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Abstract
A major benefit of hydroelectric power generation is its ability to respond quickly to changing
power demands through the release of stored water through turbines. However, the abrupt
changes in discharge caused by this practice can have detrimental environmental effects
downstream, including disruption of aquatic insect communities and stranding of fishes. This
study investigated the effects of hydrograph shape on attenuation of regulated pulsed flow
events by first categorizing and then modeling the downstream movement of representative
pulses on the upper Tuolumne River below Holm Powerhouse in the Sierra Nevadas of
California. This water conveyance and hydropower generation system is managed by a public
utility and produces flow pulses primarily for hydroelectricity generation and/or downstream
whitewater recreation. Operations are highly influenced by a system-wide "Water First" policy,
which prioritizes drinking water storage, delivery and quality over other beneficial uses. Pulses
are therefore associated with a spectrum of time scales, from predetermined schedules
decided far in advance to hydropeaking operations responding to current demands. We
extracted underlying hydrograph shape patterns using principal component analysis on
individual pulsed flow events released from 1988-2012 (n=4439). From principal component
loadings, six shape categories were determined: rectangular, front-step, back-step, goalpost,
centered tower, and other. The rectangular and stepped shapes were the most frequent,

composing 62% and 24% of total events, respectively. The rectangular shape was often

1



produced by “standard” recreational pulsed flow releases during the summer, while the
stepped shapes were often used during times of system-wide water conservation or were
recreational flows bordered by periods of elevated flows. The stepped shape increased in
occurrence after the "Water First" policy took effect in 1993 and dominated two drier years
(2007 and 2009). After categorization by shape, magnitude and durational indices were used to
construct representative pulsed flow events. Attenuation of these representative pulses was
then modeled using a 1D hydraulic model of 42 river km prepared in HEC-RAS. As no ramping
rate restrictions or physical structures meant to alter pulsed flow propagation downstream
exist within the system, natural attenuation was the only potential major modifying agent.
However, model results demonstrated a clear durational threshold for representative pulses (~
3-5 hours) over which the degree of attenuation of ramping rates and peak discharge
approached a limit. These thresholds were unique to the study reach and were dependent
upon river morphology, bed characteristics, and flow rates. Simulations of front and back-step
representative pulses showed trade-offs between attenuation of peak magnitudes and
steepness of rising ramping rates. Reshaping pulses to be reduce the adverse ecological effects
of rapid changes in stage and velocity at all points downstream was infeasible if the system was

required to maintain current electricity production and recreational service levels.



Introduction

Hydroelectricity is a major component of the world’s energy portfolio, now supplying
approximately 16% of the world’s electricity (OECD/IEA, 2010). However, flow modifications
caused by river impoundments are a major cause of a steep decline or complete loss of
freshwater species (Bunn and Arthington, 2002; Dudgeon et al. 2006). Compromises between
human needs and freshwater ecosystem health are increasingly sought (Le Quesne et al.
2010;); in the case of hydropower projects, these compromises often involve modifications to
downstream releases (Richter and Thomas, 2007). Hydropower generation often produces
periodic below-bankfull flow pulses of discharge from reservoirs on a demand basis, with
additional release pulses to meet other objectives, such as recreation, sediment flushing, or
water deliveries. Since hydropower plants are typically able to respond quickly to changing
electricity loads, hydroelectricity is often used as peaking power in order to take advantage of
higher prices for electricity when demand is high, and production closely follows periods of
demand (Jager and Bevelhimer, 2007). These rapidly fluctuating flow releases are called
hydropeaking flows, and corresponding changes in discharge often occur on an hourly or daily
basis.

Detrimental effects of pulsed flows to downstream ecosystems come from both rapid
changes in discharge (increase and decrease) and changes in stream temperature. The changes
in discharge create a hydrodynamic wave (Ferrick, 1985) as well as a concomitant thermal wave
of warmer or cooler water that propagates downriver (Frutiger, 2004; Toffolon et al. 2010)

often with a different celerity (Zolezzi et al . 2011). In some water systems, natural attenuation



is expected to dampen flow pulses until they are cause minimal effects to downstream biota.
Attenuation of pulses involves decreases in hydraulic variables such as Qpeak, rising and falling
ramping rates, and wave celerity. However, attenuation rates are unique to different river
systems with varying river morphology and bed characteristics; increased channel complexity,
riparian vegetation, channel connection to the floodplain, and decreased channel slope are
acknowledged to contribute to attenuation (Campbell et al. 1972; Liu et al. 2004; Sholtes and
Doyle, 2011; Hauer et al. 2012).

Quantifying impacts of pulsed flows in river systems necessitates quantitative
descriptive measures of pulsed flow releases and overall operations. This can be difficult as
pulsed flow operations, especially when used for hydropeaking, are acknowledged to cause
extremely irregular flow releases, often producing pulses with multiple steps or peaks. In river
modeling studies, pulsed flows are often modeled with simple rectangular shapes. In this
scenario, discharge rises at a constant rate to a certain value. This value is held for a period of
time, then discharge decreases at a constant rate. However, the varied shape (the shape as
seen on a hydrograph) of pulses also affects attenuation by, in simplified terms, redistributing
the inertia and pressure gradients within the wave (Sturm, 2001). If modeling exercises based
on rectangular releases are used to define operational rules when other shapes attenuate much
differently in the river, the original intent of the operational constraint can be undone.

