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Simulating Water Temperature of the Klamath River under
Dam Removal and Climate Change Scenarios

By Russell W. Perry, John C. Risley, Scott J. Brewer, Edward C. Jones, and Dennis W. Rondorf

Abstract

A one-dimensional daily averaged water temperature model was used to simulate Klamath River
temperatures for two management alternatives under historical climate conditions and six future climate
scenarios. The analysis was conducted for the Secretarial Determination on removal of four
hydroelectric dams on the Klamath River. In 2012, the Secretary of the Interior will determine if dam
removal and implementation of the Klamath Basin Restoration Agreement (KBRA) (Klamath Basin
Restoration Agreement, 2010) will advance restoration of salmonid fisheries and is in the public
interest. If the Secretary decides dam removal is appropriate, then the four dams are scheduled for
removal in 2020.

Water temperature simulations were conducted to compare the effect of two management
alternatives: the no-action alternative where dams remain in place, and the action alternative where dam
removal occurs in 2020 along with habitat restoration. Each management alternative was simulated
under historical climate conditions (1961-2010) and six 50-year (2012-2061) climate scenarios. The
model selected for the study, River Basin Model-10 (RBM10), was used to simulate water temperatures
over a 253-mile reach of the Klamath River located in south-central Oregon and northern California.
RBM10 uses a simple equilibrium flow model, assuming discharge in each river segment on each day is
transmitted downstream instantaneously. The model uses a heat budget formulation to quantify heat flux
at the air-water interface. Inputs for the heat budget were calculated from daily-mean meteorological
data, including net shortwave solar radiation, net longwave atmospheric radiation, air temperature, wind
speed, vapor pressure, and a psychrometric constant needed to calculate the Bowen ratio. The modeling
domain was divided into nine reaches ranging in length from 10.8 to 42.4 miles, which were calibrated
and validated separately with measured water temperature data collected irregularly from 1961 to 2010.
Calibration root mean square errors of observed versus simulated water temperatures for the nine
reaches ranged from 0.8 to 1.5°C. Mean absolute errors ranged from 0.6 to 1.2°C. For model validation,
a k-fold cross-validation technique was used. Validation root mean square error and mean absolute error
for the nine reaches ranged from 0.8 to 1.4°C and 0.8 to 1.2°C, respectively.

Input data for the six future climate scenarios (2012—2061) were derived from historical
hydrological and meteorological data and simulated meteorological output from five Global Circulation
Models. Total Maximum Daily Loads or other regulatory processes that might reduce future water
temperatures were not included in the simulations. Under the current climate conditions scenario,
impacts of dam removal on water temperatures were greatest near Iron Gate Dam (near Yreka,
California) and were attenuated in the lower reaches of the Klamath River. May and October simulated
mean water temperatures increased and decreased by approximately 1-2°C and 2—4°C, respectively,
downstream of Iron Gate Dam after dam removal. Dam removal also resulted in an earlier annual



temperature cycle shift of 18 days, 5 days, and 2 days, near Iron Gate Dam, Scott River, and Trinity
River, respectively. Although the magnitude of precipitation and air temperature change predicted by
the five Global Circulation Models varied, all five models resulted in progressive incremental increases
in water temperatures with each decade from 2012 to 2061. However, dam removal under KBRA
appeared to delay the effects of climate change to some extent near Iron Gate Dam. With dam removal
under KBRA, annual-mean water temperatures exceeded the 49-year historical mean temperature
beginning in 2045; whereas with dams, annual-mean temperatures exceeded the historical mean
beginning in 2025.

Potential changes in seasonal water temperatures resulting from dam removal, with or without
future climate change, have a direct impact on fisheries in the Klamath Basin. Water temperature
changes are of particular interest in spring (April-May) when salmon smolts out-migrate to the Pacific
Ocean, and in fall (October—November) when Chinook salmon return upstream to spawn.

Introduction

Background

The Klamath Basin has seen considerable controversy over water-related resource issues in the
past century as agriculture, forestry, hydropower, and fish and wildlife interests have competed for
scarce water resources. In 2010, the Klamath Basin stakeholders came together to sign the Klamath
Hydroelectric Settlement Agreement (KHSA) (Klamath Hydroelectric Settlement Agreement, 2010) and
the KBRA. In the agreements, the Basin’s stakeholders agreed to move toward removal of the lower
four hydroelectric dams (J.C. Boyle, Copco 1, Copco 2, and Iron Gate) on the Klamath River owned by
PacitiCorp, with removal of the dams scheduled for 2020.

As aresult of the KBRA and KHSA agreements, the Secretary of Interior, in cooperation with
the Secretary of Commerce and other federal agencies, was tasked with making a decision on alternative
management actions for a 50-year period of interest (2012-2061). The review, evaluation, and decision
are hereafter referred to as the Secretarial Determination. The two management alternatives being
reviewed for the Secretarial Determination and in this report are:

No Action Alternative: Assumes no change from the current management, which
includes on-going programs under existing laws and authorities that contribute to the
continued existence of listed threatened and endangered species and Tribal Trust
species (Hamilton and others, 2010).

Action Alternative: Removal of the lower four Klamath River dams (J.C. Boyle,
Copco 1, Copco 2, and Iron Gate) in the year 2020, and implementation of the actions
and restoration programs in KBRA. This is the action alternative that would be
pursued if a positive finding is made in the Secretarial Determination.

The Secretary will make a determination by March 31, 2012. The criteria for the decision are (1)
will the proposed action advance restoration of the salmonid fisheries of the Klamath Basin, and (2) is
the action in the public interest, which includes, but is not limited to, consideration of potential impacts
on affected local communities and Tribes.

Salmon populations are influenced by a myriad of habitat and environmental conditions,
including water temperatures in habitats ranging from natal streams to the Pacific Ocean. Salmon in the
Klamath River are near the southern limit of the range for salmonids, so water temperature is an



important environmental variable. Water temperature is important to all aspects of the life history of
salmonids including growth, incubation, sexual maturation, and as a cue for the onset of juvenile and
adult migration behavior. Temperature also is an important determinant of the host-pathogen relations
for salmon and can play a role in prespawning mortality. Water temperature also is a key water-quality
parameter because of its central role in determining rates of nutrient cycling and productivity of aquatic
ecosystems in the phosphorus-rich Klamath Basin waters.

The evaluation for the Secretarial Determination includes water temperatures under the no action
(dams in place) and action alternatives (dams removed with KBRA implementation). Dam removal
proposed under KBRA is partially aimed at modifying water temperature to make conditions more
desirable for salmonids. Dams, reservoirs, and the associated modifications to the hydrologic regime can
alter thermal regimes and thereby affect salmonids. The surface area and hydraulic residence time of
reservoirs are key physical factors in the summer warming of reservoir waters compared to free-flowing
riverine environments. Bartholow and others (2005) modeled water temperature of the Klamath River
with and without dams. They found a phase shift of about 18 days in the thermal signature of dams
compared to predicted conditions with dams removed. The predicted summer maxima and winter
minima occurred about 18 days earlier without dams. Deas and Orlob (1999) modeled water quality and
divided issues into two categories: water temperature and other water-quality parameters (for example,
dissolved oxygen, nutrients). They found increasing flow reduced the transit time in the study reach
from Iron Gate Dam to Seiad Valley and moderated the diurnal temperature range providing modest
temperature benefits.

Developments in recent years have led to additional water temperature modeling, which we
present in this report. The U.S. Fish and Wildlife Service (USFWS) is currently preparing a new
biological opinion (BO) for endangered suckers (U.S. Fish and Wildlife Service, 2008). The National
Marine Fisheries Service (NMFS) issued a new biological opinion for coho salmon in 2010 (National
Marine Fisheries Service, 2010). The guidance in the recent KBRA and KHSA agreements provide a
new paradigm for flow management on the Klamath River. Recently, modeled flows and predicted
changes in flows associated with climate change have been conducted for the Secretarial Determination
(Greimann and others, 2011). These new sources of information on flows, management scenarios, and
climate change made a compelling case for a renewed effort to model water temperature in the Klamath
River for the Secretarial Determination. The River Basin Model-10 (RBM10) was reviewed and
selected for use for this modeling effort (Yearsley and others, 2001; Yearsley, 2009).

The RBM10 model is well suited to the temporal, spatial, and structural requirements for
simulating water temperatures in the Klamath Basin. We required a model that could (1) predict mean
daily water temperature along a longitudinal gradient of a river, (2) accommodate both reservoir and
river sections, and (3) quickly simulate long time series (50 years). In addition, RBM10 was used to
develop Total Maximum Daily Load (TMDL) for temperature, simulate impounded and free-flowing
conditions, and predict climate change effects on the Snake and Columbia Rivers (Yearsley, 2009). Our
goals were quite similar for the Klamath River, making RBM10 an excellent candidate model for our
needs. RMB10 is a 1-dimensional water temperature model and therefore assumes that water
temperature in reservoir segments is vertically and laterally homogeneous. Although Iron Gate
Reservoir stratifies during the summer, we felt that RBM 10 may perform satisfactorily due to short
water residence time in the reservoir.



Purpose and Scope

Our goal for this study was to assess the potential impacts of management scenarios and future
changes in climate on water temperature. Daily water temperature of the Klamath River from Link
River Dam (RM 253.0, RM = river mile) to the ocean was simulated for the two water management
alternatives over a 50-year period using a range of climate scenarios. To provide a baseline against
which to compare these simulations, we also reconstructed a 49-year record of historical water
temperatures in the Klamath River. We first describe in detail how we built RBM 10 for the Klamath
River. Next, we conduct an extensive calibration and validation to observed historical water
temperatures in the Klamath River. We then used the calibrated model to simulate water temperatures
under the two water management alternatives and six climate scenarios, resulting in twelve 50-year
simulations of water temperatures.

Study Site

The Klamath River originates in the Cascade Mountains of southern Oregon and flows through
northern California to the Pacific Ocean. Its headwaters are fed by underground springs; the
Williamson, Wood, and Sprague Rivers; and Lake Ewauna (fig. 1). Historically, water flowed from
Upper Klamath Lake into Lower Klamath Lake by way of the Link River and Lake Ewauna before
making its descent to the Pacific Ocean (Weddel, 2000). Lower Klamath Lake was drained in the early
part of the 20th century and is now managed as a refuge for waterfowl and other wetland dependent
species. Upper Klamath Lake is controlled by the Link River Dam. The modeled reach for this study
begins at Link River Dam and continues 253 mi downstream to the Pacific Ocean.

The Klamath River basin covers more than 12,000 mi” and is divided into two subbasins (upper
and lower) at Iron Gate Dam. The upper basin area includes parts of Klamath County in Oregon, and
Siskiyou and Modoc Counties in California. The lower basin area includes parts of the Siskiyou,
Modoc, Trinity, Humboldt, and Del Norte Counties in California. The Klamath River basin is unlike
most watersheds with a unique geomorphology opposite of that found in most other drainage basins and
has been called “a river upside down” by the National Geographic Society (Rymer, 2008). Much of the
upper Oregon portion of the basin is flat and open, in comparison to the narrow canyons and
mountainous terrain present in the lower California portion of the basin.

The upper Klamath River basin sits in the rainshadow of the Cascade Range on the west, the
Deschutes River basin on the north, the Great Basin on the east, and the Pit River basin on the south.
The upper basin consists of mostly agriculture and rangeland with areas of pine forest and semi-arid
high desert plateaus, and is characterized by low relief, volcanic geology with an average annual
precipitation of 34.89 in. (California Rivers Assessment, 2011). The lower Klamath River basin is
mostly forested except for areas of agriculture and rangeland in the drainages of the Scott and Shasta
Rivers. The basin is dominated by a steep, rugged, complex terrain, and alluvial reaches. Average
annual precipitation for the lower basin is 79.62 in. (California Rivers Assessment, 2011).

For the purposes of the water temperature model, the study area is divided into nine model
reaches designated along the Klamath River and indicated in figure 1. The reaches begin at the Link
River Dam near Klamath Falls, Oregon (RM 253.1), with the first reach ending at RM 231.9 just
downstream of Keno Dam, and the ninth and last reach ending at RM 5.7.
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Figure 1. Map of the Klamath River showing the study area from Link River Dam to the Pacific Ocean. Points
(o) mark locations with observed temperature data (RM = river mile) used for calibration and for separating the

river into nine model reaches.



