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Abstract

On average, the Nisqually River delivers about
100,000 metric tons per year (t/yr) of suspended sediment to
Puget Sound, western Washington, a small proportion of the
estimated 1,200,000 metric tons (t) of sediment reported to
flow in the upper Nisqually River that drains the glaciated,
recurrently active Mount Rainier stratovolcano. Most of
the upper Nisqually River sediment load is trapped in Alder
Lake, a reservoir completed in 1945. For water year 2011
(October 1, 2010-September 30, 2011), daily sediment
and continuous turbidity data were used to determine that
106,000 t of suspended sediment were delivered to Puget
Sound, and 36 percent of this load occurred in 2 days during
a typical winter storm. Of the total suspended-sediment load
delivered to Puget Sound in the water year 2011, 47 percent
was sand (particle size >0.063 millimeters), and the remainder
(53 percent) was silt and clay. A sediment-transport curve
developed from suspended-sediment samples collected
from July 2010 to November 2011 agreed closely with a
curve derived in 1973 using similar data-collection methods,
indicating that similar sediment-transport conditions exist.
The median annual suspended-sediment load of 73,000 t
(water years 1980-2014) is substantially less than the average
load, and the correlation (Pearson’s r = 0.80, p = 8.1E-9,
n=35) between annual maximum 2-day sediment loads and
normalized peak discharges for the period indicates the
importance of wet years and associated peak discharges of the
lower Nisqually River for sediment delivery to Puget Sound.
The magnitude of peak discharges in the lower Nisqually
River generally is suppressed by flow regulation, and relative
to other free-flowing, glacier-influenced rivers entering
Puget Sound, the Nisqually River delivers proportionally less
sediment because of upstream sediment trapping from dams.

Introduction

Fluvial sediment delivery is fundamental to the
formation of river deltas that support critical estuarine
habitat for fish and ecosystem development and in Puget
Sound can both benefit and threaten estuarine ecosystems
(Czuba and others, 2011). Understanding the rate of
sediment delivery in rivers entering Puget Sound is
important in the assessment of the resiliency of nearshore
ecosystems threatened by sea level rise and for predicting
the efficacy of present and future nearshore restoration
efforts (Cereghino and others, 2012).

The Nisqually River flows into southern Puget Sound
providing important riverine and estuarine ecological
function. Because of Tribal and Federal land holdings, much
of the lower Nisqually River near Puget Sound contains
a still-functioning riparian floodplain (Collins and others,
2012), and a major restoration project was completed in
2009 on the Nisqually River Delta to further improve the
ecological health of the lower river corridor (U.S. Fish and
Wildlife Service, 2010). Compared to other rivers entering
Puget Sound (Czuba and others, 2011), the lower Nisqually
River carries a relatively light sediment load because of
substantial sediment accumulation in Alder Lake, a reservoir
upstream of the 101-m-high Alder Dam, completed in
1945. Before 1945, the natural sediment load in the lower
Nisqually River likely was suppressed by the predecessor
to Alder Dam, the 11-m-high La Grande Dam completed in
1912 (Czuba and others, 2012a). In contrast, the sediment
load in the Nisqually River upstream of Alder Lake is
relatively large because of sediment generated from Mount
Rainier (Czuba and others, 2012a).
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Numerous geologic and sediment-transport studies
have described the formative fluvial geomorphology of the
Nisqually River or estimated the sediment load in the river and
its tributaries. Nelson (1974) published a study of sediment
measurements in the Nisqually and Deschutes River Basins,
sampling suspended sediment from 1971 to 1972 at 16 sites.
Downstream of Alder Lake, Nelson (1974) reported sediment
loads of 95,000 t/yr for the Nisqually River at Nisqually and
91,000 t/yr for the Nisqually River above Powell Creek, near
McKenna. Nelson (1974) also reported that mountainous
catchments away from Mount Rainier produce a sediment
yield at least one order of magnitude less than rivers directly
draining Mount Rainier, and that catchments draining the
Puget Lowland typically yield sediment at rates of about two
orders of magnitude less than rivers draining Mount Rainier.

Based on bathymetric measurements of sediment
accumulation in Alder Lake, Czuba and others (2012b)
reported sediment yield similar to that of Nelson (1974)
for the Nisqually River upstream of Alder Lake. Czuba and
others (2012b) determined that from 1945 to 2011, the upper
Nisqually River carried, on average, 1,200,000 £180,000 t/yr
of sediment and reported that 83—98 percent of this sediment
load into Alder Lake originated from Mount Rainier. Czuba
and others (2012b) also estimated that the trap efficiency
of Alder Lake was 90 5 percent and that the long-term
mean sediment load transported past Alder Dam was
120,000 £18,000 t/yr. Using historical bathymetric surveys
of Alder Lake, Czuba and others (2012b) reported that the
average sediment load in the upper Nisqually River was just
860,000 £300,000 t/yr from 1956 to 1985, indicating that
sediment loads from Mount Rainier from 1956 to 1985 were
less than the long-term average. This observation is notable
because sediment sampled in 1971 and 1972 (Nelson, 1974)
may have reflected sediment-transport conditions less in
magnitude than the long-term mean.

