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ABSTRACT 
 
 The hydrodynamic processes in reservoirs located in snowmelt-dominated watersheds are poorly 
understood during snowmelt runoff.  Very large storm events or unusually large spring inflows can threaten the 
operational and regulatory water quality goals, but an understanding of hydrodynamic mixing and water 
temperature in the reservoir profile can guide an operator's actions and response in terms of dam operations.  
Turbidity in Hetch Hetchy Reservoir, the source of 85% of the water served by the San Francisco Public Utilities 
Commission to its 2.5 million customers.  Turbidity levels in Hetch Hetchy are typically between 0.1 and 0.3 NTU, 
but storm events or unusual spring inflow events can produce inflow turbidity of over 15 NTU.  Although there is 
little the reservoir operator can do when a 100-year event occurs (January 1-3, 1997) due to the enormous inflow 
volume, but operations can be adjusted to mitigate impacts during spring inflow surges.  This study collected 
turbidity and temperature data over a two-week period that included the peak inflow during an unusually large 
inflow event that carried a significant volume of sediment and organic debris-laden water, causing localized 
reservoir turbidities in excess of 10 NTU.  The field data provided the information needed for operational responses 
and averted exceeding turbidity thresholds.  An operator can adjust the elevation of the inlet used to release excess 
water as well as adjust the inlet elevation of water supplied to the customers.  The operator can also manage 
reservoir storage to maintain a storage volume to dilute turbid inflow, and the timing of the release of excess water 
can be adjusted to control the location of mixing and control the approach of plumes of turbid water toward the 
water supply inlet.  By combining inflow forecasts with real-time water quality data collection and dam operations, 
most snowmelt inflow turbidity events can be managed so that interruptions in supply due to water quality issues 
can be avoided.  (KEYWORDS:  turbidity, reservoir operation, hydrodynamic mixing, Hetch Hetchy Reservoir)  

 
INTRODUCTION 

 
 The hydrodynamic processes in reservoirs located in snowmelt-dominated watersheds are poorly 
understood during snowmelt runoff.  These processes are difficult to measure and monitor over the large spatial 
scale (longitudinally and laterally) of snowmelt storage reservoirs which are designed to hold a large percentage of 
a basin’s normal seasonal runoff.  Inflow rate, water temperature, and reservoir hydrodynamics control the pattern 
of entrainment and subsequent changes in reservoir water quality.  Typically, operation managers of mountain 
runoff reservoirs are not focused on water quality during snowmelt runoff, unless the reservoir provides an 
unfiltered municipal water supply.  Of the six largest cities in the U.S. which maintain an unfiltered municipal 
water supply, four reside on the West Coast: San Francisco, Portland, Seattle, and Tacoma.  Only San Francisco 
operates a reservoir system that is genuinely a snowmelt dominated environment.  Municipalities which operate an 
unfiltered system must maintain high water quality standards set by the U.S. Environmental Protection Agency 
(EPA).  One of the key parameters set as a water quality monitoring criterion is turbidity.  Along with many other 
regulations to maintain a filtration avoidance permit, turbidity in water being delivered to the customers may not 
exceed 5 NTU (nephelometric turbidity units).  However, internal operational criteria may be set much lower (1 to 
2 NTU) in order to motivate proactive operational changes which can minimize the potential effects on the system 
of high turbidity events.   
 
 The San Francisco Public Utilities Commission (SFPUC) has an operational goal of less than 1 NTU at the 
compliance point.  This goal is routinely achieved throughout the year.  However, after extreme storm events such 
as a 100-year event and inflow, turbidity in the reservoir has reached unacceptable levels and prevented 
transmission of the water until reservoir turbidities reached a reasonable level.  These events are uncommon, and 
when the events occur, the reservoir manager can do very little to mitigate the storm’s impact on water quality. 
_______________________________________ 
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  easonally, large snowmelt runoff events can also generate significant inflows which can be high in turbidity.  The 
impact of these events depends on timing and magnitude of the peak inflow.  In general, water years which have 
above normal (>60% exceedence) inflow volumes and/or have high peak inflow rates have the potential to create a 
water quality problem based on internal goals (Table 1).   
 
Runoff Turbidity 
 Transport of sediment is an important process in a river system.  These processes provide habitat as well as 
maintain the overall stream condition.  When streamflow is limited due to drought periods or reservoir 
management, fine sediments accumulate in the channel and potentially harm ecological habitat and can allow 
vegetation encroachment.  Cyclical flushing of this material during snowmelt runoff events redistributes this 
material, which results in relatively low impacts to water quality (i.e. , turbidity).  When higher than normal 
streamflows occur, the river inundates areas which are not often submerged.  These areas may have larger amounts 
of material (both organic and inorganic) which can be mobilized and carried downstream.  This event increases 
streamflow turbidity and delivers additional materials downstream and into lakes or reservoirs.  Once streamflow 
recedes, turbidity may return to background levels.   
 