Methods

Structure of RBM10

RBM10 is a 1-dimensional water temperature model based on a heat budget formulation to
predict daily water temperatures along the longitudinal profile of a river (Yearsley and others, 2001;
Yearsley, 2009). The model’s structure and associated input files can be separated into three
components: (1) river geometry, (2) boundary conditions, and (3) meteorological data. The model
defines system geometry as a series of either reservoir or river segments. Each segment is defined by
simple continuity equations that dictate how properties such as width, depth, and water velocity change
with river discharge. Boundary conditions consist of heat advected into the mainstem river from
headwaters and tributaries, and must be specified as daily inputs of discharge and temperature for each
source. Given boundary conditions and river geometry, RBM10 uses a simple equilibrium flow model,
assuming discharge in each river segment on each day is transmitted downstream instantaneously.
Inputs for the heat budget are calculated daily from standard meteorological data. Water temperatures
are then simulated using a mixed Eulerian-Lagrangian numerical scheme that is both accurate and
computationally efficient (Yearsley, 2009). Below, we describe in detail how we structured RBM10 for
the Klamath River. First, we describe the simulation of historical water temperatures, which includes
calibration and validation against observed temperature data. We then use the calibrated model to
predict water temperatures under management alternatives and climate scenarios.

Reconstruction of Historical Daily Water Temperature

Our goal was to reconstruct a 50-year historical time series of water temperature in the Klamath
River that could be used as a baseline against which to compare simulations of management alternatives
and climate scenarios. In addition, simulating a long time series allowed us to take advantage of
observed water temperatures dating back to 1962 for model calibration. We compiled input data that
allowed us to reconstruct a 49-year historical time series extending from January 1, 1961, to September
30, 2009, from Link River at RM 253.0 to RM 5.7 near the Pacific Ocean.

River Geometry

To model the hydraulic properties of the Klamath River, the geometry of the river was defined
as a series of segments with unique attributes such as cross-sectional area and wetted channel width.
RBM10 defines river geometry differently for reservoir and river segments. Reservoir segments are
assumed to have a constant water surface elevation, and each segment’s geometry is defined in terms of
its volume (acre-feet) and surface area (square feet) computed at mean operating pool elevation. The
geometry of river segments is characterized by wetted channel width and cross-sectional area, both of
which vary with river discharge. Continuity equations were used to quantify these relationships:

W, =a,Q™ (M)
A=a,Q" @)

where Wy and Ay are wetted top width (feet) and cross-sectional area (square feet), respectively, for the
segment beginning at river mile X, Q is discharge (cubic feet per second), and a and b are segment-
specific parameters that need to be estimated.



We used several existing models to construct a continuous river geometry from Link River Dam
to the ocean (table 1). Reservoir segments in CE-QUAL-W2 (A. Sullivan, U.S. Geological Survey,
written commun., 2011) and HEC-RAS (U.S. Army Corps of Engineers, 2010) were aggregated to
estimate surface area and volume of segments approximately 0.6 mi long (tables Aland A2). For river
segments, we used HEC-RAS (U.S. Army Corps of Engineers, 2010) parameterized by the Reclamation
for the Klamath River to estimate the parameters of the continuity equations (eqs. 1 and 2). For the
lowest 100 mi of river, nine channel cross sections were incorporated into the HEC-RAS model. These
cross sections were obtained from the HEC-5Q model (U.S. Army Corps of Engineers, 1987)
constructed for the Klamath River (Bartholow and others, 2005).

Table 1. Data sources used for defining channel geometry of the Klamath River.

River section River mile (start - end) Model Data source
Lake Ewauna to Keno Dam 253.0-2334 CE-QUAL-W2 Sullivan, 2011
Keno Dam to Clear Creek 233.4-98.6 HEC-RAS Greimann and others, 2011
Clear Creek to Pacific Ocean 98.6 - 0.0 HEC-5Q Bartholow and others, 2005

To quantify wetted top-width and cross-sectional area as a function of discharge, first we ran
HEC-RAS at 13 levels of discharge ranging from 600 to 12,000 ft*/s. This provided estimates of top
width and cross-sectional area at each level of discharge for 1,193 channel cross sections. Next, we
divided river sections into segments of relatively constant slope resulting in river segments for RBM 10
averaging 8 mi long (range = 0.5-32.6 mi long; tables A1 and A2). For each discharge level, we then
averaged the wetted width and area over all cross sections within a given segment. Finally, for each
segment, we estimated aw, Dw, aa, and b, by fitting a linear regression of the form In(y) = Ina+blnQ
(tables A1 and A2). Overall, 85 reservoir and river segments were used to characterize the geometry of
the Klamath River (table Al).

Meteorological Data

RBM10 uses a heat budget formulation to quantify heat flux at the air water interface (Yearsley
and others, 2001; Yearsley, 2009):

Hair-water = (st - Hrs) + (Ha - Har) + Hevap + Hcond + Hback, (3)

where Hairwater 1S the net exchange of thermal energy across the air-water interface, H,, is shortwave
solar radiation incident at the water’s surface, H,; is reflected shortwave solar radiation, H, is longwave
atmospheric radiation incident at the water surface, H,; is reflected longwave atmospheric radiation,
Hevap 1s evaporative heat flux, Heong 1s conductive heat flux, and Hyack is longwave back radiation from
the water surface. All terms are in units of kilocalories per meter squared per second.



Standard meteorological data are used to quantify Hairwater- Net shortwave solar radiation (Hgy, -
H;s) and net longwave atmospheric radiation (H, - H,;) are direct inputs to the model, whereas the
remaining terms in the heat budget are calculated by RBM10 from inputs of daily-mean air temperature
(°C), daily-mean wind speed (meters per second) vapor pressure (milibar), and a psychrometric constant
needed to calculate the Bowen ratio (Yearsley, 2001). In addition, although not a direct model input,
cloud cover is required to calculate net shortwave and longwave radiation. Meteorological inputs to
RBM10 are spatially explicit, allowing the model to account for the substantial gradient in climate as
the Klamath River traverses from headwaters to ocean. We created nine model reaches, each having a
unique set of meteorological input data, based primarily on the availability of sites with a sufficient
record of water temperature measurements for use in model calibration and validation (tables A1 and
A2). Reaches varied in length from 10.8 to 42.4 mi.

Long time series of meteorological data from weather stations along the Klamath River are
limited. Therefore, we constructed model inputs from simulated meteorological data, allowing us to
develop a 49-year historical record of meteorology. Simulated meteorological data included maximum
and minimum air temperature and cloud cover, by river mile, for 1961-2008 (supplied courtesy of
Lorraine Flint, U.S. Geological Survey). Methods to simulate air temperature and cloud cover are
described in Flint and Flint (2008). Air temperature and cloud cover data for the river mile at the
midpoint of each reach were used in RBM10. The cloud cover dataset was extended through 2009 using
the long-term mean of cloud cover for a given Julian day. Daily mean air temperature was estimated as
the mean of minimum and maximum daily air temperatures. Local measured air temperature data were
used to extend the simulated air temperature dataset through 2009. Measured values were adjusted up or
down by a fixed amount to visually match simulated temperatures; adjustments ranged from -2° to 1°C
for daily-mean air temperature, and -3° to 1°C for daily-minimum air temperature, depending on reach.
Daily-mean wind speed (1961-2009) was obtained from a simulated 1/8-degree gridded meteorological
dataset of the continental United States (Maurer and others, 2002; University of Washington, 2011 ).
Grid locations closest to the latitude and longitude of the midpoint of each reach were used in RBM10.

Shortwave solar radiation incident at the water surface (Hy,) was estimated by calculating solar
radiation at the top of the atmosphere and then adjusting for cloud cover (Henderson-Sellers, 1986):

Hsw = Heo(A + B(1-0)), (4)

where H. is shortwave solar radiation incident at the top of the atmosphere, C is cloud cover represented
as the fraction of sky covered with clouds, and A and B are coefficients. Top-of-the-atmosphere
radiation was calculated from latitude and Julian day using methods described in Henderson-Sellers
(1986). We estimated A and B using cloud cover estimates for reach 1 from Flint and Flint (2008) and
measured solar radiation for 2002—08 from an AgriMet weather station at Worden, Oreg. (AgriMet,
2011; available: http://www.usbr.gov/pn/agrimet/agrimetmap/wrdoda.html). To estimate A and B, we
used an optimization routine to minimize the sum of absolute deviations between observed and

predicted solar radiation ( A=0.131, B=0.619, R* = 0.853, fig. 2). These parameter estimates were
then used to estimate solar radiation for all reaches using reach-specific latitude and cloud cover.
Reflected shortwave solar radiation was calculated as Hs = HgwAgw, Where Ay, is the shortwave
reflectivity of the water surface. Shortwave reflectivity was calculated from latitude, Julian day, and
cloud cover using methods described in Henderson-Sellers (1986).


http://www.usbr.gov/pn/agrimet/agrimetmap/wrdoda.html
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Figure 2. Comparison of observed shortwave solar radiation at Worden, Oregon, to predicted shortwave solar
radiation for 2004-05.

Longwave atmospheric radiation incident at the water surface was calculated using the Stefan-
Boltzmann law:

H, =¢,0T. (5)
where &g is the effective emissivity of the atmosphere, o is the Stefan-Boltzmann constant, and T, is
daily-mean air temperature (K). We used models for & recommended by Flerchinger and others
(2009), who compared estimates from different algorithms for longwave radiation to measured
longwave radiation at 21 sites across North American and China. Specifically, we calculated clear-sky
emissivity, &, using the model of Angstrom (1918):

£y =0.83-0.18x107"7% (6)

b

where e, is vapor pressure (kilopascal). Effective emissivity was then calculated by adjusting clear-sky
emissivity for cloud cover using the model of Unsworth and Monteith (1975):

&y =(1-0.84c) &, +0.84c. 7

clr

Reflected longwave radiation was calculated as H, = H Ay, where A, is longwave reflectivity, which
was set to 0.03.

Vapor pressure (€3) typically is calculated from either relative humidity or dew point
temperature, neither of which was available to us. Instead, we estimated vapor pressure from minimum
air temperature using an exponential relation fit to minimum air temperature and vapor pressure from
observed meteorological data from the Worden, Oregon Agrimet Station for 2000—10 (used for reaches
1-7) and from Arcata, California for 1992-93 (used for reaches 8 and 9; available:
http://www.ncdc.noaa.gov/oa/ncdc.html; fig. 3).

All other components of the heat budget were calculated as described by Yearsley and others
(2001), although it is useful to repeat the formulation of the evaporative heat flux since this term
contains parameters required to calibrate RBM10:

Hevap = vaf(W)(eo'ea); (8)


http://www.ncdc.noaa.gov/oa/ncdc.html

where p is the density of water (kilograms per meter cubed ), L, is the latent heat of vaporization
(kilocalories per kilogram ), f(W) is a function of wind speed (W), and &, is the saturation vapor pressure
at the temperature of the water surface (milibar). The wind speed function often takes the general form:

f(W) =a + bW + cW?, 9)

where a, b, and ¢ are empirical coefficients (Edinger and others, 1974). The specific form of f(W) varies
widely among studies (Edinger and others, 1974; Henderson-Sellers, 1986). For example, Yearsley and
others (2001) used the simplest form for f(W), assuming @ = 0 and ¢ = 0; they then estimated b through
calibration. Coefficients of the wind speed function are the only calibration parameters in RBM10 (see
section, “Calibration and Validation™ ).
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Figure 3. Vapor pressure versus minimum air temperature at Worden, Oregon, and Arcata, California. Best-fit
exponential relationship between minimum air temperature and vapor pressure also is shown (R2? = 0.843 for
Worden, Oregon; R2 = 0.805 for Arcata, California).

Boundary Conditions

Daily values of river discharge and water temperature must be provided at all boundaries where
significant discharge enters the mainstem Klamath River. We included the following tributaries as
boundary conditions to RBM10: Link River, creeks and irrigation canal return flows into Lake Ewauna,
Spencer Creek, Shovel Creek, Jenny Creek, Boyle Springs, Shasta River, Scott River, Salmon River,
and Trinity River (tables A1 and A2).