Purpose and Scope

This report documents the timing and quantity of
suspended-sediment load delivered by the Nisqually River to
Puget Sound for July 25, 2010—November 30, 2011, which
includes water year 2011 (October 1, 2010-September 30,
2011), for use in conjunction with nearshore circulation
models to assess the sedimentation potential and efficacy of
restoration efforts in the Nisqually River Delta. Sediment data
collected in this study were used to develop sediment rating
curves for estimating suspended-sediment load as a function
of discharge and suspended-sediment concentration as a
function of turbidity. Comparisons with a previous, similar
study (Nelson, 1974) were made to assess differences in
sediment-transport conditions and to estimate the mean annual
suspended-sediment load delivered by the river to Puget
Sound. Hydrology for the lower Nisqually River is examined
from the long-term record of U.S. Geological Survey (USGS)
streamgages in the basin and is used to provide a hydrologic

context for the results of 2011 sediment loads. Turbidity is
used as a surrogate measurement for suspended-sediment
concentration (SSC) and, with sediment sample data, is

used for assessing seasonal characteristics of sediment
transport. This report includes the results of sediment-sample
concentrations and particle size, and continuous turbidity data
collected from July 2010 to November 2011.

Description of the Nisqually River Basin and
Study Site

The Nisqually River is in the southeastern region of Puget
Sound, a marine water body in western Washington formed as
a result of Pleistocene glaciation (fig. 1; Booth, 1994; Porter
and Swanson, 1998). The Nisqually River drains the Cascade
Range, a part of the Puget Lowland, and the southwestern
flank of Mount Rainier, a 4,392-m glaciated, recurrently
active volcano (Crandell, 1971; Nelson, 1974; Sisson and
Vallance, 2008; Czuba and others, 2012b). The Nisqually
River formed after the retreat of the Puget Lobe of the
Cordilleran Ice Sheet from the Puget Lowland about 16,000—
17,000 years ago (Porter and Swanson, 1998). In establishing
its late-Pleistocene course toward Puget Sound, the river
incised into glacial till deposits (Collins and Montgomery,
2011) with a slope adequate to convey the large sediment
loads originating from Mount Rainier. Active volcanism at
Mount Rainier during the Holocene (Crandell, 1971; Scott and
others, 1995; Sisson and Vallance, 2008) spawned multiple
lahars, some large enough to travel to Puget Sound (Scott and
others, 1995). Large-scale volcanism and associated increased
sedimentation has not occurred on Mount Rainier in the past
150 years, but rainfall-induced debris flows from Mount
Rainier and large floods have promoted ample sediment
transport filling a portion of Alder Lake (Czuba and others,
2012b). The lower 5 km of the Nisqually River and its estuary
occupy a former marine embayment of Puget Sound, acting
as a Holocene sediment deposition zone; the river delta is
the product of sediment deposition from the Nisqually River
during the Holocene (Collins and Montgomery, 2011).

Discharge in the lower Nisqually River is regulated by
the 100-m-high Alder Dam and smaller La Grande Dam, each
owned and operated by Tacoma Power for flood control and
hydroelectric power generation. The three primary tributaries
draining Mount Rainier in the Nisqually River Basin are the
mainstem Nisqually River, Kautz Creek, and Tahoma Creek.
Major tributaries Mineral Creek and the Little Nisqually River
enter upstream of Alder Dam and drain the Cascade Range
away from Mount Rainier. Downstream of Alder Dam, the
Mashel River is the only sizeable Nisqually River tributary
draining mountainous terrain. Tributaries Ohop, Tanwax, and
Muck Creeks all enter downstream of the Mashel River, but
these tributaries drain predominantly the low-gradient Puget
Lowland and sediment loads in these tributaries are relatively
small (Nelson, 1974).
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Figure 1.

The climate of the Nisqually River Basin is
predominantly wet and temperate (National Oceanic and
Atmospheric Administration, 2010). The prevailing wind
direction is from the south or southwest during the rainy
season (October—June) and from the northwest during the
relatively dry summer from July to September. During the
winter, cold air from the Canadian interior occasionally
flows southward, covering the region. The average January
maximum temperature in the Puget Lowland is about 6 °C

(43 °F) and the minimum temperature is about -1 °C (30 °F).

