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A B S T R A C T   

Managing river temperature in highly urbanized stream systems is critical for maintaining aquatic ecosystems 
and associated beneficial uses. In this work, we updated and utilized a mechanistic river temperature model, i- 
Tree Cool River, to evaluate the cooling impacts of two ecological restoration scenarios: (1) an alternative 
streambed material limecrete and (2) shading effects of tree planting in riparian areas. The i-Tree Cool River 
model was modified to account for diurnal fluctuations of streambed temperature, which is relevant in shallow 
urban streams where lack of natural shading combined with low heat capacity of the water column can make 
diurnal fluctuations relatively extreme. The model was calibrated and validated on a 4.2 km reach of Compton 
Creek in the Los Angeles River watershed, California. Two native fish, arroyo chub (Gila orcuttii) and unarmored 
threespine stickleback (Gasterosteus aculeatus williamsoni), were considered the target species for assessing 
thermal habitat suitability. Key findings include: (1) model performance was improved when accounting for 
diurnal fluctuations in bed temperature (R2 increased from 0.43 to 0.68); and (2) substrate rehabilitation and 
tree planting can potentially reduce summertime temperatures to within the documented spawning temperature 
thresholds for the focal fish species. Using limecrete as an alternative material for the concrete bottom decreased 
the median river temperature metrics: maximum weekly maximum, maximum weekly average, and minimum 
weekly minimum temperatures by an average of 3 ◦C (13%) to 20.4 ◦C, 19.7 ◦C, and 17.8 ◦C, respectively. Tree 
planting in the riparian corridor decreased the average river temperature metrics by an average of 0.9 ◦C (4%) to 
22.7 ◦C, 22 ◦C, and 19 ◦C, respectively. Combining the two scenarios decreased the river temperature metrics by 
an average of 4 ◦C (18%) to 18.2 ◦C. Therefore, water temperature would not be a limiting factor in potential 
reintroduction of the focal fish species to Compton Creek if restoration were implemented. Implications of this 
work could be used by urban forest and water managers for restoring thermally polluted rivers in other urban 
areas.   

1. Introduction 

Ecological degradation of water bodies draining urban land, referred 
to as urban stream syndrome is considered a consequence of urbanization 
(Walsh et al., 2005; Abdi and Yasi, 2015; Aboelnour et al., 2019). Urban 
stream syndrome is characterized by physical and chemical stressors 
affecting water features, which includes thermal pollution causing water 
temperatures to rise above the tolerance of native fauna due to reduced 
riparian shading and hot urban surface inflows to rivers (Nordell, 2003; 
Raptis et al., 2016, Fayaz et al., 2020). Ecological degradation in the 

form of increased river temperature is mitigated in both natural and 
urbanized riverine systems by planting trees in riparian areas to increase 
shading from canopy cover, increasing groundwater exchange, and 
altering stream morphology (LeBlanc et al., 1997; Caissie, 2006; Abdi 
and Endreny, 2019; Song et al., 2020). However, implementing these 
kinds of strategies to reduce river temperature in channelized systems or 
river reaches where the groundwater is managed to stay below the 
stream bed is challenging (Meneks et al., 2003; Rubin et al., 2018). 
Further, the relative impact of mitigation strategies on stream temper-
ature is difficult to predict. 
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The ability to simulate river water temperature, therefore, is essen-
tial particularly in semi-arid urban rivers to address thermal water 
problems when conducting environmental impact studies associated 
with shallow urban rivers and their unique characteristics (Caissie et al., 
1998). 

Many stochastic and mechanistic models have been developed and 
used to predict river water temperature (e.g. Marceau et al., 1986; 
Raphael, 1962; Cluis 1972; Stefan and Preud’homme, 1993; Yearsley, 
2012; Glose et al., 2017). However, many models overlook features that 
affect thermal conditions in urban streams such as altered substrate and 
groundwater influences (Poole and Berman, 2001). Stochastic models, 
based on linear or non-linear statistical functions, usually require only 
air temperature and a time series of observed water temperature (Box 
and Jenkins, 1976; Mohseni et al., 1998; Langan et al., 2001; Rabi et al., 
2015). While air-stream temperature regression-based models are fit 
using observed data, these regression models often do not require cali-
bration (Stefan and Preud’homme, 1993; Neitsch et al., 2011) and do 
not have the required functionalities to predict the impact of substrate 
temperature and other physical factors on urban rivers. 

Mechanistic models, on the other hand, consider physical factors 
affecting heat budget parameters (i.e., shortwave and longwave radia-
tion, latent heat, sensible heat, and sediment heat) of the water body and 
water temperature (Marcotte and Duong, 1973; Webb and Zhang, 1997; 
Boyd and Kasper, 2003; Neilson et al., 2010). Caissie (2006) classified 
the factors that could potentially affect river water temperature into four 
broad groups: 1) atmospheric conditions, 2) topography, 3) river flow, 
and 4) streambed. As pointed out by Caissie (2006), atmospheric char-
acteristics are typically considered the most important factors respon-
sible for the heat exchange processes that take place at the water surface. 
However, other factors, including riparian shading (Abdi et al., 2020a; 
Sun et al., 2015; DeWalle, 2010), river discharge, as mostly a function of 
river hydraulics (e.g., inflows and outflows) which affects depth and 
thermal inertia (Anderson et al., 2011; Sinokrot and Gulliver, 2010; 
Bartholow, 1991), and substrate conductance (Daniluk et al., 2013; 
Kobayashi et al., 1999), influence the water temperature, as well. 
Although substrate temperature may be particularly important in 
shallow urban streams where lack of natural shading combined with low 
heat capacity of the water column can make diurnal fluctuations rela-
tively extreme, substrate conductance temperature is typically consid-
ered constant (Abdi and Endreny, 2019; Glose et al., 2017). Model 
improvement is needed to use time-varying sediment temperature data 
in place of fixed values. By such model developments, mechanistic 
models have the capabilities to capture most of these impacting factors 
in water temperature simulations. 