Daily-mean streamflow data for the USGS gage below Link River Dam (station 11507500) and
estimated monthly westside Keno Canal flows were used as the upstream boundary to the water-
temperature model. Specifically, for water years 1961-83, we used published USGS daily flows for the
westside Keno Canal. The USGS gage for the westside Keno Canal was not operated after 1983. Thus,
for water years 1984-2010, we used monthly-mean canal flows, which were estimated from a flow
versus power generation rating curve. The monthly flows were not disaggregated, and were simply
added to the daily-mean flows measured at the USGS river gage to obtain a total flow for Link River.
This seemed justified since historically, the Keno canal flows have only been about 10 percent of the
total flow.
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All other boundary conditions were specified using estimates of historical daily discharge and
accretions constructed by the Reclamation for their Secretarial Determination analysis (Greimann and
others, 2011). An aggregate measure of canal flows into Lake Ewauna was estimated as the difference
in daily discharge between the USGS gage below Keno Dam and the Link River upstream boundary.
With the exception of Boyle Springs and Jenny Creek, tributary flows were estimated as the accretion
between given control points along the Klamath River. Boyle Springs was set at a constant discharge of
225 ft'/s (PacifiCorp, 2004) and temperature of 11.3°C (Turaski, 2003). To balance flows at Iron Gate
Dam, discharge for Jenny Creek was computed as difference between Iron Gate flows and the sum of
Boyle Springs flow and flow just upstream of Jenny Creek. Tributary inputs could be either positive or
negative because they were formed from accretions that balance both inflows (via groundwater,
tributaries, and canals) and outflows (via infiltration, evaporation, or canal diversion).

We assembled time series of observed daily water temperature for each boundary in our model
(table 2); however, a complete time series was not available (fig. 4). To fill data gaps in the 49-year time
series, we used a regression model that predicts weekly-mean stream temperature as a function of
weekly-mean air temperature (Mohseni and others, 1998):

o —
T, = ,u+1+ey% (10)
where T; is the weekly-mean stream temperature, p is the minimum water temperature, « is the
maximum water temperature, 8 is the air temperature at the point of inflection, y represents the slope

at the inflection point, and T, is the weekly-mean air temperature (°C). The parameter u was set to 0°C
and then a, 8, and y were estimated by least squares using an optimization routine in the R statistical
package (R Development Core Team, 2010). Weekly-mean air temperatures for a tributary entering a
given model reach were computed from the daily-mean air temperatures of that reach. Following
Mohseni and others (1998), we fit separate relationships to the rising and falling limb (that is, the part of
the year when air temperature tends to increase or decrease; figs. 5 and 6). Given parameter estimates
for the rising and falling limb of each stream (table 3), we then filled data gaps by predicting daily water
temperature using a 7-day moving average of air temperature.

Table 2. Source of input datasets for statistical models used to estimate boundary water temperatures.

Tributary Period Source Station ID  Latitude  Longitude
Link Dam 2001-2010 USGS/BOR 11507500 42.22 121.79
Klamath Straits Drain 1968-2010 ODEQ 10763 42.08 121.84
Spencer Creek 1999-2004 Flint and Flint (2008) — — —
Shovel Creek 2001-2004 Flint and Flint (2008) — — —
Jenny Creek 2001-2004 Flint and Flint (2008) — — —
Shasta River 2001-2010 USFWS SHKRI1 41.83 122.59
Scott River 2001-2010 USFWS SCKR1 41.77 123.02
Salmon River 2002-2007 USFWS SAKRI1 41.38 123.48

Trinity River 20022010 USFWS TRWEI 41.18 123.70
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Most sources of water temperature data included time periods of continuously measured water
temperature (fig. 4), but measured water temperature data for flows entering Lake Ewauna between
Link River Dam and Keno Dam are limited. However, a total of 229 point samples of water temperature
have been intermittently collected by Oregon Department of Environmental Quality (ODEQ) since 1968
in the Klamath Straits Drain (available: http://www.deq.state.or.us/wg/assessment/ rpt0406/results.asp).
These data were used to estimate weekly-mean water temperature of inflows to Lake Ewauna.
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RM 143.0, Scott R ] |||||| ”“ I l _
RM66.0, Salmon R~} - - -- l
RV 43.3, Trinity R H | H I e
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Figure 4.  Extent of measured water temperature data for tributary inputs to the Klamath River (RM = river
mile). Black horizontal bars represent the range of available data for each tributary. Data for Klamath Straits
Drain is excluded from this plot due to lack of a continuous water temperature record.
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Table 3. Parameter estimates of the non-linear regression model (Mohseni and others, 1998) used to estimate

water temperature for headwater and tributary inputs.

First week of

Tributary Model reach Limb limb a B ¥y
Link Dam 1 rising 52 24.5 8.5 0.215
falling 30 24.9 9.5 0.201
Canals 1 rising 52 26.7 8.3 0.213
falling 30 27.4 10.1 0.170
Spencer Creek 2 rising 52 19.7 10.2 0.339
falling 30 23.6 153 0.184
Shovel Creek 2 rising 52 17.6 9.9 0.165
falling 30 21.8 133 0.092
Jenny Creek 2 rising 52 21.4 9.7 0.242
falling 30 24.5 12.7 0.135
Shasta River 3 rising 1 27.3 10.1 0.149
falling 31 36.3 18.1 0.107
Scott River 4 rising 52 24.7 11.9 0.157
falling 31 25.1 12.1 0.165
Salmon River 6 rising 52 24.7 14.2 0.188
falling 30 27.9 16.3 0.160
Trinity River 8 rising 52 25.1 11.6 0.186
falling 32 24.3 10.7 0.189
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Figure 5.  Scatter plots of observed weekly mean water temperature against weekly mean air temperature for
four headwater and tributary inputs. Two lines in each panel represent the fitted non-linear regression model
(Mohseni and others, 1998) used to predict water temperatures for the rising and falling limbs of air
temperature.
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Figure 6.  Scatter plots of observed weekly mean water temperature against weekly mean air temperature for
five tributary inputs. Two lines in each panel represent the fitted non-linear regression model (Mohseni and
others, 1998) used to predict water temperatures for the rising and falling limbs of air temperature.
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Calibration and Validation

The only calibration parameters in RBM 10 are coefficients that influence how wind speed
affects evaporative heat flux. Heat lost through evaporation is proportional to the wind speed function,
f(W), and to the vapor pressure deficit, €,-€, (eq. 8). We assessed the fit of the water temperature model
to observed data using two forms of the wind function. First, we used a common form of the wind speed
function,

f(Wr) = ar + bW, (11)

where I is reach 1,..., 9 corresponding to each unique set of meteorological data. Observed temperatures
at nine locations along the river were close to the break points for each reach (fig. 7, tables A1 and A2),
providing a direct correspondence among observed water temperature data, meteorological data, and
wind-function parameters. To calibrate the model, we used an optimization routine to find parameter
values of a, and b, that minimized the sum of squared deviations between predicted and observed
temperatures. We calibrated one reach at a time, from upstream to downstream, because water
temperatures at the end of reach r form the boundary conditions at the start of reach r+1. For example,
observed water temperatures at the end of reach 1 were used to estimate a; and b;. Next, a; and b; were
set to their best-fit values and observed water temperatures at the end of reach 2 were used to estimate
a, and b, and so on.

We also calibrated the water temperature model using a wind speed function with seasonal
evaporation coefficients similar to the approach of Deas and Orlob (1999):

a ,+b W ifApril1 < d < November 1

f(wr)={ e (12)

a,,+b W, ifNovember1 < d < April 1

Where d is the day of year and a,jand byj, (j = {1,2}) are coefficients that apply to either the period
April 1 to November 1 (“summer”) or November 1 to April 1 (“winter”).

All available data were used for calibration so that parameters were estimated across a wide
range of annual variation in weather and hydrology. We assembled an extensive dataset comprised of
more than 42,000 observations of daily-mean water temperatures, with four sites having more than 25
years of data (fig. 7). Measured water temperature data were acquired from the U.S. Geological Survey
National Water Information System (USGS NWIS) website; Sharon Campbell, U.S. Geological Survey,
Fort Collins, Colorado; Jessica Asbill, Reclamation, Klamath Falls, Oregon; Paul Zedonis, U.S. Fish
and Wildlife Service, Arcata, California; and Carolyn Cook, U.S. Forest Service (USFS) Six Rivers
National Forest, Eureka, California. Water temperature data from the USGS and the other agencies were
measured hourly and needed to be averaged to daily-mean values.

We used both statistical and graphical methods to judge model fit and to compare the two
models with different wind functions (eqs. 11 and 12). Goodness-of-fit statistics included the root mean
square error (RMSE), mean error (ME), absolute mean error (AME), and the Nash-Sutcliffe statistic
(NSS). To assess systematic departures of the model, we plotted observed versus expected water
temperatures and residuals versus observed water temperatures. We compared model fit between wind
functions and then selected the wind function that yielded the minimum bias and error for use in all
subsequent water temperature simulations.
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Figure 7.  Extent of observed water temperature data at nine locations used for calibration and validation of
RBM10 (RM = river mile). Black bars represent the range of available data for each reach.

To evaluate model predictions against data not used to fit the model, we used k-fold cross
validation (Davison and Hinkley, 1997). This technique involves: (1) splitting the calibration dataset
into k= 1,..., K subsets, (2) leaving out the kth subset (the “assessment set”’) while the remaining data
are used to estimate the parameters (the “training set”), and then (3) using parameter estimates from the
training set to predict water temperatures for the assessment set. This process is repeated for all K
subsets, goodness-of-fit statistics for each assessment set are calculated, and then an aggregate measure
of fit is calculated as the mean of a particular statistic over all subsets.

For our cross-validation, we split the calibration dataset into subsets by reach and year and
conducted a cross-validation for each reach. The best-fit parameters estimated during the calibration
process were used as initial values. As described above, we then set aside observed data from year K in
reach r, used the remaining data to estimate a, -« and by .« (where -k indicates exclusion of the kth year),
and then predicted water temperatures for year k in reach r using estimates of a, x and by« Because the
K subsets were unequal in size due to missing data in some years, we used a weighted average of the
goodness-of-fit statistics with weights equal to the fraction of the observations in the kth year.
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Simulating Management Alternatives and Climate Scenarios

We used RBM10 to simulate water temperatures for 2012-2061 under two management
alternatives and six future climate scenarios (that is, twelve 50-year simulations). The two management
alternatives are referred to as: (1) BO, which represents the no action alternative, and (2) KBRA, which
represents the action alternative to remove the four lower dams on the Klamath River (J.C. Boyle,
Copco 1, Copco 2, and Iron Gate) in addition to the KBRA actions and restoration programs. Under the
no action alternative (BO), dams remain in place for the entire 50-year simulation period (2012-2061),
and simulated flows are subject to the 2010 biological opinion (National Marine Fisheries Service,
2010). For the KBRA alternative, dams remain in place through 2019 and for modeling purposes, are
assumed to be removed instantaneously on January 1, 2020. For the KBRA alternative, river flows were
simulated under the expected flow management of the KBRA. Total Maximum Daily Loads or other
regulatory processes that might reduce future water temperatures were not included in the simulations.

The six future climate scenarios represent hydrology and meteorology using the “Index
Sequential Method” and five alternative Global Circulation Models (GCMs) (Greimann and others,
2011). The Index Sequential Method simulates future operational conditions using historical hydrology
and meteorology (Greimann and others, 2011). That is, the Index Sequential Method uses historical
hydrology and meteorology data applied to the proposed flow operational conditions of either BO or
KBRA. A 50-year record of hydrology and meteorology was constructed using 1961-2009 data for
2012-2060 (49 years), and 1961 data were then repeated for the 50th year (2061). In contrast, scenarios
run under the five GCM models incorporate both the effects of climate change and management
alternatives. The hydrologic models used to predict the five climate change scenarios were adapted from
those described in a recent report for the Secretary’s Determination on Klamath River Dam Removal
and Basin Restoration by Greimann and others (2011), and used in two previous studies (U.S.
Department of the Interior, 2008, 2009). Particular GCMs were selected based on their quantile rankings
of predicted temperature and precipitation change [table 4; see Greimann and others (2011) and King
and others (2011) for details]. As shown in table 4, the GCMs with the highest (CCCMA) and lowest
(NCAR) temperature and precipitation quantile rankings predicted higher and lower magnitudes of
future temperature and precipitation change, respectively. Two other GCMs were selected based on
highest precipitation and lowest temperature (MRI) and highest temperature and lowest precipitation
(MIUB) quantile rankings, respectively. A fifth GCM (GFDL) was selected because it had both a
median precipitation and temperature ranking.

