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ABSTRACT

River water quality and habitats are degraded by thermal pollution from urban areas caused by warm surface
runoff, lack of riparian forests, and impervious channels that transfer heat and block cool subsurface flows. This
study updates the i-Tree Cool River model to simulate restoration of these processes to reverse the urban river
syndrome, while using the HEC-RAS model water surface profiles needed for flood hazard analysis in restoration
planning. The new model was tested in a mountain river within the New York City drinking water supply area
(Sawmill, SM, Creek), and then used for base case and restoration scenarios on the 17.5 km reach of the Los
Angeles (LA) River where a multi-million dollar riverine restoration project is planned. The model simulated the
LA River average temperature in the base case decreased from 29.5 °C by 0.3 °C when warm surface inflows were
converted to cooler groundwater inflows by terrestrial green infrastructure; by 0.7 °C when subsurface hyporheic
exchange was increased by removal of armoring and installation of riffle-pool bedforms; by 3.6 °C when riparian
forests shaded the river; and by 6.4 °C when floodplain forests were added to riparian forests to cool surface
reservoirs and local air temperatures. Applying all four restoration treatments lowered river temperature by 7.2
°C. The simulated decreases in river temperature lead to increased saturated dissolved oxygen levels, reaching
8.7 mg/L, up from the 7.6 mg/L in the base case scenario, providing improved fish habitat and reducing
eutrophication and hypoxic zones. This study evaluating the performance of environmental management sce-
narios could help managers control the thermal pollution in rivers.

1. Introduction

and policymakers (Somers et al., 2013; Grizzetti et al., 2017; Cai et al.,
2019). There are large economic benefits in reducing river temperature

The “urban stream syndrome” describes the ecological degradation
of waters draining urban lands and is characterized by a rapid oscillation
in water flows (i.e., flashy hydrographs; Mazrooei et al., 2017),
increased nutrient and metal concentrations, straightened and flattened
channel banks and bed (i.e., channelized), reduced biotic richness
(Walsh et al., 2005; Abdi and Yasi, 2015), and thermal pollution,
characterized by hot urban surfaces (i.e., urban heat island) generating
water temperatures above the tolerance of native fauna (Somers et al.,
2013). To remediate the urban stream syndrome, urban areas could
naturalize stormwater management (Walsh et al., 2005) and reduce the
urban heat island, which typically involves the restoration of floodplain
and riverine urban areas (Somers et al., 2013; Shafiei Shiva et al., 2019),
which typically require flood hazard area development permits (Ohio
EPA, 2019).

The ecological impacts of urban river degradation, overall, are
extensive and have been the focus of work by scientists, city planners,
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(Seedang et al., 2008), which stem from increasing riverine dissolved
oxygen (DO), reducing harmful algal blooms (Anderson et al., 2000),
and slowing accelerated eutrophication from nutrient loading (Pretty
et al., 2003; Nguyen et al., 2019). Riverine thermal pollution changes
riverine ecology by directly and indirectly affecting the metabolism of
living organisms, their food webs, and their habitat suitability (Gitay
et al.,, 2002; Stefan and Sinokrot, 1993; Logan and Stillwell, 2018).
Dodds et al. (2009) estimated the damage costs of accelerated eutro-
phication in the freshwater of the USA at approximately $2.2 billion per
year, while Pretty et al. (2003) estimated the cost in England and Wales
at $105-160 million per year. Total maximum daily loads as quantita-
tive thresholds for thermal pollutant sources (Seedang et al., 2008) are
established to address river degradation due to thermal pollution (US
EPA, 2013).

Naturalization of stormwater management and reduction of the
urban heat island can be part of holistic plan replacing terrestrial and
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aquatic grey infrastructure with green infrastructure. Terrestrial grey
infrastructure, such as buildings, parking lots, and roads, warms air
temperatures and conveys stormwater to gutters and sewers (Somers
et al., 2013), and aquatic grey infrastructure, such as bridges and con-
crete embankments, channelizes and removes nature form the rivers.
Terrestrial green infrastructure, such as bioretention basins and bio-
swales, increase canopy interception and storage of precipitation, soil
infiltration rates, plant and soil evapotranspiration, solar shading of
runoff, and surface roughness thereby slowing runoff and reducing
riverine flooding (US EPA, 2016; Mosleh and Zamani-Miandashti,
2013).