This study sought to classify common pulsed flow shapes in the Tuolumne River, located
in the California Sierra Nevadas, and model the attenuation of representative pulsed flows.
Pulsed flows in this system were generally produced for electricity generation, recreation, and

water delivery. The study hypothesized that patterns in pulsed flow shapes could be detected in



the historic discharge record, and that common pulsed flow releases would attenuate
differently such that some releases would have lesser effects on biota downstream. This study
identified 4439 pulsed flow events and analyzed these events using Principal Component
Analysis (Jolliffe, 2002) to isolate representative pulsed flow shapes. The attenuation of these
shapes downriver was then quantified using a one-dimensional hydraulic model of the study

reach. Differences in attenuation caused by pulse shape were observed.

Effects on Abiotic and Biotic Factors

Although the effects of pulsed flow regimes on downstream ecosystems are site-
specific, some broad similarities can be drawn between effects in different streams and rivers.
Pulsed flows cause physical habitat alterations on both short and long-term scales. During the
course of a pulse, suitable habitat for organisms is expanded or contracted through changes in
microhabitat variables such as water depth, bed surface area, and velocity (Cowx et al . 1998).
Long-term changes in morphology can result from the pulsed flow regime and other impacts
from dam operations, which often include the stabilization of flows such that fewer high and
low flow events occur and a decrease in the sediment load of the water released from the dam
(Grant et al. 2013). These changes can include the homogenization of morphological features,
including aggradation of pools and absence of pool-riffle sequences, erosion from channels,
vegetation of gravel bars, and creation of fine sediment berms bordering channels (Moog,

1993; Sear, 1995; Fette et al. 2007). Substrate composition can also be affected by pulsed flow



regimes, with common effects including increased fines and bed armouring, resulting reduced
vertical connectivity (Harby and Noack, 2013).

Pulsed flow regimes are associated with a number of detrimental effects on
downstream biota (Cushman, 1985). Numerous studies, mainly in Europe and the United
States, have found different combinations of reduced diversity, biomass, and richness of
benthic species and changes in community trophic structure resulting from hydropeaking
operations (Bain, 2007), with impacts falling heavily on sensitive species (Richards et al. 2013).
Increased drift from both temperature and discharge changes may cause substantial losses to
benthic populations (Cereghino and Lavandier, 1998; Bruno et al. 2010; Bruno et al. 2012).
Some studies have found that impacts are more or only severe within the zone of shoreline that
is frequently dewetted during pulse flow events (Troelstrup and Hergenrader, 1990; Harby et al.
2001) and that impacts on benthic populations may decrease with further distance from the
dam (Camargo and Voelz, 1998).

Adverse effects of pulsed flow regimes on individual fish include downstream
displacement, stranding, reduced spawning success, nest site dewatering, reduced rearing
survival, and altered migration (Young et al . 2011). Behavioral responses by fishes, such as
avoidance, are often energetically costly (Scruton et al. 2008). A large amount of attention in
the literature focuses on stranding, mainly of juvenile and adult salmonids. Stranding rates are
impacted by physical factors such as the shoreline slope, water temperature, ramping rates,
water quality, seasonality, time of day, and base discharge (Nagrodski et al . 2012). Age and
species type influences susceptibility, with eggs and early life stages being particularly

vulnerable (Saltveit et al. 2001). River morphology also affects stranding rates. Side channels



and backwater areas, which become disconnected after pulses, as well as gravel bars, large
debris, cobble bars, and potholes are all potential stranding sites (Bradford, 1997; Bell et al .
2008; Nagrodski et al . 2012).

Amphibians are also impacted by the rapid depth and velocity changes caused by pulsed
flows. Perhaps the best studied of these species, with respect to hydropeaking in Sierra Nevada
rivers, is the river breeding foothill yellow-legged frog (Rana boylii). Their egg masses and
tadpoles are especially vulnerable to rapid shifts in velocity and changes in depth (Kupferberg,
2009; Yarnell et al. 2012). Pulsed flows may cause entrainment or cause long periods of
sheltering, decreases in size, later development, and increased predation (Kupferberg et al .

2011).

Mitigation Measures

Mitigation for adverse biotic and abiotic impacts of pulse flows fall under three
categories: operational, structural, and morphological measures. Operational changes are
commonly built around the identification of important abiotic thresholds or cues to species-
specific behavioral responses and life history events (Lytle and Poff, 2004; Yarnell et al . 2010).
Current operational mitigation measures include constraints on ramping rates (Halleraker et al .
2003; Smokorowski et al . 2011), seasonal and/or diel shifts in operation, and decreasing the
discharge ratio or drawdown range (Qmax/Qmin), often by increasing base flows (Cowx et al .
1998). However, many links between flow variables and specific biotic response are not well

understood and any links that have been established have site-specific threshold values for



impacts. In some cases, negative effects may not correlate to a simple rate-of-change or flow
magnitude shift but to specific discharge changes at certain flow levels (Tuhtan et al . 2012).
The well-accepted natural flow regime framework (Poff et al . 1997) is difficult to adapt into a
flow regime on regulated rivers, and rivers with pulsed flow regimes are especially challenging
(Jones, 2013). Most current methodologies to evaluate impacts do not take into account
frequent rises and falls in flow, which is a defining feature of the pulsed flow regime (Morrison
and Smokorowski, 2000).