We used RBM10, as calibrated to historical data, to simulate mean daily water temperatures
under each of the climate scenarios and management alternatives. Hydrology and river geometry were
based on analyses of Greimann and others (2011), meteorology was based on a combination of
historical data and GCM air temperatures, and water temperatures for boundary conditions (that is,
tributaries) were simulated from projected air temperatures. Further details on model structure for these
simulations are described below.
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Table 4. Description for Global Circulation Models (GCMs) selected by Greimann and others (2011) for
constructing future hydrology under the no action (BO) and action (KBRA) alternatives.

Temperature Precipitation
Model Description quantile quantile
CCCMA Canadian Centre for Climate Modeling Analysis 75M 75™
GFDL Geophysical Fluid Dynamics Laboratory 50™ 50™
MIUB Meteorological Institute of the University of Bonn 75" 25™
MRI Meteorological Research Institute 25 75%
NCAR National Center for Atmospheric Research 25 25

Our comparison of these scenarios focused first on understanding the effects of each
management alternative on water temperatures in the absence of climate change. For this purpose, we
focused on the Index Sequential Method climate scenario, which used historical hydrology and
meteorology under BO (no action alternative) or KBRA (action alternative) management alternatives.
We summarized simulation results by dividing the simulation into two periods (2012-2019 and 2020—
2061), allowing comparison between alternatives when dams are in place for both KBRA and BO
(2012-2019) relative to the latter period (2020-2061) when dams are removed under KBRA but remain
in place under the BO alternative. In addition, we included the historical simulation as a baseline against
which to compare the various management and climate scenarios.

River Geometry

River geometry for simulations with dams was the same as that used for the historical simulation
described above. For the KBRA alternative after dam removal, we used a HEC-RAS model for a free-
flowing Klamath River between Keno Dam and Iron Gate Dam, as parameterized by Reclamation
(Greimann and others, 2011). We converted reservoir segments to river segments and then estimated
parameters of the continuity equations required by RBM10 as described previously (table A2).

Meteorological Data

Meteorological inputs for the Index Sequential Method scenario (2012-2061) were identical to
the input data set for the historical period (1961-2009), except for water year 2010 data, which was
constructed with data from water year 1961. Because the pattern of leap years for 2012-2061 did not
match the historical period, the two time periods were offset by 1 day for some years. Therefore, data
for February 28 was repeated on February 29 for leap years.

For the climate change scenarios, three sets of daily-mean air temperatures (1951-2099),
temporally downscaled from monthly-mean air temperatures for each of the five GCMs (CCCMA,
GDFL, MIUB, MRI, NCAR), were compiled by the Bureau of Reclamation (Blair Greimann, Bureau of
Reclamation, Denver, Colo., written commun., 2010). The three datasets included the upper Klamath
Basin (upstream of Iron Gate Dam), lower Klamath Basin (downstream of [ron Gate Dam), and a
subbasin of the lower Klamath Basin near the ocean. The upper Klamath and lower Klamath basin sets
were applied to meteorological reaches 1-2 and reaches 37, respectively. The lower Klamath subbasin
set was applied to reaches 8-9.
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Temporal downscaling was necessary because the GCMs predicted future air temperature and
precipitation on a monthly basis and the water temperature model required input data on a daily basis.
To create synthetic time series of daily values for the future time period (2012-2061), King and others
(2011) created sets of “scaling dates” which were specified months from the 1961-2008 historic period
that was reassigned to the future period. The sets of “scaling dates” were specific to each GCM and the
upper and lower Klamath basins (The coastal KCLM1 subbasin used the same scaling dates as the lower
Klamath Basin). The sequence of months from the historical period as defined by the scaling date was
not necessarily consecutive. For example, the CCCMA model used historical period daily data from
February 1982 for January 2024, for the lower basin reaches. However, for the following month of the
same simulation (February 2024), this model used historical period daily data from November 1966.

Bias-corrections to five GCM daily-mean air temperature sets were required because GCMs
typically under- or over-predict observed historical temperatures when used to simulate past climate
conditions. Bias-corrections (AT) brought mean GCM air temperatures closer to local climate conditions
along the Klamath River, but did not alter daily variation in temperature. Optimal AT values for each of
the nine model reaches were determined using the mean of the annual-mean air temperatures of the five
GCMs and the historical (1961-2010) annual-mean air temperatures based on PRISM data downscaled
to a local spatial resolution (Daly and others, 2008; Flint and Flint, 2008). Thus, for each of the nine
reaches, the same value of AT was used for all five GCMs. The optimal AT was identified by
minimizing the difference between the mean of the bias-corrected annual-mean air temperature and the
historical period annual-mean air temperature. This procedure resulted in the lowest root mean square
error and a Nash-Sutcliffe statistic that was closest to zero (table 5, fig. 8). The optimal AT for each
model reach was then applied to the GCM air temperature data sets for the simulation period 2012—
2061. For example, increasing the annual-mean air temperatures from the GCMs by 2.53°C in reach 1
was required to minimize the difference between observed historical and GCM mean annual air
temperatures (table 5). This increase in air temperature was then applied to the all daily GCM air
temperatures for 2012-2061 to construct the meteorological dataset for reach 1.

Table 5. Bias corrections (AT) to annual mean air temperatures from General Circulation Model (GCM) used in
simulations of Klamath River water temperatures with RBM10.

[NSS = Nash-Sutcliffe statistic, RMSE = root mean square error]

Model reach AT (°C) GCM dataset NSS RMSE
1 2.53 Upper Klamath -0.0758 0.6315
2 322 Upper Klamath 0.3974 0.5760
3 2.16 Lower Klamath -0.0676 0.5960
4 2.47 Lower Klamath -0.2634 0.9898
5 3.54 Lower Klamath -0.1484 0.5620
6 4.40 Lower Klamath -7.7578 1.4636
7 4.34 Lower Klamath 0.3895 0.4706
8 2.08 Lower Klamath -0.0901 0.6160
9 2.02 Lower Klamath -0.0508 0.4906
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Figure 8.  Comparison of mean annual air temperature in model reach 5 to bias-corrected GCM air
temperatures for reach 5 based on GCM model output for the lower Klamath Basin.

Remaining meteorological inputs needed for the climate change simulations included shortwave
solar radiation, longwave atmospheric radiation, wind speed, and vapor pressure. Although not used
directly by the water-temperature model, cloud cover and minimum air temperature data were needed to
compute shortwave radiation, longwave radiation, and vapor pressure. Wind speed and cloud cover data
from the historical period [water year (WY) 1961-2010] simulations were used to construct daily time
series for the GCM time period (WY 2011-2061). The sequence of historical data used in the GCM
time period was based on temporal “scaling dates” described previously.

To estimate daily-minimum air temperatures the difference between the daily mean and daily
minimum air temperature (from the historical period: 1961-2010) was computed for each day for all
nine reaches. The average of these daily differences was then computed by month over the entire period
(1961-2010). We then applied a 30-day moving average to compute the difference between mean and
minimum air temperature for each Julian day. New daily time series for each model reach were created
for the GCM period (WY 2011-2061) based on a 30-day average smoothing of the monthly air
temperature difference values. These daily air temperature differences were then subtracted from the
daily-mean air temperatures of each GCM to estimate the daily-minimum air temperature.

Given estimates of cloud cover, mean air temperature, and minimum air temperature; net
shortwave radiation, net longwave radiation, and vapor pressure were computed using methods
described in the previous section.
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Boundary Conditions

Daily flows and accretions under the Index Sequential Method and GCM models were obtained
from Reclamation as used in the analysis by Greimann and others (2011). We constructed boundary
inflows to the mainstem Klamath River from the simulated hydrology as described above for the
historical simulation. Daily water temperatures entering the mainstem via headwaters and tributaries
were simulated by using air temperatures from the Index Sequential Method and GCM models in the
regression models of Mohseni and others (1998). Because the regression models were parameterized to
historical data from the tributaries (table 3), this simulation assumes the relationship between weekly
mean air temperature and weekly-mean water temperature will not change in the future.

Results

Historical Simulation

Based on measures of both precision and bias, we selected the wind function with seasonal
evaporation coefficients (eq. 12) for simulating water temperatures of the Klamath River. For every
reach, measures of precision (RMSE and MAE) were smaller for the model with seasonal evaporation
coefficients (table 7) compared to the model with constant evaporation coefficients (table 6).
Furthermore, bias (as measured by the mean error) was smaller for the model with seasonal evaporation
coefficients (tables 6 and 7). For the model with seasonal evaporation coefficients, the residuals as a
function of water temperature revealed no consistent bias for reaches 1-5, and only slight negative bias
at low water temperature for reaches 6-9 (figs. 9 and 10). Therefore, we used the wind function with
seasonal evaporation coefficients for all subsequent water temperature predictions (table 7).

Overall, RBM10 performed well in predicting water temperatures of the Klamath River.
Predicted water temperature tracked observed temperature closely, capturing both seasonal and shorter
term fluctuations in observed water temperatures (figs. 9—11). Consequently, precision for each model
reach was favorable. The root mean square error ranged from 0.81 to 1.46°C and mean absolute error
ranged from 0.62 to 1.15°C among locations (table 7, figs. 12—13).

Although the calibrated model fit the observed data well, it is important to consider performance
when the model is used in predictive mode, outside the range of data used to calibrate the model. Our
cross-validation analysis indicated that the model performed well when compared against observed data
excluded from the calibration process (table 6, figs. 15 and 16). Aggregate estimates of prediction error
from the cross-validation tended to be slightly larger (table 6) when compared to goodness-of-fit
statistics from the calibration (table 6), but well within reason for predictive purposes. Had the
parameter estimates depended strongly on a particular year of observed data, the prediction error may
have been considerably larger than indicated by the calibration statistics. We attribute the favorable
prediction error to the extensive set of observed water temperature data used to inform the model. With
such a dataset, excluding any given year from the calibration has minor effect on the parameter
estimates (table A3).
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On average across the 49-year historical time series, the mean of daily-mean water temperature
ranged from about 2°C in January to 23°C in July at Iron Gate Dam and from 5° to 22°C at the Trinity
River (fig. 17). The 2.5th and 97.5th percentiles of daily temperature for the historical time series yields

a 3°C interval about the mean at Iron Gate Dam and a 5°C interval at the Trinity River (fig. 17). The
complete time series at each of the calibration sites is shown in figures A1-A9.

Table 6. Best-fit parameter estimates of the wind function shown in equation 11 and goodness-of-fit statistics for
observed versus predicted water temperatures at nine locations along the Klamath River.

[Statistics defined as follows: n = sample size, NSS = Nash-Sutcliffe statistic, RMSE = root mean square error, ME = mean

error (mean of predicted-observed), MAE = mean absolute error]

Model Location

reach (river mile) a, b, N NSS RMSE ME MAE
1 231.9 2.44¢-09 7.56e-10 2,488 0.980 1.042 -0.093 0.843
2 189.5 4.77e-09 1.26e-13 10,165 0.965 1.197 -0.329 0.989
3 161.1 4.32¢-09 6.79¢-15 1,825 0.980 0.946 -0.378 0.774
4 128.5 8.72e-09 1.35e-09 8,461 0.957 1.324 -0.110 1.038
5 100.8 1.59¢-09 4.51e-10 1,653 0.971 1.176 -0.094 0.964
6 59.1 4.68e-09 6.34e-11 7,168 0.935 1.608 -0.487 1.260
7 437 5.14e-10 2.36e-09 2,283 0.941 1.495 -0.301 1.153
8 16.5 6.94e-15 1.65e-13 1,359 0.963 1.176 -0.254 0.948
9 5.7 1.59¢-09 344e-11 6,883 0.926 1.543 -0.532 1.227

Table 7. Best-fit parameter estimates of the wind function shown in equation 12 and goodness-of-fit statistics for
observed versus predicted water temperatures at nine locations along the Klamath River.