Aquatic green infrastructure, such as riparian vegetation, permeable
riverbeds and banks, and in-channel bedform morphology, increases
habitat and shading in the aquatic ecosystem, reduces erosion, and in-
duces cooling groundwater inflow and hyporheic exchange (Bernhardt
et al., 2005; USDA-NRCS, 2007; Greenway, 2017; Giner et al., 2019).
Hyporheic exchange describes the mixing of surface and shallow sub-
surface water in the hyporheic zone, which is the porous region sur-
rounding the river bed (Crispell and Endreny, 2008). Eco-hydrologists
encourage the restoration of hyporheic exchange through the removal of
impervious channels and reshaping bedform morphology with
riffle-pool and meander sequences (Hester and Gooseff, 2010). River
basin restoration can be managed for the multiple goals of flood control
and improved water quality important for human wellbeing and biodi-
versity (European Commission, 2013; Izadmehr and Rockne, 2018).

The federal and industry standard for reengineering floodplain and
riverine urban areas and associated flood hazard analysis is the US Army
Corps of Engineers (USACE) Hydrologic Engineering Center River
Analysis Software (HEC-RAS) model (FEMA, 2019). The HEC-RAS
model has limits with respect to ecological restoration. In the case of
thermal restoration, while it simulates river temperature, it neglects the
role of riparian shade, substrate, and groundwater-surface water ex-
change (e.g., hyporheic fluxes) when simulating river temperature,
making it difficult to assess whether restoration achieved thermal
pollution and flood hazard goals. To create a more holistic model
package, we created a set of functions that incorporate HEC-RAS model
outputs of river water surface profiles, designed for flood hazard map-
ping, into the i-Tree Cool River Model (Abdi and Endreny, 2019),
designed for ecological restoration. This model package can then
simulate how river basin naturalization affects thermal pollution and
flood hazard goals (Armal et al., 2018).

The present study aims to improve river restoration management by
creating and testing functions that incorporate HEC-RAS model outputs
of river water surface profiles into the i-Tree Cool River Model that
simulates nature-based cooling of waters (Abdi and Endreny, 2019). The
i-Tree Cool River model (Abdi and Endreny, 2019) updates maintain the
HEC-RAS model water surface profiles and allow for inflows of cool
groundwater inflows from terrestrial green infrastructure (e.g. bio-
retention or infiltration trench), riverine shading from riparian trees,
and hyporheic exchange in a permeable riverbed. The science question:
How much is the thermally polluted LA River potentially cooled by
riverine shading, hyporheic exchange, and subsurface inflows? Each
model operates by simulating the water and energy balance in reach
segments between river cross-sections. The study provides the i-Tree
Cool River model as freeware to plan and design the thermal restoration,
while optionally using river water surface profile data for flood hazard
methods.

2. Methods
2.1. Study areas

This study analyzed two watersheds. The first watershed was a 2 km
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reach of Sawmill (SM) Creek draining a 15 km? watershed in Tanners-
ville, New York (Fig. S1 1). The SM Creek is a second-order mountainous
river with varying watershed land use, starting in forests and tran-
sitioning to urban land (See Fig. S2; Abdi and Endreny, 2019).The sec-
ond watershed included 0.5 and 17.5 km reaches of the Los Angeles (LA)
River draining a 1270 km? watershed in LA, California (Figs. 1 and S3).
At present, the LA River for the 82 km upstream of its discharge at the
Port of Long Beach is predominantly concrete armored with uniform
geometry to expedite stormwater removal and provide flood protection
(Read et al., 2019; Mika et al., 2017; See Fig. S4). The LA River reach
situated between Griffith Park and downtown LA is notable for its
channelized trapezoidal cross-section form, concrete armoring, lack of
riffle-pool bedform morphology, and lack of riparian vegetation. This LA
River reach is part of the multi-million dollar Los Angeles River
Ecosystem Restoration Project managed by the US Army Corps of En-
gineers (USACE) in partnership with the City of LA (USACE, 2019).

2.2. Model equations

The model used for these simulations is an updated version of i-Tree
Cool River model (Abdi and Endreny, 2019). This model was updated to
include HEC-RAS model river water surface routines. The i-Tree Cool
River model uses standard advection, dispersion, and reaction equations
to simulate the water transport and a change in water temperature be-
tween two cross-sections. River temperature is estimated as (Abdi and
Endreny, 2019):