Additionally, implementing suggestions for environmental operating constraints often
mean alterations and/or decreases to current levels of electricity production and other
ecosystem services such as irrigation diversions and recreation flows. For example, many
hydropower dams have minimum flow requirements but fewer have ramping rate restrictions.
Ramping rate constraints can significantly affect hydropower profits, although the degree of
impact depends on the severity of the ramping rate constraint (Niu and Insley, 2013).
Suggestions of strict ramping rate restrictions for certain species can be assumed to impact
hydropower production. For instance, Rood et al. (1998) suggest that during cottonwood
recruitment season, down-ramping rates of less than 2.5 cm/day be used to aid cottonwood
seedling recruitment in the Western United States. Kupferberg et al. (2011) recommend
curtailing pulsed flow production during breeding and metamorphosis of foothill yellow-legged
frogs (Rana boylii) in certain Sierra Nevada rivers from spring to fall. To prevent stranding of
juvenile salmonids, downramping rates of approximately less than 10 cm/hr as well as
dewatering at night have been suggested in Canada and Norway (Bradford et al. 1995;

Halleraker et al. 2003).



The remaining two categories of mitigation measures encompass activities such as
installation of in-stream structures that detain and dampen flows, diversions of outflow into a
lake or reservoir and in-stream compensation basins, and morphological measures such as
physically changing river width and roughness (Renofalt et al. 2010). A recent study by Person
et al. (2013) compared mitigation measures for an alpine river with reaches of varying
morphologies, ranging from a simple, single channel reach to braided channels. The study
found that structural, as opposed to operational measures, provided the best cost-benefit ratio

when assessed for fish habitat improvement.

Methods

Study Site

Turnback

California

Pedro Reservoir .
B study Domain s

Figure 1 : Study reach and the Tuolumne River subwatershed.



The study reach (Fig. 1) is a 42.1 km stretch of the mainstem Tuolumne River
(downstream of 37°52’35”N, 119°58’2”W,) and 1.1 km of Cherry Creek (downstream of
37°53’46”N, 119°58'6”W) between Holm Powerhouse and New Don Pedro Reservoir (storage
capacity 2.5 x 10° m3). The river segment studied is a confined, steep-gradient, bedrock channel

with numerous step-pools and boulder cascades.

Longitudinal Profile of the Tuolumne River
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Figure 2: Longitudinal elevational profile of the study reach. Distance measured from Holm Powerhouse.

Below Meral’s Pool (see Fig. 2) the channel slope noticeably flattens and contains
increasingly long stretches of deep bedrock channel. The river terminates in New Don Pedro
Reservoir. The drainage area above New Don Pedro Reservoir is 3970 km? and the elevation
ranges 236-3990 m. The upper 40% of the watershed is contained within Yosemite National

Park, with the middle elevations mainly consisting of public lands and the lower elevations of
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private land. The majority of the watershed above the study area consists of granitic bedrock
covered with a thin soil layer.

The study reach is part of the Hetch Hetchy Water and Power System, which is
administered by the San Francisco Public Utilities Commission (SFPUC). Infrastructure was first
built in the early 1900s to provide drinking water to San Francisco and surrounding cities
(Hundley, 1992). This controversial development included construction of O’Shaunnesy Dam
which inundated Hetch Hetchy valley in Yosemite National Park (Null and Lund, 2006). The
water system now includes multiple reservoirs in both the Sierra Nevada and the San Francisco
Bay Area. Since 1993 SFPUC has adopted a “Water First” policy, which prioritizes drinking water
supply and quality over other uses (San Francisco Planning Department, 2008).

The pulsed flows used in this study are generated by Dion R. Holm Powerhouse, which is
fed by Cherry Reservoir (storage capacity of 3.4 x 108 m3) and Eleanor Reservoir (3.3 x 10’ m3),
with releases into the mainstem Tuolumne River via Cherry Creek. Holm Powerhouse contains
two six-jet Pelton-type impulse turbines with a maximum generating capacity of ~170 MW.
When both turbines are running at full power, approximately 28.3 m3/s is released from the
powerhouse. Releases from the upstream Hetch Hetchy Reservoir are not pulsed flow events,
as water is diverted via the Canyon Power Tunnel and Mountain Tunnel for drinking water
delivery and off-channel power production at Kirkwood and Moccasin Powerhouses. SFPUC
manages Holm Powerhouse concurrently with these two other powerhouses, and therefore
operations are also dependent on demand load and combined generation. At Holm

Powerhouse, hydropeaking occurs throughout much of the year, with summer peaking
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schedules shifted to prioritize provision of recreational flows. Currently there are no regulatory
ramping rate restrictions for operations on this system.