[Statistics defined as follows: n = sample size, NSS = Nash-Sutcliffe statistic, RMSE = root mean square error, ME = mean

error (mean of predicted-observed), MAE = mean absolute error]

Model Location

reach (river mile) a,q b, a,, b,, n NSS RMSE ME  MAE
1 231.9  2.69e-09  6.39e-10  1.77e-09  8.33e-10 2,488 0980  1.035 -0.053 0.832
2 189.5 5.11e-09  1.76e-13  2.29e-09  1.36e-13 10,165 0974  1.029 -0.134 0.804
3 161.1  4.09e-09  2.76e-15  3.24e-09 4.30e-15 1,825 0.985 0817 -0.183 0.623
4 128.5 8.98e-09  1.75¢-09 2.68¢-09 4.83e-10 8,461 0.961 1251  0.072 0.955
5 100.8  1.15e-09  6.76e-10  1.60e-09  2.55¢-10 1,653 0976  1.061 0.095 0.844
6 59.1  4.18e-09 228e-10  7.52e-12  2.07e-11 7,168 0.945 1487 -0301 1.130
7 437  121e-09 2.07e-09  125e-10  2.25e-09 2,283 0.948  1.403 -0.208 1.052
8 16.5  1.66e-15  1.90e-13  2.89e-15  7.8le-13 1,359 0.965  1.143 -0.199 0.907
9 57  193e-09 253e-11  9.79e-13  3.56e-11 6,883 0.933 1.461 -0.463  1.148
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Figure 9. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river miles 231.9, 189.5, and 161.1 for 2006-2009. Water temperature was predicted using the best-fit
coefficients from model calibration. The complete 49-year time series is shown in figures A1-A3.

24



Water temperature (°C)

25

20

15
|

10

RM 128.5, Seiad

15 20 25

10
|

RM 100.8, Happy Camp

RM 59.1, Orleans

Jan-06

T T T T T T T T T T T T
Apr-06  Jul-06  Oct-06 Jan-07  Apr-07  Jul-07 Oct-07 Jan-08  Apr-08  Jul-08 Oct-08  Jan-09

Figure 10.  Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river miles 128.5, 100.8, and 59.1 on the Klamath River for 2006-2009. Water temperature was predicted using
the best-fit coefficients from model calibration. The complete 49-year time series is shown in figures A4—A6.
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Figure 11.
river miles 43.7, 16.5, and 5.7 on the Klamath River for 2006-2009. Water temperature was predicted using the
best-fit coefficients from model calibration. The complete 49-year time series is shown in figures A7-A9.
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Figure 12.  Predicted water temperature and residuals (predicted minus observed temperature) as a function
of observed water temperature at five locations between river miles (RM) 231.9 and 100.8 of the Klamath River.
The red line shows a LOWESS smoother (locally weighted polynomial regression) to illustrate the trend in the
residuals.
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Figure 13. Predicted water temperature and residuals (predicted minus observed temperature) as a function
of observed water temperature at five locations between river miles (RM) 59.1 and 5.7 of the Klamath River.
The red line shows a LOWESS smoother (locally weighted polynomial regression) to illustrate the trend in the
residuals.
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Table 8. Aggregate cross-validation estimates of prediction error for evaluating observed versus predicted water
temperatures at nine locations along the Klamath River.

[The aggregate cross-validation estimates are the weighted averages of the yearly estimates shown in table A3. Statistics
defined as follows: NSS = Nash-Sutcliffe statistic, RMSE = root mean square error, ME = mean error, MAE = mean absolute
error]

Reach River mile Number of years NSS RMSE ME MAE
1 231.9 10 0.976 1.058 -0.072 0.863
2 189.5 33 0.967 1.020 -0.134 0.808
3 161.1 8 0.960 0.815 -0.183 0.634
4 128.5 29 0.952 1.232 0.087 0.963
5 100.8 8 0.933 1.067 0.105 0.856
6 59.1 25 0.937 1.425 -0.304 1.135
7 43.7 11 0.921 1.334 -0.191 1.059
8 16.5 7 0.910 1.106 -0.199 0.907
9 5.7 25 0.908 1411 -0.459 1.156
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Figure 14. Validation plots showing time series of predicted (solid line) and observed water temperature (0) of
the Klamath River at river miles 231.9, 189.5, and 161.1 on the Klamath River for 2006-2009. For each year k,
water temperature was predicted by estimating model coefficients with kth year of observed data excluded, and
then using those coefficients to predict water temperature in year k (see table A3).
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Figure 15.  Validation plots showing time series of predicted (solid line) and observed water temperature (0)
of the Klamath River at river miles 128.5, 100.8, and 59.1 on the Klamath River for 2006-2009. For each year k,
water temperature was predicted by estimating model coefficients with kth year of observed data excluded, and
then using those coefficients to predict water temperature in year k (see table A3).
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Figure 16.  Validation plots showing time series of predicted (solid line) and observed water temperature (0)
of the Klamath River at river miles 43.7, 16.5, and 5.7 on the Klamath River for 2006-2009. For each year k,
water temperature was predicted by estimating model coefficients with kth year of observed data excluded, and
then using those coefficients to predict water temperature in year k (see table A3).
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Figure 17. Summary of the 49-year historical time series of daily mean water temperatures at four locations
on the Klamath River. The heavy line shows the mean temperature on a given day, the shaded area shows the
interquartile range (25th—75th percentiles), and the thin lines bound the 2.5th-97.5th percentiles.
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Management Alternatives and Climate Scenarios

Comparing Biological Opinion and Klamath Basin Restoration Agreement under Historical Climate

We focused on the Index Sequential climate scenario to evaluate the effects of BO and KBRA
alternatives on water temperature in the absence of climate change. Differences in mean daily water
temperature between BO and KBRA depended on location and time period (that is, before or after dam
removal). Prior to dam removal (before 2020), we found very little difference in daily mean water
temperatures between BO and KBRA (figs. 18-20). After dam removal, differences in daily water
temperatures depend on location. The largest differences between BO and KBRA occurs at Iron Gate
Dam after dam removal (fig. 18), but temperature differences diminish at points downstream of Iron
Gate Dam as major tributaries contribute to the Klamath River (figs. 18-20). At Iron Gate Dam, daily
fluctuation in water temperature increases considerably after dam removal (fig. 18). Furthermore, the
temperature cycle shifts after dam removal, with water temperatures rising earlier and descending earlier
in the year. Downstream of the Scott River, we found little difference in daily mean water temperatures
between BO and KBRA alternatives following dam removal (figs. 19 and 20).

Annual-mean water temperatures reveal whether BO or KBRA increase or decrease water
temperature, on average, relative to the historical time series. Similar to the daily time series, we found
little difference among historical, BO, and KBRA prior to 2020 (fig. 21). After 2020, when dams are
removed under KBRA, annual-mean water temperatures were consistently lower than historically at
Copco and Iron Gate Dams, but varied little from the historical temperatures downstream of the Scott
River (fig. 21). In contrast, annual-mean temperatures of BO were consistently higher than the historical
time series (fig. 21) at Iron Gate Dam, but not elsewhere. Although we found systematic differences of
each management alternative relative to historical temperatures, the magnitudes of the difference are
relatively small. At Iron Gate Dam, the maximum difference from the historical was about 0.5°C under
BO and about -1.0°C under KBRA (fig. 22). On average, annual-mean temperatures after 2020 at Iron
Gate Dam were 0.46°C less than historical under KBRA and 0.31°C greater than historical under BO
(fig. 22).

Simulated mean water temperatures by Julian day revealed a similar trend to the daily time
series suggesting a general pattern across the 50-year simulation period. Prior to dam removal (2012—
2019), mean temperatures by Julian day are nearly identical between BO and KBRA alternatives, and
neither alternative differs from the historical simulation (fig. 23). Following dam removal under KBRA,
we observed a shift to an earlier temperature cycle and a slightly lower maximum temperature, on
average, at Copco and Iron Gate Dams (<1°C; fig. 23). Under the BO alternative, the temperature cycle
for 2020-2061 was nearly identical to the historical temperature cycle. From Scott River downstream,
we observed little difference in the mean temperature cycle after dam removal (fig. 23).

In the vicinity of the dams, the shift in the water temperature cycle is projected to increase river
temperatures in the spring, result in little difference in summer, and decrease temperatures in the fall
(figs. 18 and 24). For example, mean temperature in May is projected to increase by about 2°C after
dam removal near Iron Gate Dam, and by about 1°C at the Scott River (fig. 24). Mean temperature
differences in May continue to diminish moving downstream of Scott River to the ocean (fig. 24). In
July, when the peak of the temperature cycle typically is observed (fig. 23), we found mean temperature
differences of less than or equal to 1°C across the longitudinal profile of the Klamath River. The largest
projected differences in mean temperature occur in the fall (fig. 23). For example, in October, simulated
mean temperatures decreased by 4°C at [ron Gate Dam, by about 2°C near the Scott River, and by less
than 1°C at the Trinity River (fig. 23). In late summer (September), warm water temperature conditions

34



combined with low streamflows, can be of particular concern to fish health due to potential disease
outbreaks. The 2002 salmon die-off in the lower Klamath River occurred at that time of year. Figure 23
shows that dam removal would decrease temperatures by several degrees at locations near Copco and
Iron Gate Dams. However, the change in temperatures would be less noticeable at locations farther
downstream.

Seasonal water temperature differences are caused more by a shift in the temperature cycle than
a change in mean annual temperature. To quantify the temporal shift in the temperature cycle, we
estimated the phase shift by fitting a sin function of the form:

T:A( 27 d+9j+D

365.25 (13)

where T is the mean water temperature on Julian day d, A is the amplitude, €1is the phase, and D is the
mean annual temperature. The phase shift was then estimated as

36257.[25 (éBO o éKBRA ) :

Following dam removal, we found that temperature cycle shifts, on average, by about 18 days earlier at
Iron Gate Dam; by about 6 days earlier at the Scott River, and by about 2 days at the Trinity River (fig.
25). Furthermore, we found the same trend in phase shift for all climate scenarios (fig. 25).

Influence of Climate Change on Water Temperature

Annual mean water temperatures for all GCMs increased over the 2012-2061 simulation period
under both BO and KBRA alternatives (figs. 26 and 27). However, between Copco and Iron Gate Dams,
dam removal under KBRA mediated and delayed the effects of climate change to some extent (fig. 27),
relative to BO where dams remain in place (fig. 26). For example, at Iron Gate Dam, annual-mean
temperatures under BO exceed the 49-year historical mean beginning in 2025 (fig. 26). In contrast,
under KBRA, annual mean temperatures consistently exceed the historical mean temperature beginning
in 2045 (fig. 27). By the end of the 50-year time series, annual mean water temperature under KBRA
were about 1°C less than under BO at Iron Gate Dam. Downstream of the Scott River, we observed
little difference in the annual mean temperature between KBRA and BO (figs. 26 and 27).

The decadal mean of simulated water temperatures shows progressive incremental increases
with each decade from 2012 to 2061 (fig. 28). Furthermore, nearly all decades show an increase relative
to the 49-year historical mean water temperature for all scenarios (fig. 28). Under the climate change
scenarios, mean decadal water temperature increases by about 1-2.3°C over the 50-year horizon,
depending on GCM (fig. 29). Among GCM models, increases in water temperature generally followed
the quantile rankings of air temperature for the GCM models. The MIUB model was “warmest and
driest” GCM (75th temperature and 25th precipitation quantile, table 4) and produced the largest
projected increase in water temperature (fig. 28). Although the MRI model was the “coolest and
wettest” (25th temperature and 75th precipitation quantile, table 4), the “coolest and driest” model
(NCAR) produced the lowest projected increase in water temperature over the simulation period.
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It is important to recognize that the Index Sequential scenario is based on historical hydrology
and meteorology from 1961 to 2009. Thus, each decadal mean shows how water temperature changed
from 1961 to 2009 had BO or KBRA been implemented. From this perspective, mean water temperature
increased with each passing decade under both BO and KBRA (fig. 28). Under KBRA after dam
removal, the increase in temperature relative to the long-term historical mean is a fraction of a degree
less than under BO in the reach between Iron Gate Dam and the Scott River (fig. 29, top panels).