Table 1.  Hetch Hetchy Reservoir seasonal inflow volumes, peak inflow rates and date and the subsequent peak 
turbidity in the diversion tunnel facility.  Gray highlights years with peak turbidity caused by snowmelt runoff. 
 

          
Peak 
Turbidity 

Peak 
Turbidity 

Water 
April-July 
Inflow 

% of 
Normal Peak Inflow  

Peak 
Inflow 

Canyon 
Tunnel 

Canyon 
Tunnel 

Year (TAF)   DATE (CFS) DATE (NTU) 
1996 651 108% May 16 14,618 May 25 0.87 
1997* 628 105% Jan 2* 36,315 Jan 3 5.00 
1998 957 159% June 16 9,058 June 30 1.31 
1999 629 105% May 26 7,693 June 6 0.84 
2000 506 84% May 8 7,214 June 21 0.61 
2001 290 48% May 16 5,330 Dec 22  0.41 
2002 391 65% June 1 6,088 Nov 11  0.53 
2003 536 89% May 25 11,206 June 16 0.90 
2004 328 55% May 3 5,219 Nov 11 1.57 
2005 850 142% May 16 11,759 May 22 1.83 
2006** 960 160% May 19 9,891 June 1 1.18 
2007 211 35% May 11 3,375 Dec 10 0.67 
2008 385 64% May 16 6,757 Oct 14 0.60 
2009 603 100% May 17 7,964 Nov 7 0.71 
2010 700 117% June 8 11,321 June 18 1.22 
 * Driven by a major rain on snow storm event.    
 ** First Peak of inflow     

 
Institutional Concept of Reservoir Mixing 
 In Hetch Hetchy Reservoir, the hypothesis was that inflow water moves through the reservoir following the 
old river channel.  It was believed that cold, high-turbidity water (during snowmelt runoff) would flow along the 
old thalweg of the main channel along the bottom of the reservoir without much mixing.  This process would result 
in high-turbidity water quickly being delivered to the water supply intake structure and Canyon Tunnel.  It was also 
believed that if turbidity of inflow was high enough, there might not be enough mixing volume in the reservoir to 
dilute the turbidity.  These hypotheses could be tested by measuring the turbidity at discrete depths in the reservoir 
and by profiling water quality parameters along a longitudinal profile in the reservoir, but that was not done prior to 
this study. 
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Previous Case Studies 
 There are very few studies which focus on using field measurements to describe the hydrodynamic flows 
within reservoirs.  The most recent work focuses on the water supply reservoirs for the City of New York in the 
Catskill Mountains (O’Donnell and Effler, 2006; Gelda et. al, 2009).  O’Donnell and Effler (2006) document the 
collection of in-situ measurements of turbidity (Tn), temperature (T) and specific conductance (SC) using an 
automated system to describe the hydrodynamics of inflows during runoff events.  This type of automated system is 
costly in cases where turbidity levels are not often an issue and it is not an effective way to describe reservoir 
hydrodynamics at a large scale. However the studies do outline simple parameters which can be the basic 
measurements of a field collection effort.   
 
 Fleenor (2001) evaluated inflows from a main powerhouse into Whiskeytown Reservoir, CA by monitoring 
T, SC, and tracer dyes to decipher where the plunge point may occur in a reservoir (Figure 1).  This study was 
designed to help water managers understand temperature and turbidity mixing in the reservoir.  The study found a 
large variation in the location of the plunge point, over 4600 feet.  Through this field experiment deciphering 
complete entrainment of the inflow water was not predictable.  The intensive data collection and the use of a dye  
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Conceptualization of hydrodynamic processes  
 
tracer is not practical in most studies and simplifying the data to collect and using “natural tracers” such as SC, T, 
and Tn

 may provide enough information to help decipher the key process in a reservoir. 
 
 Turbidities in San Francisco’s main water supply reservoir, Hetch Hetchy, are typically quite low (0.1 to 0.3 
NTU).  This is due to extensive granite and shallow soils which are comprised of large materials and results in very 
little sediment which can be mobilized.  This attribute makes Hetch Hetchy a dependably clean water supply.  
Historically, high-turbidity events in Hetch Hetchy Reservoir are associated with major storms.  A major rain-on-
snow event in January 1997 was such a storm.  Calculated daily natural flow into the reservoir was near 36,000 cfs.  
Reservoir inflow had high turbidities (which were not measured) and the reservoir quickly rose to and above the 
EPA limit of 5 NTU (Table 1).   
 
