming 

t u r b i d i t i e s  w i l l  be d i l u t e d  more i n  t h e  r a i s e d  r e s e r v o i r  than i n  the  

e x i s t i n g  r e s e r v o i r ,  and t h e  o v e r a l l  t u r b i d i t y  i n  t h e  r a i sed  r e s e r v o i r  

s h o r t l y  a f t e r  t h e  t u r b i d i t y  i n f l u x  w i l l  be l e s s .  This  r e s u l t  is i l l u -  

s t r a t e d  i n  Figure 5-3 which compares t h e  t u r b i d i t y  oE outf lows from t h e  

e x i s t i n g  r e s e r v o i r  with t h e  predic ted  t u r b i d i t y  from t h e  su r face  with- 

drawal in t ake  f o r  t h e  r a i s e d  r e s e r v o i r .  

However, t h e  t u r b i d i t y  of t h e  r e s e r v o i r  outf lows through t h e  su r face  

withdrawal in t ake  remains a t  a  somewhat higher  l e v e l  f o r  a  longer  period 

of time than i s  t h e  case  f o r  t h e  e x i s t i n g  r e s e r v o i r .  Because the  t u r b i d i t y  

becomes r a p i d l y  mixed i n  t h e  r e s e r v o i r ,  t h e  t u r b i d i t y  behavior becomes 

., analogous t o  t h e  passage of a  f lood through a r e s e r v o i r .  J u s t  a s  t h e  

peak f lood d ischarge  i s  reduced, so i s  t h e  o v e r a l l  t u r b i d i t y .  S imi l a r ly ,  

j u s t  a s  t h e  recess ion  of t h e  f lood hydrograph i s  s t r e t ched  o u t  over a  
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longer  period of time than would have occurred without  t h e  r e s e r v o i r  so 

i s  t h e  recess ion  i n  t h e  t u r b i d i t y  l e v e l  s i m i l a r l y  delayed by passage 

through t h e  r e s e r v o i r .  I n  genera l ,  t h e  l a r g e r  t h e  r e s e r v o i r ,  t h e  more 

t h e  flood peak i s  a t tenuated  and t h e  longer  i s  t h e  recess ion  per iod .  

S imi l a r ly ,  t h e  l a r g e r  t h e  r e s e r v o i r ,  t h e  lower t h e  o v e r a l l  i n i t i a l  t u r -  

b i d i t y ,  but  t h e  longer  t h e  p e r s i s t e n c e  of high t u r b i d i t y  i n  t h e  outf low. 

5 .4 .2  Comparison of Outflow Turb id i t i e s :  In take  a t  E l .  1366 and 
Surface Withdrawal In take  

A comparison of t h e  t u r b i d i t y  of the  power tunnel  outf lows with the  

in t ake  a t  E l .  1366 and with a  sur face  withdrawal in t ake  is depic ted  on 

Figure 5-4. The t u r b i d i t y  f o r  both cases  is  p r a c t i c a l l y  t h e  same a s  long 

a s  t h e  r e s e r v o i r  i s  wel l  mixed because mixing and d i f f u s i o n  make t h e  

r e s e r v o i r  t u r b i d i t y  nea r ly  uniform from top t o  bottom. E f f e c t s  of s e t t l i n g  

make t h e  t u r b i d i t y  i n  t h e  outflow from t h e  su r face  withdrawal in t ake  

s l i g h t l y  lower than those  from t h e  in t ake  a t  E l .  1366. The t u r b i d i t i e s  

remain s i m i l a r  u n t i l  l a t e  Apr i l  when s t r a t i f i c a t i o n  e f f e c t s  become s ig -  

n i f i c a n t .  After  t h e  r e s e r v o i r  s t r a t i f i e s ,  t h e  inf lows e n t e r  t h e  r e s e r v o i r  

a t  o r  near  t h e  su r face  in s t ead  of mixing throughout t h e  r e s e r v o i r .  The 

d i l u t i o n  caused by t h e  c l e a r  inf lows,  combined wi th  t h e  e f f e c t s  of s e t t l i n g ,  

r e s u l t s  i n  l e s s  tu rb id  l a y e r s  near  t h e  su r face  and l e s s  t u r b i d i t y  i n  

t h e  power tunnel  outflow. Consequently, t h e  t u r b i d i t y  of outf lows from 

t h e  su r face  in take  i s  l e s s  than the  t u r b i d i t y  of outflows from t h e  deeper 

in t ake  a t  E l .  1366, a s  shown on Figure 5-4. 