Seasonal changes in water temperature under climate change (fig. 30) were similar to the Index
Sequential simulation (fig. 23), with the exception that both the BO and KBRA temperatures under
climate change typically were higher than the historical temperatures (see also figs. A10-A13). At
Copco and Iron Gate Dams during the dams out period, increases in predicted temperature relative to
the historical simulation are fairly constant throughout the year (fig. 30). At the Trinity River however,
simulated temperatures under climate change were similar to the historical temperatures during fall and
winter, but higher during spring and summer (fig. 30). These general patterns were consistent among all
GCMs (figs. A10—-A13). As mentioned above, the late summer (September) period is of particular
concern to fish health. Figure 30 shows that under climate change dam removal would still decrease
temperatures at locations near Copco and Iron Gate Dams for this time of the year. However, the
decrease in temperatures would be offset by the warming effect of climate change as seen by comparing
figure 30 with figure 23.
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Figure 18.  Time series of simulated daily water temperature at river miles 233.3, 190.0, and 160.9 under the
Index Sequential climate with KBRA (dams out) and BO (dams in) management scenarios. The 3 years shown
include 1 year prior and 2 years following dam removal, with 2019-2021 corresponding to historical hydrology

and meteorology of 1968-70. The dashed vertical line indicates when dams were removed in the simulation.
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Time series of simulated daily water temperature at river miles 142.9, 105.4, and 59.1 under the

Index Sequential climate with KBRA (dams out) and BO (dams in) management scenarios. The 3 years shown
include 1 year prior and 2 years following dam removal, with 2019-2021 corresponding to historical hydrology

and meteorology of 1968-70. The dashed vertical line indicates when dams were removed in the simulation.

38



RM 43.3, Trinity R — BO
. g — KBRA

RM 16, Blue Cr

Water temperature (°C)

RM 2.7, Klamath

T T T i T T T T T T T T
Jan-2019 Jul-2019 Jan-2020 Jul-2020 Jan-2021 Jul-2021 Jan-2022

Figure 20.  Time series of simulated daily water temperature at river miles 43.3, 16.0, and 2.7 under the Index
Sequential climate with KBRA (dams out) and BO (dams in) management scenarios. The 3 years shown include
1 year prior and 2 years following dam removal, with 2019-2021 corresponding to historical hydrology and
meteorology of 1968-70. The dashed vertical line indicates when dams were removed in the simulation.
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Figure 21.  Time series of annual mean water temperature simulated by RBM10 for historical simulation, as
well as KBRA and BO under the Index Sequential climate scenario. The historical time series (1961-2009) is
plotted for the corresponding years under the Index Sequential scenario (2012-2061) with 1961 repeated for
2061. The vertical reference line shows when dams are removed under the KBRA alternative.

40



RM 199, Copco Dam

(KBRA - Historic)
— (BO - Historic)

27 RM 190, Iron Gate Dam

RM 143, Scott River

Temperature difference (°C)

-1 7

-2 7

2 -

RM 43, Trinity River

T T T T T T T T T T
2015 2020 2025 2030 2035 2040 2045 2050 2055 2060

Figure 22.  Time series of the difference in simulated historical annual mean water temperatures from KBRA
and BO management options under the Index Sequential climate scenario. The vertical reference line shows
when dams are removed under the KBRA alternative.
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Figure 23.  Mean temperature by Julian day for the KBRA dams in period (left panels) and dams out period
(right panels) at four locations on the Klamath River for the Index Sequential simulation. The historical
simulation is shown as a baseline and represents mean temperatures by Julian day for 1961-2009.

42



o5 o — BO, damsin May — (dams out - dams in) - 3
- KBRA, dams out
r 2
1
0
m -1
10 - 2
r -3
5—
- 4
0] -5
| | | | | | | | | | | | | | | | | | | | | | —~
O
~~
(@) 25 - JU|y 3 i/
[e]
~ 4 > (]
/\\/~/\/—/\_\/’ r2 O
Q20 d L S
> —
T AN XS
5 15 _v v o =
©
o -1 o
€ b
L 107 -2 2
= ©
2 3o
© 57 o
2 o E
()
0 r-5
| | | | | | | | | | | | | | | | | | | | | |
25 October - 3
r 2
20 1
0
/—/,_/— -1
-2
- 3
5—
- 4
0 -5
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
250 200 150 100 50 0 250 200 150 100 50 0

River Mile

Figure 24. Predicted mean monthly temperature in May, July, and October (left panels) and temperature
difference (right panels) between KBRA (dams out) and BO (dams in) scenarios by river mile for the Index
Sequential climate scenario for the dams out period (2020-61). Vertical reference lines mark the location of Iron
Gate Dam (RM 190, RM = river mile), the Scott River (RM 142.9), and the Trinity River (RM 43.3).

43



o
S £ g £ 5 5 5 5
g3 g & 2 e g2
gl 8 2w s < >
g3 §8 g 3 % £
o S\ © » =
- =
n _
i
=
2
=
<
()
2
>
S
T g
£
ey
(72]
Q
(2]
<
<
o
o — |
|
|
|
o - J\:
| | | | | |
250 200 150 100 50 0

River mile

Figure 25.  Projected shift in the annual temperature cycle due to dam removal (days earlier after dam
removal) as a function of river mile.
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Figure 26.  Time series of annual mean water temperature for the historical simulation and the five Global
Circulations Models (GCMs) under the BO scenario. The dashed reference lines show the 49-year mean of the
historical time series.
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Figure 27.  Time series of annual mean water temperature for the historical simulation and the five Global
Circulations Models (GCMs) under the KBRA scenario. The dashed reference lines shows the 49-year mean of
the historical time series.
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Figure 28. Mean of predicted water temperature by decade and river mile for six climate scenarios (rows) and
two management scenarios (columns). Vertical reference lines mark the location of Iron Gate Dam (RM 190,
RM = river mile), the Scott River (RM 142.9), and the Trinity River (RM 43.3).
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Figure 29. Difference between the decadal mean of simulated water temperature and the 49-year historical
mean of simulated water temperature. Vertical reference lines mark the location of Iron Gate Dam (RM 190, RM
= river mile), the Scott River (RM 142.9), and the Trinity River (RM 43.3).
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(right panels) at four locations on the Klamath River for the GFDL General Circulation Model (GCM). The
historical simulation is shown as a baseline and represents mean temperatures by Julian day for 1961-2009.
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Discussion

Water temperature is a critical water quality parameter influencing fish populations, as well as
the structure of the food webs on which they depend. Understanding how water temperature in the
Klamath River responds to alternative water management actions is therefore a critical element in
forecasting how such actions influence salmonid populations. Here, we developed a water temperature
model for the Klamath River capable of simulating daily mean water temperature along the longitudinal
gradient of the river between RM 253 (Link River) and the ocean. We calibrated and validated the
model to an extensive set of observed water temperatures, allowing us to recreate a 49-year historical
record of daily mean water temperature. The model proved useful in comparing the effects of alternative
water management actions (BO and KBRA) across a range of climate scenarios. Key findings from this
simulation indicated: (1) little difference in water temperature between BO and KBRA when dams were
in place for both alternatives, (2) a phase shift to an earlier temperature cycle and increased variability in
daily mean temperature following dam removal under KBRA in the vicinity of Iron Gate Dam, (3) little
effect of dam removal downstream of the Scott River, and (4) an increase in water temperatures by 1—
2.3°C due to climate change under both water management alternatives.

A limitation with a one-dimensional water temperature model is an inability to simulate potential
thermal stratification in both free flowing and impounded water bodies. Although the four Klamath
River dams under discussion for removal have relatively short residence times and are not used for
storage, some thermal stratification exists nonetheless in the reservoirs. However, the magnitude of
stratification is considerably less than that seen in large irrigation storage reservoirs in the Western
United States, which typically have storage to mean annual flow volume ratios of 0.25 or greater. In
those reservoirs, a thermocline typically develops in the reservoir during the spring and summer as the
upper layers are warmed by solar radiation and denser cooler waters remain underneath in the
hypolimnion. In the fall, when the upper layer temperatures have cooled, thermal stratification is
eventually eliminated and full vertical mixing (“turnover”) occurs. Reservoir drawdown for flood
control or irrigation supply typically occurs in late summer or fall bringing the warmer upper layer
closer to the outlet. As a consequence, river reaches downstream of deep reservoirs often have
unnaturally cool and warm temperatures during the summer and fall months, respectively. In addition,
annual streamflow patterns are altered as higher flows are stored and released resulting in dampened
peak streamflows and augmented base flows (Risley and others, 2010).

In spite of some thermal stratification in the Klamath River reservoirs, a one-dimensional model
like RBM 10 was still successful in simulating the impacts of dam removal on water temperatures by
accounting for changes in channel hydraulics. In RBM10, reservoirs are configured as impounded water
bodies with fixed water elevations. River reaches are configured as free flowing with dynamic water
elevations and surface areas. RBM 10 is then able to simulate changes in thermal loading resulting from
changes in the water body volume and the water surface area.

Simulated water temperatures indicated the annual temperature cycle will be shifted about 18
days earlier near Iron Gate Dam following dam removal (fig. 17). This phase shift is consistent with
earlier modeling efforts by Bartholow and others (2005). The phase shift occurs because the reservoir
water mass warms relatively slow as seasonal warming occurs during spring. Similarly, the warm water
mass in reservoirs is slow to cool in the fall compared to free-flowing rivers, causing relatively warm
water temperatures downstream of dams during fall. Several attributes of the predicted seasonal
temperature cycles will likely be of importance to salmonid behavior, growth, and migration behavior as
well as their relationship with disease pathogens. We examined the difference in temperature during
May because salmon smolts out-migrate to the Pacific Ocean in the spring, and during October, because
adult Chinook salmon return upstream to spawn in fall. The maximum temperature difference in May at
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Iron Gate Dam (RM 190) averaged 2°C warmer without dams (fig. 18). During October, the maximum
temperature difference at Iron Gate Dam was about 4°C cooler. Bartholow and others (2005) predicted
that conditions without dams would be about 5°C cooler downstream of Iron Gate Dam compared to
conditions with dams present. Bartholow and others (2005) also found that the summer maxima without
dams shifted on average by 21 days, but found high variability in this shift because the river without
dams was more responsive to ambient meteorological variation.

The longitudinal patterns of predicted water temperatures downstream of Iron Gate Dam varied
over the season. The maximum difference between temperatures simulated for the two alternatives
occurred at Iron Gate Dam and became more attenuated approaching the Klamath River estuary. The
difference in simulated water temperature for dams out and dams in during May was substantially
diminished (<1°C) by RM 100 at Happy Camp (fig. 18). However, during July the difference in water
temperature between the alternatives was less than 1°C downstream of RM 161 at Beaver (fig 18). In
October, the difference in water temperature between the alternatives was less than 1°C downstream of
RM 100 at Happy Camp. The downstream differences between temperatures for the two alternatives
generally are attenuated so the differences are small near the estuary. In general, Bartholow and others
(2005) found the influence of upstream reservoirs was attenuated at Seiad Valley (RM 61).

Summary

A one-dimensional physically based water temperature model was developed for the Klamath
River in south-central Oregon and northern California to analyze potential impacts of alternative water
management plans being proposed for the Klamath Basin. In recent years, the Klamath Basin has had
considerable controversy over water-related resource issues in the past and current century as
agriculture, forestry, hydropower, and fish and wildlife interests have competed for scarce water
resources. In 2010, the Klamath Basin stakeholders came together to sign the Klamath Hydroelectric
Settlement Agreement (KHSA) and the Klamath Basin Restoration Agreement (KBRA). In the
agreements, the Basin’s stakeholders agreed to move forward toward removal of the lower four
hydroelectric dams (J.C. Boyle, Copco 1, Copco 2, and Iron Gate) on the Klamath River, scheduled for
2020. Of interest, in this study, are the impacts of two possible future water management scenarios over
a 50-year period (2012-2061). The first scenario assumes no change from the current management,
which includes on-going programs under existing laws and authorities that contribute to the continued
existence of listed threatened and endangered species. However, the second scenario assumes the
removal of the lower four Klamath River dams in the year 2020 and implementation of the actions and
restoration programs in KBRA.

The River Basin Model-10 (RBM10), the model selected for the study, is based on a heat budget
formulation to predict daily water temperatures along the longitudinal profile of a river. The model’s
structure and associated input files can be separated into three components: (1) river geometry, (2)
boundary conditions, and (3) meteorological data. The model defines system geometry as a series of
reservoir or river segments. Given boundary conditions and river geometry, RBM10 uses a simple
equilibrium flow model, assuming discharge in each river segment on each day is transmitted
downstream instantaneously. The model uses a heat budget formulation to quantify heat flux at the air-
water interface. Inputs for the heat budget are calculated from daily meteorological data, which
includes: net shortwave solar radiation, net long-wave atmospheric radiation, air temperature, wind
speed, vapor pressure, and a psychrometric constant needed to calculate the Bowen ratio. Cloud cover is
not a direct model input, but was used in this study to calculate net shortwave and longwave radiation.

51



Water temperatures are then simulated using an Eulerian-Lagrangian numerical scheme that is both
accurate and computationally efficient.