Runoff is driven by a Mediterranean climate, causing the majority of precipitation to fall
in the winter, which in unimpaired conditions leads to a gradual spring snowmelt recession and
low summer baseflows. The quantity and distribution of precipitation have high inter-year
variability (Null and Viers, 2013). After impoundment, the mean annual discharge in Cherry
Creek below Holm Powerhouse is 20 m3/s with a 50% exceedance probability at 17 m3/s (USGS,
2013a), while the mean annual discharge of the mainstem Tuolumne River above the
confluence of Cherry Creek and Tuolumne River is 16 m3/s with a 50% exceedance probability

of 4 m3/s (USGS, 2013b).

Identifying Representative Shapes

# | Pulsed Flow

> 1 ol z1]3] 2 Event
(] ®
c c
(&) (@]
R 0
= o Qmin
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Figure 3: Diagram of the method used to identify pulsed flow event boundaries. Note how half day Q_,
could differ during the same day. As in the example to the right, often changes in half day Q__ signified
long-term changes in baseflows. If the elevated or decreased half-day Q. value lasted less than 24 hrs,

intervening pulses were combined into one pulse during manual adjustment.
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Pulsed flow events were identified from 15-minute discharge data spanning 1988-2012
(n=4439) from USGS gage No. 11278400, located approximately 0.8 km downstream of the
tailrace of Holm Powerhouse. For the purposes of this study, boundaries of flow events were
identified from when rates of change exceeded a certain threshold ( A 0.14 m3/s/15 min) and
discharge rates were either departing from or returning to the half-day minimum discharge
value (Qmin). Therefore, single events could encompass multiple discharge spikes if each one did
not fully decrease to Qmin (see Fig. 3). This method was made more robust since operations
were normally run on a diel basis. Event boundaries were manually examined and spikes
potentially driven by natural rain or snowmelt events were removed from the dataset.

Principal component analysis (PCA) was then used to identify representative pulsed flow
shapes. PCA is a statistical technique that produces a small set of uncorrelated vectors, or
principal components (PC), which are orthogonal and preserve much of the variation within the
original multivariate dataset while maintaining its structure (Jolliffe, 2002). PCA has previously
been used in hydrological studies to classify diurnal runoff from glaciated catchments (Hannah
et al ., 2000), to find patterns in water table levels (Winter et al . 2000), and to characterize
seasonal changes in dissolved organic matter in glacial melt water (Barker et al . 2009).

Data input matrices were formed for each year of discharge data consisting of n rows of
pulsed flow events and m columns of discharge values. The number of columns was increased
to at least n+1 to calculate a stable covariance matrix. Linear interpolation was used so that
each event contained n+1 discharge measurements. Events were standardized using z-scores

such thatthepy=0and o =1.
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PCA was then run on the standardized data matrices for each individual year.
Histograms of Pearson’s correlation coefficients between PC loadings and pulsed flow events
were used to determine if individual PC shapes were controlled by the actual shape of a set of
hydropeaking events or were instead driven by cumulative variation. The first two PCs and a
portion of the third generally contained high r values (|r| > £ 0.7, to select for both strong
positive and negative correlations) with groups of actual pulsed flows, indicating that these PCs
corresponded to a subset of shapes within the dataset. A cutoff of Pearson’s correlation
coefficient of + 0.6 was then used to divide the events into bins containing the individual pulsed
flow shapes.

Identification of representative events within each PC category required selection of
magnitude indices (duration, Qmin, Qmax) to correspond to each shape category. Using these
indices, hierarchical and k-means clustering as well as cluster plots were used in an attempt to
group events within each PC category. However, this analysis did not produce clearly defined
groupings, potentially due to the highly irregular nature of the pulsed flows themselves.
Therefore, in general, events with magnitude indices corresponding to the 25, 50, and 75t
percentiles of each variable were used to produce representative events. Data was tested for
multimodality, and when the data was uni-modal and the median value of an index represented

the overall distribution of events well, only the median value was used for modeling exercises.

Hydraulic Modeling
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This study used the U. S. Army Corps of Engineers’ River Analysis System (HEC-RAS) to
model unsteady open-channel flow (USACE, 2010). HEC-RAS is a one-dimensional hydraulic
model that uses an implicit finite difference scheme to solve the Saint Venant equations. These
equations are comprised of the conservation of mass and conservation of momentum

equations

(1) 0Q/0x + 0A/0t + 0S/ot—q =0

(2) 0Q/dt +9(VQ)/ ox + gA(So + S5) = 0

in which Q = flow, A = cross-sectional area, S = storage, g = lateral inflow, V = velocity, g =
gravitational acceleration, So = bed slope, and S¢= friction slope.

