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Abstract Temperature is a fundamental aspect of water quality in rivers, controlling the rate of many
ecological processes. By disrupting the flow of water, large reservoirs and dams can fundamentally alter
downstream temperature regimes by resetting the water temperature and flow boundary conditions at the
dam release point. Therefore, it is critically important to understand how the volume and temperature

of these releases interact with meteorological conditions to influence downstream temperature dynamics. In
this study, we modeled temperature dynamics in a large regulated river (Sacramento River, CA, USA) to
better understand how heat fluxes, and ultimately river temperatures, responded to different physical
drivers connected to meteorology and the upstream boundary conditions established by dam operations.
We used a quantitative process-based model of river temperature (RAFT), combined with sensitivity
analysis, to identify the dominant physical drivers of temperature in the Sacramento River, and explored
how these drivers varied over space and time. The physical drivers that had the greatest influence on
temperature dynamics were dam discharge temperature, air temperature, and solar radiation. The primary
controlling factors were dam discharge temperature in the most upstream reaches and air temperature in
the most downstream reaches. When isolating the effect of boundary conditions on downstream river
temperature, we observed that temperatures closer to the dam under all but low flow conditions responded
more to changes in dam discharge temperature than dam discharge volume. Understanding the spatial
and temporal extents of drivers of heat flux and their relative importance is critical when managing for
river temperature.

1. Introduction

River temperatures can be highly dynamic in space and time, and the downstream transport and transforma-
tion of heat are fundamental processes which shape biological (Angilletta & Angilletta, 2009; Martins
etal., 2011), chemical (Boulétreau et al., 2012; Demars et al., 2011), and physical characteristics of fluvial sys-
tems (Costard et al., 2003). Temperature is an expression of the average heat content of a material, and the
primary external factors thought to determine the temperature for a given length of river are lateral inputs of
heat (e.g., tributaries), heat exchanges at the air-water surface interface (e.g., air temperature and evapora-
tion), and heat exchanges at the bed-water interface (e.g., groundwater inputs) (Caissie, 2006; Poole &
Berman, 2001). Because the transport of heat downstream is primarily driven by advection, and to a lesser
extent dispersion, the response of river temperature to these heat fluxes (i.e., changes in heat/temperature
over time) is also heavily influenced by the starting upstream temperature (boundary condition) (Poole &
Berman, 2001). Dams effectively reset this boundary condition by impounding water and creating a buffer
in heat exchange, altering the natural downstream hydrograph and thermograph (Cai et al., 2018;
Niemeyer et al., 2018; Preece & Jones, 2002). As a result, dam operations can have a strong influence on
the temperature landscape downstream, especially when they are managed with the goals of achieving spe-
cific temperature targets (Olden & Naiman, 2010).

Because of the importance of river temperature in aquatic ecosystems, it is critical to understand how
releases from reservoirs and dams interact with the dominant drivers of heat flux in rivers to impact tem-
peratures downstream. This can be done using simulation models of heat fluxes and river temperature to
evaluate the relative contributions of the primary drivers under past, current, and future conditions
(Cai et al., 2018; Garner et al., 2017; Webb & Zhang, 1997; Wondzell et al., 2019). We used sensitivity analy-
sis, where model inputs (e.g., meteorological and hydrological), which force heat flux are perturbed to
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evaluate the magnitude of change in model output (i.e., river temperature). The perturbed model inputs
associated with the largest magnitude change in model output are then interpreted as the driving term(s)
behind heat flux for a given river location and time (Saltelli et al., 2008). Additionally, using process-based
river temperature models for such sensitivity analysis allows for causal inference, as opposed to using sensi-
tivity analysis with a statistically based model, where the relationships between inputs and outputs are not
mechanistic. Simulation models can also be used to explore how changing boundary conditions (e.g., dam
discharge volume and temperature) will impact the magnitude and spatial extent of changes in river tem-
perature downstream.

Our objectives for this study were to (1) characterize the spatial and temporal variation of heat flux in a regu-
lated river where temperature is, in part, managed to meet ecological goals, (2) identify which physical dri-
vers were most responsible for this flux (i.e., water temperature change), and (3) examine the role of
upstream boundary conditions on influencing downstream river temperatures. We applied this approach
in a case study of the Sacramento River in California's Central Valley, a large regulated river in a
Mediterranean climate. We first used a mechanistic river temperature model (Pike et al., 2013) to reconstruct
the subhourly temperature regime of 340 km of the Sacramento River over a 28-year period (1990-2017).
This allowed us to better understand the temporal and spatial trends and ranges of heat fluxes. We then con-
ducted global sensitivity analysis, parameterized from the retrospective analysis, to identify dominant phy-
sical drivers of river temperature change in the system. Last, we ran a suite of scenarios perturbing dam
discharge volume and temperature to identify the spatial and temporal extent of the downstream river tem-
perature response to these boundary conditions.