Basin b y
Subbasin boundary

Centralia Power Canal

Sediment monitoring site and No., 2010-11
Discontinued sediment monitoring site and No., 1972-73

Continuous streamgage and No.

Seasonal streamgage and No.

U.S. Geological Survey streamgages and sediment-monitoring site in the Nisqually River Basin, western Washington.

During July, the average maximum temperature is about 24 °C
(75 °F) and the average minimum temperature is about 10 °C
(50 °F). Annual precipitation in the Puget Lowlands is about
1,000 mm (40 in.), and the winter season snowfall is about
380 mm (15 in.). Precipitation increases with altitude; annual
rainfall in the Cascade Range in high-altitude catchments
typically is 1,550-2,500 mm (60-100 in.), and total annual
snowfall is between 10 and 15 m (400-600 in.) at altitudes

of 1,200-1,600 m (4,000-5,500 ft) (National Oceanic and
Atmospheric Administration, 2010).
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Basin Hydrology

Mean annual discharge for the Nisqually River near
National (USGS streamgage 12082500) is 22.0 m®/s (777 ft3/s)
for the period of 1943-2014 (72 years), with dominant
hydrologic inputs from rainfall in winter and snowmelt in
spring and summer (table 1). Downstream of Alder Lake, the
mean annual discharge for the Nisqually River at McKenna
(USGS streamgage 12089500) is 36.9 m®/s (1,301 ft¥/s). Late
summer and autumn discharge is sustained by groundwater
and glacial melt from Mount Rainier. The largest peak-flow
events in the basin are caused by heavy autumn or winter
precipitation associated with atmospheric rivers, strong
synoptic systems from the Pacific Ocean that tap into tropical
moisture sources (Neiman and others, 2011).

In the upper basin, the largest recorded peak discharge
occurred in November 2006 during a large atmospheric river
that caused widespread damage to Mount Rainier National
Park (Czuba and others, 2012b). The peak discharge in
the upper basin (Nisqually River near National, USGS
streamgage 12082500) during the November 2006 event was
617 m3/s (21,800 ft3/s). Widespread flooding also affected the
region in February 1996 when discharge peaked at 600 m?/s
(21,200 ft3¥/s) on the Nisqually River near National. Smaller
peak-flow events in the upper basin usually occur in late
spring and early summer with the seasonal snowmelt. The
lower basin is regulated by Alder Dam (constructed in 1945),
which strongly affects the peak-flow hydrology. Although

Table 1.
western Washington.

the February 1996 storm resulted in the peak discharge of
record for the Nisqually River at McKenna (USGS streamgage
12089500) of 1,420 m¥/s (50,000 ft%/s), the 2006 peak
discharge was more tightly controlled by regulation at Alder
Dam and resulted in a discharge of 436 m®/s (15,400 ft%/s).
Hydrologic data at USGS streamgages typically are reported
by water year, which is defined as the 12-month period
October 1, for any given year through September 30, of the
following year.

Sediment-Monitoring Site

The USGS sediment-monitoring site installed as part of
this study, the Nisqually River near Yelm (site 12089970),
is in the lower Nisqually River, 19.2 km upstream of the
river mouth, 1.6 km downstream of the Centralia Power
Canal outlet, and 15.8 km downstream of USGS streamgage
Nisqually River at McKenna (12089500) (fig. 1). The lower
Nisqually River is defined herein as the reach downstream
of the outlet of the Centralia Power Canal about 20.8 km
upstream of the mouth of the river at Puget Sound. The mixed-
diurnal tidal influence in the lower river extends to about
5 km upstream of the mouth. The largest tributary in the lower
river, Muck Creek, is 1.5 km downstream of the sediment-
monitoring site, and remains a potential sediment source not
included in this study. The drainage area of the basin at the
sediment monitoring site is 1,520 km2, and 50 percent of this
area is upstream of the Alder and La Grande Dams.

Summary of discharge at U.S. Geological Survey streamgages and a sediment-monitoring site in the Nisqually River Basin,

[Mean annual discharge and discharge data for water years 1973 and 2011 are available at http://waterdata.usgs.gov/wa/nwis/sw. Water year is defined as the
12-month period October 1, for any given year through September 30, of the following year. Abbreviations: km?, square kilometer; m®/s, cubic meter per second]

. Period of Mean Discharge, Discharge,
Streamgage and No. or Dr::::ge discharge annual water year 1973 water year 2011
sediment-monitoring site and No. (km?) record discharge Mean Peak Mean Peak
(water year) (m¥/s) (m¥/s) (m¥/s) (m¥/s) (m¥/s)
Nisqually River near National (12082500) 344 1943-2014 220 17.0 218 28.6 256
Nisqually River at La Grande (12086500) 756 1907-1910, 40.8 34.5 1204 53.5 309
1920-1931,
1944-2014
Centralia Power Canal near McKenna (12089208) - 1980-2014 215.8 - - 15.2 120.6
Nisqually River near McKenna (12089500) 1,339 1948-1968, 36.9 - - 52.3 1346
1978-2014
Nisqually River near Yelm (12089970) 1,520 1980-2014° 352.7 - - %67.5 356

!Discharge affected by regulation or diversion.