Geometric data were taken from high-resolution photogrammetry from airborne
surveys of the river canyon conducted in August of 2007 during a low flow period (Towill
Surveying, 2007). Individual reaches were classified visually either as a pool, glide, low-gradient
riffle, high-gradient riffle, or cascade using a method similar to previous studies of adjacent
reaches (Jayasundara et al. 2010). In total, 861 cross sections were placed across the river at
changes in reach type, noticeable changes in bank width, and sharp bends to capture
representative river geometry with minimum cross sections. Bathymetry below the water

surfaces was estimated using Manning’s equation

(3) Q = (1/n)Rn?3ASoY?
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in which Ry = hydraulic radius and n = Manning’s n value. Reach slopes were found from
elevations of a streamline drawn over the channel thalweg. Slopes of 0 were changed to
0.0001. Manning’s n was estimated using Chow (1959). A trapezoid was inserted at the bottom
of the channel to approximate the wetted cross-sectional geometry, with dimensions derived
from the calculated cross-sectional area (A) and by setting the width of the longest parallel
trapezoid edge equal to the width of visible surface water.

The final model geometry consisted of 1974 cross sections spaced from 6.4 —303 m
apart, with an average spacing of 26 m. Additional cross sections (n=1113) were linearly
interpolated between measured cross sections as a close spacing was necessary to prevent
instabilities within the steep mountainous river. A sensitivity analysis was performed by varying
model time steps (10-30 sec), theta values (0.85 — 1.0), and cross section spacing (8 — 30m).
Results did not change substantially by changing these parameters, and thus model variables

within these ranges were used when possible.

Model Validation

Pulsed flow events in September 2008, July 2009, and August 2009 were used for the
validation run by comparing stage results to a 30-min stage data logger in Meral’s Pool (n=56;
unpublished data from SFPUC). The validation run periods were chosen to limit hydrologic
inputs from tributaries and groundwater sources. Measured discharge during the validation

period ranged from 1.4m3/s - 29.7m3/s.
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Model validation parameters were selected using the suggestions of Moriasi et al .
(2007). These parameters were visual comparison, the Nash-Sutcliffe efficiency (NSE) (Nash and
Sutcliffe, 1970), percent bias (PBIAS), and the root mean square error standardized with the
standard deviation of observational data (RSR). NSE was 0.97 (acceptable range > 0.5), PBIAS
was -0.4 % (acceptable range within £25%), and RSR was 0.16 (acceptable range < 0.7). After
the initial validation, additional 15-min. stage data from a pressure transducer was collected
further downriver at the confluence with the Clavey River (21 km downriver of release) by the
author and University of California, Davis researchers. The model simulations were compared
against measurements in May and June of 2013, producing NSE = 0.92, PBIAS = 2%, and RSR =
0.28.

At the Clavey confluence the model results displayed more attenuation than observed.
The peaks of model peaks were ~0.05 m lower than those observed. During periods when
tributary and groundwater input was substantial, clear differences in the timing of the wave
emerged. Tributary inputs were ignored for this study as limited flow data existed; however,

further studies should consider tributary impacts on the behavior of the pulsed flows.

Modeling of Representative Events

A 5-min time step was used for discharge changes in simulation runs, which slightly
underestimated actual unrestricted ramping rates. Two different baseflows were used for
rectangular runs based on the 50™ and 75% quartile baseflows in Cherry Creek and the

mainstem Tuolumne River. These combined baseflows were 5 m3/s and 27 m3/s. The remaining

17



shapes were investigated only at 5 m3/s. Pulsed flow events were described using four
variables: duration (twt), change in discharge (AQ) and stage (Az), and ramping rates on the
rising and falling limbs (AQ /t or Az/t) in which t = 1 hr to allow for comparison with ecological

recommendations and additional studies (Bieri and Schleiss, 2011; Meile et al. 2011).
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Results

Representative shapes

Representative Principal Components from 2008
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Figure 4: Statistical loadings for the first three principal components (PCs) and corresponding shape
categories based on a positive or negative correlation are shown for 2008, a year which was
representative of the same three patterns found each year of the analysis.

19



The pulsed flow events were binned into 6 shape categories, as shown in Fig.4. Although
individual years were run separately through PCA, the first three PCs for each year correlated to
the same overall shapes (see Appendix A for results from each year).

1. Rectangle (n = 2737): The PC type corresponding to a rectangular shaped pulse
explained an average of 50% of the variance within each year. In all but two years this PC type
explained the most variation and was the dominant type. The first PC often referred to relative
magnitudes of variables (Joliffe, 2002). In this case, interpreting the PC indicated that most
pulsed flow events contained a relatively stationary maximum bordered by a steep increase and
decrease. The rectangular shape was considered a “standard” pulsed flow for electricity
generation, recreation, and water deliveries.

2a & 2b. Front Step & Back Step (n = 609, n = 452): The second PC, which explained an
average of 21% of the variance within each year, had a high correlation with stepped pulsed
flows. The loadings for this PC had an offset maximum value that gradually declined on its
longest tail, which was interpreted to indicate that many pulsed flow events were not centered
and instead peaked either towards the beginning or end of the event.

3a & 3b. Goalpost & Tower (n = 34, n = 75): The third PC, which explained an average of
8% or less of the variance, correlated with either a goalpost or centered tower shape. These
types were much less frequent than the other shapes.