Although scientists have used mechanistic heat budget models to 
simulate a broad range of stressors on water temperature including, but 
not limited to surface water-groundwater interaction (Loheide and 
Gorelick, 2006; Magnusson et al., 2012; Essaid and Caldwell, 2017), 
climate change (Gooseff et al., 2005; Kedra and Wiejaczka, 2018), land 
use change (Roth et al., 2010; Miserendino et al., 2011), and channel 
geometry (Magnusson et al., 2012), studies on the relative importance of 
sediment compared to shade effects on stream temperature are limited. 
Sediment can have adverse effects on aquatic life in urban rivers as the 
conducted energy from light can detrimentally increase water temper-
ature (Kundell and Rasmussen, 1995). Management actions that seek to 
increase substrate albedo, such as replacing the substrate with an 
environmentally friendly material of white limestone sand mixture 
(limecrete) could be an effective way to cool shallow urban streams. 
Therefore, developing mechanistic models that account for diurnal 
fluctuations of riverbed temperature is needed to capture these effects 
more accurately (Daniluk et al., 2013). 

This study uses and updates a mechanistic river temperature model, 
i-Tree Cool River, coupled with the hydraulic model, HEC-RAS (Abdi 
et al., 2020b) to simulate the water temperature. The i-Tree Cool River 
model applies the standard advection, dispersion, reaction equation to 
the HEC-RAS (USACE, 2016) model outputs of water surface profiles to 

simulate river water temperature. The model considers a combination of 
heat balance parameters, acquired from different sources including 
longwave and shortwave radiations, latent heat, sensible heat, and 
sediment heat. Because the i-Tree Cool River model uses a constant 
value for the substrate temperature in the simulations, the model was 
updated to simulate the water temperature based on varying substrate 
temperatures, for an application in a thermally polluted, shallow urban 
tributary of the Los Angeles River (LAR) watershed (Los Angeles County, 
California, USA). This is particularly important when assessing shallow 
urban rivers with little natural shading where diurnal fluctuations may 
be relatively extreme. 

The updated i-Tree Cool River model was used to evaluate the 
cooling impacts of two ecological restoration scenarios in the Compton 
Creek tributary of the Los Angeles River: (a) replacing the bare concrete 
riverbed with limecrete, and (b) shading by tree planting in the riparian 
area, on simulated river temperature and habitat suitability for two 
native fish species, arroyo chub (Gila orcuttii) and unarmored threespine 
stickleback (Gasterosteus aculeatus williamsoni). The science questions we 
investigated were: (1) to what degree does river temperature vary given 
variability in depths (low flows vs. high flows) in a highly urbanized 
river? and (2) how well do the selected ecological restoration scenarios 
maintain the thermal habitat suitability of the target fish species? The 
relative contribution made by this study is updating a publicly available 
freeware model to simulate river temperature for shallow urban rivers 
with varying substrate temperature. The management implication of 
this contribution is demonstrated in this article by showing that two 
realistic and economic restoration options, which can now be incorpo-
rated into the stream temperature model, can quantify changes in stream 
temperature that have important ecological end-points, which allow 
managers to make more informed decisions about habitat restoration. 
Therefore, findings assist urban managers looking for strategies to 
mitigate thermal pollution in semi-arid urban rivers. 

2. Methods 

2.1. Model formulation 

We modified the mechanistic model, i-Tree Cool River, coupled with 
HEC-RAS, to account for the hydraulic influences on water temperature 
and to apply varying substrate temperature time series data with diurnal 
changes, and used the combined output to assess various restoration 
scenarios (Abdi and Endreny 2019; Abdi et al., 2020a, 2020b). The 
updated version of the model includes velocity and discharge data from 
the HEC-RAS model. In order to apply the velocity data into the main 
equation solved by the model, the retention time parameter has been 
added to the equation. 

Tw =
Qup

[
Tt− 1

w,up + Δtr⋅Rh

]

Q
+

Ri

Q
(1)  

where Tw (◦C) is the simulated river water temperature, Q (m3/s) is the 
HEC-RAS generated discharge in the river channel, Qup is the upstream 
flow, Tt− 1

w,up is the river temperature of the upstream cross-section at the 
time step t-1, which is observed temperature for the boundary condition 
and simulated temperature for the rest of the cross-sections, Rh (◦C/s) is 
the heat flux reaction term, Ri (◦C.m3/s) is the lateral inflows reaction 
term, and Δtr (s, Eq. (2)) is the retention time and defined as (Abdi et al., 
2020a)  

Δtr = Δx/v                                                                                     (2) 

where the Δx (m) is the length of the reach segment (sub-reach) bounded 
by the target cross-section for the model and the upstream cross-section 
in that sub-reach and v (m/s) is the HEC-RAS generated velocity at the 
target cross-section. 

The updated heat flux reaction term for the model is needed by Eq. 
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(1) as (Abdi et al., 2020a) 

Rh =

⎡

⎣ ϕ
ρ⋅Cp⋅y

− DL

(

ϕ
ρ⋅Cp ⋅y⋅v −

ϕup
ρ⋅Cp ⋅yup ⋅vup

)

Δx

⎤

⎦ (3) 

Where Φ (W/m2) is the total heat flux representing the magnitude of 
the heat flux at the cross-section within the adjacent upstream reach 
segment, ρ (kg/m3) is water density, Cp (J/kg/◦C) is specific heat of 
water, y (m) is the water depth at the target cross-section, and DL (m2/s) 
is the reach longitudinal dispersion computed as a function of cross- 
section velocity and depth. In Eq. (3), the parameter Φ represents the 
i-Tree Cool River model’s tree-based terms and is fully explained in 
equation (4) of Abdi and Endreny (2019). 