2Calculated from available discharge data.

3Estimated from the sum of discharge at streamgages 12089208 and 12089500 with consideration for time of travel.
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Methods of Data Collection and
Analysis

Discharge

A 15-minute time series of discharge, required for
calculating suspended-sediment loads, was estimated for the
sediment-monitoring site Nisqually River near Yelm (site
12089970) from the summation of instantaneous (15-minute)
discharge records at Nisqually River at McKenna (streamgage
12089500; http://waterdata.usgs.gov/nwis/uv?site
no=12089500), 15.8 km upstream of the monitoring site, and
Centralia Power Canal near McKenna (streamgage 12089208;
http://waterdata.usgs.gov/wa/nwis/uv/?site_no=12089208),
23 km upstream of and where water is diverted from the main
Nisqually River into the canal (fig. 1). To account for travel
time in discharge between the upstream streamgages and the
study site, a mean water velocity of 1.4 m/s was estimated
between the streamgages and the study site, and 15-minute
discharge records were lagged by 3.25 and 4.5 hours for the
records at streamgages 12089500 and 12089208, respectively.
To evaluate the accuracy of the estimated record, discharge
was measured on site with a tethered boat equipped with an
acoustic Doppler current profiler (usually in conjunction with
suspended-sediment sample collection) over a range of flow
conditions, following methods outlined by Mueller and others
(2013). Discharge measurements made on site were compared
with the estimated 15-minute discharge record to ensure
consistency (table 2) and differences were less than 5 percent.

Table 2.

Methods of Data Collection and Analysis

Suspended Sediment

Suspended-sediment samples were collected at various
times over a range of flows at Nisqually River near Yelm
(12089970) during water year 2011. The Equal Discharge
Increment (EDI) and Equal-Width Increment (EWI) methods
(Edwards and Glysson, 1999) were used to collect discrete,
cross-section representative samples using depth-integrated,
isokinetic samplers (fig. 2A) approved by the Federal
Interagency Sedimentation Program and used routinely
by USGS personnel (Davis, 2005). Additionally, an Isco
automated-pump sampler was used to collect daily point
samples of suspended sediment. The sampler intake was
placed at the edge of the active channel (fig. 2B), and the
sampler was programmed to collect 200-mL subsamples at
6-hour intervals, which were composited into a single daily
800 mL sample. A cross-section coefficient was used to
account for potential bias in sample concentration due to the
location of the sampler intake, and computed as the ratio of
mean concentration in the cross section (from EDI or EWI
samples) to the concentration of pumped samples (Edwards
and Glysson, 1999). All samples were analyzed to determine
the concentration of suspended sediment and the percentage
of sand-size sediment (particles larger than 0.063 mm in size)
at the USGS sediment laboratory at the Cascade Volcano
Observatory in Vancouver, Washington.

Instantaneous discharge measured at U.S. Geological Survey (USGS) sediment-monitoring site

(Nisqually River near Yelm, 12089970) in 2010, compared with estimated discharge determined from summation
of flows at upstream USGS streamgages (Nisqually River at McKenna, 12089500, and Centralia Power Canal
near McKenna, 12089208), Nisqually River Basin, western Washington.

[Estimated discharge: Computed as the sum of discharges recorded at Nisqually River near McKenna (12089500) and Centralia
Power Canal (12089208), adjusted for travel time. Abbreviations: m®s, cubic meter per second; m/s, meter per second]

Discharge (m?/s) P Measured

Date Local time . ercent mean water
Measured Estimated difference velocity (m/s)
09-10-2010 1200 29.5 29.1 14 1.20
09-29-2010 1430 27.6 27.5 0.4 1.13
10-28-2010 1030 46.2 46.2 0.0 1.34
11-10-2010 1115 48.1 46.9 2.6 1.32
11-24-2010 0930 80.8 77.0 4.9 1.42
12-09-2010 0930 98.7 98.4 0.3 1.54
12-14-2010 1300 129 130 -0.8 1.8

5
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Figure 2. Sediment sampling equipment (A), sample intake area at edge of active channel (B), and turbidity-monitoring installation
(C), atthe U.S. Geological Survey sediment-monitoring site Nisqually River near Yelm (12089970), Nisqually River Basin, western
Washington, March 10, 2011. Photographs by Christopher A. Curran, U.S. Geological Survey.