2. Methods
2.1. Study Site

Sacramento River is the largest river in California, draining an area of approximately 7 million hectares or
17% of California’s total surface area. The river terminates at the Sacramento-San Joaquin Delta about
750 km from its headwaters. The Delta connects to the Pacific Ocean through San Francisco Bay. The
majority of the Sacramento River is located in California's Central Valley, a low-relief region that is char-
acterized by a combination of volcanic and alluvial material. Since the mid-1900s, the mainstem of the
Sacramento River has been regulated by two dams in the upper portion of the watershed: Shasta and
Keswick. Shasta Dam is upstream of the Central Valley and impounds the largest reservoir in the state
by volume (Shasta Reservoir), at approximately 5.6 x 10° m®. Keswick Dam is a short distance down-
stream, forms the after bay of Shasta Dam (Keswick Reservoir), has much less storage capacity
(2.7 x 10” m*), and is primarily used to stabilize discharge from Shasta power peaking. Downstream from
Shasta and Keswick to the Delta, there are numerous tributary inputs (regulated and unregulated), which
contribute to hydraulic and heat loadings to the mainstem in addition to water diversions for municipal,
industrial, and commercial uses.

2.2. River Temperature Model

We used a one-dimensional river temperature model, RAFT (Pike et al., 2013), to simulate temperature
dynamics of the Sacramento River below Keswick Dam. The domain of the model is from Keswick Dam
to 340 km downstream near the city of Sacramento, just prior to the confluence of the Feather River
(Figure 1). The model simulates spatially explicit heat exchange processes in the longitudinal (i.e., down-
stream) direction and assumes homogenous lateral and vertical temperature within each segment of river
channel. We ran simulations at a spatial resolution of 2 km and a temporal resolution of 10 min to ade-
quately capture the scale at which temperature dynamics occurred and to ensure numeric stability
(Chapra, 2008). In addition to the upstream boundary inputs (Keswick Dam discharge and temperature),
the model structure accounts for the hydraulic and heat loadings from six primary tributaries entering the
system. The model uses meteorology (solar radiation, air temperature, relative humidity, and wind speed)
as air-water interface forcing terms. Heat flux between the water and channel bed are also simulated via a
simple model of conduction after initialized with the temperature of overlaying water. Further details,
including calibrated values of parameter values, of the RAFT model can be found in Pike et al. (2013), but
the primary equation used to account for how different sources of heat enter and exit the river over space
(x) and time () is described by
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Figure 1. Map of RAFT model domain showing locations for Shasta and Keswick dams, river temperature gauges, and
tributary inputs. Note: There is a temperature gauge just downstream from Keswick Dam.

al _ —U'al + Dazl + q)sol + lI:'atm + (I)wat + lI)lat + q)Sen + q)bed (1)
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where %—f is change in river temperature (T; °C) over time (s); U is the channel advection rate (m s™Y); Dis the
longitudinal dispersion rate (m?s™"); @ identifies individual heat fluxes (W m™~?) including downward short-
wave radiation (sol), incoming longwave radiation (atm), outgoing longwave radiation (wat), latent heat of
evaporation (lat), conduction (sen), and streambed conduction (bed); p is density of water (kg m™3); Cy is spe-
cific heat of water (J (kg °C)™1); and d is channel mean water depth (m).

2.3. Retrospective Analysis

To better understand temporal and spatial trends of heat fluxes along the Sacramento River, and to help
parameterize global sensitivity analyses (GSA), we used RAFT to reconstruct the temperature regime of
the Sacramento River from 1990 to 2017. To improve the ability to reconstruct historic river temperatures,
we used a version of the Ensemble Kalman Filter (Evensen, 2009; Pike et al., 2013) data assimilation tech-
nique and updated the model state variables of river temperature using information (i.e., recorded tempera-
tures) from mainstem gauge sites at each time step. For model inputs, observed discharge and temperature
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Figure 2. Model inputs perturbed in global sensitivity analysis. Panels show historical monthly means (black line) and ranges (shaded region) estimated for
1990-2017 from sources identified in the text.

from upstream (i.e., Keswick Dam) and lateral (tributaries) gauges were gathered from federal and state
agencies (CDEC, USGS, and CA-DWR), filtered, and gap filled (Elsner & Tsonis, 2013; Toffolon &
Piccolroaz, 2015). Meteorological forcing terms were gathered from the North American Regional
Reanalysis (NARR, 2004). The North American Regional Reanalysis is a gridded weather dataset
consisting of a 32 km, 3-hourly, data-assimilated hindcast that we bias corrected using empirical quantile
mapping (Chen et al., 2013).

2.4. Global Sensitivity Analysis

To quantify the relative contributions of the various physical drivers of river temperature, we conducted a
series of GSA using RAFT with previously calibrated parameter values (Pike et al., 2013). Detailed descrip-
tions of the methods and purposes of GSA can be found elsewhere (Pianosi et al., 2016), but a primary goal of
GSA is to identify which model inputs are associated with the greatest variability in a model's output. This is
done by perturbing multiple model inputs repeatedly over a user defined parameter space. The relationship
between perturbed inputs and model output is then estimated by calculating a sensitivity index for each
input examined. The formula for a sensitivity index is specific to the type of GSA performed and is used to
infer which inputs are driving model output by quantitative ranking or some other means.