5.4.3 Discussion of Predicted Reservoir  Turbid i ty ,  Surface Withdrawal In t ake  

Figure 5-3 shows t h a t  t h e  predic ted  t u r b i d i t i e s  of r e l e a s e s  through t h e  

power tunnel  us ing  t h e  su r face  withdrawal in t ake  a r e  lower than those  

made from t h e  e x i s t i n g  r e s e r v o i r  from t h e  beginning of t h e  t u r b i d i t y  

event on December 12th  u n t i l  approximately January 25th. From January 25th 

through February 15th,  t h e  outflow t u r b i d i t i e s  f o r  the  two cases  vary with 

respec t  t o  each o t h e r ,  because t h e  e f f e c t s  caused by t h e  two minor turb id-  

i t y  events  a r e  more s i g n i f i c a n t  i n  the  e x i s t i n g  r e s e r v o i r .  Af ter  February 15th ,  

t h e  outflow t u r b i d i t i e s  from t h e  r a i sed  r e s e r v o i r  a r e  about 2 o r  3  NTUs 

g r e a t e r  than those from t h e  e x i s t i n g  r e s e r v o i r  through about A p r i l  20th. 



After  Apr i l  ZOth, t h e  model shows t h a t  t u r b i d i t i e s  from t h e  su r face  with- 

drawal in t ake  i n  t h e  r a i s e d  r e s e r v o i r  a r e  n e a r l y  t h e  same a s  those  i n  

the  r e l e a s e s  from t h e  e x i s t i n g  r e s e r v o i r  even though t h e  average t u r b i d i t y  

i n  t h e  r a i s e d  r e s e r v o i r  i s  g r e a t e r  than t h a t  i n  t h e  e x i s t i n g  r e s e r v o i r .  

This  r e s u l t  i s  a  consequence of two f a c t o r s .  

The f i r s t  f a c t o r  i s  t h e  e f f e c t  of s e t t l i n g .  The r e l e a s e s  through t h e  

Howell-Bunger va lve  i n  t h e  e x i s t i n g  r e s e r v o i r  come from t h e  lowest l e v e l s  

i n  the  r e se rvo i r .  The lowest l e v e l s  a r e  t h e  most t u rb id  because t h e  

tu rb id  inf lows tend t o  e n t e r  t h e  r e s e r v o i r  a t  low e l eva t ions  and m a t e r i a l  

cont inuously s e t t l e s  i n t o  t h e s e  l a y e r s  from overlying l aye r s .  I n  t h e  

r a i s e d  r e s e r v o i r ,  t h e  su r face  in t ake  withdraws from t h e  upper l a y e r s  

of t h e  r e s e r v o i r .  The upper l a y e r s  a r e  gene ra l ly  t h e  l e a s t  t u rb id  l a y e r s  

i n  the  r e s e r v o i r  because a s  m a t e r i a l  s e t t l e s  out  of t hese  l a y e r s ,  t h e r e  

i s  no resupply. 