Continuous Turbidity

River turbidity was continuously monitored during
most of water year 2011 in which sediment sampling was
conducted, with the exception of intermittent periods when
instrument failure or excessive fouling occurred, and during a
6-week period in January—February when the instrument was
lost during a high-flow event. Turbidity was measured using a
YSI-6136 turbidity sensor with an optimal range of 0 to 1,000
Nephelometric Turbidity Units (YSI, Inc., 2007). This sensor
was housed in a 2-inch steel pipe suspended over the thalweg
of the river in a boom-type mount from the downstream bridge
rail (fig. 2C). This mounting arrangement allowed turbidity
measurements in an actively flowing part of the river channel
and decreased the likelihood of debris build-up around the
sensor face or on the mounting hardware, which could foul
sensor readings. Turbidity data were recorded at 15-minute
intervals and the sensor was serviced approximately once per
month for downloading data and performing cleaning and
calibration checks.

Sediment Load Computation

A daily record of suspended-sediment load at the
monitoring site (12089970) was determined for water year
2011 based on the suspended-sediment concentration (SSC)
of field samples and the discharge record following methods
described by Porterfield (1972) and Koltun and others
(2006). For periods when Isco samples were not available,
turbidity was used as a surrogate for SSC. A regression was
developed between SSC from cross-section samples and
concurrently measured turbidity following methods outlined
by Rasmussen and others (2009). A 15-minute time series of
SSC was computed by applying the regression equation with
15-minute turbidity data and, for consistency with the daily
time-step of the Isco sampler, daily mean suspended-sediment
concentrations were determined. For periods when neither
turbidity data nor pump sampler data were available, SSC
was computed from discharge at the sediment-monitoring
site (12089970) using a regression equation developed for
this purpose.
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Discharge in Water Year 2011

Mean discharge at Nisqually River near National
(streamgage 12082500) was 30 percent greater than
average (28.6 m¥s [1,010 ft¥/s]) in water year 2011, and at
Nisqually River at La Grande (12086500), mean discharge
was 31 percent greater than average (53.5 m®/s [1,890
ft®/s]). Farther downstream at Nisqually River at McKenna
(streamgage 12089500), which includes discharge from
Mashel and Ohop Creeks, mean discharge was 42 percent
greater than average (52.3 m%/s [1,850 ft%/s]) in water
year 2011 and, for water diverted around the McKenna
streamgage through the Centralia Power Canal, it was near
average (15.2 m¥/s [537 ft%/s]). Seasonally, discharge in the
Nisqually River upstream and downstream of reservoirs was
greater than average for most months in water year 2011,
except for February, when discharge was average. Discharge
was substantially greater in January (+58-83 percent)
and during the typical spring freshet period of April-June
(+18-96 percent; fig. 3).

Examination of the hydrographs of daily mean
discharge for all Nisqually River streamgages and the
sediment-monitoring site in water year 2011, as shown in
figure 4, indicates typical seasonal patterns of precipitation-
induced discharge peaks and flow regulation (storage and
release) from reservoir operations. Regulation of peak
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discharge was minimal during December and January storms,
but for the rest of the year, peak discharges were moderated
and did not occur downstream because of water storage
behind dams. Discharge recorded at the McKenna streamgage
(12089500) was greater than at the La Grande streamgage
(12086500), particularly peak discharges, and represents
contributions from Ohop and Mashel Creeks. The hydrograph
for Nisqually River near Yelm (12089970) is estimated as the
sum of daily mean discharges recorded at the McKenna and
Centralia Canal streamgages.

In water year 2011, the instantaneous (15-minute) peak
discharge at all streamgages in the Nisqually River Basin
occurred on January 16, and at the McKenna streamgage
(12089500), the instantaneous peak discharge was 346 m®/s
(12,200 ft¥/s) and the corresponding maximum daily mean
discharge was 306 m%/s (10,800 ft%/s). Although affected
by flow regulation, the peak discharge at the McKenna
streamgage (12089500) in water year 2011 has occurred on
average about once every 2.3 years, as determined from USGS
software PEAKFQ (Veilleux and others, 2014) and based on
58 years of record (194868, 1978-2014). On average, daily
mean discharge at the McKenna streamgage has equaled or
exceeded 190 m¥/s (6,700 ft®/s) three times per water year.