The output of any GSA is strongly dependent on the input parameter space being explored (Saltelli
et al., 2008), and it is therefore critical to define the range of input values based on the
questions/hypotheses driving the analysis. To define our parameter space and ensure that feasible ranges
were selected, we used information gained from the retrospective analysis and identified minimum and
maximum values of RAFT inputs on a monthly time scale. Thus, our GSA is bounded by the range of
monthly historical variability in meteorology, hydrology, and dam operations. We selected 18 model inputs
to be evaluated with GSA in regards to their effect on river temperature (Figure 2). These were grouped into
meteorological forcing terms, upstream boundary conditions, and lateral tributary inputs of discharge
volume and temperature.

RAFT is a spatially and temporally explicit model, which can complicate the interpretation of the GSA out-
put. For example, because the water from a perturbed upstream input, such as dam discharge volume, at
time T; does not arrive at a downstream location (L,) until a later time (T), calculating a sensitivity index
for location L, at time T; from the dam perturbation at T; would not be appropriate. To simplify this com-
plexity and remove travel- and/or lag time effects, we ran RAFT under a press disturbance fashion until the
system reached longitudinal temperature equilibrium. Longitudinal temperature equilibrium was defined as
the most downstream model segment maintaining a constant daily average river temperature for more than
2 days. To run RAFT under a press disturbance, we held all inputs constant in regards to a daily mean value
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sampled from the historical monthly ranges shown in Figure 2, while retaining subdaily/diel variability in
meteorological inputs such as air temperature. An example and additional details of this approach can be
found in supporting information section S1.

The computational cost of GSA increases with additional inputs examined; therefore, we first applied a com-
putationally efficient screening (or factor fixing) GSA to identify model inputs with low sensitivity. We then
used fixed values (i.e., historical monthly means; see from Figure 2) for these low sensitivity inputs in sub-
sequent analyses. The screening used the elementary effects test (EET; Morris, 1991; Saltelli et al., 2008).
EET is referred to as a one-at-a-time method, where during each model simulation a single input is per-
turbed and all others held constant. This occurs sequentially over ‘M’ inputs and is repeated “r” times for
each input, such that the total number of simulations is N = r - (M+1). All input values (both those held con-
stant and varied) are random samples from a defined parameter space. The EET sensitivity indices used for
inference are the absolute means (*u) and standard deviations (o) (Campolongo et al., 2007). The absolute
mean represents the magnitude of model sensitivity to a single input across the range of all other inputs
examined and the standard deviation represents the degree that an input's magnitude is conditional on
another input (i.e., interaction). Larger relative values of *u represents greater model sensitivity to a given
input. As we were interested in how the physical drivers of river temperature vary with time, we conducted
separate EET analyses for each month, with each month for each input composed of 500 simulations (i.e.,
EET parameter r = 500) using a Latin Hypercube sampling strategy (Saltelli et al., 2008). We used these
monthly sensitivity indices (scaled between 0 and 1) as the primary metrics for screening, such that inputs
in the lower 10th percentile of either u* or o distributions for a given month across the entire river study
domain were dropped from further analysis (see supporting information section S2 for an example).

For the inputs retained after the screening analysis, we used a ranking GSA to identify inputs associated with
the largest change in model output (i.e., drivers of river temperature). This was done using a density-based
approach, known as the PAWN method described by Pianosi and Wagener (2015). PAWN works by compar-
ing the empirical cumulative distribution function (CDF) of simulated river temperatures that are condi-
tional (N,) versus unconditional (N,,) on perturbed inputs. Unconditional CDFs use all-at-a-time sampling
(Pianosi et al., 2016) of inputs, so that each simulation has a different random, Latin Hypercube derived,
set of inputs (i.e., not conditional on specific input values). Conditional CDFs hold a single parameter con-
stant, varying the constant randomly over n simulations, while all other parameters are also sampled ran-
domly as in the unconditional case. The value of the two-sample Kolmogorov-Smirnov test (Hogg
et al., 1977), comparing the unconditional and conditional CDFs for each input, is then used as the sensitiv-
ity index. The PAWN sensitivity index ranges from 0-1, with a larger value indicating greater divergence of
the conditional CDF from the unconditional CDF and therefore greater model sensitivity to that input para-
meter. The total number of simulations used to calculate the sensitivity index for M inputs is N = N,
+n X N. X M. We generated unconditional CDFs from 5,000 model simulations (i.e., PAWN parameter
N, = 5,000), and we generated conditional CDFs from 125,000 model simulations (i.e., PAWM parameters
N, = 200 and n = 50) by perturbing M = 12 model inputs. As with EET, we ran separate analyses on a
monthly basis to identify temporal trends and also ran analyses at specific RAFT model segments to explore
potential spatial trends in drivers of river temperature.