 While the 1997 event created water quality issues, the return interval of such an event is on the magnitude 
of a 100 years.  Typical annual peak inflow to the reservoir is the spring snowmelt runoff.  Spring runoff events are 
limited by the meteorological condition’s ability to melt snow and the overall areal snow coverage.  In order for 
large runoff events to occur, high air temperatures must coincide with a large snow covered area.  Since these 
events are relatively common, the upper portions of the stream channel are active and sediments are mobilized 
relatively frequently (Table 1).  These events do not typically produce high turbidity at Canyon Tunnel intake due 
to the brief period of the peak inflow and the correspondingly small inflow volume in relation to the reservoir 
storage and remaining runoff.   
 
 Other turbidity events in Hetch Hetchy Reservoir, especially during drier periods, may occur during fall 
rains.  A significant fall rain event can generate high flow rates through channels which have been dry for the 
majority of the summer.  In addition to this, reservoir storage and subsequent mixing volume is at its lowest during 
dry years.  However even these events do not typically violate the EPA’s water quality regulation (Table 1). 
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Hydrodynamic Concepts 
 The fate of water entering a reservoir or lake is primarily controlled by its density in relation to the ambient 
lake water density.  In the most simplistic terms, colder and denser water flows underneath warmer and less dense 
water.  This basic idea  becomes further complicated during major runoff events, when large inflow volumes occur 
and causes continued down-reservoir water velocities near the inflow location.  During snowmelt runoff, stream 
water temperatures are typically colder than a lake's upper layers in the upper and shallow zone.  As this dense 
inflow water enters the lake it pushes the lighter body of water downstream, until a point where it “plunges” 
beneath it (Figure 1).  At this point, the inflow water travels downward along the lake bottom, mixing (and 
warming) with the ambient water along it’s boundary until it reaches a neutral buoyancy compared to the lake's 
density profile.  The inflow water then continues to move further through the reservoir as interflow, but due to the 
small density differences, the mixing is mostly confined to boundary layers above and below the interflow layer in 
the nearby elevation ranges of the water column.  As interflow water moves through the reservoir and mixes, the 
initial properties of the inflow water become diluted.  Alternatively, if the inflow water is very cold and does not 
reach neutral buoyancy, it would continue along the bottom of the reservoir as underflow (Figure 1).  These 
processes are dependent on the existence of a temperature differences between the inflow water and ambient water. 
 
Limnology 
 Mountain reservoirs have typical seasonal limnological temperature patterns with associated water quality.  
During warm summer months surface water temperatures warm greatly due to high insolation.  This warming 
generates a significant thermocline which causes distinct stratification.  Typically water on either side of this 
boundary does not mix until cooler atmospheric temperatures occur.  Surface cooling of the reservoir occurs during 
the late fall and early winter, when air temperatures begin to cool the upper layers of the reservoir.  The water cools 
until it becomes colder (and denser) then water at depth in the reservoir.  The denser water then moves down in the 
water column, forcing deep water up and mixing.  This process is termed “lake turnover”.   
 
 Figure 2 displays the typical pattern seasonally observed in Hetch Hetchy Reservoir.  During late summer, 
the surface water can be nearly 15°F warmer than water at depth.  This thermocline creates stratification in the lake 
due to the larger temperature gradient (between 40 and 100 ft, Figure 2A) which results in very limited mixing.  
Surface cooling occurs during the late fall and early winter and the lake eventually turns over.  Water temperatures 
in the spring prior to significant snowmelt runoff (Figure 2B) do not show a significant thermocline or 
stratification.  This infers that mixing may occur within the reservoir water column.    A

   B  
Figure 2.  Hetch Hetchy Temperature Profiles – September 16, 2009 left, A, and May 18, 2010 right, B. 
 

METHODS 
 
Site Description 
   The Hetch Hetchy watershed is in the Tuolumne River basin, on the west slope of California’s Sierra 
Nevada.  The watershed ranges in elevation of 3800 feet to 13,000 feet.  The hydrology of the watershed is 
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dominated by snowmelt runoff.  75% of the annual precipitation occurs between the months of December and 
April.  Peak inflows to the reservoir typically coincide with the main snowmelt runoff event.  Timing and 
magnitude of peak inflow to Hetch Hetchy greatly depends on the spatial snow coverage, depth of the snowpack 
and spring time temperatures.  Normally, snowmelt begins at the lower elevations in late March, and by early May  
the mid-elevation snow (7,000 to 9,000 feet) begins to melt.  If an average snowpack exists and temperatures are at 
a seasonal normal, peak snowmelt runoff will occur sometime during the last two weeks of May.  If temperatures 
remain cool, peak snowmelt runoff will be delayed into June.  The delayed melt can result in higher peak melt rates 
and inflow rates, due to the greater energy inputs that generate snowmelt in June (ie. higher solar angles, longer 
daylight periods, and potentially warmer temperatures). 
   
 Hetch Hetchy Reservoir is roughly 9 miles long (Figure 3 and 4).  The reservoir is relatively narrow with 
the widest point being approximately 3,600 ft across.  The deepest point is near the dam and at full elevation 
storage (3806 ft) it is just over 385 feet deep.  The upper end of the reservoir is relatively shallow as compared to 
the lower 4 miles of the reservoir.  The lower four miles of the reservoir contains roughly 64% of the total capacity. 
 