T,—T

T=T"+At|V -D,
Ax

T,y — 2T — Ty,

@ )2 +R, +R; m
X

where T (°C) is the temperature at a river cross-section, the superscript t-
1 indicates the prior time, At (s) is the time step, the subscript up in-
dicates the upstream cross-section, the subscript dn indicates the
downstream cross-section, V (m/s) is the cross-section velocity, Ax (m) is
the length of the reach segment bounded by the cross-section and up-
stream cross-section, Dy, (m?/s) is the reach longitudinal dispersion
computed as a function of cross-section velocity and depth, Ry, (°C) is the
loss or gain (i.e., reaction term) of temperature due to heat flux, and R;
(°C) is the loss or gain of temperature due to lateral inflows (Abdi and
Endreny, 2019, USACE 2016). The velocity is determined by a separate
set of hydraulic equations, which in steady-state mode involves simul-
taneously estimating depth and velocity to satisfy the conservation of
energy, mass, and momentum, i.e., the 5-step algorithm used in
HEC-RAS (USACE, 2016), which is now an alternative to the
Newton-Raphson algorithm used in i-Tree Cool River (see supplemen-
tary materials section S1, Abdi and Endreny, 2019).
The heat flux reaction term is defined as:

__?®
/}'Cp'y

(2)

R,

where ¢ (W/m?) is heat flux at the cross-section and represents the heat
flux within the adjacent upstream reach segment, p (kg/m?) is water
density, C, (J/kg/°C) is specific heat of water, and y (m) is water depth
at the cross-section (Abdi and Endreny, 2019, USACE, 2016). For
HEC-RAS, ¢ is the combined terms of shortwave energy flux from solar
radiation, longwave energy flux from atmospheric temperature radia-
tion, longwave energy flux from river temperature radiation, latent heat
flux from wind entraining river evaporation, and sensible heat flux from
wind entraining river temperature. For i-Tree Cool River, ¢ includes the
above HEC-RAS terms, as well as: a) additional parameters in the
shortwave radiation and atmospheric longwave radiation calculations to
represent the effects of trees, hills and buildings on receiving and
emitting radiation via shade and view to sky factors, and b) additional

1 Figures with “S” are presented in the supplementary materials.
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Fig. 1. The monitoring station of the LA River upstream boundary cross-section and a surface water inflow location. The inset with star shows the site location within
the state of California.

flux terms for vegetation longwave radiation and riverbed substrate
radiation (Abdi and Endreny, 2019) (Fig. 2). R;
The lateral inflow reaction term is defined as:

_ QupTup + QaTa + QbTb + QcTc
Qup+Qa+Qb+Qc

- Tup (3)
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Fig. 2. Schematics of the i-Tree Cool River model: (a) River cross-section view, demonstrating the energy and water balances. In this figure, P represents precip-
itation, and Qs, Qg, and Qp represent the surface flow, groundwater flow, and pipe flow, respectively. @ is the heat flux, and subscripts 1y is longwave radiation flux,
sw is shortwave radiation flux, jaten is latent heat flux, sensibie is sensible heat flux, and sediment is bed sediment heat flux; (b) River longitudinal section for a riffle-pool
bedform. The hyporheic inflow pathways around the riffle-pool and substrate temperature are shown in the panel; and (c) River plan view demonstrating the po-
tential lateral inflows that can be added to the river flow in either dry or wet weather. XS represents the cross-section of the river reach.

where Q (m3/s) is the discharge, T (°C) is the temperature, and sub-
scripts a, b, and c represent separate inflows to that segment; there is no
maximum number of inflows, but the minimum number of inflows is
0 (R; = 0). For HEC-RAS, only lateral inflows of tributaries are simulated,
while i-Tree Cool River simulates lateral inflows of tributaries,
groundwater, and hyporheic exchange. The groundwater inflow is
assigned to each cross-section based on hydrological analysis or differ-
encing the upstream and downstream flow rates, while hyporheic ex-
change flux is auto-computed by the model as a function of the local
substrate conductivity and hydraulic gradient between cross-sections
(see Eq S(1) in Abdi and Endreny, 2019).

To combine the i-Tree Cool River model simulation of green infra-
structure impacts on temperature with the HEC-RAS model simulation
of water surface profiles, Eq (1) was modified to include the velocity and
discharge data from the HEC-RAS model. The retention time was added
to the equation in order to apply the HEC-RAS model calculated velocity
data.

[T;_l +AtrRh2] 0 R
r—Lt® T Re 4
0 0 C))

where 'I'f,;l is the temperature of the upstream cross-section at the prior
time step, At (s) is the retention time step defined as At, = Ax/ V and V
(m/s) is the HEC-RAS velocity at the cross-section, Q (m3/s) is the HEC-
RAS discharge at the cross-section, and Rz is the heat flux reaction term,

and R, is lateral inflows reaction term. An updated heat flux reaction
term is needed for Eq (4),

» PGy Vo pCpyupVup
Ry = —D, 5
ol P T (5)

where ¢ is defined to include the i-Tree Cool River model tree-based
terms (for more detail, see equation (4) of Abdi and Endreny, 2019).
An updated lateral inflows reaction term is needed for Eq (4),

_ QaTa + Qth + QcTc

k=070, 0. ©

where subscripts a, b, and c are defined as the i-Tree Cool River form
with Eq (3) above.