In water year 2011, this discharge was exceeded for only

2 days (Januaryl17, 2011, for daily discharges of 306 m%/s
[10,800 ft®/s] and 267 m/s [9,430 ft¥/s], respectively),
suggesting that in terms of the frequency, the number of
substantial discharge events was less than average in water
year 2011 (fig. 5).
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Figure 3. Monthly mean discharges at U.S. Geological Survey streamgages in water year
2011 relative to long-term mean monthly discharges for each streamgage, Nisqually River
Basin, western Washington.
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Turbidity

Although continuous 15-minute turbidity data were
recorded for more than 76 percent of the study period (36,175
of 47,448 times), extended time gaps (as much as 38 days)
occurred because of sensor fouling, malfunction or power loss,
and equipment loss. A tabulation of daily median turbidity
data determined from 15-minute data, as well as periods of
missing data, is shown in appendix A. A notable time gap in
the turbidity record occurred during January 14—February 21,
2011, when the turbidity sensor was lost during a winter
storm; this gap included the occurrence of the annual peak
discharge on January 16, 2011. The recorded 15-minute
turbidity data are tabulated in appendix B, the average
turbidity was 14 Formazin Nephelometric Units (FNUSs), and
values ranged from 0.6 to 320 FNUSs.

Suspended Sediment Load in Water Year 2011

From August 24, 2010, to September 30, 2011,
suspended-sediment concentrations were obtained from 16
cross-section representative samples collected using EDI or
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EWI sampling methods and from 167 point samples using

an Isco sampler. The EDI and EWI samples were paired

with concurrently recorded turbidity (when available),

and a regression model was developed for estimating
suspended-sediment concentration from turbidity (fig. 6).
Daily suspended-sediment concentrations were computed at
USGS sediment-monitoring site Nisqually River near Yelm
(12089970) during July 25, 2010-November 30, 2011 (fig. 7C)
based on a combination of daily Isco samples (fig. 7B) and
the continuous turbidity record when daily Isco samples were
not available. Isco sample SSCs were 1.4 to 4.4 times higher
than concurrent EDI/EWI samples and this bias, caused by the
location of the sampler intake in the cross-section, decreased
with increasing SSC and discharge. In lieu of a single cross-
section correction factor, a linear regression (appendix C)
relating the SSC of Isco samples to concurrent EWI samples
was used to correct for bias in Isco sample SSC. For days
when neither Isco sample data nor turbidity data were
available, SSC was estimated from discharge (appendix D);
during the water year 2011, this occurred on 29 days:
October 1-8, 2010, February 89, March 6-7, June 26, 29,
July 2, August 2—-3 September 5, 2011.

1,000 ; ————————r

SSC =0.933Tul-15 hcf
R2=0.82, bcf=1.18
p=5.2E-5, n=12

Fines = 0.58Tu’-17 bt <o

R2=0.95, bef=1.04
p=9E-8, n=12

100 |-

Suspended-sediment concentraion, in milligrams per liter

1 L P S SR ST ST S |

EXPLANATION
<& SSCsample
+  Fine SSC sample (< 0.063 mm) |
—— SSC-turbidity model
——— Fines-turbidity model

1 10

100 1,000

Turbidity, in Formazin Nephelometric Units

Figure 6. Regression models for estimating suspended-sediment concentration (SSC)
and fine suspended-sediment concentration (fines, size less than 0.063 millimeters) from
turbidity (YSI-6136 turbidity sensor) at the Nisqually River near Yelm (site 12089970), western

Washington.
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The daily SSC for the monitoring period ranged from
1 to 787 mg/L; the average daily SSC was 33 mg/L and the
median daily SSC was 13 mg/L. The maximum daily SSC was
derived from Isco samples collected during a winter storm
on January 17, 2011, for which the daily suspended-sediment
load was 20,700 t. From October 13 to 19, 2010, a turbidity
event occurred during seasonally low flows and is attributed
to the release of turbid water from Alder Reservoir to maintain
instream flows; the maximum daily SSC for this period was
651 mg/L on October 14, 2010. The suspended-sediment
concentrations for discrete samples collected using the EDI or
EWI methods are shown in table 3.

Daily suspended-sediment loads computed at sediment-
monitoring site (Nisqually River near Yelm,12089970) for

water year 2011 are shown in figure 8. The computed annual
load of 104,000 t does not include the contribution from
Muck Creek. Suspended-sediment load for Muck Creek is
estimated at 2,000 t in water year 2011 based on the previous
calculation by Nelson (1974) of 1,500 t/yr and a discharge
weighting factor of 1.3 (to reflect the observed 30 percent
greater than normal discharge) for the water year 2011. Thus,
total suspended-sediment delivery from Nisqually River

to Puget Sound for water year 2011 is 106,000 t. Of this
suspended-sediment load, 36 percent (38,300 t) was generated
in 2 days (January 16-17) during a typical winter storm. Of
the total suspended-sediment load calculated for the water year
2011, 47 percent was sand (particle size >0.063 mm) and the
remainder (53 percent) was silt and clay.