 
Figure 3.  General Hetch Hetchy Reservoir longitudinal profile.    
 
Data Collection 
 Sample collection points for turbidity and water quality parameters were established at approximate river 
miles (RM) of the reservoir (Figure 4).  The sampling at each RM was done at the maximum depth of the reservoir 
profile (the thalweg).  The depth sounder on the boat was used to locate maximum depth.  The end points of the 
reservoir are approximately RM 117.5 at O’Shaughnessy and the reservoir inflow near RM 126.5. Measurements 
were taken on June 3, 7, 9, and 15. 
 
 At each sample location, grab samples for turbidity were obtained at discrete depths using a Kemmerer 
sampling device.  For depths less than 100 feet, samples were taken at the surface, the bottom and a midway point.  
For depths 100 feet and greater, samples were taken at the surface and every 50 feet.  These grab samples were 
measured for turbidity using Hach® turbimeter.  Temperature and SC were measured using the Hach® Hydrolab at 
every 20 feet on June 3rd and every 10 feet on June 7, 8, and 9.  In addition to the RM sample points, turbidity from 
grab samples from the main tributaries were measured during each of the lake surveys:  Falls Creek, Rancheria 
Creek, Tiltill Creek, Hatch Creek, and the mainstem of the Tuolumne River.   
 
 In addition to the above data, real-time data is available for the mainstem of the Tuolumne River, just above 
Hetch Hetchy at the USGS gauging station (site number 11274790), Tuolumne at the Grand Canyon, or TGC).  
Stage, discharge, turbidity, temperature, and specific conductance are reported at 15-minute intervals.  These data 
are invaluable for identifying the relative reservoir inflow and the potential for increased turbidity.  Discharge, 
stage, and water temperature are also available at hourly time steps for Falls Creek gaging station, which is 
operated by HHWP.  The sensor is located at the old-USGS Falls Creek gauging station (site number 11275000).  
This allows the application of the USGS developed rating curve for an estimate of discharge.  
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 Turbidity of water diversions are monitored at numerous points along the conveyance system between 
Hetch Hetchy and the San Francisco area.  The key monitoring point for this project is the O’Shaughnessy 
Diversion Tunnel.  Automatic recording systems are supplemented by weekly grab samples whenever levels are 
above 1 NTU.  

 
Figure 4.  Hetch Hetchy Reservoir and sampling points. 
 
Operations During the Study Period 
 Prior to the main snowmelt runoff event, Hetch Hetchy may be drawn down in elevation via powerdraft and 
reservoir releases.  This is done to maximize use of the available water and to have controlled downstream releases 
during peak inflow.  The exact timing and magnitude of these releases and the subsequent reservoir storage greatly 
depends on the forecasted seasonal inflow volume as well as system maintenance.  Prior to this study, the lowest 
the winter's storage had been was slightly above 200 thousand acre-feet (TAF) or 55% of capacity.  On June 7th the 
first sampling day, reservoir storage was 270 TAF (Figure 5).   
 

 
Figure 5.  Hetch Hetchy Reservoir storage and downstream release during the study period. 
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 During this study period and a majority of the spring, powerdraft through O’Shaughnessy diversion tunnel 
(Canyon diversion tunnel) was at capacity of ~1400 cfs.  Release from the valves located on the face of the dam 
varied depending on operational goals as well as releases for ecological purposes.  In the week prior to sampling, 
releases from Hetch Hetchy ranged from 400 to 500 cfs.  During the sampling period, releases were ramped up to a 
peak release of 5,500 cfs for ecological purposes and then ramped down at 750 cfs per day over a 3-day period.  
This large release matched the timing of peak inflow to the reservoir. 
 
 Releases were made using a combination of valves.  There are two valves at each of four levels (Figure 6).  
During the period of June 6 to June 9, the valves in the second level were used to make a release of 1700 cfs.  The 
high flow was achieved using by adding one valve from the third level and both bottom valves.  Due to the 
conceptualized flow of water through the reservoir, it was thought that discontinuing the use of the lowest valves 
might reduce the possibility of dirty inflow water getting pulled towards the lowest portion of the pool at the water 
supply intake.  In addition, the lowest intake of the supply well for the release valves (at elevation 3556.4 ft) was 
closed off to reduce the removal of the cleanest water from the lowest zone in the reservoir (Figure 6). 
 