The updated lateral inflows reaction term for the model’s main 
equation, Eq. (1), can be written as (Abdi et al., 2020a) 

Ri =
∑n

i=1
Qi⋅Tw,i (4)  

where the subscript i represents the separate inflows to the segment of 
the reach and n represents the maximum number of the lateral inflows to 
the segment of the reach. The model can handle any number of inflows 
(n) and the minimum number of inflows is zero (Ri = 0). The inflows to 
the segments that can be simulated by the i-Tree Cool River model can 
be lateral surface tributaries, groundwater inflows, or hyporheic ex-
change inflows. Surface tributaries can be added to the main channel as 
a separate time series of water temperature and volume added to the 
river at the measured stations in the river corridor. The groundwater 
inflow is assigned to the cross-sections using an internal interpolation 
function from the input data, which is based on hydrological analysis or 
differencing the upstream and downstream flow rates at the soft bottom 
segments of the river. The hyporheic exchange inflow magnitudes are 
computed by the model as a function of local substrate conductivity and 
hydraulic gradients between cross-sections (Abdi and Endreny 2019; 
Abdi et al., 2020a). 

The i-Tree Cool River model coupled with HEC-RAS utilizes the 
water surface profile data such as velocity and water depth, generated 
by HEC-RAS, to capture the thermal and flood management impacts on 
simulated river temperature. Based on Eq. (1), for river channels with no 
tributaries (Ri = 0), the simulations reflect the generated water surface 
profile data from HEC-RAS and the magnitude of the total heat flux. For 
shallow urban rivers, specifically during the low flows, total heat flux 
could be affected by variations in the sediment heat flux. The i-Tree Cool 
River model calculates the sediment heat flux due to heat conduction 
between the bed sediment and the water column and its rate is limited 
by the size and conductance properties of the substrate. The i-Tree Cool 
River model uses a modified version of the equation (2-90) of Boyd and 
Kasper (2003) as 

ϕsediment = 2KCL
Tbed − Tw

y
2

(5)  

where Φ sediment is the sediment heat flux, KCL (J/ms◦C) is the volumetric 
weighted thermal conductivity, Tbed (◦C) is the bed temperature and 
represents the sediment interface with the river water. Some applica-
tions (Boyd and Kasper, 2003) prescribe the Tbed to a depth below the 
interface wherein shallow rivers, the unsubmerged sections of the 
sediment reach relatively high temperatures due to the absorption of the 
shortwave radiation and therefore the mid-depth of the river (y/2) is 
used to reflect the midpoint of the river water temperature. However, 
the absorption of solar radiation happens during the daytime where Eq. 
(5) uses a constant value (Abdi and Endreny, 2019; Boyd and Kasper, 
2003) for all time steps (for the daytime and nighttime) based on annual 
average air temperatures with some adjustments for low flow and high 
flow conditions. 

For this study, we updated the input data structure and the model’s 

code for Eq. (5) to feed the model with the time series of sediment 
temperature data reflecting diurnal change variations. This update 
provides the opportunity for other modelers to calibrate the model for 
shallow rivers that could be highly affected by sediment temperature. 
The updated sediment heat flux as part of the total heat flux equation is 
used in Eq. (3), which solves the heat flux reaction term for the gov-
erning advection, dispersion, reaction equation (Eq. (1)) to simulate 
river temperature. The sensitivity and accuracy analysis of the i-Tree 
Cool River simulations are addressed in detail by Abdi and Endreny 
(2019). 

2.2. Study area 

In this study, we analyzed various ecological restoration alternatives 
for Compton Creek (Fig. S1),1 a tributary of the LAR, California, and the 
last major tributary to enter the LAR before it reaches the Pacific Ocean 
(Fig. 1). Compton Creek is a 4.2 km reach draining a 109 km2 watershed 
located entirely within the alluvial, coastal floodplain of the LAR. The 
Compton Creek watershed supports a population of 700,000 people in a 
highly urbanized area. The creek vegetation is currently dominated by 
freshwater marsh species, such as cattails, but historically, it was an 
intermittent stream supporting willow-cottonwood forest. Large scale 
development in the mid-20th century led to continuous flow, mainly due 
to enhanced runoff from developed surfaces. Future water conservation 
efforts and the installation of stormwater control measures will likely 
result in decreased flows. 

Compton Creek is primarily constrained within a concrete box 
channel with uniform geometry to expedite stormwater drainage and 
provide flood protection, and thus lacks considerable subsurface inflow 
and riparian vegetation (Fig. 1). However, Compton Creek also has one 
of the few soft-bottomed reaches (on top of the bare concrete bed) in the 

Fig. 1. The study area in Compton Creek, CA, showing the temperature 
monitoring and river flow gauging station locations. The inset with an arrow 
shows the site location within the state of California. 

1 Figures with “S” are presented in the supplementary materials. 
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lower LAR, and therefore it is an ideal site to investigate restoration 
options as this habitat could potentially support the region’s native 
fishes despite extirpation. 

Changes in the LAR have removed habitat that once supported the 
region’s native fishes. Some fishes have been completed extirpated from 
the watershed, while others, that once were abundant, have been locally 
extirpated from much of the watershed and remain in dangerously low 
numbers in just a few reaches or sub-watersheds – no native fish remain 
in Compton Creek to the authors’ knowledge. We focus on two fishes, 
the arroyo chub and the unarmored threespine stickleback that were 
once common in the lowland parts of the LAR watershed, including 
Compton Creek, and could potentially return if the appropriate habitat 
became available. Both are tolerant of temperatures up to 28 ◦C, as is 
natural in their native habitat, however, the combined impacts of ur-
banization and climate change could lead to intolerable temperatures 
(Mongolo et al., 2017). The arroyo chub is a California species of special 
concern that typically occurs in low-grade streams (Feeney and Swift, 
2008; O’Brien et al., 2011) with fine substrates, although they do have a 
wide range of tolerances (Moyle, 2002). Currently, baseline hydraulic 
conditions in the Compton Creek support the arroyo chub’s survival but 
river temperatures are not cool enough for the fish to spawn success-
fully. The unarmored threespine stickleback (UTS) is a state and feder-
ally listed endangered species and inhabits stream reaches with slow 
moving water, lots of shade, and vegetation (U.S. Fish and Wildlife 
Service, 2009). The UTS spawn throughout the year. Restoration efforts 
to reduce river temperatures in the Compton Creek would improve the 
chances of successful spawning and recruitment by both species and 
would insulate them against a future with warmer temperatures. The 
thermal requirements of the two native fish species were used as a metric 
to evaluate the restoration scenarios. 