This study updated i-Tree Cool River model to utilize water surface
profile data from the HEC-RAS model and thereby coordinate evalua-
tions of thermal and flood management impacts. By coupling the hy-
draulic transport model of HEC-RAS with the temperature transport
model of i-Tree Cool River, Eq (4) can lead to differences in the volume
of water predicted by the two transport models. This difference is due to
the first right hand side term in Eq (4) representing temperature trans-
port as plug flow, with upstream temperature from the prior time step
replacing downstream temperature in the current time step, even when
upstream and downstream volumes may not be equal for each reach
segment. To avoid this continuity error, the i-Tree Cool River model
maintains the HEC-RAS model volume for each reach segment, and uses
cross-section spacing of 5 m or less to constrain the error in the tem-
perature estimate.

2.3. Model inputs and scenarios

The updated i-Tree Cool River model was run in steady state, defined
as dQ/ dt = 0, and non-uniform conditions, dQ/ dx # 0, where Q is
discharge, t is time (s), and x is river distance (m). This approach keeps
the water surface profile constant through time at all locations and al-
lows it to vary with location due to groundwater and other inflows,
which is a standard process for flood hazard analysis (USACE, 2016).
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2.3.1. Sawmill creek

The simulation of the 2 km reach of Sawmill (SM) Creek on July 2
and 3, 2007 received 0.1 m3/s baseflow discharge at the upstream
boundary cross-section (river station 0 m), then received urban drainage
via storm sewers at cross-sections 620 m and 790 m, and lastly received
retention basin discharge at cross-section 1450 m. Storm sewer flows
were estimated using stage-discharge relations, monitoring stage with
pressure transducers (manufactured by Global Water Instruments).
Stage data was converted to discharge using the Manning equation, with
stage converted to channel area and hydraulic radius using geometry
relations, and the Manning roughness coefficients estimated from pebble
counts at each cross-section by Crispell (2008). The alternative scenarios
for the SM Creek are: a) simulating the system without the cooling effect
of the subsurface inflow, b) deactivating the warming effect of the lateral
inflows from the urban drainage and retention basin, and c¢) simulating
the river temperature with estimated upstream river temperature
boundary conditions in place of the observed upstream river tempera-
ture boundary condition.

The importance of the effective stressors impacting the alternative
scenarios was demonstrated by modifying the key parameters in the i-
Tree Cool River model. The role of these parameters in the defined
alternative scenarios is presented in the results section and the supple-
mentary materials. In the simulations, the cross-section data needed by
the HEC-RAS model were obtained for the SM Creek from field surveys
(Crispell, 2008). In the base case scenario for SM Creek, the upstream
boundary condition and lateral inflow temperature time series in
cross-sections 620 m, 790 m, and 1450 m were obtained from observed
hourly data (Crispell, 2008). Inputs of hourly weather data including the
direct normal irradiance (DNI) and diffuse horizontal irradiance (DHI)
shortwave radiation as well as air temperature and relative humidity for
SM Creek were obtained from the National Solar Radiation Data Base
(NSRDB), at station ID #1227776. The groundwater temperature was
set as a function of the annual average air temperature as recommended
in the literature (Glose et al., 2017), at 13 °C for SM Creek base case and
alternative scenarios.

2.3.2. Los Angeles River

The simulation of the Los Angeles (LA) River was for June 17 and 18,
2016 for reach lengths of 0.5 and 17.5 km, each with no riparian forest,
no riffle-pool bedform and warm surface inflows entering at cross-
section 250 m. These base cases were estimated by U.S. Geological
Survey StreamStats (U.S. Geological Survey, 2016) to receive 4.34 m>/s
baseflow discharge at the upstream boundary cross-section (0 m). The
alternative scenarios for the LA River simulated: a) infiltrating tertiary
treated wastewater flows of 0.8 m>/s (Mongolo et al., 2017) into green
infrastructure so it entered the reach as cool groundwater inflow rather
than warm surface inflow at cross-section 250 m; b) replacing the
featureless channel bottom with riffle-pool bedform morphology to in-
crease hyporheic exchange; c) replacing the bare concrete channel banks
with riparian forest to increase shade and reduce substrate and water
temperature; and d) expanding the floodplain forest in the LA residential
area from 12.1% cover to the potential of 36% cover to cool the air and
upstream water temperature, and shade upstream reservoirs. The

Table 1
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specific characteristics of the alternative scenarios implemented in the
i-Tree Cool River model are summarized in Table 1 and Table S1. The
floodplain forest is defined as any forest extending from the riparian
area into the greater watershed, and for this scenario it extended up-
stream of the study reach. The potential forest cover is the existing forest
cover combined with new forest cover that extends into suitable
planting areas, and was inventoried for LA by Endreny et al. (2017).