2.5. Upstream Boundary Conditions

To explore the sensitivity of river temperature to upstream boundary conditions, we ran a suite of simula-
tions where we perturbed dam discharge volume and/or temperature and evaluated the downstream river
temperature response. Simulations occurred for each month of the year and we based the range of perturba-
tions on historical conditions during the retrospective modeling period (1990-2017). These monthly simula-
tions were subsequently aggregated to river temperature cooling (i.e., temperatures cooled in a downstream
direction; November-January) and warming (i.e., temperatures warmed in a downstream direction;
February-October) periods for summary purposes. Thus, the analysis was set in the context of monthly his-
toric variability of dam operations. Annual discharge volume ranged from 100 to 2,000 cubic meters per sec-
ond (cms), while discharge temperature ranged from 7 to 16 °C.

Simulations for each month consisted of generating a pair of dam discharge volume and temperature values,
which were the historical monthly mean values (see Figure 2). We then perturbed these inputs at increments
of +0.1 standard deviations from the mean (i.e., 0.1 Z-score adjustments) within the range of historical
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Figure 3. Graphical representation of the gradient approach used to infer under what conditions river water temperature
responds more to changes in upstream dam discharge volume or temperature. (a) Example of determining units to
change dam discharge temperature and volume based on the Z-score of historic variability, where one Z-score is one
standard deviation (o) from the mean (u). (b) Relationship between discharge temperature (X axis), discharge volume (Y’
axis), and downstream temperature (Z axis), with three zones called out to highlight the gradient approach. (c)
Classification scheme to identify primary drivers of river temperature based on the angle of steepest gradient in the river
temperature response surface over a 4 X 4 window, where the direction of the angle is in reference to the dam discharge
volume axis in (b) (i.e., Y axis) for an origin at the center of a 4 X 4 window (i.e., pair of dam discharge volume and
temperature), with examples from three zones displayed. (d) Result from classifying entire river temperature response
surface shown in (b) as primarily driven by dam temperature (blue dot), volume (red dot), or a combination of
temperature and volume (orange dot).

variability for a given month (Figure 3a). To aggregate the monthly results into two primary time periods,
that is, when the river is in a cooling period versus a warming period, we conducted the same analysis as
done for individual months but perturbed inputs based on the cooling/warming period mean (e.g., for the
cooling period from November to January the historical mean was based on these 3 months). We fixed all
other inputs (tributary temperature and discharge and meteorology) in the model at mean
monthly/period values to better isolate the effect of dam discharge volume and temperature, while
incorporating diel variability in the meteorology parameters, such as air temperature. This resulted in a
river temperature response surface for the dam discharge volume and temperature pairs
evaluated (Figure 3b).

To quantify the effect of dam discharge volume and temperature on downstream river temperature, we used
a gradient approach. On the river temperature response surface (Figure 3b), we calculated the angle of the
steepest gradient (i.e., largest change in water temperature, maxV) from an origin that was defined by a
given dam discharge volume and temperature pair. The direction of the angle of steepest gradient was in
reference to the Y axis (i.e., dam discharge volume on Figures 3b and 3d), such that conditions diverting from
that axis corresponded to river temperature responding more to dam discharge temperature compared to
discharge volume. The search area for calculating the steepest gradient at each pair was a 4 X 4 window
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Table 1

Error Statistics (°C) With Mean (Min-Max) for Retrospective Analysis From 1990-2017 for Eight Water Temperature
Gauging Stations on the Sacramento River Shown in Figure 1, Calculated From Daily Averages

Gauge Distance from Keswick (km) Root mean square error Mean absolute error Bias

CCR 14 0.18 (0.10, 0.29) 0.14 (0.07, 0.21) —0.09 (—1.12, 0.06)
BSF 41 0.45 (0.27, 0.79) 0.35 (0.22, 0.63) 0.08 (—0.35,0.39)
BND 72 0.32(0.18, 0.66) 0.25 (0.14, 0.58) 0.07 (—0.18, 0.55)
RDB 94 0.3 (0.21,0.79) 0.28 (0.17, 0.64) 0.11 (—0.12, 0.59)
VIN 134 0.63 (0.47,0.86) 0.52 (0.40, 0.69) 0.30 (—0.58, 1.14)
HMC 164 0.40 (0.35,0.46) 0.32(0.28, 0.37) —0.44 (—1.06, 0.06)
COL 250 0.44 (0.37, 0.51) 0.35 (0.30, 0.40) —0.17 (—0.78, 0.10)
KNK 338 0.43 (0.29,0.98) 0.34 (0.23, 0.75) —0.01 (—0.64, 0.23)

centered on the pair/origin (i.e., searching over a 0.4 X 0.4 Z-scores). Thus, the steepest gradient
corresponded to the larger river temperature response per unit of historical variability in dam discharge
temperature and volume. This gradient approach allowed us to categorize when river temperature was
driven more by discharge volume, temperature, or by a combination both (Figures 3c and 3d).