2.3. River temperature metrics 

We selected river temperature metrics that describe critical thermal 
maxima (CTM) and temperature preferences of the two focal species to 
identify thermal habitat suitability for these fishes. The arroyo chub are 
most commonly found in streams with temperatures 10–28 ◦C and most 
spawning occurs at 14–22 ◦C (Moyle et al., 2015) during June and July, 
but they can spawn from February until August (Tres 1992, as cited in 
Moyle et al., 1995). In experimental studies, the arroyo chub were able 
to survive temperatures up to 35 ◦C (Castleberry and Cech, 1986). The 
UTS occupies rivers ranging from 8 to 30 ◦C, with an observed CTM as 
high as 34.6 ◦C (Feldmeth and Baskin, 1976). River temperature metrics 
were defined using the regulatory terms, maximum weekly maximum 
temperature (MaxWAT), maximum weekly average temperature 
(MaxWMT), and minimum weekly minimum temperature (MinWAT; U. 
S. Fish and Wildlife Service, 2009), and calculated based upon hourly 
simulated data using R statistical programming (see Table 1). 

2.4. Input data and management scenarios 

We selected two time periods, June 5th to September 5th, 2016 and 
January 10th to April 10th, 2016, for low flow and high flow simula-
tions, respectively. Based on the weather data obtained from National 
Renewable Energy Laboratory’s National Solar Radiation Database 
(NSRDB; Station #85908) during low flow conditions, the average air 
temperature was 21.3 ◦C and average relative humidity was 35%. 
During the high flow period, the average air temperature was 15.6 ◦C 
and the average relative humidity was 67%. Based on Risley et al. 
(2010), we considered the flow-duration relationship for the Compton 
Creek gauging station, LA County station #F37B (see Fig. S2 for the 
flow-duration curve), and assumed 5% (0.78 m3/s, 27.5 ft3/s) exceed-
ance probability for the high flow and the 95% (0.01 m3/s, 0.3 ft3/s) 
exceedance probability for low-flow conditions. We calibrated the 
model for low and high flow conditions. For the low flow period up-
stream river temperature boundary condition, we used observed data 
from Mongolo et al. (2017), which had a median of 21.2 ◦C with a 10th 
percentile and 90th percentile of 19.3 ◦C and 23.0 ◦C, respectively. 

Since there was no observed river temperature data in the study 
location during high flow conditions, we used an air temperature to 
water temperature non-linear regression relationship (Mohseni et al., 
1998) for the high flow period, which has been shown to be more ac-
curate than air to water temperature linear relationships (Sun et al., 
2015). In particular, we use a non-linear model because the air to water 
temperature curve begins to flatten at temperatures that were observed 
during the high-flow period, 20 ◦C (Kelleher et al., 2012) and 25 ◦C 
(Erickson and Stefan, 2000), which is attributed to evaporative cooling. 
It is important to note, however, that the air to water temperature model 
is limited in its ability to predict water temperatures at sub-daily time 
steps and does not adequately consider the influence of upstream water 
and discharge from urban land use, which are impactful in urban 
streams, like Compton Creek. 

Based on the estimations from the non-linear equation code (Moh-
seni et al., 1998) for the LA area (USGS gaging station #10261500 and 
weather station #23174), we calculated the constants for Eq. (6) as α =
32.48, β = 15.19, γ = 0.16, and μ = 0. The estimated river temperatures 
(Tw) from the non-linear equation, based on the extracted constants and 
air temperature (Ta), had a median of 13.4 ◦C with a 10th percentile and 
90th percentile of 8.8 ◦C and 21 ◦C, respectively. The air-water tem-
perature had an R2 of 0.43. 

Tw = μ +
α − μ

1 + eγ(β− Ta)
(6) 

We applied two alternative scenarios for low flow conditions, 
including: (a) replacing the regular gray bare concrete bed of Compton 
Creek with an alternative brighter bed material made with a mixture of 
the white limestone sand (limecrete; Giesekam et al., 2016) with a 
higher albedo to reduce the substrate temperature, and (b) replacing the 
bare concrete channel banks with riparian forest to increase shading of 
the substrate and water. We chose limecrete as an alternative bed ma-
terial to meet the statewide water quality requirements to contain local 
groundwater which is contaminated with heavy metals, particularly 
hexavalent chromium in the area (Leenheer et al., 2001; Holmes et al., 
2008; Pennino et al., 2016). The proposed material provides an eco-
nomic, yet more environmental-friendly, material compared with the 
bare concrete (Grist et al., 2014; Giesekam et al., 2016), while also 
allowing the benefits of higher reflectivity of white limecrete as the 
substrate. 

To implement the limecrete in the i-Tree Cool River model in place of 
the concrete, we assumed a two-times increase in reflectivity of the bed 
material, as a conservative assumption, and reduced the heat gain by 
15%, cooling down the average substrate temperature for the model by 
2 ◦C (Alqalaf and Alahwadhi, 2016; Alleman and Heitzman, 2019). 
Given that all the study reach bed material is concrete, even the earthen 
areas which are made up on the concrete bed, we applied this 

Table 1 
River temperature metrics used to evaluate the model results from different 
restoration scenarios in terms of fish thermal habitat suitability.  