The analysis was conducted by first running the HEC-RAS model to
generate water surface profile data, then running the i-Tree Cool River
model with Egs (4)-(6) in place of Eqs (1)-(3). The cross-section data
needed by the HEC-RAS model were obtained for the LA River from
document analysis of channel geometry and photo interpretation of
channel base width (Mongolo et al., 2017; USACE, 2015). The HEC-RAS
model provided the water surface profile outputs needed by the i-Tree
Cool River model for each cross-section: x (m); discharge, Q (ma/s);
minimum channel elevation (m) and water surface elevation (m) used to
compute flow depth, y (m); velocity in channel, V (m/s); top width, w
(m), flow area (mz); and wetted perimeter (m). The i-Tree Cool River
model resamples HEC-RAS outputs with linear interpolation to refine
the spacing of cross-sections to 5 m or finer and resolve spatial variation
channel and riparian features and reduce inconsistencies between tem-
perature and hydraulic transport in Eq (1).

The i-Tree Cool River model uses the resampled HEC-RAS outputs
along with the boundary condition temperatures, radiation fluxes,
shading, substrate, and other features affecting river temperature esti-
mates. For the LA River hourly temperature data did not exist, and base
case data were generated using a two-step process: 1) applying a non-
linear regression (Mohseni et al., 1998) transforming hourly air tem-
perature into river temperature, with air temperature from nearby
Burbank Airport station, and regression coefficients of o« = 32.48, p =
15.18, and y = 0.17 (Eq (7); Fig. S5); and 2) applying a linear regression
transforming the 1st estimate to match observed June river temperature
statistics at the upstream boundary, with slope 1.206 and intercept
1.665 determined from the linear regression between the minimum and
maximum river temperatures from observed June 2016 data (Mongolo
et al., 2017) and the 1st estimate of river temperature (see Fig. S6). This
linear regression was used to match inflow temperatures not predicted
by the non-linear regression with air temperature is presumed to ac-
count for the urban heat island impact, including warm surface inflows
from tertiary treated wastewater in upstream lakes (e.g., the Japanese
Garden Lake and Balboa Recreation Lake) noted by Mongolo et al.
(2017). Inputs of hourly weather data including the DNI and the DHI
shortwave radiation for the LA River were obtained from the NSRDB, at
station ID #81603. A look-up table was used for calculating the dis-
solved oxygen concentration at saturation as a function of freshwater
temperature (www.lakestewardsofmaine.org).
a—p

Ty =H T T

@)

The groundwater temperature was set as a function of the annual
average air temperature, at 20 °C for the LA River base case and resto-
ration scenarios. The LA River scenario with floodplain forest expansion
was estimated to cool the June 17-18, 2016 air temperatures due to

The i-Tree Cool River inputs of average temperature for air, groundwater, upstream boundary condition, substrate, and surface runoff for the base case and restoration
scenarios. The table also demonstrates the saturated dissolved oxygen (Sat. DO) level corresponded with the temperature.

System Component Scenarios

Full Sun (No riparian or floodplain forest expansion)

Riparian Forest (No floodplain forest expansion)

Riparian Shade and Floodplain Forest Expansion

Temperature (°C) Sat. DO (mg/L)

Temperature (°C)

Sat. DO (mg/L) Temperature (°C)  Sat. DO (mg/L)

Air 23.7 8.5 23.7
Groundwater 20.0 9.1 20.0
Boundary conditions ~ 28.6 7.7 28.6
Substrate 32.0 7.5 32.0
Surface runoff 30.0 7.6 30.0

8.5 21.5 8.8
9.1 20.0 9.1
7.7 25.1 8.2
7.5 27.0 8.0

7.6 30.0 7.6
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evapotranspiration, simulated by i-Tree Cool Air (Yang et al., 2013).
These scenario air temperatures, with an average of 21.5 °C (2.2 °C
cooler than the base case), were used in the non-linear regression of
Mohseni et al. (1998) to estimate new river temperatures, with an
average of 25.1 °C, which represented mitigation of the urban heat is-
land (see Table 1). The LA River riparian forest scenario was estimated
to increase the shade factor from 0, no shade, to 1, full shade, and cool
June 17-18, 2016 average river substrate temperature from 32 °C to 27
°C, based on analysis of daily average June to August river corridor
temperatures provided by Weng and Fu (2014). Details on other i-Tree
Cool River model inputs used to simulate temperature are provided in
the supplementary materials section S1, and a manual and sample inputs
can be downloaded at http://www.itreetools.org/research_suite/coolri
ver/.