3. Results
3.1. Retrospective Analysis

Model reconstructions of the temperature regimes of the Sacramento River from 1990 to 2017 generally pre-
dicted daily average water temperature within 0.5 °C of observed values (Table 1 and supporting information
Figure S4). Error varied over the model domain but tended to increase with distance downstream from the
upstream boundary condition at Keswick Dam. Model predictions were evenly positively and negatively
biased (i.e., at four out of the eight gauging stations). Other river temperature models have reported error
statistics within similar ranges (i.e., <2 °C for root-mean-square and mean absolute error; Norton &
Bradford, 2009; Null et al., 2010; Yearsley, 2012).

River temperatures showed consistent spatial and temporal trends over the simulation period (1990-2017).
Using correlation analysis on daily mean river temperatures, we characterized the river into three distinct
reaches that reflected the influences from upstream dam releases (obtained from a gauge just below
Keswick Dam) and meteorological forcing, (Figure 4). Reach-1 was highly correlated (o = 0.96) with dam
discharge temperature, Reach-2 was identified as a transition zone where river temperatures were correlated
with both dam release (water) and air temperature, while Reach-3 was highly correlated with air tempera-
ture (o = 0.93). Temporally, the annual mean temperature and range (maximum daily to minimum daily)
was reach dependent, with both metrics increasing from Reach-1 to Reach-3. Annual mean temperatures
in Reach-1, Reach-2, and Reach-3 were 11, 13, and 15 °C respectively, while annual ranges were 4, 8, and
13 °C respectively. Overall, the spatial and temporal trends of river temperature tended to mimic either
dam release temperature, air temperature, or an interaction of the two.

Heat flux (°C A day ') was spatially and temporally variable over the simulation period (Figure 5). There
was a consistent spatial trend of decreasing flux from upstream to downstream, often with more than twice
as much flux occurring in Reach-1 compared to Reach-3 for each individual component of the total flux
(blue vs. orange symbols in Figure 5). There was a temporal trend with the greatest flux occurring in the
summer period for all reaches. The highest seasonal variation in flux occurred in Reach-1 and decreased
downstream. Advection-dispersion and meteorological fluxes contributed to the greatest change in river
temperature (frequently >2 °C day™"), with much smaller contributions from tributary and the channel
bed flux (frequently <1 °C day™"). Advection-dispersion fluxes were highly negative for the majority of time
as colder water was transported from upstream to downstream at high rates (i.e., river velocity was high and
water warmed as it moved in a downstream direction). Tributary fluxes were more notable in Reach-1 com-
pared to Reach-2, where Reach-1 and 2 contain four and two tributaries respectively, with the difference
between tributary and mainstem temperature greater in Reach-1 compared to Reach-2 (see Figures 2 and
4). Tributary fluxes were non-existent in Reach-3 as no tributary inputs were simulated. For similar plots
of the primary heat terms of equation 1, see supporting information Figure S6.
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Figure 4. Classification of Sacramento River into three reaches with varying levels of correlation between dam discharge
temperature (yellow) and air temperature (red). (a) Map of the three reaches. (b) Correlation between mean daily river
temperature, dam discharge temperature, and air temperature from 1990-2017, with mean relationship for all years

(bold a line for each respective color). (c-e) Temporal relationship between mean daily river temperature, dam discharge
temperature, and air temperature for the three river reaches.

3.2. Global Sensitivity Analysis

Over the entire model domain, simulations of river temperature were most sensitive to meteorological and
dam inputs and less sensitive to tributary inputs, as determined by scaled results from the screening analysis
(i.e., the EET, Figure 6), with 12 total inputs retained for further sensitivity analysis. Air temperature and
solar radiation were the most sensitive across the majority of months (higher *u) and also had a
medium/high level of interaction with other inputs as indicated by the standard deviation of the sensitivity
index (o EE). The boundary condition of Keswick Dam discharge temperature was moderately sensitive
across all months but had a low level of interaction with other inputs. The majority of tributary flow and
temperature inputs in most months had a negligible effect on river temperature, with the exception of
Cow, Cottonwood, and Battle creeks. All three of these tributaries discharge water into Reach-1 at tempera-
tures warmer than the mainstem for the majority of time.

Of the drivers of river temperature selected from the screening process (all meteorology inputs, upstream dis-
charge volume and temperature, and tributary discharge volume and temperature from Cow, Cottonwood,
and Battle creeks), the effects of some were more variable over space than over time, while others showed
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Figure 5. Mean monthly heat flux (& = °C A day_l) trends for Reach-1 (blue dot), Reach-2 (green dot), and Reach-3
(orange dot) on the Sacramento River from 1990-2017 for the primary fluxes simulated in the retrospective analysis. A
dashed line connecting mean monthly values for each reach highlights general seasonal trends. Positive heat flux

values represent sources adding heat to the river, while negative values represent sources contributing to removing heat
from the river.