 
Figure 6.  Diagram of release valve water supply wells and elevations 
 

RESULTS 
 
Measured Inflows and runoff Conditions 
 Conditions during the winter of 2010 created a slightly above normal snowpack with a relatively deep 
snowpack at lower elevations.  The seasonal inflow forecast volume was about 117% of normal for April through 
July.  Temperatures in April and May remained cool, which prohibited significant snowmelt in the high country.   
Significant snowmelt runoff began at the beginning of June.  Peak inflow to Hetch Hetchy occurred on June 8th and 
was calculated to be 11,300 cfs.  Peak flow on the mainstem of the Tuolumne reached near 7,000 cfs (Figure 7).  
This was the maximum peak flow observed at the station since its installation in 2007.  A flow of this magnitude 
had not occurred since snowmelt runoff of 2006.  Falls Creek (Wapama Falls, Figure 4) reached a discharge of 
1,070 cfs and peaked two days earlier than the Tuolumne at the Grand Canyon (Figure 7).  After the peak inflow, 
temperatures cooled, night-time freezing occurred in the high elevation snowpack, and inflows began to recede.      
 
Field Observations in Tuolumne Meadows 
 Due to the delay in snowmelt during the spring of 2010, significant snowpack remained at elevations of 
7,000 feet and higher.  This snowpack, which typically melts throughout April and early May, remained and was  
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Figure 7.  Tuolumne at the Grand Canyon and Falls Creek discharge measurements. 
 
subject to rapid melt.  During the peak basin snowmelt, areas such as Tuolumne Meadows still had snowpack.  The 
relatively flat meadow area surrounds the Tuolumne River at 7,800 feet.  The Tuolumne River has a low hydraulic 
gradient through the meadow and hence has low velocities.  Any downstream restrictions in the channel would 
result in the water backing up into the meadow.  On June 6th, rapid snowmelt caused the river to back up and to 
flood nearly all of the meadow, as seen in Picture 1.  This condition has not been observed in the past seven 
snowmelt runoff seasons (Roche, J., pers comm.) 
 
 The water within the meadow picked up organic and inorganic material and mobilized it in the river.  
Picture 2 shows the visual affect of the material being mobilized.  The photograph was taken on the Dana Fork, 
which drains Dana Meadows about 6 miles upstream of Tuolumne Meadows.   
 

 
Picture 1.  Tuolumne Meadows looking east toward            Picture 2.  Dana Fork of the Tuolumne, June 6, 2010 
Lambert Dome and Dana Mountain on June 6th, 2010.        The water is turbid and banks and meadow are  
Note Highway 120 on the right edge of the meadow.           inundated.  (Photo courtesy of Jim Roche, NPS) 
(Photo courtesy of Jim Roche, NPS) 
 
Turbidity Measurements 
 Inflows - Turbidity measured at TGC (Figure 8) rose sharply as discharge increased.  Measured turbidity 
reached a peak of 120 NTU momentarily, but this is likely due to the mounting location of the sensor.  The sensor 
is located near the bottom of the channel and may be subject to material being moved along as bedload.  This skews 
the actual inflow value of turbidity.  It is more reasonable to estimate turbidity to be near 40 NTU near the 
beginning of the runoff event.  Turbidities remained in the 20 to 40 NTU range until June 8th.  This is quite 
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surprising since peak flow was on June 8th.  Material which was mobilized in Tuolumne Meadow had already 
moved downstream and into the reservoir by this point.  Turbidities following the main runoff event slowly receded 
over time but did have small rises which coincided with increases in discharge. 
 

 
Figure 8.  Tuolumne at the Grand Canyon discharge and water temperature data. 
 
 Lake Sampling - The June 3rd initial turbidity survey of the reservoir showed elevated turbidity levels near 
the inflow of the Tuolumne River (Figure 9).  These measurements did show a pattern that signifies a plunge point 
(although not observed) and underflow along the bottom of the reservoir.  The underflow water mixed along its 
border and entrained ambient reservoir water.  The June 7th turbidity survey measured the highest turbidity levels in 
the reservoir.  Turbidity at RM 124 had a value over 10 NTU at a depth of 50 feet.  Turbidity near the inflow of the 
Tuolumne River was 5.7 NTU.  At this sampling point, there were downstream velocities which were significant 
due to high rates of inflow.  Further down the reservoir at RM 125, turbidity levels quickly dropped.  RM 125 is 
located just down reservoir of the log jam noted in Picture 3.  The measurements at RM 125 help to identify the 
location of the plunge point of the inflow water.  The highest values were measured at RM 123.7 and 124.  These 
higher turbidity levels could be the previous day's high turbidity inflows moving down-reservoir.  Near the dam, 
turbidity levels were found to be slightly higher in the upper 200 feet of the reservoir.  However measurements 
made below 200 feet at RM 118 and at RM 117.6 showed no discernible increase in turbidity. 
 
 Sampling on June 9th showed that the underflow water was well mixed at RM 122 and was reaching neutral 
buoyancy in the reservoir profile and becoming interflow (Figure 9).  Turbidity values on a whole were lower 
throughout the reservoir.  This is a combination of entrainment and mixing with the cleaner ambient water, in 
addition to cleaner inflow water entering the reservoir from the mainstem and the tributaries.   
 