4. Other (n = 531): Approximately 12% of pulsed flow events did not fall into the

previous 5 categories and were classified as ‘other’.
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Summary Statistics

Summary Statistics by Shape Type

Rectangle Front Back Goalpost | Tower Other
Step Step

Median 17.0 16.5 19.5 16.0 16.2 17.3

Duration Mean 15.6 16.2 19.3 15.1 16.3 19.0
Std 5.9 7.5 6.5 5.1 9.5 9.0

Minimum | Median 1.5 1.7 34 1.2 1.9 2.4
Magnitude | Mean 3.9 4.6 6.1 3.6 4.5 5.8
Std 5.1 5.4 6.2 5.3 6.1 6.5

Maximum | Median 19.7 28.2 19.6 11.8 21.7 18.4
Magnitude | Mean 19.2 25.0 19.7 14.1 22.1 20.0
Std 9.0 8.7 9.5 8.2 9.8 9.9

Discharge Ratio 12.2 12.1 10.9 10.9 10.9 11.2

Table 1: Summary statistics for the shape categories. Although discharge ratios are high, one

should note that these data are from Cherry Creek before it flows into the Tuolumne River.
Recalculating the discharge ratio for the rectangular shape, for example, adding on the Tuolumne River’s
50% exceedance value, produces a much lower mean discharge ratio of 3.3.

Summary statistics for the different shape categories were provided in Table 1. Both the
mean and median duration of events ranged from 15-20 hrs. Although recreational pulsed
flows produced in the summer lasted approximately 4 hrs, many of these flows became folded
into stepped flows that lasted a longer duration. The data therefore did not contain a clear
concentration of pulsed flows of 4-5 hrs duration. The 15-20 hr duration was similar to pulse
durations of other hydropeaking operations, such as that of the Noce River in Northern Italy
that were found to have common durations of either 5-8 hrs or 15-18 hrs (Zolezzi et al., 2011),
corresponding to patterns of electricity prices. Discharge ratios within Cherry Creek had a mean

value ranging from 10-12. However, Cherry Creek flowed into the mainstem Tuolumne River

only 1.1 km below Holm Powerhouse, which greatly lessened this ratio.
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The timing of the pulsed flow types was plotted in Fig. 5, which showed that pulsed flow events

occur year round. Front step flows were concentrated from approximately June to October.

Model Simulations

Model parameters for each of the following types were presented in Table 2. When

changes in discharge occurred, ramping rates were modeled as AQtot/5 min although these

discharge changes in actuality occurred more quickly.

Modeled Representative Pulsed Flow Characteristics

Type AQtOt AQ lower step tiot tpeak

9 m3/s and 22 m3/s
Rectangular (25th and 75th quartile) - .5-18hrs tiot

15 m3/s and 28 ma/s 17hrs 17% of tiot
Front Step (25th and 75th quartile)  52% of AQw: (median) (median)

, , 10% and 43% of tiot

8m /sand 18 m /s 17hrs (25th and 75th
Back Step (25th and 75th quartile) 64% of AQw: (median) quartiles)

6 m3/s and 14 m3/s 16hrs 8% of tiot
Goalpost (25th and 75th quartile)  70% of AQwt (median) (average)

11 m3/s and 28 m3/s 16hrs 16% of tiot
Tower (25th and 75th quartile) 50% of AQwt (median) (average)

Table 2 : Characteristics of pulses used in the study. The amount of bottom step discharge was
calculated by subtracting the volume of the top step from the total volume of the pulsed flow, then
calculating the mean bottom step discharge needed to create a pulsed flow with the correct total
volume.

Results from the model simulations at Holm Powerhouse, the Clavey River confluence

(21 km downstream), and upstream of Turnback Creek (39km downstream, a point near the
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reservoir free of its backwater influence) were presented in Figs. 6-7 respectively. These
locations represent pool cross sections with comparable widths in order to hold channel

geometry constant.

Total A Discharge Total A Stage
25 1 Original A
20 08 Discharge
9 m¥s
15 06
L =
€ 10 04 s
5 0/2¢ 02 %g:ﬂﬁtﬁﬁﬁza
00 2 4 6 8 10 00 2 4 6 8 10
25 1 Original A
20 2 08 e Discharge
f ' 22 m¥/s
21’1y e 06 (8 = 9 === =3
€ 10 04
5 02
00 2 4 6 8 10 00 2 4 6 8 10
Duration of pulse (hrs) Duration of pulse (hrs)
Rate of Change : Rising Limb Rate of Change : Falling Limb
L . é Original A
08 -01 — Discharge
9 m3s
g 06 = -0.2
04 ] 03
9»4&35 sET3I=T
02 5 -04
% 2 4 6 8 10 039 2 4 6 8 10
1 0
Original A
I g ——— — 4 -0 NNN‘*—Hi—-’——Q——O——&— Discharge
: 04t I . € -03
02 -04
% 2 4 6 8 10 03 2 4 6 8 10
Duration of pulse (hrs) Duration of pulse (hrs)
Baseflow = 5 m¥/s Baseflow = 27m3/s
—&— At Clavey - < - At Clavey
—+— At Turnback - =+ - At Turnback