Metric Definition Rationale 

Min 7-day min 
(MinWMT) 

(◦C) The minimum weekly 
minimum value of a 
continuous 7-day period 

Both fish species have low 
temperature thresholds, monitor 
low temperatures to see if below 
threshold (11 ◦C) 

Max 7-day max 
(MaxWMT) 

(◦C) The maximum value of 
a continuous 7-day period 

Monitor temperatures that may 
exceed fish’s maximum 
thresholds (35 ◦C) 

Mean 7-day 
max 
(MaxWAT) 

(◦C) The maximum average 
over a 7-day period 

Monitor average conditions 

Time duration 
>30 

The number of 7-day 
maximums over 30 ◦C 

Both arroyo chub and UTS have 
maximum temperature tolerances 
between 30 and 35 ◦C  
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modification to the entire reach. We also assumed the same Manning’s 
roughness coefficient for the alternative bed material (Chow, 1959) for 
the hydraulics modeling of the domain on HEC-RAS. 

For simulating the riparian shade effect on water temperature, we 
considered two conditions of the baseline and extreme alternative sce-
narios. We considered an increase in the shade factor in the i-Tree Cool 
River model from 0 (no shade) to 1 (full shade) as the extreme variation 
in shading and reduced the average substrate temperature by 3 ◦C based 
on a prior analysis on the impact of shade on surface temperatures in 
urban areas at the LAR watershed (Weng and Fu, 2014). Even though the 
relative change of the water temperature from this full shade scenario 
with 100% shade effect, would not be easy to implement, it helps 
managers envision the potential cooling effect of riparian shading. 

The analysis for this study was conducted by first running the HEC- 
RAS (USACE, 2016) in steady-state to generate 210 cross-sectional water 
profile data (4200 m with 20 m intervals), including cross-sectional 
spacing, discharge, minimum channel elevation, and water surface 
elevation to calculate the water column depth, velocity in the channel, 
top width, flow area, and wetted perimeter. HEC-RAS has been suc-
cessfully implemented in various urban environments (Reil et al., 2018). 
Then the i-Tree Cool River model was run by applying the generated 
results from the HEC-RAS for the entire reach. In the study area, there is 
little to no rainfall or storm events that occur during the dry season, 
which includes the simulation period. Given the lack of storm driven 
flow through the channel during the simulation period and the relatively 
short stream length being modeled, we assumed a steady-state condition 
with constant discharge (i.e., kinematic wave) more appropriate for this 
application than an unsteady state condition (i.e., dynamic wave). We 
created the HEC-RAS hydraulic set-up based on the required data for 
Compton Creek obtained from LA County’s drainage area project, 
including cross-sectional data, document analysis of channel geometry, 
and photo-interpretation of the channel base width (USACE, 2011). The 
model was calibrated for Manning’s n at the gaging station on Compton 
Creek near Greenleaf Drive (LA County gage #F37B). 

The i-Tree Cool River model resamples the HEC-RAS outputs using 
an internal linear interpolation function to refine the spacing of cross- 
sections to 20 m (or finer based on the user’s preference) and applies 
the spatial variation in channel data and riparian features to simulate 
the river temperature based on the presented formulation in Eq. (1) to 
Eq. (4). Details on i-Tree Cool River model inputs for simulating river 
temperature and procedure to run the model as well as modify the C++

source code are presented in a detailed manual (downloadable at 
https://www.itreetools.org/tools/research-suite/hydro-plus), model’s 
GitHub page (available at https://github.com/reabdi/iTreeCoolRiver), 
and Abdi et al. (2020b). The code modifications also are available in the 
supplementary material file. 

3. Results and discussion 

Utilizing solar radiation data, sediment temperature and assuming 
that there was no subsurface inflow due to the concrete bedform, we 
calibrated the i-Tree Cool River model in low flow conditions, resulting 
in an R2 of 0.71 and Nash Sutcliffe Efficiency (NSE) of 0.69 for the 
observed temperatures and the reach-averaged simulated temperatures. 
In low flow conditions, the varying sediment temperature after cali-
bration had a range of 6.2 ◦C from 17.0 ◦C to 23.2 ◦C. For the constant 
sediment temperature simulations, we applied the average value of 
20.6 ◦C to all time steps. Our analysis showed that even though the 
differences between the average simulated river temperatures for both 
varying and constant sediment temperature conditions were close 
(21.4 ◦C and 21.5 ◦C, respectively), there was a large difference (58%) 
between the R2 values. The R2 of the varying sediment temperature was 
0.68 (NSE = 0.63) compared to an R2 of 0.43 (NSE = 0.12 when 
applying consistent sediment temperature (see Table 2 for more details). 

By applying the varying sediment temperature, the i-Tree Cool River 
model captured the diurnal variations of the water temperature through 

the simulation period. Within the first 20 days of the simulation, water 
temperature decreased to a minimum of 17.5 ◦C on June 10th and after 
reaching a peak on July 29th (24.2 ◦C), hit the maximum temperature of 
the period on August 28th (24.7 ◦C). Temperature subsequently declined 
until the end of the simulation (Fig. 2a). However, in the constant 
sediment temperature conditions, the simulated water temperature 
remained in a constant range without capturing the variations in the 
observed temperatures (Fig. 2b). 