Table 3. Suspended-sediment sample data from cross-section representative samples collected at USGS
sediment-monitoring site (Nisqually River near Yelm, 12089970), western Washington, 2010-11.

Suspended Sediment Delivery

[Discharge: Computed as the sum of discharges recorded at Nisqually River at McKenna (12089500) and Centralia Power

Canal (12089208), adjusted for travel time. Abbreviations: mg/L, milligram per liter; mm, millimeter; m®s, cubic meter per
second; FNU, Formazin Nephelometric Unit; <less than; —, unavailable]

Suspended- Percentage Suspended-
. sediment - Discharge sediment load Turbidity
Date Local time . of fines .
concentration (m¥/s) (metric tons (FNU)
(<0.0625 mm)
(mg/L) per day)
08-24-2010 1515 2 - 25.6 4 -
09-10-2010 0945 6 68 29.3 15 -
09-29-2010 1515 10 90 27.4 24 -
10-08-2010 1345 10 84 32.7 31 11.4
10-19-2010 1230 67 97 34.0 191 91.6
10-28-2010 1215 16 90 45.3 63 14.8
11-10-2010 1245 16 91 46.6 60 16.9
11-24-2010 1045 15 74 76.2 92 13.7
12-09-2010 1015 27 44 102 230 12.8
12-14-2010 1345 58 50 129 646 21.1
01-14-2011 1030 110 33 154 1,490 215
02-10-2011 1015 18 42 76.6 119 -
03-10-2011 1445 514 67 159 6,930 189
07-16-2011 1030 4 - 34.6 12 3.9
09-16-2011 0915 7 78 25.9 16 5.7
09-30-2011 1145 12 72 30.2 31 11.2
350 . . . . . . . 140,000
Water year 2011 (Oct. 1, 2010-Sept. 30, 2011)
300 F 120,000
250 | 100,000
200 | 480,000
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Comparison with Previous Estimates of
Suspended-Sediment Load

The concentrations of EDI and EWI samples collected
in this study (table 3) were used with concurrently measured
or estimated discharge to develop by regression a sediment-
rating curve for estimating suspended-sediment load as a
function of discharge. A similar curve was developed using
suspended-sediment concentrations and discharges reported
graphically by Nelson (1974) and shown in table 4. Because
regression models defining each curve were similar, the data
were combined to develop a single sediment-rating curve
(fig. 9) for the purpose of estimating suspended-sediment
load at the sediment-monitoring site (Nisqually River near
Yelm, 12089970). The model that defines the sediment-rating
curve is:

L, = 0.00199Q*%pcf (1)
where
L, is the suspended-sediment load in metric tons
per day (t/d), and
Q is the discharge in cubic meters per second,
and bcf is the bias correction factor equal
to 1.17.

The coefficient of determination for the model (R?) is 0.85,
the p-value is 6.7E-13, and the number of observations is 30.
Bias correction for the model output, required as a result of
log-transforming regression variables and model uncertainty
(Helsel and Hirsch, 1992; Rasmussen and others, 2009)

was calculated using a parametric method (Ferguson, 1986)
described in Helsel and Hirsch (1992).
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Figure 9. Regression model for estimating suspended-sediment load (L) from river discharge
(Q) at sediment-monitoring site (Nisqually River near Yelm, 12089970), western Washington. Model
was based on combined sediment data from this study and Nelson (1974) (Reg., regression model,
PI, prediction interval for individual estimates; Cl, confidence interval for the regression mean;
bcf, bias-correction factor equal to 1.17; R?, coefficient of determination; p, p-value; n, number

of observations).



Table 4. Suspended-sediment concentrations and discharges
reported by Nelson (1974) for samples collected at the Nisqually
River near Nisqually, Washington, 1971-73, and computed

suspended-sediment load used in developing a sediment-rating

curve.