In the first phase of the study, the model was used to construct a 49-year historical (1961-2009)
time series of water temperature in the Klamath River that could be used as a baseline against which to
compare simulations of alternative management and climate change scenarios. The modeling domain,
encompassing a distance of almost 250 river miles from Klamath Falls, Oregon, to near the Pacific
Ocean, was divided into nine separate reaches. The nine modeling reaches, ranging in length from 10.8
to 42.4 miles, were each calibrated and validated separately using observed daily-mean water
temperature data collected at their downstream ends. A set of air-water temperature statistical models
were created to predict a 49-year time series (1961-2009) of daily-mean water temperature for the
upstream river boundary near Klamath Falls, Oregon, and eight tributary boundaries. The only RBM10
model parameters that were adjusted during the calibration process were coefficients to wind speed,
which affected the evaporative heat flux in the heat budget equation. Final calibration results yielded
root mean square errors of observed versus simulated water temperatures ranging from 0.8 to 1.5°C for
nine modeling reaches. Mean absolute errors ranged from 0.6 to 1.2°C. For model validation, a k-fold
cross-validation technique was used. Validation root mean square error and mean absolute error for the
nine reaches ranged from 0.8 to 1.4°C and 0.8 to 1.2°C, respectively.

RBM10 was used to simulate water temperatures for a 50-year period (2012-2061) under two
management scenarios and six alternative climate scenarios (that is, twelve 50-year simulations). The
six climate scenarios represent hydrology and meteorology using the “Index Sequential Method” and
five alternative Global Circulation Models. The Index Sequential Method used the historical
meteorology and hydrology, but was applied to the operational conditions of either BO (dams in) or
KBRA (dams out). In the Index Sequential Method simulations, the largest water temperature
differences between BO and KBRA occurred at Iron Gate Dam after dam removal and attenuated
approaching lower reaches of the Klamath River. Simulated mean temperatures for May increased by
about 2°C after dam removal near Iron Gate Dam and decreased to about a 1°C increase at the Scott
River. Simulated mean temperatures for October decreased by 4°C at Iron Gate Dam, by about 2°C at
the Scott River, and by less than 1°C at the Trinity River. Dam removal also resulted in an earlier annual
temperature cycle shift of 18 days, 6 days, and 2 days, near Iron Gate Dam, Scott River, and Trinity
River, respectively. Seasonal changes in water temperature under climate change, using the five
alternative Global Circulation Models, also were similar to the Index Sequential simulation results. The
main difference was that both the BO and KBRA projected temperatures typically were higher than the
historical temperatures. Although the magnitude of precipitation and air temperature change predicted
by the five Global Circulation Models varied between them, all five models resulted in progressive
incremental increases in water temperatures with each decade from 2012 to 2061. The sum of the
incremental increases for the five GCMs ranged from less thanl to greater than 2°C.

Potential changes in seasonal water temperatures resulting from dam removal under the Index
Sequential Method (historical climate) scenario or under climate change are likely to have a direct
impact on fisheries in the Klamath Basin. Water temperature changes in May are of particular interest
because salmon smolts out-migrate to the Pacific Ocean in the spring and during October when Chinook
salmon return upstream to spawn.

52



Acknowledgments

We are grateful to Blair Greimann and his colleagues at the Bureau of Reclamation, Denver,
Colorado, for flow and climate change modeling that made this modeling effort possible. We also are
indebted to Lorraine Flint and Alan Flint, USGS, Sacramento, California, for their contribution to
datasets and guidance that formed a basis for the modeling. Stewart Rounds and Annette Sullivan,
USGS, Portland, Oregon, graciously provided critical data for model construction and advice about
calibration, validation, and model structure. We thank Chauncey Anderson, USGS and Paul Zedonis,
U.S. Fish and Wildlife Service, Co-chairs of the Water Quality Subgroup for the Secretarial
Determination for their assistance and constructive comments. We also want to thank Lynne Casal and
our colleagues at the Columbia River Research Laboratory, Western Fisheries Research Center, USGS
for their administrative support and assistance. This study was funded under an interagency agreement
between the USGS and the U.S. Fish and Wildlife Service, Yreka, California.

53



References Cited

AgriMet, The Pacific Northwest Cooperative Agriculture Weather Network, 2011, Worden, Oregon:
AgriMet Station (WRDO) weather database accessed July 20, 2011 at
http://www.usbr.gov/pn/agrimet/agrimetmap/wrdoda.html.

Angstrom, Anders, 1918, A study of the radiation of the atmosphere: Smithsonian Institute
Miscellaneous Collection, v. 65, p. 159-161.

Bartholow, J.M., Campbell, S.G., and Flug, Marshall, 2005, Predicting the thermal effects of dam
removal on the Klamath River: Environmental Management, New York, v. 34(6), p. 856-874.

California Rivers Assessment, 2011, Watershed information by basin, average precipitation per year:
California Rivers Assessment, Watershed database, accessed July 21, 2011, at
http://endeavor.des.ucdavis.edu/newcara.

Daly, C., Halbleib, M., Smith, J.I., Gibson, W.P., Doggett, M.K., Taylor, G.H., Curtis, J., and Pasteris,
P.A., 2008, Physiographically-sensitive mapping of temperature and precipitation across the
conterminous United States: International Journal of Climatology, v. 28, p. 2031-2064.

Davison, A.C., and Hinkley, D.V., 1997, Bootstrap methods and their application—Cambridge series in
statistical and probabilistic mathematics (1st ed.): Cambridge, Cambridge University Press, UK, 592
p.

Deas, M.L., and Orlob, G.T., 1999, Klamath River Modeling Project and Appendices: Davis, California,
University of California, 376 p.

Edinger, J.E., Brady, D.K., and Geyer, J.C., 1974, Heat exchange and transport in the environment:
Electric Power Research Institute, Cooling Water Discharge Research Project (RP-49), 125 p.

Flerchinger, G.N., Xaio, Wei, Marks, Danny, Sauer, T.J., and Qiang, Yu, 2009, Comparison of
algorithms for incoming atmospheric long-wave radiation: Water Resources Research, v. 45, 13 p.

Flint, L.E., and Flint, A.L., 2008, A basin-scale approach to estimating stream temperatures of
tributaries to the Lower Klamath River, California: Journal of Environmental Quality, v. 37, 68 p.

Greimann, B.P., Varyu, D., Godaire, J., Russell, Kendra, L., Y.G., Talbot, R., and King, D., eds., 2011,
Hydrology, hydraulics and sediment transport studies for the secretary’s determination on Klamath
River Dam removal and basin restoration: Bureau of Reclamation, Mid-Pacific Region, Technical
Service Center, Denver, Colorado, Technical Report No. SRH-2011-02, 762 p.

Henderson-Sellers, B., 1986, Calculating the surface energy balance for lake and reservoir modeling—a
review: Reviews of Geophysics, v. 24, no. 3, p. 625-649.

Klamath Basin Restoration Agreement, 2010, Klamath basin restoration agreement for the sustainability
of public and trust resources and affected communities, February 18, 2010, 371 p.

Klamath Hydroelectric Settlement Agreement, 2010, Klamath hydroelectric settlement agreement,
February 18, 2010, 208p.

King, D., Sutley, D., and Raff, D., 2011, Klamath Dam removal study climate change hydrology
development, Appendix E, documentation of hydrology simulations for the Klamath Dam removal
studies, Section 17.2, climate change hydrology, of Greimann, B.P., Varyu, D., Godaire, J., Russell,
Kendra, L., Y.G., Talbot, R., and King, D., eds., 2011, Hydrology, Hydraulics and Sediment
Transport Studies for the Secretary’s Determination on Klamath River Dam Removal and Basin
Restoration: Bureau of Reclamation, Mid-Pacific Region, Technical Service Center, Denver, Colo.
Technical Report No. SRH-2011-02, 1-15.

Maurer, E.P., Wood, A.W., Adam, J.C., Lettenmaier, D.P., and Nijssen, B., 2002, A long-term
hydrologically-based data set of land surface fluxes and states for the conterminous United States:
Journal of Climate, v. 15, p. 3,237-3,251.

54


http://endeavor.des.ucdavis.edu/newcara

Mohseni, Omid, Stefan, H.G., and Erickson, T.R., 1998, A nonlinear regression model for weekly
stream temperatures: Water Resources Research, v. 34, no. 10, p. 2,685-2,692.

National Marine Fisheries Service, 2010, Biological opinion, Operation of the Klamath project between
2010 and 2018: National Marine Fisheries Service, Southwest Region, File No.
151422SWR2008AR00148, 226 p.

Oregon Department of Environmental Quality, 2011, Water quality assessment database: Oregon
2004/2006 Integrated Report, database accessed May 25, 2011 at
http://www.deq.state.or.us/wg/assessment/rpt0406/results.asp.

PacifiCorp, 2004, Final Technical Report — Klamath Hydroelectric Project, FERC Project No. 2082,
Water Resources.

R Development Core Team, 2010, R—a language and environment for statistical computing: R
Foundation for Statistical Computing, ISBN 3-900051-07-0, accessed Sept. 13, 2011, at http://www.r-
project.org/.

Risley, J.C., Constantz, J., Essaid, H., and Rounds, S., 2010, Effects of upstream dams versus
groundwater pumping on stream temperature under varying climate conditions: Water Resources
Research, v. 46, 32 p.

Rymer, R., 2008, Reuniting a river: Klamath Forest Alliance, accessed Sept. 13, 2011, at
http://www.klamathforestalliance.org/Newsarticles/newsarticle20081201.html.

Sullivan, A.B., Rounds, S.A., Deas, M.L., Asbill, J.R., Wellman, R.E., Stewart, M.A., Johnston, M.W.,
and Sogutlugil, I.E., 2011, Modeling hydrodynamics, water temperature, and water quality in the
Klamath River upstream of Keno Dam, Oregon, 2006-09: U.S. Geological Survey Scientific

Investigations Report 2011-5105, 70 p. (Also available at http://pubs.usgs.gov/sir/2011/5105/.)

Turaski, 2003, 2002 and 2003 Upper Klamath River water temperature monitoring: Bureau of Land
Management, Lakeview District, Klamath Falls Resource area, 19 p.

Unsworth, M.H., and Monteith, J.L., 1975, Long-wave radiation at the ground I. Angular distribution of
the incoming radiation: Quarterly Journal of the Royal Meteorological Society, v. 101, p. 13-24.

University of Washington, Department of Civil and Environmental Engineering Surface Water
Modeling Group, Seattle, Washington: Gridded Meteorological database accessed July 20, 2011 at
http://www.hydro.washington.edu/Lettenmaier/Data/gridded/index_maurer.html.

U.S. Army Corps of Engineers, 2010, HEC-RAS—River Analysis System, User's Manual Version 4.1,
January 2010, CPD-68: U.S. Army Corps of Engineers, Institute for Water Resources, Hydrological
Engineering Center (HEC), 790 p., accessed September 13, 2011 at www.hec.usace.army.mil.

U.S. Department of the Interior, Bureau of Reclamation, 2008, Sensitivity of Future CVP/SWP
Operations to Potential Climate Change and Associated Sea Level Rise, Appendix R in: Biological
Assessment on Continued Long-term Operations of the Central Valley Project and the State Water
Project, 135 p.

U.S. Department of the Interior, Bureau of Reclamation, San Joaquin River Restoration Program, 2009,
Sensitivity of Future Central Valley Project and State Water Project Operations to Potential Climate
Change and Associated Sea Level Rise, First Administrative Draft supplemental Hydrologic and
Water Operations Analyses, Appendix. 110 p.

U.S. Fish and Wildlife Service, 2008, Biological conference opinion regarding the effects of the U.S.
Bureau of Reclamation’s proposed 10-year operation plan (April 1, 2008-March 31, 2018) for the
Klamath Project and its effects on the endangered Lost River and shortnose suckers, April 2: Klamath
Falls, Oregon, U.S. Fish and Wildlife Service, p. 197.

55


http://www.deq.state.or.us/wq/assessment/rpt0406/results.asp
http://www.r-project.org/
http://www.r-project.org/
http://www.klamathforestalliance.org/Newsarticles/newsarticle20081201.html
http://pubs.usgs.gov/sir/2011/5105/
http://www.hydro.washington.edu/Lettenmaier/Data/gridded/index_maurer.html

Weddell, B.J., 2000, Relationship between flows in the Klamath River and Lower Klamath Lake prior
to 1910: U. S. Department of Interior Fish and Wildlife Service Klamath Basin Refuges, Tulelake,
California, 15 p.