3. Results
3.1. The SM creek

The simulated and observed average river temperature for SM Creek
was 13.8 °C, and spatial and temporal variation in that temperature was
used for validation of the i-Tree Cool River model; the model was not
calibrated to the observed data. The temporal pattern in simulated and
observed reach-averaged river temperature captured the sinusoidal
heating and cooling due to diurnal variation in radiation, with addi-
tional temporal variation due to cloud cover, and wind (Fig. S7). The
model simulation underestimated the observed variation in river tem-
perature by 0.85 °C, split between overestimating the nighttime mini-
mum and underestimating the daytime maximum temperature. The
spatial performance of the i-Tree Cool River model in SM Creek was
assessed against observed data at 12 cross-sections, with water entering
the reach at 12.5 °C and warming by 3.6 °C due to lateral inflows, pri-
marily from a surface reservoir. At the upstream boundary, the model
used observed values and hence had a perfect coefficient of determi-
nation RZ of 1 (Fig. S8), and at the other 11 locations the smallest R® was
0.8, the largest R? was 0.95, and the average R? was 0.88. This analysis
of steady flow extends the work by Abdi and Endreny (2019) on un-
steady state flows in SM Creek. To validate the model, a Nash-Sutcliffe
Efficiency (NSE) metric was used to assess the goodness of fit between
observed and simulated reach-average time series, achieving an NSE of
0.93, close to the perfect NSE of 1. The simulated vs observed time series
had a coefficient of determination R? of 0.95, and a root mean square
error (RMSE) of 0.1 °C. A statistical t-test of the time-averaged observed
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and simulated temperature time series having no meaningful difference,
with an @ = 0.05, had a p-value of 0.90, showing there was no mean-
ingful difference between the simulated and observed temperatures. To
understand the role of different drivers of urban river temperature to
guide the LA River restoration scenarios presented in section 3.2, an
analysis using the i-Tree Cool River model and based on the alternative
scenarios was conducted to confirm the importance of cool groundwater
inflow and hyporheic exchange, warm surface water inflows, and a cool
upstream boundary condition (Fig. S9). The effective parameters for
each scenario are explained in the supplementary materials (see the
section for Fig. S9).

3.2. The LA river

The simulated river temperature in the LA River for the base case 0.5
km reach length had an average river temperature of 28.7 °C, with a
diurnal pattern of warming and cooling (Fig. 3), and the average tem-
perature rose by 0.05 °C per km to 29.5 °C at the 17.5 km reach length
(see Table 2). The average river temperature associated with each
restoration scenario was then subtracted from the base case river tem-
perature at the equivalent reach length to generate the cooling, noted as
AT in Table 2. The paired-samples t-test with o = 0.05 showed signifi-
cant differences (p < 0.05) between simulated average river tempera-
tures for each scenario and those of its 0.5 or 17.5 km reach length base
case. The scenario of using green infrastructure inflows of infiltrated
treated wastewater entering the river at groundwater temperature
generated a AT of 0.3 °C from the 17.5 km reach base case (Table 2). The
scenario of using riffle-pool bedform morphology to increase hyporheic
exchange generated a AT of 0.7 °C from the 17.5 km reach base case.
Combining the restoration treatments of green infrastructure and riffle-
pool bedforms generated a AT of 0.9 °C from the 17.5 km reach base
case, with the simulated average water temperature still increasing by
0.01 °C per km of reach due to the absence of riparian forest and full
solar exposure on the river. Combining the restoration treatment of ri-
parian shade with the restoration of green infrastructure and riffle-pool
bedforms generated a AT of 4.4 °C from the 17.5 km reach base case,
with the simulated average water temperature now decreasing by 0.17
°C per km of reach.

The single scenario of riparian shade generated a AT of 3.6 °C from
the 17.5 km reach base case, with average water temperature decreasing
by 0.14 °C per km of reach when cooling was not provided by the riffle-
pool hyporheic exchange and green infrastructure induced groundwater
inflows. Combining the four restoration treatments of floodplain forests
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maximum river temperatures for the month of June.
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Table 2
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The i-Tree Cool River model simulated average river temperature (°C) in the 0.5 and 17.5 km reach lengths of the LA River for base case and all scenarios, and the
temperature differences (°C) between each scenario and the base case for the same reach length row. In the table, GI stands for scenarios with green infrastructure and

NO GI stands for scenarios without green infrastructure.