 The turbidity profiles measured on June 15th showed that the interflow water was near the dam (Figure 9).  
Turbidity values were well mixed and higher values measured on June 7th were now well mixed and diluted.  Water 
at depth near the dam continued to have lower turbidity values than higher in the water column.  A lateral profile of 
turbidity was made at RM 117.5 on June 15th to evaluate the mixing across the width of the reservoir.  These 
measurements were made to evaluate both the overall mixing in the reservoir and the concept of the underflow and 
interflow following the main channel.  Turbidities across the reservoir were similar at each depth (Figure 10) across 
the profile.  The lack of large discrepancies show that the reservoir is well mixed laterally. 
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Figure 10.  Lateral turbidity profile at RM 117.6           Picture 3.  Photograph near RM 126 on June 7, 2010.  Note 
 on June 15th, 2010.          the log jam at the plunge point.   
 
 Canyon Tunnel Turbidity - Turbidity in canyon tunnel began to rise on June 7th and continued to rise to a 
peak of 1.22 NTU on June 18th (Figure 11).  While turbidity rose, it also presented a cyclical pattern of 
approximately 2 peaks per day.  This cycling does not follow a particular pattern, however as inflows began to 
recede the amplitude of this variation was reduced.  The overall muting of this pattern coincides with the start of 
spill over the drum gates on June 19th.  The trend does continue downward as inflow turbidities have dropped and 
the reservoir becomes well mixed.       
 
Water Temperature 
 Temperature profiles in the reservoir throughout 
the study period did not show any significant 
thermocline (Figure 12).  The upper 30 feet of the 
reservoir was subject to warming, which created a 
temperature difference between the upper levels of 
the ambient reservoir and inflow water.  Inflow 
temperatures are shown in Figure 12, underneath the 
respective labeling.   
 
 On June 3rd inflow temperature at the mainstem 
of the Tuolumne was colder then reservoir water.  
Temperature patterns show this water moving down 
reservoir as underflow as well as mixing.  Inflow   Figure 11.  Canyon tunnel diversion turbidity during  
temperatures on subsequent monitoring days were  the 2010 study period 
measured below reservoir temperature.  The temperature 
pattern on June 7th at the upper end of the reservoir was clearly stratified.  There was nearly a 6 C difference in the 
upper 10 feet of the reservoir (Figure 12).  At depth the water temperatures did drop as inflow water mixed at the 
plunge point and moved down reservoir. 
 
 Temperatures on June 9th and 15th show a trend of increasing temperatures throughout the reservoir.  This 
signifies that the reservoir is mixing as inflow water moves through the reservoir.

Plunge Point 
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DISCUSSION 
 
 Observations of hydrodynamics in a reservoir during a snowmelt runoff event are not common.  Field 
observations have focused on highly turbid events.  These studies have described a conceptualization of the process 
and have allowed a thorough description that can be applied to this study.  The observations made in Hetch Hetchy 
reveal a textbook pattern of three distinct zones:  Riverine, Transition Zone and Lacustrine (Martin and 
McCutcheon, 1999).  Martin and McCutcheon (1999) describe each of these zones: 
 

• Riverine Zone – Inflows dominate mixing and the reservoir has a well mixed water column. 
 

• Transition Zone – At this point river conditions begin to change to reservoir/lake conditions.  Buoyancy 
forces due to density differences between the lake and the river dominate inflow advective forces and 
inflows may become underflow or overflow.  The changing of zones may be signified by a plunge point. 

 
• Lacustrine Zone – Buoyancy forces dominate the flow patterns within the reservoir/lake and mixing occurs 

between the reservoir/lake layers. 
 
Riverine: Headwaters to RM 126 
 Although the mainstem of the Tuolumne River typically contributes only 40% of the total reservoir inflow 
during snowmelt runoff, the reservoir turbidity patterns measured during this study showed that the inflow from the 
mainstem dominated the reservoir's turbidity outcome.  The other tributaries did not contain turbidities near the 
values measured on the mainstem (Figure 9).   
 
 As inflows increased during the snowmelt runoff season, turbidity in the mainstem rose greatly.  On June 
3rd, 7th, and 9th , the riverine section of the reservoir was well mixed based on turbidity (Figure 9) and temperature 
profiles (Figure 12).  On June 15th , there was weak stratification in the riverine section due to surface heating.  
Turbidity profiles show the upper 2.5 miles of the reservoir to be well mixed even at the surface.   
 