Willey, R.G., 1987, Water Quality Modeling of Reservoir System Operations Using HEC-5: U.S. Army
Corps of Engineers, No. TD-24, 124 p.

Yearsley, John, 2003, Developing a temperature total maximum daily load for the Columbia and Snake
rivers, simulation methods: Report 901-R-03-003 prepared by the U. S. Environmental Protection
Agency, Region 10, Seattle, Washington, 30 p.

Yearsley, John, 2009, A semi-Lagrangian water temperature model for advection-dominated river
systems: Water Resources Research, v. 45, 19 p.

Yearsley, John, Karna, Duane, Peene, Steve, and Watson, Brian, 2001, Application of a 1-D heat budget
model to the Columbia River system: U.S. Environmental Protection Agency, Region 10 Final report
901-R-01-001, Seattle, Washington.

56



Appendix A. River Geometry, Time Series and Water Temperatures, Prediction Error, Mean Temperature
for Dams In and Dams Out

Table Al. River geometry used in RBM10 for the Klamath River with all dams in place.

Start  End Volume Area Tributary River

Segment description Type mile mile Model reach (acre-ft) (acres) an ba aw bw name mile
Link River to Keno Reservoir  253.0 2523 1 1539.248 192.088 -- -- -- -- -- --
252.3 2517 1 677877  96.662 - - - - - -
251.7 251.1 1 570.388 77.732 - - - - - -
251.1 2505 1 573.865 63.738 - - - - - -
250.5 2500 1 400.362  49.798 - - - - - -
250.0 2492 1 460.256  71.953 - - - - - -
2492 248.6 1 474.733 58.015 - - - - - -
248.6 248.0 1 535.078  47.798 - - - - - -
248.0 2475 1 472.958 43.702 -- -- -- -- -- --
2475 2469 1 478.816  38.384 - - - - - -
2469 246.1 1 752.339 63.84 - - - - - -
246.1 2455 1 564.387 48378 - - - - - -
2455 2449 1 600.562  57.554 - - - - - -
2449 2443 1 623.98 64.19 - - - - - -
2443 2437 1 649.626  69.627 - - - - - -
2437 2431 1 624.738 66.579 - - - - - -
2431 2424 1 704.837  67.814 - - - - - -
2424 2418 1 602.915 67.227 -- -- -- -- -- --
241.8 2412 1 553.539 55713 - - - - - -

2412 2407 1 463.995 38.976 - - - - Canals 241.0
240.7 2399 1 534.797  40.656 - - - - - -
239.9 2394 1 422.823 32.515 - - - - - -
2394 23838 1 537.448  46.398 - - - - - -
238.8  238.0 1 733.69  64.303 - - - - - -
238.0 2374 1 492.184  43.158 - - - - - -
2374 2369 1 479.459  39.482 - - - - - -
2369 2363 1 471.85 40.657 - - - - - -
236.3 2357 1 470.485 40.554 - - - - - -
235.7 2350 1 541.681 41.86 - - - - - -
2350 2344 1 295296 40473 - - - - - -
2344 23338 1 378.62 48.97 - - - - - -
2338 2334 1 289.218  28.893 - - - - - -
Keno to JC Boyle River 2334 2303 1 -- -- 3498 0.631 156.906 0.060 -- --
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0.439
0.737
0.600
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Table A2. River geometry used in RBM10 for the Klamath River with the four lower dams removed.

Start  End Volume Area Tributary River
Segment description Type mile mile Model reach (acre-ft) (acres) an ba aw bw name mile

Link River to Keno Reservoir  253.0 2523 1 1539.248 192.088 -- -- -- -- -- --

2523 2517 1 677.877 96.662 - - - - - -

251.7  251.1 1 570.388 77.732 - - - - - -

251.1  250.5 1 573.865 63.738 - - - - - -

250.5 2500 1 400.362 49.798 - - - - - -

250.0 249.2 1 460.256 71.953 - - - - - -

2492  248.6 1 474.733 58.015 - - - - - -

248.6 248.0 1 535.078 47.798 - - - - - -

248.0 2475 1 472.958 43.702 -- -- -- -- -- --

247.5 2469 1 478.816 38.384 - - - - - -

2469 246.1 1 752.339 63.840 - - - - - -

246.1 2455 1 564.387 48.378 - - - - - -

2455 2449 1 600.562 57.554 - - - - - -

2449 2443 1 623.980 64.190 - - - - - -

2443 2437 1 649.626 69.627 - - - - - -

2437 243.1 1 624.738 66.579 - - - - - -

243.1 2424 1 704.837 67.814 - - - - - -

2424 2418 1 602.915 67.227 -- -- -- -- -- --

241.8 2412 1 553.539 55.713 - - - - - -

2412 240.7 1 463.995 38.976 - - - -~ Canals 241

240.7 2399 1 534.797 40.656 -- -- -- -- -- --

239.9 2394 1 422.823 32.515 - - - - - -

2394 2388 1 537.448 46.398 - - - - - -

238.8 238.0 1 733.690 64.303 - - - - - -

238.0 2374 1 492.184 43.158 - - - - - -

2374 2369 1 479.459 39.482 - - - - - -

236.9 2363 1 471.850 40.657 - - - - - -

236.3 2357 1 470.485 40.554 - - - - - -

235.7 2350 1 541.681 41.860 - - - - - -

235.0 2344 1 295.296 40.473 - - - - - -

2344 2338 1 378.620 48.970 - - - - - -

233.8 2334 1 289.218 28.893 - - - - - -

Keno to JC Boyle River 2334 2303 1 -- -- 3.298 0.637 136.412 0.637 -- --
JC Boyle 2303 2269 1 - - 9.746  0.599 29.830 0.599 Spencer Cr  227.5

JC Boyle to Copcol-A 2269 2222 1 - - 1.470  0.688 32.866  0.688 - -

JC Boyle to Copcol-B 2222 216.2 1 - - 3.227  0.657 61.016 0.657 Boyle Sp 222
JC Boyle to Copcol-C 2162 2122 1 - - 2.039  0.662 51959 0.662 Shovel Cr 206.4

JC Boyle to Copcol-D 2122 2052 1 - - 2,619  0.688 32.601 0.688 - -

Copcol 2052 1989 2 - - 9916  0.573 33444 0.573 - -
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RM 231.9, Keno
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Figure Al. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 231.9.
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Figure A2. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 189.5.
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RM 161.1, Beaver
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Figure A3. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 161.1.
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Water temperature (°C)

RM 128.5, Seiad
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Figure A4. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 128.5.
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Figure A5. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 100.8.
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RM 59.1, Orleans
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Figure A6. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 59.1.
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RM 43.7, Weitchpec
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Figure A7. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 43.7.
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RM 16.5, Blue Cr
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Figure A8. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 16.5.
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RM 5.7, Klamath
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Figure A9. Time series of predicted (solid line) and observed water temperature (0) of the Klamath River at
river mile (RM) 5.7.
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Table A3. Year-specific prediction error from the k-fold cross-validation.
[Prediction error is estimated by calibrating to observed data without year k and then predicting water temperature in year K.
Statistics are as follows: n = number of days with observed water temperature data, SS = sum of squares, NSS = Nash-
Sutcliffe statistic, RMSE = root mean square error, ME = mean error, MAE = mean absolute error]

Reach ) Year (K) n SS NSS RMSE ME MAE
1 1996 179 173.01 0.971 0.983 0.337 0.734
1997 213 172.65 0.969 0.900 -0.460 0.737
1998 308 548.59 0.967 1.335 -0.390 1.059
1999 253 255.81 0.983 1.006 -0.257 0.824
2000 244 338.14 0.974 1.177 -0.825 1.008
2005 11 1.98 0.777 0.424 0.273 0.327
2006 352 337.75 0.984 0.980 0.262 0.816
2007 355 293.73 0.987 0.910 -0.246 0.739
2008 300 292.44 0.980 0.987 0.219 0.776
2009 273 431.09 0.972 1.257 0.632 1.071
2 1962 92 42.66 0.962 0.681 0.004 0.530
1963 365 536.94 0.967 1.213 -0.243 0.967
1964 366 173.96 0.986 0.689 -0.024 0.510
1965 365 386.82 0.972 1.029 -0.014 0.822
1966 364 277.48 0.979 0.873 0.245 0.680
1967 347 345.85 0.975 0.998 0.245 0.831
1968 362 422.58 0.967 1.080 -0.037 0.827
1969 364 418.73 0.973 1.073 0.550 0.822
1970 365 489.47 0.965 1.158 0.038 0.934
1971 347 439.64 0.971 1.126 0.754 0.957
1972 366 571.42 0.967 1.250 -0.367 0.994
1973 365 488.82 0.964 1.157 -0.398 0.963
1974 363 339.04 0.975 0.966 0.015 0.797
1975 313 346.70 0.972 1.052 -0.073 0.887
1976 357 378.62 0.969 1.030 -0.311 0.784
1977 330 382.91 0.972 1.077 -0.414 0.883
1978 333 241.50 0.980 0.852 -0.029 0.680
1979 365 267.17 0.980 0.856 0.043 0.701
1980 182 156.85 0.963 0.928 -0.328 0.742
1996 195 148.83 0.955 0.874 -0.468 0.663
1997 213 236.40 0.924 1.053 -0.497 0.808
1998 245 630.05 0.900 1.604 -0.845 1.228
1999 166 252.90 0.891 1.234 -0.427 0.855
2000 229 317.67 0.915 1.178 -0.725 0.917
2001 365 333.68 0.978 0.956 -0.095 0.647
2002 345 347.49 0.975 1.004 0.076 0.864
2003 280 426.45 0.966 1.234 -0.290 0.960
2004 232 246.32 0.941 1.030 -0.333 0.807
2005 215 260.75 0.964 1.101 -0.360 0.865
2006 365 298.09 0.983 0.904 -0.488 0.734
2007 365 278.07 0.983 0.873 -0.428 0.684
2008 366 178.78 0.989 0.699 0.060 0.56
2000 273 214.27 0.984 0.886 -0.370 0.725
3 2002 62 14.03 0.895 0.476 0.195 0.385
2003 280 229.41 0.982 0.905 -0.345 0.674
2004 131 182.75 0.745 1.181 -0.298 0.901
2005 182 138.45 0.983 0.872 -0.264 0.664
2006 365 239.59 0.986 0.810 -0.372 0.654
2007 365 204.74 0.988 0.749 -0.294 0.588
2008 283 130.75 0.991 0.680 0.174 0.508
2009 157 107.18 0.917 0.826 0.198 0.690
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Figure A10. Mean temperature by Julian day for the KBRA dams in period (left panels) and dams out period
(right panels) at four locations on the Klamath River for the MRI General Circulation Model (GCM). The
historical simulation is shown as a baseline and represents mean temperatures by Julian day for 1961-2009.

74



NCAR
2012-2019 2020-2061

30 1 RM 199, Copco Dam 7]

KBRA, dams in KBRA, dams out
—— BO, dams in — BO, dams in

257 -+==  historic ] == historic

30 7| RM 190, ron Gate Dam T

30 7| RM 143, Scott River T

Water temperature (°C)

30 7] RM43, Trinity River

Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

Figure A11. Mean temperature by Julian day for the KBRA dams in period (left panels) and dams out period
(right panels) at four locations on the Klamath River for the NCAR General Circulation Model (GCM). The
historical simulation is shown as a baseline and represents mean temperatures by Julian day for 1961-2009.

75



CCCMA

2012-2019 2020-2061
30 | RM 199, Copco Dam KBRA, dams in ] KBRA, dams out
—— BO, dams in — BO, dams in

257 -+==  historic ] === historic

Water temperature (°C)

30 7] RM43, Trinity River

Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

Figure A12. Mean temperature by Julian day for the KBRA dams in period (left panels) and dams out period
(right panels) at four locations on the Klamath River for the CCCMA General Circulation Model (GCM). The
historical simulation is shown as a baseline and represents mean temperatures by Julian day for 1961-2009.
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Figure A13. Mean temperature by Julian day for the KBRA dams in period (left panels) and dams out period
(right panels) at four locations on the Klamath River for the MIUB General Circulation Model (GCM). The
historical simulation is shown as a baseline and represents mean temperatures by Julian day for 1961-2009.
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