SRS A

similar variability in both space and time (PAWN GSA stratified by river reach and month, Figure 7). Solar
radiation (Figure 7a) had the lowest sensitivity near the upstream boundary (Reach-1) and the highest
sensitivity near the downstream boundary (Reach-3). The temporal variation in sensitivity to solar
radiation also increased from upstream to downstream with sensitivity being highest during winter/spring
months and lowest during summer/fall months, corresponding to the historical variability observed in
Figure 2. Sensitivity to air temperature (Figure 7b) increased as distance from the upstream boundary
increased, with sensitivity being greatest during the summer months when historical air temperatures are
the warmest (Figure 2). River temperature sensitivity to relative humidity and wind speed (Figures 7c and
7d) also increased in downstream directions, with sensitivity being lowest during summer and greatest
during winter. For upstream boundary conditions, sensitivity to dam discharge volume (Figure 7e)
increased in a downstream direction, with temporal sensitivity being greatest near the transition from
winter to spring, when flows tend to be highest. Dam discharge temperature sensitivity was greatest in
Reach-1 and declined in Reach-2 and Reach-3 (Figure 7f), while there was little variation in sensitivity
across months for a given reach as indicated by the nearly linear polynomial fit. Grouping tributary
inputs of discharge volume and temperature showed the lowest level of sensitivity in both space and time
(Figures 7g and 7h). Most drivers had some level of spatial variability, and some (solar radiation, air
temperature, and reservoir discharge volume) also had clear levels of temporal variability.

3.3. Upstream Boundary Conditions

River temperature responded differently to perturbations of dam discharge volume and temperature when
aggregating results into periods of seasonal cooling versus warming, but discharge temperature often had
a larger effect compared to discharge volume (Figure 8). During the cooling period (November-January)
river temperature tends to decrease in a downstream direction. In this period, changing the discharge
volume of Keswick Dam had little effect on downstream river temperature (nearly horizontal isoline on each
of the three river reaches indicating that as dam discharge volume changes downstream temperature varies
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Figure 6. Temporally explicit sensitivity index from the elementary effects test scaled (0-1) for each of the 18 inputs
explored, with 12 retained, in the screening sensitivity analysis and categorized, based on the scaled elementary effects
test values as having low (value >1/10-1/3), medium (value >1/3 to 2/3), or high sensitivity (value >2/3) to a given input.
White cells are inputs not categorized (i.e., value of <1/10) and were inferred to have a negligible effect on model output.
Note that, for tributary inputs, creeks are ordered from upstream to downstream.

only slightly, Figure 8a). During the warming period (February-October), the effect of release temperature
and discharge varied by reach. Reach-1 river temperature responded primarily to changes in discharge
temperature (Figure 8b upper plot, nearly horizontal isolines), with the exception of flows below 150 cms.
In contrast, in Reach-3 more than half of the simulation space had river temperatures responding most
strongly to dam discharge volume or both discharge volume and temperature. For results stratified by
month, see supporting information Figure S7.

Cog TEd ¢ SIe- =005 (@ ¢
_ 506 So.
85 Month .
©
&’,?0'4 J FMAMJ,JASOND T <8
fo2{ . g
o Q—H—H-O-o-o-ca '!i L =
5 0 - 48 km 49 - 138 km 139 - 340 km 0-48 km 49 - 138 km 139 - 340 km
e (c) (d)
0.6
z 2%
= .4 i ° £004
:4% :E T .;a ;lj‘)- .
<3 L P I ___‘ _. 029 o _____._ R R T _.
3 m+...+.+i—53| H Ot~ e 1 <L TIEt Lt
A 0 : ; :
5 0 - 48 km 49 - 138 km 139 - 340 km 0-48 km 49 - 138 km 139 - 340 km
E .
b e) ¢ : f
g 580 g30 . ; 0
- 1 I
s @ .e Q :
gxg fidy o ¥Bo2y SN L T H TR
& ULEAE [ ST i
0-48 km 49 - 138 km 139 - 340 km 49 - 138 km 139 - 340 km
o @ _e (h)
2 50.6 1 22061
S 88
3504 33041
ER02d ﬁE,oAz- _____________________________________
emtmtmttmtmtmt—emt=t S aaan e P aadda Y] [ e WA
0 g ; : 0 ; - -
0-48 km 49 - 138 km 139 - 340 km 0-48 km 49 - 138 km 139 - 340 km
Reach-1 Reach-2 Reach-3 Reach-1 Reach-2 Reach-3

Figure 7. Sacramento River water temperature sensitivity indices from PAWN analysis stratified by month and river
reach. PAWN sensitivity indices range from 0-1, with higher values corresponding to greater river temperature
sensitivity to a given model input. Each month is comprised of 50 conditioning points (blue dot) for each input (i.e.,
PAWN parameter n = 50), with a general trend for each reach and input from a polynomial model (black line). Also
displayed is the critical value (@) of the KS test statistic with confidence of 0.05 (dashed line).