The second f a c t o r  is t h e  e f f e c t  of s t r a t i f i c a t i o n .  Af ter  r e s e r v o i r  

s t r a t i f i c a t i o n  begins i n  Apr i l ,  t h e  c leaner  inf lows e n t e r  t h e  i n t e r -  

mediate  and upper l a y e r s  of t h e  r e s e r v o i r .  I n  t h e  e x i s t i n g  r e s e r v o i r ,  

withdrawal is analogous i n  genera l  t o  dea l ing  o f f  t h e  bottom of a  deck 

of cards .  The lowest and most t u rb id  l a y e r s  a r e  evacuated f i r s t .  Cleaner 

k inf lows which m i x  within t h e  r e s e r v o i r  a r e  not  withdrawn u n t i l  t h e  l a y e r s  

7. below them a r e  evacuated. For t h e  r a i s e d  r e s e r v o i r ,  t h e  s i t u a t i o n  i s  

i! analogous t o  dea l ing  o f f  t h e  top of t h e  deck, wi th  a d d i t i o n a l  ca rds  

( t h e  inflows) being s l ipped  i n t o  t h e  deck near  t h e  top. Hence, t h e  

l e a s t  t u rb id  water,  including most of t h e  c l ean ,  sp r ing ,  and summer 

inf lows a r e  withdrawn through t h e  su r face  in take .  Together,  t hese  two 

f a c t o r s  make t h e  su r face  withdrawal in t ake  t h e  most l o g i c a l  choice a s  

f a r  a s  minimizing t u r b i d i t y  i n  power tunnel  r e l e a s e s  from t h e  r a i s e d  

r e se rvo i r .  

The t u r b i d i t y  i n  both t h e  e x i s t i n g  and r a i s e d  r e s e r v o i r  wi th  t h e  su r face  

withdrawal in t ake  w i l l  be below 5 NTU by May 5th.  Table 5-1 l i s t s  t h e  out- 

flow t u r b i d i t i e s  from t h e  e x i s t i n g  and r a i sed  r e s e r v o i r  condi t ions  f o r  

comparison. 



TABLE 5-1 

COMPARISON OF OUTFLOW TURBIDITY 
EXISTING RESERVOIR AND POWER TUNNEL OUTFLOWS, RAISED RESERVOIR 

Date 

1 Jan 
1 Feb 
1 March 
1 Apr i l  
1 May 
1 June 
1 Ju ly  
1 Aug 
1 Sept  
1 Oct 

Exis t ing  Reservoir 
Power Tunnel 

E l .  1,366 
Power Tunnel 

Surface  In t ake  

5.4.4 Turbid i ty ,  Low-Level Releases from t h e  Raised Reservoir  

Turbid i ty  i n  t h e  r e l e a s e s  from t h e  low-level o u t l e t  from t h e  r a i s e d  r e se r -  

v o i r  fol low c l o s e l y  t h e  t u r b i d i t y  of r e l e a s e s  from t h e  power tunnel  o u t l e t  

except f o r  a  sharp peak t h a t  occurs a t  t h e  beginning of t h e  January turb id-  

i t y  event a s  shown on Figure 5-5. The sharp peak i s  a consequence of t h e  

same phenomenon discussed i n  t h e  case of t h e  e x i s t i n g  r e s e r v o i r :  t u r b i d  

inf lows e n t e r  a t  t h e  lowest l e v e l  i n  t h e  r e s e r v o i r  a s  governed by t h e  

r e s e r v o i r  and inflow temperatures.  Af ter  about Apr i l  25th, t h e  inf low e n t e r s  

t h e  r e s e r v o i r  a t  in te rmedia te  l e v e l s .  Because of t h e  r e s e r v o i r  s t r a t i f i c a -  

t i o n ,  t h e  low-level r e l e a s e  of 20 c f e  can remove only  a small  p a r t  of t h e  

s to rage  volume below t h e  power tunnel  in take .  Therefore,  f u r t h e r  d i l u t i o n  

t akes  p lace  very slowly. E f f e c t s  of s e t t l i n g  a l s o  tend t o  maintain higher  

l e v e l s  of t u r b i d i t y  near  t h e  bottom. Consequently, t u r b i d i t y  i n  t h e  low 

l e v e l  r e l e a s e  remains above 5 NTU throughout t h e  s imulat ion per iod .  A s  

expected, t h e  loca t ion  of t h e  in t ake  l e v e l  f o r  t h e  power tunnel  had prac- 

t i c a l l y  no e f f e c t  on t h e  predic ted  t u r b i d i t i e s  f o r  t h e  low-level o u t l e t .  