Reach length (km)  Var. (°C)  Full Sun (No riparian or floodplain forest Riparian Shade (No floodplain forest Riparian Shade and Floodplain Forest
expansion) expansion) Expansion
No Riffle-Pools ~ With Riffle-Pools No Riffle-Pools ~ With Riffle-Pools No Riffle-Pools ~ With Riffle-Pools
NoGI GI NoGI GI NoGI GI NoGI GI NoGI GI NoGI GI
0.5 T 28.7 28.6 28.5 28.4 28.3 28.2 28.1 28.0 25.2 25.1 25.0 24.9
AT 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 3.5 3.6 37 3.8
17.5 T 29.5 29.2 28.8 28.6 25.9 25.7 25.4 25.1 23.1 22.9 22.5 22.3
AT 0.0 0.3 0.7 0.9 3.6 3.8 4.1 4.4 6.4 6.6 7.0 7.2

with riparian shade, terrestrial green infrastructure, and riffle-pool
bedforms generated the largest AT of 7.2 °C from the 17.5 km reach
base case, 64% cooler than the AT of 4.4 °C when riparian shade, green
infrastructure, and riffle-pool bedforms were combined. The combina-
tion of 4 restoration treatments caused average water temperature to
decrease by 0.15 °C per km of reach. The impact of the floodplain forest
scenario cools the upstream boundary river temperature, and when
combined with the riparian forest this cooler water propagates down
river. This is evident in the 0.5 km reach when comparing the AT of 3.5
°C for the scenario with only riparian shade and floodplain forest and AT
of 0.7 °C for the scenario combining treatments of riparian shade, green
infrastructure, and riffle-pool bedforms.

The simulated cooling of the LA River temperature by the restoration
scenarios led to the potential for higher saturated DO levels (Fig. 4). The
percent difference between the average DO associated with each base
case and restoration scenario, relative to the base case at the equivalent
reach length of 0.5 or 17.5 km, was used to compute the ADO (%). The
lowest DO saturation was 7.6 mg/L for the 17.5 km reach base case, and
the highest DO saturation was 8.7 mg/L for the 17.5 km reach with all
four treatments. The restoration scenarios without riparian shade on the
17.5 km reach had an average ADOgy of 2% (Fig. 4). The scenario of
riparian shade as the only restoration treatment increased the ADOg,; to
6%, and the combination of riparian shade, green infrastructure, and

riffle-pool bedforms increased the ADOgy to 8%. The scenario of
floodplain forests increased the ADOgy to 12.5%, while the combination
of all 4 restoration treatments increased the ADOg,¢ to 14.5%. The error
bars about the ADOs,¢ values represent uncertainty in model view-to-sky
factors, generating 0.2 °C variation in river temperatures, which led to
0.08-0.12 mg/L variation in DOgy and a +0.5% to +1.6% error bar,
with smaller values for the lower percentages.

4. Discussion

The reduction in warm water inflows at the upstream boundary and
along the reach was a major contribution to the cooling of the LA River
in simulations by the i-Tree Cool River model, an outcome supported by
field observation and prior model development. The adverse thermal
impacts of warm surface inflows was observed in the cool mountain area
of SM Creek in NY when a lateral reservoir inflow caused a 2.4 °C
warming of river temperature, the greatest warming along the reach (see
Figs. S3 and S5). In the South Fork Yuba River of California, selective
withdrawal from deeper, cooler layers within reservoirs is the recom-
mended strategy to decrease summer river temperatures (Rheinheimer
et al., 2015). The amount of cooling is a function of the relative volume
and temperatures of the inflow compared with the river flow. Null et al.
(2017) needed to increase the inflow of 21 °C reservoir water to 40% of
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referred to the Web version of this article.)
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the river flow during the 2015 summer in order to reduce >28 °C water
temperatures on the East Walker River of Nevada by 5 °C and bring DO
levels above 5 mg/L to reduce fish stress. Nichols et al. (2014) docu-
mented how cool groundwater inflows could mimic reservoir releases to
lower the temperature of a Shasta River tributary in northern California,
and how the unshaded tributary allowed this cool water to warm as it
flowed downstream. This LA River simulations captured a similar phe-
nomenon of groundwater cooling by redirecting warm surface inflows to
infiltration, which then entered the river as 20 °C groundwater inflows.
These inflows were 18% of the river’s flowrate in the first 0.5 km sec-
tion, which led to a decrease in the average LA River temperature of 0.3
°C. Similarly, the hyporheic exchange along the reach replaced warm
river water with cool groundwater and had larg cooling effect in the LA
River. Loheide and Gorelick (2006) noted the importance of hyporheic
exchange in Cottonwood Creek in northern California during summer
warm weather, and simulated how its absence led to river temperatures
warming in the downstream direction. For the LA River, the restoration
of riffle-pool bedforms will induce hyporheic exchange and replacement
of 10% of the warm river water with cooler groundwater, lowering
average river temperatures by 0.7 °C. Without proper watershed coor-
dination, groundwater inflows can decrease. Risley et al. (2010) docu-
ment how the pumping of wellfields reduced groundwater inflows to a
river by 18% and caused summer river temperatures to warm by 0.5 °C.