Transition Zone: RM 122 to RM 125 
 The plunge point of the reservoir between RM 125 and RM 126 was well-defined based on turbidity and 
temperature measurements.  Field observations on June 7th and 9th  also showed the plunge point location (Picture 
3).  This is the location where the reservoir water is no longer dominated by the advective forces of the inflow 
(velocity) but the buoyancy forces due to temperature and turbidity.  Colder water with higher density and 
increased turbidity (which also increases density) flows underneath the warmer layer of surface water.  The floating 
debris jam debris in Pictures 3 showed this phenomenon.  On June 7th (Picture 3), highly turbid water can be is 
upstream of the plunge point, and clearer ambient lake water was seen beyond the log jam.  The debris jam 
remained in the same location, maintained by the balance of advective inflow velocity and countered by strong up-
reservoir winds which pushed materials floating down reservoir back towards the headwaters.   
 
 The location of this plunge is a function of inflow velocities, differences in density of the inflows and 
ambient lake, as well as reservoir depth.  The plunge point during these field observations was controlled by 
reservoir depth.  At the plunge point, the thalweg narrowed greatly, and this narrowing caused the riverine flow to 
be concentrated and have a higher velocity.  Below the plunge point, the reservoir width and thalweg expands, this 
causes the water velocity to drop, thereby reducing the advective forces pushing against the ambient reservoir and 
the gravitational forces (water density) to control the fate of the water and cause underflow to begin(Figure 13).  
 

  
Figure 13.  Conceptualization of the effect of the plunge point, and the arrow length represents velocity magnitudes. 
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 Below the plunge point, turbidity measurements at the surface show a significant decline as the underflow 
moves along the lower depths of the reservoir.  The underflow does mix greatly along it boundary as density 
differences are small and become smaller further down reservoir as mixing increases the temperature of water at 
depth.  This mixing continues down reservoir into the lacustrine zone (Figure 9 & 12). 
 
Lacustrine Zone – O’Shaughnessy Dam to RM 122 
 As the underflow moved through the transition zone, it became well mixed and water temperature 
increased.  The warming caused underflow to transition to interflow in the main portion of the reservoir (Figures 9 
& 12).  The transition is controlled by the water density, which is a function of temperature.  As the interflow 
moved through the lacustrine zone, the mixing volume increased greatly due to the reservoir being wider and 
deeper near the dam.  The small temperature difference between the ambient reservoir water and interflow 
promoted mixing across the boundary of the two layers.  While the dilution process degraded the overall water 
quality, turbidity levels stayed well below the EPA standard and the quality of water being supplied to the 
municipal water supply remained very good.  Due to the large mixing volume of the reservoir and the relatively 
short peak of turbid inflows, it does not appear that snowmelt runoff would typically create conditions where 
turbidity in the lacustrine zone would be greater than 5 NTU.   
 
Sources of Turbidity 
 Turbidity sampling of the main tributaries throughout the study period showed that only the mainstem of the 
Tuolumne had significant turbidity levels.  As the main contributor of suspended material to the reservoir which has 
been shown here to have effect on the water quality of delivered water, it is worthwhile to understand the main 
sources.  During the 2010 snowmelt runoff season, two sources have been identified as contributors of materials.  
Observations of Tuolumne Meadows (Pictures 1 & 2) show transport of mobilized materials (likely organic 
materials) which would be transported into the main stream channel.  This likely occurred in other high elevation 
meadows as they melted out.  Typical watershed management of non-point source pollutant such as this would 
focus on limiting the contributing material through land management.  In many cases, the sources are spatially 
limited or caused by resource management (i.e., erosion after mining and logging).  In this case, Tuolumne 
Meadows is relatively pristine and is preserved as a mountain meadow with management practices already put into 
place to protect meadow and stream health.  Much of Tuolumne Meadows is natural and does not have large scale 
anthropogenic impacts such as large scale vegetation loss, and the main impact visitors have had on the meadow is 
hiking paths.  Turbidity generated in Tuolumne Meadows (and other mountain meadows) is likely a natural process 
which is not greatly affected by visitor activity.   
   
 A second observed source of suspended materials is the upper end of the reservoir.  As reservoir elevation is 
dropped in the late winter in anticipation of snowmelt runoff, large quantities of floating organic material are 
deposited and uncovered along the shoreline.  The material is relatively concentrated in a narrow elevation band,  
and as the reservoir rises, the material is mobilized and can quickly generate localized high turbidity levels.  This 
material can be entrained into the inflow water and moved down reservoir.  Managing both the large woody debris 
and the finer material is difficult. 
 
Reservoir Operations 
 During this study period, changes in operations were made in an attempt to minimize the impact of high 
turbidity inflow water on overall reservoir water quality.  The first step taken was to reduce the amount of water 
being drafted for release downstream from the lower elevations of the reservoir.  This action was taken on June 9th 
when the June 7th survey showed that the turbid underflow was reaching neutral buoyancy and becoming interflow.  
The elevation of the interflow was at the upper limits of the Canyon diversion tunnel intake.  By closing the lowest 
elevation slide gate of the valve system, less water was being removed from the lowest zone of the reservoir.  This 
meant that cleaner water at depth would still be available for the diversion tunnel draft for water supply.   
 