5.4.5  Accumulation of Turbid i ty  -- 

A s e r i e s  of s imulat ions was run t o  determine whether t h e r e  would be any 

carry-over of t u r b i d i t y  from one year  t o  t h e  next .  T,he r e s u l t s  i nd ica t ed  

t h a t  t h e r e  was no d i sce rnab le  e f f e c t ,  and f o r  t y p i c a l  condi t ions  t h e  r a i s e d  

r e s e r v o i r  w i l l  d i l u t e  s u f f i c i e n t l y  each year so t h a t  t h e r e  w i l l  be no 

s i g n i f i c a n t  accumulation of t u r b i d i t y  in  t h e  r a i sed  r e s e r v o i r .  
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CONCLUSIONS 

Improvements to the M.I.T. reservoir model made possible the prediction of 

temperature and turbidity in the raised reservoir for evaluation of poten- 

tial project impacts on water quality and fisheries in the Sultan River. 

Calibration and verification of the model necessary to assure confidence 

in the predicted results were excellent. The extensive and high quality 

data base obtained to calibrate and verify the numerical model reduced 

many of the uncertainties associated with previous studies of this type. 

Predictions of power tunnel outflow temperatures with the intake at El. 1366 

as shown on the FERC Exhibit L drawing, Sheet 28 (Figure 4-l), were compared 

with the historical record at the city of Everett's Diversion Dam on the 

Sultan River. The results showed that outflow temperatures from the raised 

reservoir in the June-September period would be 2 to 2.5'C colder than exist- 

ing conditions. In general, the power tunnel outflow temperature for June 

through September would be below the minimum temperatures recorded at the 

Diversion Dam from 1969 to 1979 as shown on Figure 4-4. 

A surface withdrawal intake resulted in power tunnel outflow temperatures 

that are expected to be within, or at most slightly above, the range of 

temperature recorded at the Diversion Dam. Temperatures in June, July, and 

August are most likely to be above the mean of the 1969-1979 temperatures 

recorded at the Diversion Dam, significantly improving the temperature 

regime in the Sultan River in comparison with the intake at El. 1366. 

Power tunnel outflow cemperatures with a surface withdrawal intake are 

compared with the temperatures recorded at the Diversion Dam in Figure 4-6. 



The temperature variation of outflows from the power tunnel with a surface 

withdrawal intake will follow the naturally occurring temperature of the 

North and South Forks of the Sultan River throughout the year as illustrated 

on Figures 4-9, 4 -10 ,  and 4-11 .  The peak outflow temperature will occur 

earlier in the year than for the existing conditions, and the outflow tem- 

perature will follow closely the thermal regime that existed prior to the 

construction of Culmback Dam. 

The surface intake is simple to operate. Operation is determined by the 

reservoir water level. For most years, only one change in intake level 

should be necessary between June and October. At most, three to four 

changes per year may be required. 

The turbidity of release through the power tunnel with the surface withdrawal 

intake will be lower than those that would have occurred under existing 

conditions immediately following a turbidity event. For about three to 

four months after the turbidity event, the turbidity will be about 2 to 3 

NTU greater in the raised reservoir in comparison with the existing reser- 

voir as depicted in Figure 5-3.  

On the basis of existing data, it appears that during the late spring and 

summer months, outflow turbidities using a surface withdrawal scheme during 

typical years will be about the same as for the existing reservoir under 

the same meteorologic and hydrologic conditions. 

The turbidity of outflows with either the surface withdrawal intake or the 

intake at El. 1366 is practically the same until stratification develops 

in the spring. After the reservoir stratification develops in late spring, 

the outflow turbidities from the surface withdrawal intake will be lower 

than those with the intake at El. 1366.  

The surface withdrawal intake not only provides a better thermal regime in 

the Sultan River than the intake at El. 1 3 6 6 ,  but it also reduces turbidity 

in the power releases from the raised reservoir. The surface withdrawal 

concept is therefore the logical choice for the power tunnel intake for the 

Stage I1 development of the Sultan River Project. 
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