Figure 6 : Results from 1D modeling of rectangular pulses showing how duration affects the AQ,__, Az

and rising and falling ramping rates (Az/t) at two downstream points in the river (Clavey and Turnback;
3 3

recall that no validation exists on model results at Turnback). Two baseflows (5 m /s and 27 m /s) and

two initial AQ, (9 m3/s and 22 m3/s ) were modeled.
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Rectangular Pulse (Fig. 6) : The results shown for rectangular pulses in Fig. 6 displayed
the importance of duration to attenuation behavior downstream. Measures of attenuation —
namely the AQuot, total stage change (Aziot), and Az/t — were shown to move towards a limit as
the duration increased. The limits for AQtot, Aztor, and rising ramping rates were very close to
the original measurements at t = 0. The falling ramping rates attenuated to a limit which was
less steep than at t = 0. The ‘durational threshold’ for common discharges on the Tuolumne
River was approximately 3 -5 hrs

2a. Front Step (Fig. 7a) : These modeled stepped shapes, containing just two steps, are
representative of the type but do not encompass the full range of variability displayed in the
hydrologic record. Stepped shapes often displayed multiple levels of flow between the top and
the bottom step and steps were highly irregular. Rising ramping rates steepened slightly in all
modeled cases while falling ramping rates decreased in magnitude. The pulses increase in
duration by ~ 30% and lowered in AQqot by ~ 15%.

2b. Back Step (Fig. 7b) : The duration increased by ~ 20% and the AQiot displayed only a
very small decrease if at all. The rising ramping rates remained static, while the falling ramping
rates decreased to approximately the same value in all cases (-0.1 m/hr). The behavior of the
back step, in contrast with the front step, indicated that the back step had less attenuation of
the AQqot, but conversely had less steepening in rising ramping rates. The falling ramping rates

for all stepped shapes attenuated to a similar value.
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Figure 7: Results from 1D modeling of front step, back step (x 2), goalpost, and tower-shaped pulsed
flows. On each x-axis, two pulses were modeled (solid and dashed - - - lines) with different
representative magnitude indices. Hydrographs for three locations in the river are shown (see Fig. 1) and
measurements of duration, AQ, and Az/t are provided for two.

26



3a. Goalpost (Fig. 7c): As shown in Fig. 8, the duration lengthened by 20-30% and the
AQiot decreased by ~ 33%. Both rising and falling ramping rates decreased, varying from 50 —
80%.

3b. Tower (Fig. 7d) : As shown in the results in Fig. 8, the duration lengthened by 20-30%
but the AQuot did not change. Both rising and falling ramping rates decreased, varying from 30 —

80%.

Discussion

Shape Patterns

Although a rectangular shape occurred most frequently in the historic record, other
common shapes emerged from this analysis — front and back step, goalpost, and a centered
tower shape. As seen in Fig. 5, the timing of the front step indicated its association with
recreational boating flows, which take place mainly in the summer. Discharge releases for these
rafting flows are usually near turbine capacity. They are released early in the morning, causing
any additional releases, often with decreased discharge, to occur in the afternoon. The back
step did not display a similar strong pattern.

Additionally, as shown in Fig. 5 by the timing of many stepped and rectangular flows,
observed results suggested that pulsed flow types often occur in series, with multiple types
occurring one after the other within a given water year. Repeated similar releases indicated

that their shape corresponded to specific conditions and/or their accompanying management
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strategies. For example, SFPUC’s “Water First” policy, and subsequent water conservation
measures, was present in the results most clearly through the addition of more stepped flows
after approximately 1997. The stepped shape was often produced when system-wide water
storage was prioritized or from recreational flows bordered by power generation (A.
Mazurkiewicz, personal communication). Often this shape encompassed a shorter period of
power generation from both turbines at Holm Powerhouse, and then a longer period of
generation from only a single turbine, potentially indicating a tradeoff between electricity
generation and maintenance of water supplies in upstream reservoirs. This flow shape was
dominant (explaining 36-37% of the variance) only during the calendar years 2007 and 2009,
which were both drier years based on the San Joaquin Valley 5- station Index (CA Department

of Water Resources, 2013).

Behaviors of Shapes

Results of the rectangular modeling exercises (Fig. 6) suggest that pulses will show
minimal attenuation as they move downstream if the original release is past a certain
durational threshold. This concurs with a study by Hauer et al. (2012) that found that peak flow
reduction is highly dependent on original Qmax duration and original ramping rate. This
durational threshold is highly dependent on river morphology as well as Qmin and AQuot. The
steep, confined, and relatively monotonous bedrock channel of the Tuolumne River creates
conditions in which flood pulses translate downstream rather than attenuate (Magilligan and

Nislow, 2005).
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The limits to which the Qmax and rising ramping rates decreased were not very different
from their original values when the pulses were released. Durational thresholds for common
discharges on the Tuolumne River (~3-5 hrs) were comparable to a morning or an afternoon of
power generation or the common duration of summer rafting pulses. Within the dataset, 47%
of rectangular events and 40% of all events had peak flows lasting greater than 4 hrs long. This
suggested that a high percentage of current pulsed flow events were past the durational
threshold, and their attenuation reached the limits previously discussed.