For high flow conditions, we simulated all developed scenarios, 
including sediment temperature, cloudiness, shade effect, and solar ra-
diation. Variations in the simulated river temperature was negligible 
suggesting that in high flow conditions, the thermal inertia of the larger 
volume of water with an average depth of 30 cm in Compton Creek was 
dominant. This is compared to a 2–6 cm depth range during the low flow 
period. Similarly, average water velocity was 1.6 m/s and 0.3 m/s for 
high flow and low flow, respectively and the average cross-sectional 
water level area was 0.54 m2 and 0.07 m2 for the high flow and low 
flow, respectively (Stein et al., 2021). Webb et al. (2008) showed that in 
the Black Ball Stream, Exmoor, South–West England, radiative fluxes 
accounted for the heat inputs with an average of 70%, where in the high 
flows (from October to January 1995–96), influence of the friction at the 
stream interface with the bed and banks was the dominant factor 
(relative contribution of about 60%). In comparison to their observa-
tion, for our high flow study case (January 10 to April 10, 2016) the 
relative contribution of friction was on average about 40% meaning that 
although during these months topographic shading attenuated solar 
radiation, modifying the friction could affect water temperature during 
the wet season. Therefore, the i-tree cool river model that accommo-
dates changing sediment temperatures is a critical advancement for 
modeling shallow streams during low flow conditions, while less critical 
during higher flows. 

The variation of river water temperature in the low flow condition 
captured by our analysis is supported by prior model development and 
field observations. It has been found that the sensitivity of the river 
water temperature to flow attributes (e.g., depth) is as significant as that 
of weather parameters (Gu and Li, 2002). These parameters together 
determine the heat exchange through the water-air interface based upon 
a variety of hydrodynamical and meteorological factors including net 
solar radiation flux, net atmospheric radiation flux, water surface radi-
ation flux, evaporation heat flux, and sensible heat flux (Martin and 
McCutcheon, 1999). Sinokrot et al. (1996) explained the impact of 
in-stream river water column depth on water temperature and found 
that the occurrence of high water temperatures, besides stream 

Table 2 
Comparison of the average observed river temperature with the average simu-
lated river temperature for the constant and varying sediment temperatures. The 
table shows observed and calculated values from the simulated river tempera-
ture time series (first rows) as well as the differences from the observed data 
(second rows). Delta temperatures were calculated as simulated river tempera-
ture minus the observed river temperature.  

Statistical 
metrics 

Observed river 
temperature (◦C) 

Simulated stream temperature (◦C) 

Varying sediment 
temperature 

Constant sediment 
temperature 

Mean 21.2 21.4 21.5 
0.2 0.3 

Median 21.2 21.4 21.5 
0.2 0.3 

Minimum 16.5 17.5 19.6 
1.0 3.1 

10 percentile 19.3 19.7 20.1 
0.4 0.8 

90 percentile 23.0 23.1 23.2 
0.1 0.2 

Maximum 29.4 24.7 24.1 
− 4.7 − 5.3 

R2  0.68 0.43  
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thermodynamics process including the net radiation flux at the 
atmosphere-stream interfaces as the dominant factor, can be attributed 
to low water depths. A global analysis on water temperature showed that 
under climate change, the highest river temperatures occur during low 
water column depths, experiencing up to 26% increase in high (95th 
percentile) water temperatures mainly due to an increase in atmospheric 
energy input (Van Vliet et al., 2013). Pyka et al. (2016) also documented 
that water diversion (affecting the water depth) and climate change on 
the Meuse and Rur Rivers, Germany, have a stronger thermal effect on 
hot summer days with low water levels (>2.5 ◦C, 15%) compared to 
temperature difference for the annual mean values which was only 
0.5 ◦C (4%). 

These findings support our analysis on thermal restoration scenarios 
during low flow periods, where we found approximately a 3 ◦C–4 ◦C 
(13%–18%) cooling effect on MaxWMT and MaxWAT metrics for the 
study area (more below). While observed temperatures were within both 
fishes’ thermal tolerances, a decrease in 3 ◦C–4 ◦C would improve the 
thermal habitat in Compton Creek, yielding stream temperatures that 
are well within their spawning range and would further provide a buffer 
against future warming. 

Comparing river temperature metrics of the simulated with the 
observed river temperatures in the Compton Creek study reach for the 
low flow period showed relatively close predictions of the river tem-
perature metrics with varying substrate temperature with an R2 of 0.68, 
58% higher compared to the constant substrate temperature. Using the 
varying substrate temperature time series data, the i-Tree Cool River 
model’s simulated temperature time series data followed decreasing and 
increasing trends in almost all the simulation periods for all three river 
temperature metrics, MaxWMT, MaxWAT, and MinWMT (Fig. 3). The 
MaxWAT values for the constant and varying substrate temperatures 
showed better performance for the varying substrate temperature. The 
average MaxWAT metrics for the varying substrate temperatures was 
22.9 ◦C, which was 0.1 ◦C more than the MaxWAT values for the 
observed temperature, with an R2 of 0.85. This ΔT for the constant 
substrate temperature simulation option was 0.4 ◦C more than the 
average MaxWAT values for the observed temperature (23.3 ◦C) and R2 

was 0.80. As seen in Table 2, the model’s performance with varying 
substrate temperatures was evident in MinWMT metrics where the R2 

for the observed and varying substrate temperatures condition was 0.95, 
and the R2 for the observed and constant substrate temperatures con-
dition was only 0.52. Furthermore, the range of the calculated metrics 
between the 75th and 25th percentiles for the simulated river 

temperatures with varying substrate temperature was 77% of the range 
for the observed temperatures. However, when the constant substrate 
temperature was used, the data range for the simulated river tempera-
tures was only 28%, showing 2.7 times less diurnal variation in 
capturing the diurnal change of the water temperature (Fig. 4). 