The urban heat island phenomena warms the surface and air of Los
Angeles (Weng and Fu, 2014), and this can be mitigated with forest
plantings (Endreny, 2018; Yang et al., 2013). In the LA River scenarios,
the ambient air temperature was simulated to decrease by 2.2 °C as a
result of establishing riparian and floodplain forest a restoration treat-
ment, leading to a decrease in average river temperature of 6.4 °C for the
17.5 km reach demonstrating the applicability of the developed solution
in decision making process as well (Kazak and Hoof, 2018). The resto-
ration scenario of riparian shading as the only restoration treatment led
to a decrease in average river temperature of 3.6 °C for the 17.5 km
reach, which is a response supported by other studies. Ketabchy et al.
(2019) used a watershed heat budget model to demonstrate urban forest
expansion cooled July and August 2015 water temperature in Stoubles
Creek, Virginia by 1.4 °C to help meet targets for native fish habitat.
Roth et al. (2010) simulated how the loss of urban riparian forest along
the Boiron de Morges River in Switzerland warmed August 2007 average
maximum air temperature by 1.6 °C and river temperature by 0.7 °C.
Sun et al. (2015) showed how observed and modeled peak river tem-
peratures in Mercer Creek of Washington has decreased by 4 °C in rea-
ches that had more riparian and floodplain forest.

Decreasing the river temperature in the LA River would improve the
saturation DO level, and thereby lead to better habitat for desired fish
and other aquatic organisms. Our LA River scenario of all 4 restoration
treatments lowered river temperature by 7.2 °C, resulting in a 14.5%
increase in DOgy level, improving conditions for desired fishes. As of
2011, 83% of California’s native inland fish were extinct or declining
(Moyle et al., 2011), and Carter (2005) reports in southern California,
cold-water fishes such as trout (Oncorhynchus mykiss) avoid areas with
DO less than 5 mg/L; for trout eggs, DO levels below 11 mg/L will delay
their hatching, and DO below 8 mg/L will impair young trout growth
and lower their survival rates. Due to climate change, the warm season
river temperatures in the Sierra Nevada of California are predicted to
increase by up to 5.5 °C by 2100, resulting in a 10% decrease in DO
levels (Ficklin et al., 2013). Lower DO levels are a major reason for the
hypoxic system in the LA River estuary (Diaz and Rosenberg, 2008),
likely caused by excess loading of nutrients from human activity (Booth,
2015). The model developed in this study can assist planners such as
those involved in the LA River restoration, where restoration might
include floodplain and riparian forests for wildlife habitat and riffle-pool
bedform morphology to encourage native fish habitat (USACE, 2015).
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5. Conclusions

In this study, an updated version of i-Tree Cool River model was
created to assess thermal restoration using water surface profile data
from the HEC-RAS model. The updated i-Tree Cool River model can help
planners assess the thermal benefit of floodplain and riverine restoration
that naturalizes the hydrologic cycle, using HEC-RAS model water sur-
face profiles approved for flood hazard mapping. Various restoration
scenarios were simulated on a 17.5 km reach of the LA River targeted for
ecological restoration. Findings are summarized as:

e Groundwater inflows coming from surface inflows that had been
infiltrated to green infrastructure decreased the average river tem-
perature by 0.3 °C.

e Hyporheic exchange coming from riffle-pool bedforms decreased the

average river temperature by 0.9 °C.

Diminished shortwave radiation from riparian forests decreased

average river temperatures by 3.6 °C.

e Lower air temperatures and upstream reservoir temperatures
decreased the temperature of the river at its upstream boundary, and
when combined with the 3 above restoration treatments decreased
average river temperature by 7.2 °C.
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