DANIELS AND DANNER

10 of 15



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2019WR026751

(a) Cooling Period (b) Warming Period
15+

200 200 200 00 &0 700 a0 200 200 400 500 &0 700 00

Dam Discharge Temperature (°C)

900 200 400 00 00 700 a0 200 200 400 500 &0 700 00

15
©®14
o 13
g12
o 11
=
& 10

200 200 400 500 600 100 900 200 200 400 500 &0 700 00
Dam Discharge Volume (cms)

. = Dam Temperature -

Figure 8. Classification of the river temperature response to perturbations of either dam discharge volume (X axis) or
dam discharge temperature (Y axis). Rows show the three reaches of the Sacramento River, during cooling (a;
November-January) and warming (b; February-October) periods. The primary upstream driver of temperature change
(see Figure 3) is color coded (dam temperature: blue dot; volume: red dot; both temperature and volume: orange dot).
Isolines represent constant output of mean monthly temperature within the input space of discharge volume and
temperature (dashed line).
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4. Discussion

We used a mechanistic river temperature model combined with global sensitivity analysis to characterize
spatial and temporal variability in river temperature, heat flux, and the drivers of temperature change in a
large regulated river. Heat flux had the greatest magnitude and variability in river sections closest to the
dam. The primary drivers of river temperature were more variable spatially than temporally and were domi-
nated by meteorological forcings (i.e., air temperature and solar radiation) and upstream boundary condi-
tions (i.e., dam discharge temperature), and less sensitive to tributary inputs. For the upstream boundary
conditions, dam discharge temperature, more often than discharge volume, was a primary factor controlling
Sacramento River temperature. These results highlight the spatial variability in drivers of river temperature,
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and the importance of upstream boundary conditions (i.e., as a result of reservoirs and dam operations) on
downstream aquatic habitat.

While the boundary conditions of temperature and discharge volume fundamentally set the rate of heat flux
that will occur downstream, the relative importance of these two inputs has not been well demonstrated to
date. Most studies on reservoir and dam impacts on river temperature focus on discharge volume (Prats
et al., 2012; Preece & Jones, 2002; Van Vliet et al., 2011) or compare predam and postdam impacts on river
temperature (Cai et al., 2018). We estimated that for much of the year Sacramento River's temperature would
respond more strongly to changes in upstream discharge temperature than to discharge volume. These find-
ings highlight the importance of travel time in a river system when release temperature from a dam is not at
or near equilibrium with atmospheric conditions, as it represents the duration of time a parcel of water is
exposed to warming and/or cooling processes and forced toward temperature equilibrium (i.e., the river tem-
perature at which heat exchange is 0). For the Sacramento River, travel time associated with Reach-1 is on
average less than 24 hr, while travel time for Reach-3 is often greater than 5 days. The relatively short travel
time in Reach-1 results in a parcel of water released from Keswick Dam having little time to change from its
initial release temperature toward the equilibrium temperature. This same parcel of water has much more
time to be forced toward equilibrium while traveling to Reach-3. When discharge volume did dominate
the response, it did so farthest from the upstream boundary in Reach-3, at low discharge (<200 cms, which
occurs ~30% of the time), and during February through October, when the Sacramento River tended to
warm as it moved downstream. This finding can be related to the variability in travel time. Under the simu-
lated discharge volume (Figure 8) travel time in Reach-1 ranged from 14 to 30 hr, while Reach-3 ranged from
4 to 7 days. The larger variability in Reach-3 results in changes to discharge volume in that reach having lar-
ger cumulative effects on river temperature dynamics and thus greater river temperature sensitivity.

Air temperature and solar radiation are important drivers of river temperature (Kaushal et al., 2010; Roth
et al., 2010), but their spatial influence has not been well quantified. Our results provide novel evidence of
strong longitudinal variation in the sensitivity of river temperature to air temperature and solar radiation,
despite there being little variation in these meteorological forcing terms between reaches (see supporting
information Figure S8). Sacramento River temperature was observed to be weakly sensitive to the variability
in these inputs in Reach-1 and strongly sensitive to them in Reach-3. The difference in sensitivity across
space can be attributed to the cumulative energy inputs from air temperature and solar radiation as water
and heat is advected downstream: the overall impact on a water parcel's temperature budget accumulates
with distance downstream and thus becomes more sensitive to background meteorological variability.
This finding broadly relates to how a river responds to temperature shifts and suggests that
increases/decreases in diffuse heat sources will have a greater effect on river temperature dynamics further
downstream from upstream boundary conditions, for example, dams or headwater springs.

In general, there was some level of monthly variation in the sensitivity of river temperature to most inputs.
There was a high level of temporal sensitivity to solar radiation, particularly from February to June, when
variation in cloud cover is largest in our study region (see Figure 2). Temporal sensitivity was also highest
for relative humidity from November to February when humidity is often the closer to saturation and sug-
gests that time periods when latent heat of evaporation is reduced can have important controls on river tem-
perature dynamics. These results highlight the inferential ability gained in our study by basing input
perturbations on observed monthly temporal variability instead of applying identical perturbations across
all months, for example, perturb values by +10% from a mean value. Sensitivity analysis, by definition, is
in reference to the range of input values considered. Because we based our perturbations on monthly histor-
ical conditions, our results are framed in this context. Put another way, our analysis provided monthly level
insights into the sensitivity of river temperature to meteorology, hydrology, and dam discharge conditions
using historical variability as the baseline. Related research into the importance of conducting
time-varying sensitivity analysis to explore performance of hydrologic models has also documented the ben-
efit of disaggregating time (Pianosi & Wagener, 2016).