[Abbreviations: mg/L, milligram per liter; m%s, cubic meter per second;
t, metric ton]
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Using the combined sediment-rating curve (n=30) for the
sediment-monitoring site (Nisqually River at Yelm, 12089970)
and an estimated annual suspended-sediment contribution of
1,500 t from Muck Creek, average annual suspended-sediment
load delivered by the lower Nisqually River to Puget Sound
is estimated at 99,000 t/yr, with an uncertainty range of
-37 to +54 percent (62,000-152,000 t/yr) at 90 percent
confidence. This estimate is based on the combined record of
daily discharges from water years 1980-2014 at McKenna

25

Annual peak/mean discharge ratio

Suspended- Suspended- .
Sample sediment di‘s':::\err . sediment load (12089500) and the Centralia Power Canal (12089208) .
No. concentration " 9 per day when discharges at both streamggges were reported_(ﬁg. 10;
(mg/L) (m/s) (1) http://waterdata.usgs.gov/wa/nwis/sw). For comparison, the
1 534 176 8120 sediment-rating curve applied in water year 2011 resulted in
' an annual sediment load of 119,000 t, or 14 percent more than
2 288 88.4 2,200 . . .
the load derived from the combined turbidity and Isco sample
3 257 272 6,040 data i 2011
4 230 246 4,900 ata in water year . _
5 185 187 2,990 The maximum annual suspended-sedlment load for
6 60 149 771 water years1980-2014 was estimated at 580,000 t for water
7 50 73.7 318 year 1996, and the maximum 2-day total for this year was
8 22 102 194 250,000 t. The median annual load of 73,000 t is substantially
9 20 75.1 130 less than the average (99,000 t), and the correlation (Pearson’s
10 19 86.4 142 r =0.80, p = 8.1E-9, n = 35) between annual maximum 2-day
1 14 82.7 100 sediment loads and normalized peak discharges for the period
12 13 29.5 33 (water years 1980-2014; fig. 10) indicates the importance
13 10 53.0 46 of wet years and associated peak discharges of the lower
14 7 40.2 24 Nisqually River for sediment delivery to Puget Sound.
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Figure 10. Annual and maximum 2-day totals of suspended-sediment load at sediment-monitoring site Nisqually
River near Yelm (12089970), and the ratio of annual peak discharge to annual mean discharge at streamgage
Nisqually River at McKenna (12089500), western Washington, water years 1980-2014.
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Summary

This report documents the timing and quantity of
suspended-sediment load delivered by the Nisqually River
to Puget Sound in water year 2011 (October 1, 2010—
September 30, 2011), for use in conjunction with nearshore
circulation models to assess the sedimentation potential
and efficacy of restoration efforts in the Nisqually River
Delta. For water year 2011, daily sediment and continuous
turbidity data were used to determine that 106,000 metric
tons (t) of suspended sediment was delivered to Puget Sound
(104,000 t at Nisqually River near Yelm, Washington, and
an estimated 2,000 t from Muck Creek), and 36 percent of
this load occurred in 2 days of a typical winter storm. Mean
discharge in the Nisqually River upstream and downstream
of reservoirs was about 30 percent greater than average,
and monthly mean discharge was greater than average
for all months except February, which was average. The
magnitude of peak discharges in the lower Nisqually River
generally is dampened by flow regulation and reservoirs,
which trap sediment. Of the total suspended-sediment load
delivered to Puget Sound in water year 2011, 47 percent was
sand (particle size >0.063 millimeters), and the remainder
(53 percent) was silt and clay. A sediment-transport curve
developed from suspended-sediment samples collected
during 2010-11 agreed closely with a curve derived in 1973
using similar data-collection methods, indicating that similar
sediment-transport conditions exist. Using the transport curve,
the mean annual suspended-sediment load delivered by the
lower Nisqually River near Yelm to Puget Sound is estimated
at 99,000 t/yr (-37 to +54 percent at 90 percent confidence)
for water years 1980-2014. The sediment-transport curve
applied to daily discharge in water year 2011 resulted in an
annual suspended-sediment load that was 14 percent greater
than the load determined using a combined turbidity and Isco
sampler approach. The median annual suspended-sediment
load of 73,000 t is substantially less than the average load
(99,000 t), and the correlation (Pearson’s r = 0.80, p = 8.1E-9,
n = 35) between annual maximum 2-day sediment loads
and normalized peak discharges for the period indicates the
importance of wet years and associated peak discharges of the
lower Nisqually River for sediment delivery to Puget Sound.
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Appendixes

Appendixes A-D are Microsoft® Excel files and are available for download at http://dx.doi.org/10.3133/sir20165062.

Appendix A. Daily Suspended-Sediment Concentrations and Loads at Nisqually River near Yelm,
Washington (USGS Sediment Monitoring Site 12089970), July 25, 2010-November 30, 2011.

Appendix B. Continuous 15-Minute Turbidity Data at Nisqually River near Yelm, Washington (USGS
Sediment Monitoring Site 12089970), July 25, 2010-November 30, 2011.

Appendix C. Data and Equations Used for Applying a Cross-Section Correction to Suspended-
Sediment Concentrations of Isco Pump Samples.

Appendix D. Regression Model Used for Estimating Suspended-Sediment Concentration from
Discharge.
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