The medians for the MaxWMT, MaxWAT, and MinWMT metrics for 
Compton Creek in the baseline scenario were 23.6 ◦C, 22.9 ◦C, and 
20.3 ◦C, respectively, with the apparent diurnal pattern of warming and 
cooling (Fig. 5). The decreasing trend in the average river temperature 
metrics associated with each restoration scenario demonstrated their 
cooling effect on the simulated river temperatures (Fig. 5). The scenario 
of tree planting and creating the benefit of shading in the riparian area 
decreased the median of the MaxWMT, MaxWAT, and MinWMT metrics 
by an average ΔT of 3 ◦C (13%) to 20.4 ◦C, 19.7 ◦C, and 17.8 ◦C. The 
scenario of using limecrete (white limestone sand) as an alternative bed 
material decreased the median of the MaxWMT, MaxWAT, and 
MinWMT metric by an average ΔT of 0.9 ◦C (4%) to 22.7 ◦C, 22 ◦C, and 

Fig. 2. Reach-averaged observed and simulated river temperature for Compton Creek in low flow conditions (June 5th to September 5th, 2016). The figure shows the 
simulated river temperatures for varying (a) and constant (b) sediment temperatures. 

Fig. 3. River temperature metrics for the three-month simulation period (Jun. 
5th - September 5th, 2016) for low flow conditions for observed and simulated 
temperatures with constant and varying substrate temperatures. The figure 
shows values for the MaxWMT (a), MaxWAT (b), and MinWMT (c) metrics. The 
number of weeks refers to the number of weeks elapsed in the simulation. 
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19 ◦C, respectively. Combining the restoration treatment of alternative 
bed material with tree planting in the riparian area generated an average 
ΔT of 4 ◦C (18%) for the MaxWMT, MaxWAT, and MinWMT metrics, 
and decreased the medians for these metrics to 19.4 ◦C, 18.6 ◦C, and 
16.8 ◦C, respectively (Fig. 5). The maximum calculated MaxWMT metric 
for the simulation period in the low flow condition under the baseline 
condition without treatment was 24.7 ◦C and did not exceed the 30 ◦C, a 
threshold where conditions become stressful for the region’s native 
riverine fishes. When we applied the tree planting scenario, the medians 
of the MaxWMT and MaxWAT metrics reduced to 20.4 ◦C and 19.7 ◦C, 
respectively, and the 75th percentiles were 20.9 ◦C and 20 ◦C, all well 
within the range necessary for the two fish species to spawn successfully. 

Through the restoration scenarios, we have shown that river tem-
perature can be reduced sufficiently to support the reproduction of the 
target fish species. However, other physical factors such as depth and 
velocity would need to be considered in order to provide a fully repre-
sentative habitat suitability analysis. 

Our simulations illustrate the higher contribution of tree planting to 
the cooling of water temperature compared to the alternative bed ma-
terial (Fig. 5). The restoration scenario of riparian shading led to a 
decrease in average river temperature of 3.2 ◦C on June 5th to 

September 5th, 2016 for the study reach, demonstrating the applica-
bility of the proposed treatment for the decision-making process (Kazak 
and Hoof, 2018). Roth et al. (2010) analysis showed that loss of urban 
riparian vegetation along the Boiron de Morges River in Switzerland 
increased the August 2007 average maximum air temperature by 1.6 ◦C 
and river temperature by 0.7 ◦C. Similarly, Sun et al. (2015) showed the 
observed and simulated maximum river water temperature in Mercer 
Creek of Washington State dropped by 4 ◦C in the study reach with more 
riparian and floodplain forest. To achieve the determined target native 
fish habitat thermal suitability in Stroubles Creek, Virginia, Ketabchy 
et al. (2019) used a watershed level heat budget model and showed that 
urban forest expansion cooled summertime (July–August 2015) water 
temperature by 1.4 ◦C. In addition to the cooling effect on the water 
temperature of the Compton Creek, tree planting in the highly urbanized 
LA area could decrease the ambient air temperature, potentially by 
2.2 ◦C as calculated by Endreny et al. (2017), which could mitigate the 
urban heat island phenomena in this area (Vahmani and Ban-Weiss, 
2016; Santamouris et al., 2018). Furthermore, enhancing urban green-
ness in the Compton Creek riparian corridor would not only help 
maintain thermal stream habitat suitability (Opperman and Meren-
lender, 2004; Abdi et al., 2020a), but also could provide a wide range of 

Fig. 4. Box plots showing the variation of the calculated river temperature metrics from observed (obs.) and simulated river temperature for Compton Creek using 
varying (Sim.V.) and constant (Sim. C.) substrate temperature for low flow conditions (June 5th to September 5th, 2016). The figure shows the box plots for three 
metrics MaxWMT (a), MaxWAT (b), and MinWMT (c). 

Fig. 5. Box plots showing the variation of the calculated river temperature metrics for the base case with no treatment (Base), scenario of alternative bed material 
(Bed), scenario of riparian shading effect (Shade), and the combination of the restoration scenarios (Combined) simulations. The figure shows the box plots for three 
metrics MaxWMT (a), MaxWAT (b), and MinWMT (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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ecological benefits including filtering pollutants (Aguiar et al., 2015) 
and maintaining stream channel geomorphology (Broadmeadow and 
Nisbet, 2004). Enhancing urban greenness can also provide socioeco-
nomic benefits, such as improving aesthetics and increasing property 
values, additional recreational opportunities, and physical and mental 
health benefits (James et al., 2015) to lower income areas in the study 
site. 

Even though our analysis showed better performance of riparian 
vegetation shading effect against alternative bed material as an 
ecological restoration management scenario, a mixture of white lime-
stone sand bed material has some benefits for maintaining thermal 
habitat. The bank and bed materials in Compton Creek and, on a broader 
scale, in large sections of the LAR are mostly lined with gray concrete 
slabs to prevent destructive flood events. In the LAR watershed, which 
includes Compton Creek, removing concrete material is expensive, 
challenging, and complex, as there are 17 cities and five additional 
county, state, and federal government agencies with jurisdiction that the 
LAR passes through. For example, the City of LA and the US Army Corps 
of Engineers (USACE) came to an agreement for rehabilitating 17.7 km 
(11 miles) of the LAR’s riparian habitat, between Griffith Park and 
downtown LA, by applying nature-based solutions for maintaining flood 
mitigation, which is now estimated to cost at least $1.4 billion (USACE, 
2015). USACE also estimated that the process for the project would take 
at least 10 years. Furthermore, providing an effective riparian forest for 
the channelized Compton Creek is challenging due to the dense urban-
ized area in the riparian buffer. In this case, replacing existing bare 
concrete with a higher albedo and more environmental-friendly mate-
rial may be preferred by city planners and policymakers. Limecrete is an 
economic solution that could address groundwater contamination in the 
area, reduce the carbon footprint for the applied material (Kwan and 
Ling, 2017; Sen et al., 2019), and although sediment deposition in 
certain reaches could be make it less effective, it can overall provide a 
cooling effect for the substrate temperature and therefore river water 
temperature during low flow periods. 