While tributary inputs have been documented to alter mainstem temperatures and/or provide localized
areas of temperature heterogeneity in other river systems (Ebersole et al., 2014; Monk et al., 2013), they
do little to change the mainstem temperature over the reach scales examined in our study. To further explore
this finding, we conducted post hoc analysis (Figure 9) on Cow Creek during the month of May, a tributary
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Figure 9. Simulated change in mainstem temperature of the Sacramento River (Z axis) over a suite of historical inflow
volumes (Y axis) and temperatures (X axis) of Cow Creek during the month of May. Joint probabilities of a flow and
temperature combinations are color coded. Note that two spatial scales are displayed, (a) for the model segment where
the tributary enters (2 km length) and (b) for the entire reach where the tributary enters (48 km length; Reach-1 in
Figure 1).

and time period for which our results indicated had one of the greater impacts on mainstem temperature
(data not shown). The analysis consisted of running a suite of RAFT simulations over historic Cow Creek
inflow volumes and temperatures and then evaluating how these changed mainstem temperature at the
model segment (Figure 9a) and reach (Figure 9b) where Cow Creek enters the Sacramento River. From
this analysis, we observed two reasons why river temperature was largely insensitive to tributary inputs in
our study. First, primarily related to our analytical approach, tributaries function as point source inputs to
rivers and our sensitivity analysis (conducted at a reach-scale) dampened the effect of localized, lateral,
and inputs. This is demonstrated in Figure 9, where the model segment where Cow Creek enters the
mainstem (a) had a much higher temperature response (X axis) for a given Cow Creek discharge volume
and temperature pair compared to the reach where the tributary enters (b). This finding indicates that our
reach-scale analysis may not be well suited to identify model sensitivity for lateral point source loadings
from tributaries at subreach scales. Second and more broadly general to river systems as a whole, large
volumes of tributary input at temperatures colder or warmer than the receiving river are required to
impact mainstem temperatures. The probability of warm high flows necessary to impact the cold river
temperatures of the Sacramento in May are rare (Figure 9, color schema). Under typical tributary volumes
and temperatures Cow Creek was estimated to raise Sacramento River temperature by <0.5 °C.

While our study accounted for primary factors affecting river temperature dynamics, we did not include all
potential drivers of temperature change. For example, riparian and topographic shading and
hyporheic/groundwater exchange rates have been observed to impact river temperature dynamics in some
systems (Arrigoni et al., 2008; Garner et al., 2014). Studies that have found significant effects of channel
shading are often done on systems with smaller channel widths (Garner et al., 2017; Johnson &
Jones, 2000; Wondzell et al., 2019), while studies on river widths greater than 100 m, like the Sacramento
River (Michalkova et al., 2011), found lower effects of shading (DeWalle, 2008). Likewise, most studies of
hyporheic and or groundwater exchange occur on smaller discharge systems where instrumentation can
be used to estimate rates of water exchange between the bed and channel (Bhaskar et al., 2012; Snyder
et al., 2015). While we simulated heat exchange and the water-bed interface, we did not perturb this factor
in our sensitivity analysis. For the Sacramento River, which rarely has a discharge value less than 140 cms,
and in other large discharge river systems, empirically measuring the effects of hyporheic flows to parame-
terize a water temperature model would be challenging but should nevertheless be considered for
future research.

While this study used a particular research method on a single river system, global sensitivity analysis on the
Sacramento River, these finding are applicable to other river systems with similar qualities and these analy-
sis methods can be used elsewhere to infer drivers of river temperature. For example, like the Sacramento
River, currently over 63% of larger rivers (i.e. > 1,000 km in length) are damned worldwide and have aquatic
fauna/habitat downstream that may be impacted by shifts in river temperatures (Grill et al., 2019).
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Understanding how a particular system is impacted by upstream inputs (i.e., dams and reservoirs) as well a
local meteorology and other forcing conditions is valuable information for resource management and plan-
ning. The method we have outlined in this work (i.e., global sensitivity analysis bounded by historical con-
ditions) provides a framework to attain such information and is adaptable to other river systems.

In conclusion, both dam operations and meteorological conditions have important, spatially and temporally
variable influences on river temperature. The management implications of these findings are significant as
they relate to downstream thermal habitat. Within the context of the historical variability of river tempera-
ture drivers, we found dam discharge temperature to provide greater scope for management of river tem-
perature than discharge volume, although volume became important under summer low-flow conditions
in locations further from the dam. While dam operations (discharge volume and in some cases temperature)
can be directly managed, the amount of downstream habitat that can be influenced by dam operations is
dependent on upstream conditions, such as reservoir storage capacity and a dam's selective withdrawal cap-
abilities (i.e., ability to withdraw water from various elevations in a reservoir). While our results highlight
the importance of boundary conditions (i.e., the effect of dams) as a primary driver of downstream river tem-
perature, future work evaluating the ability to sustain downstream temperature control under varying reser-
voir and dam operational conditions, and meteorological conditions, is needed to better understand the
utility of upstream boundary conditions to control downstream temperatures.
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