The attenuation of the front and back steps differed in key variables. Between
representative back step and front step pulses, the back step had less attenuation of the AQqot,
but conversely had less steepening of the rising ramping rate. This occurred since the wavefront
of the front step pulse had a greater depth gradient, and thus a greater velocity gradient
(Sturm, 2001), than that of the back step. The Tuolumne River channel morphology, especially
the steep slope, enabled this velocity gradient to cause the wave front to steepen since higher
discharges moved downstream with a greater speed. The representative front step pulses had
more substantial decreases in Qmax than the back step pulses due to the higher velocity gradient
across the peak of the pulse, enabling the peak flows to move forward to overtake the base
flows. In both the front and back step pulses, this velocity gradient also caused the portion of
the pulse with a higher discharge to move forward and created a long trailing limb with a

downramping rate that was lower than the rising ramping rate.

Implications of the Study
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The results from this study suggest that mitigation measures are necessary to create a
pulsed flow regime that supports aquatic species health. This type of reconciliation will be
increasingly necessary under changing hydroclimatic conditions wherein the demands of both
native freshwater species (Moyle et al. 2013) and river recreation (Ligare et al. 2012) will
increasingly require coordinated river management. If future management actions followed
current practice, operational changes (including ramping rate restrictions) would most likely be
devised that minimize harm to focal species (Gostner et a/. 2011). The disparity between a
natural flow regime and that of a hydropeaking river is so drastic that the goals of restricting
hydropeaking regimes are often more focused on immediate direct impacts to certain species
rather than the restoration of ecological functions (Jones, 2013). In the mainstem Tuolumne
River, these focal species could include rainbow trout, sacramento sucker, foothill yellow-
legged frogs, and Western pond turtle (McBain and Trush, 2009).

The foothill yellow-legged frog reproductively benefits from a predictable down ramp
less than approximately 0.1 meter per week, depending on the river system (Lind and Yarnell,
2011). The effective daily rate to benefit this species is during the window of egg and larval
development in the spring, during which stage can currently rise and fall 1m in under 15
minutes directly below Holm Powerhouse. Even for the pulses modeled in this study, the
downramping rates of typical pulses after they have attenuated through the entire study reach
are ~ 0.1to 0.3 m per hour, or 168 - 504 x higher than the recommended rate.

This study found that ramping rates for releases would need to be restricted to much
lower values for this mitigation measure to be effective as natural attenuation was unable to

sufficiently decrease ramping rates downstream to meet the needs of potential focal species.
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Although different pulsed shapes did attenuate differently, the ecological benefit from using
certain shapes was lessened due to the steep ramping rates that still occurred on the rising and
falling limbs. Considering the multiple uses of the water system, including electricity generation
and water supply, stringent ramping rate restrictions may not be the most effective mitigation
measure for this system or other regulated rivers in the Sierra Nevadas with comparable
morphologies. Additionally, the pulsed flow regime may simply be incompatible at certain times

with species’ needs.

Conclusion

This study demonstrates that natural wave attenuation of flow pulses on the Tuolumne
River is not an effective mitigation tool for the sharp changes in discharge caused by
hydropeaking throughout the study reach. A large proportion of flow pulses arrive at Don Pedro
Reservoir with a similar Qmax and rate of change to the original release conditions. Flow pulse
attenuation is highly dependent on Qmin and the shape of the pulse. Furthermore, ramping
rates on the rising limb of a pulse flow event can steepen downstream.

The PCA of historic discharge revealed patterns in pulse flow characteristics as a result
of management strategies. Although perhaps the predetermined summer recreational flows
are the easiest to identify, the study on the whole reveals that within the irregularities
associated with hydropeaking operations, operational rules beyond ramping rate policies exist

that could potentially be changed depending on stakeholder priorities. A simple example is the
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trade-off between front and back step flows and prioritizing either maximum attenuation of
Qmax Or rising ramping rates.

The Tuolumne River system provides water and electricity to major metropolitan and
important agricultural areas, and thus managers and stakeholders will need to balance many
conflicting priorities if new environmental measures are implemented. While both operational
and structural changes should be considered, knowledge of many contingencies between flow
releases and ecosystem responses remains limited or unknown. It will be difficult to address
downstream ecosystem consequences of the current regulated flow regime when links
between the two are not fully understood. This study provides a basic assessment of the

current pulsed flow regime that can be used to support further hydrologic and biologic studies.
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Appendix A

Figure 8 : The following figures represent Principal Component loadings shown by year. Within
each year, principal components ordered by % of variance explained. On the x-axis, 0 — 300 was
a duration descriptor in which 0 was the beginning and 300 was the end of the event.
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Appendix B

Model vs. Lumsden Data
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Figure 9 : Further comparison of observed data and modeled data from the validation run.
Specifically, a graphical comparison from a portion of the validation time period and a
comparison of stage change. Note that the model overpredicts the stage change for pulsed
flows released from both turbines, while it underpredicts stage change for smaller releases.
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Figure 10 : Comparison of observed data and modeled data from the validation run (stage
change and slope of falling limb).
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Duration Metrics : Differences between Modeled Hydropeaks & Data Timing of the Hydropeak : Difference between Model and Data
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Figure 11 : Comparison of observed data and modeled data from the validation run (duration
and time of arrival).
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