 Subsequent analysis of the velocity profiles was done to evaluate the change in operations.  These profiles 
were calculated based on the June 7th temperature profiles and draft rates following the technique described in 
Martin and McCutcheon (1999).  The velocity profiles (Figure 14) show a distinct overlap between the middle and 
lower supply well intakes and Canyon Tunnel.  However, the calculation does show that the middle elevation 
intake only overlaps the Canyon Tunnel intake in the minimum velocity range.  This infers that there is an 
operational benefit to water quality by closing the valves to the lower intake.  Canyon Tunnel draft alone, however, 
will induce water movement into the lowest elevation zone of the reservoir as water is removed. 
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 The other operational change made was a reduction in the release following the scheduled ecological 
release.  Reducing the release allowed a larger volume of clean, ambient water near the dam to remain and 
potentially reduce the down-reservoir flow velocities of the turbid inflow water from the mainstem.  This release 
would also be removing colder water that is at depth (Figure 12), which also would change the elevation in which 
the interflow would reach neutral buoyancy.  In theory, by the time the underflow water has reached the lacustrine 
zone, it is warmer than much of the deeper water of the reservoir.  Preserving the quantity of cold water at depth 
would cause the interflow to insert into a higher zone in the water column and farther away from the diversion 
tunnel intake.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Calculated velocity profiles in Hetch Hetchy Reservoir upstream of O’Shaughnessy Dam facilities. 
 

CONCLUSIONS 
 
 The observations made in Hetch Hetchy Reservoir during the snowmelt runoff period can be simplified to 
create a conceptualization of how water moves through the reservoir (Figure 1).  This conceptualization requires 
that the reservoir be relatively well mixed, without a well-defined stratification.  This simplification is reasonable 
prior to snowmelt runoff (Figure 2).  At this point in the season, the reservoir has turned over and increased inflows 
throughout the winter have generated mixing within the reservoir.  The turbidity measurements made in Hetch 
Hetchy Reservoir support this conceptualization and show that the reservoir does become well mixed both 
longitudinally (Figure 9) and laterally (Figure 10).   
 
 The temperature profile within the reservoir's water column controls the elevation at which turbid water will 
move through the lacustrine zone.  As inflow water moves through the transition zone, mixing and subsequent 
warming occurs.  This change in temperature and the existing temperature profile within the ambient reservoir will 
determine how deep the interflow travels.  This interflow will mix extensively within the water column in the 
lacustrine zone.  Maximizing the volume of cleaner ambient water (holding total reservoir storage high) will 
provide an additional mixing volume.   
 
 The conceptual model of hydrodynamics revealed in this study will not hold true if the reservoir is stratified 
or is exceptionally warm at the beginning of snowmelt runoff.  Warmer temperatures at depth within the reservoir 
could possibly promote continued underflow through the lacustrine zone.  In order for this scenario to occur, 
storage would have to be very low and significant cold runoff would need to occur.  Even in this case, the inflow 
would be mixed and warmed through the transition zone and still need to be colder than the ambient water at depth 
to continue as underflow.  Due to the large volume of ambient reservoir water during normal water year types, a 
large amount of mixing would still occur and temperature and density differences would be small.  This scenario 
could occur and have a greater impact on water quality if reservoir storage was extremely low.  This scenario is 
unlikely due to the requirement to have a combination of low storage and the possibility of a high snowmelt runoff 
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rate.  High snowmelt runoff rates are most likely in wet years that have built a large snowpack, and in such years, 
winter storms have also generated inflows which would increase reservoir storage. 
 
Management Implication 
 Measurements during this study show that dam operations such as reducing draft from lower elevations in 
the reservoir can help to preserve the cleanest water in the lowest elevation zone.  The decision to make this 
adjustment should take into consideration the reservoir temperature profile and the elevation of possible interflows.  
Also, limiting large releases during peak turbidity inflow may reduce the travel velocity and time it takes for the 
inflow water to reach the lacustrine zone.  Increasing the travel time will allow for increased dilution through 
mixing.  It is inevitable that higher turbidity water will eventually reach the intake structures, but slowing its 
approach and attempting to preserve the volume of clean mixing water may reduce the impact on water quality. 
  
Further data collection 
 This hydrodynamic study shows that understanding the temperature profile along the length of the reservoir 
can help reservoir operators recognize the potential pathway of underflow and interflow.  Past sampling programs 
collect temperature profiles during the spring season up to RM 117.6.  Augmenting this measurement with 
temperature profiles near the mainstem inflow and near RM 125 will help to describe the underflow pathway and 
mixing.  Reservoir managers can then make decisions on the importance of selecting the elevation from which draft 
is taken, and adjusting the timing at which excess volume is released from the dam. 
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