The observed baseline river temperatures in Compton Creek were 
already within the boundaries of both the arroyo chub and stickleback’s 
minimum and maximum thresholds to survive (10–30 ◦C). However, the 
creek does not currently support successful recruitment for either fish 
and if there is further warming in the future, the creek will be too hot for 
either fish to survive. The arroyo chub will survive in the modeled 
temperature ranges with the stream restoration scenarios improving 
both thermal and physical habitat (Castleberry and Cech, 1986). Sum-
mer temperatures in Compton Creek are also supportive of arroyo chub 
spawning temperatures, 14–22 ◦C (Moyle et al., 2015), a sensitive period 
for ectotherms. As our model demonstrates, restoration scenarios lower 
the river temperature in Compton Creek by up to 4 ◦C during the critical 
low flow period to well within the fishes’ observed thermal range and 
required spawning temperatures. Increased shading will further insulate 
the stream and protect their thermal habitat (Poole and Berman, 2001), 
providing a buffer from diurnal shifts in temperature as air temperatures 
increase in the future. 

4. Conclusion 

Biodiversity in freshwater systems is declining at an alarming rate 
and restoring native fish species to suitable habitat is critical for their 
survival and ecological concerns around elevated water temperatures 
generally occur during the summer. In this study, we refined the 
mechanistic river temperature model, i-Tree Cool River, to evaluate: (a) 
the role of the varying streambed temperature compared to constant 
substrate temperature on water temperature, and (b) the cooling effects 
of alternative ecological restoration scenarios, including alternative bed 
materials and riparian shading. The key findings included: (1) after our 
updates to the model to account for diurnal fluctuations of streambed 
temperature, model simulated water temperature was improved (R2 

increased from 0.43 to 0.68), and (2) unlike the high flow condition, 

during the low flow period river temperature was most affected by the 
tested restoration scenarios in addition to the upstream boundary 
condition. 

The management scenarios developed in this study for 4.2 km reach 
of Compton Creek, CA during the dry weather period, June 5th to 
September 5th, 2016, were shown to be effective in protecting thermal 
habitat for the arroyo chub and stickleback, and in restoring suitable 
thermal conditions for spawning. Our findings also indicated that tree 
planting and riparian shading could potentially decrease water tem-
peratures by an average of 3 ◦C (13%). Using alternative bed materials, i. 
e., higher albedo and environmentally-friendly composition, can also 
decrease water temperature by an average of 0.9 ◦C (4%), and when 
combined with tree planting in riparian zone restoration treatment, the 
aggregate mitigation efforts decrease average river temperature by 4 ◦C 
(18%). Selecting restoration measures that are effective within the 
existing constraints of this highly urbanized system will improve the 
chances of success for the project; additionally, implementing restora-
tion measures at the watershed scale would further increase success for 
the target species. 

The LAR Revitalization Plan (City of Los Angeles, 2007) calls for 
enhancing lower Compton Creek by terracing levees and enhancing the 
low flow channel to mimic more natural river features including more 
natural substrate, vegetation, and meanders. This would not only 
enhance fish (and bird) habitat but provide recreational and educational 
opportunities for the surrounding communities. Tree planting and 
increased shading would also reduce the likelihood of high pathogen 
levels and algal blooms due to nutrient enrichment as well as contribute 
to larger-scale urban cooling. 

Future research on ecological restoration in the LAR should also 
consider LAR’s physical properties for a broader analysis of maintaining 
river habitat. For example, fish passage in the mainstem needs more 
reliable conditions to facilitate migration, requiring not only appro-
priate river temperature and thermal refuge, but the river’s other 
physical characteristics, such as cross-sectional dimensions which 
impact velocity and depth, could be engineered to facilitate migration of 
desirable species like the steelhead (Oncorhynchus mykiss irrideus). 
Stream restoration measures and coordinated environmental release 
flows would facilitate the migration of this larger deep-bodied species of 
fish. Currently, under the two restoration scenarios, the modeled metrics 
related to maximum temperature (MaxWMT and MaxWAT) were above 
20 ◦C for the study’s simulation period. To support migrating salmonids, 
like the steelhead, additional cooling measures would be necessary. 
Furthermore, other thermal restoration alternatives should be consid-
ered based on stakeholders’ future plans, including: (a) groundwater 
recharge through green infrastructure and riffle-pool bedform 
morphology to provide more soft bottom reaches for the river, (b) urban 
forests in the exterior parts of the watershed to support cooling the air 
temperature and upstream river temperatures boundary condition, and 
(c) using water-cooled chillers in the entrance of warm surface inflows 
on Compton Creek, the LAR, or the river’s other major tributaries. 
Although calibrating and validating a mechanistic river temperature 
model for a shallow urban river in low flow periods is challenging, it is 
not a limiting factor for testing restoration scenarios as the relative river 
temperature change are representative for analyzing the effectiveness of 
developed scenarios, which can be assessed based on ΔT values. Find-
ings from this analysis can assist city planners, NGOs, and other stake-
holders that are involved in the LAR’s restoration plans, and be used to 
assess other restoration efforts across the region. 
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