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Abstract. Stream temperatures have been increasing worldwide, in some cases, reaching unsustainable levels for aquatic life.
Riparian re-vegetation has been identified as a strategy for managing stream temperatures by blocking direct solar radiation.
In this study, the effects of riparian vegetation on stream temperatures were included within the Soil Water Assessment Tool
(SWAT) model through a shade factor parameter. An equilibrium temperature approach was used to integrate the shade factor
in an energy balance context. The stream temperature sub-model was improved using the new energy balance equation and
integrated into SWAT. Unlike existing models, the modified SWAT model developed enables improved representation of two
processes - mass and heat transfer - that influence stream temperature change and enables simulation of shading and its effects
on stream temperatures at sub-basin scales. The updated SWAT model was tested in Dairy McKay Watershed, OR, USA, for
four scenarios: current conditions of riparian vegetation, full restoration, efficient restoration, and no vegetation. The model
calibration under current riparian vegetation showed good performance (NSE>0.74). Stream temperature reduction and
number of days with stream temperatures above survival limits (NDSTASL) for aquatic species were also evaluated as
measures of riparian shade performance. Findings showed average temperature reductions of 0.91 °C (SD = 0.69 °C) and
reductions in NDSTASL of 17.1 days over a year for full riparian restoration, and average reductions of 0.86 °C (SD = 0.67
°C) and 16.2 days for efficient restoration. Notwithstanding the similar benefits, efficient restoration was 14.4% cheaper than

full riparian vegetation restoration.

1 Introduction

Stream temperature is an important parameter in water quality not only because it is one of the main indicators of biodiversity
and sustainable aquatic ecosystems in rivers, but also because it is directly linked to other water quality parameters such as
dissolved oxygen, salinity, and pH. Ranges in stream temperature determine the habitat suitability for aquatic species.
Significant changes outside the natural ranges in stream temperature can cause the death or migration of endemic species and
the potential entry of non-native species, leading to an ecological imbalance. For example, elevated stream temperatures can

increase the solubility of certain heavy metals such as cadmium, zinc, and ammonia which are toxic for aquatic life. High
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stream temperatures are also linked to low levels of dissolved oxygen, increases in conductivity, low levels of oxidation-
reduction potential, decreases in pH, all of which can alter aquatic life and its viability (Fondriest Environmental Inc., 2014).
Historical records from the past 30 to 100 years show that stream temperatures throughout the United States have significantly
increased at rates of 0.009 to 0.077 °C/year (Kaushal et al., 2010). Unusual increases in water temperatures observed in the
western US have exceeded limits for survival of certain aquatic species (Sherwood, 2015). For example, in the summer of
2015, the Oregon Department of Fish and Wildlife estimated an approximately 55% reduction in the sockeye salmon
population along the lower Columbia River stretch due to stream temperature rising to 24.5 °C (Nguyen, 2021; Sherwood,
2015). Over the past 70 years, the abundance of species such as Coho salmon has shown a drastic decline in California, with
similar but less drastic trends in Oregon, due to various factors including elevated stream temperatures (NMFS, 2012, 2014).
Changes in stream temperature are driven (i) by heat transfer processes that involve the gain/loss of heat in the water body by
several thermodynamic pathways, and (ii) by mass transfer processes that involve the gain/loss of heat from hydrologic flows
that interact and mix with the target stream (Boyd & Kasper, 2003). Within these two types of processes, many factors
corresponding to the channel morphology, hydrology, and vegetation surrounding the river affect the surface water
temperature. These processes can also be influenced by human activities such as the discharge of industrial effluents with high
temperatures, riverbed modifications, and alteration of the riverside vegetation favouring a greater solar exposure of the water
body. While warm flow discharges from industrial effluents are the main point source of heat, short wave radiation is the main
diffuse source of heat that alters stream temperatures. A reduction of riparian vegetation cover can increase loading of direct
solar radiation on the body of water. On the other hand, reforestation of riparian vegetation can block much of this energy
before reaching the surface of the stream, thereby, helping to maintain a relatively cool stream temperature. To illustrate,
studies conducted on the Salmon River in northern California by Bond et al. showed that simulations of partial riparian
reforestation would reduce stream temperatures by 0.11 to 0.12 °C/km and full reforestation by 0.26 to 0.27 °C/km (Bond et
al., 2015).

The increase in the temperature of streams in recent decades has stimulated the interest of researchers to study and establish
predictive models. These models mainly classified as mechanistic or statistical, vary from simple to complex, involving few
to numerous parameters, with time scales ranging from minutes to months, and spatial scales ranging from local to global.
Mechanistic models are physics-based numerical models involving concepts of hydrological and energy balance processes in
their equations, while statistical models are models that employ data-driven techniques to establish functional relationships
between stream temperature and meteorological or physical parameters of the basin (Sohrabi et al., 2017; Stefan &
Preud’homme, 1993). Although statistical models may yield reliable outcomes, they do not consider restrictions of the
watershed hydrological process.

Mechanistic models involve heat and mass transfer processes in their structure. Full heat transfer processes involve fluxes
through the air-water interface, the water-sediment interface along the river bed, and chemical reactions in the aquatic
environment. However, few models have the capability to include a complete balance of heat input and output in the stream

temperature simulation. Rates of gain/lost heat from aquatic chemical reactions and through the water-sediment interface are
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often very small compared to heat fluxes through the air-water interface. The mass transfer process requires establishing the
inlet and outlet discharge flows through the water body boundaries and their corresponding temperatures. This involves
knowing components from a hydrological model such as the stream tributary flows, the lateral flow, the outgoing or incoming
flow rate of the groundwater, the precipitation that falls directly on the stream, and the hyporheic exchange flow. For example,
the Heat Source model integrates these heat and mass transfer processes into a river-scale analytical model (Boyd, 1996; Boyd
& Kasper, 2003). The i-Tree Cool River Model is a 1D model that simulates the stream temperature including the advection,
dispersion, energy flux and mixing processes on a river scale (Abdi et al., 2020; Abdi & Endreny, 2019). Previous works to
integrate the heat transfer process into sub-basin-scale hydrologic models have resulted in models limited to certain regions
and parameters, such as the Hydrologic Simulation Program-FORTRAN (Chen et al., 1998), the Stream Network Temperature
(SNTEMP) energy-balance-based model (Krause et al., 2005), the Distributed Hydrology Soil Vegetation Model (DHSVM)
(Battin et al., 2007; Wigmosta, M.S. et al., 1994; Yearsley, 2009), and the Hydrodynamic and Water Quality model (CE-
QUAL-W2) (Zhu et al., 2019).

In the same vein, Ficklin et al. (2012) developed a hydroclimatological stream temperature model (called “Ficklin model”,
here on), within the integrated watershed model, Soil and Water Assessment Tool (SWAT; Arnold et al., 1998; Neitsch et al.,
2009), which involves simplified terms representing the mass transfer process and a surrogate term representing the heat
transfer process. In the mass transfer process, the model follows a mixing approach of the different runoff flux in the SWAT
model (snowmelt flow, surface runoff, lateral flow, groundwater flow) associated with their corresponding temperatures, while
the process of heat transfer is represented by the difference of air and water temperature at the air-water interface multiplied
by a calibrated coefficient.

Stream temperature simulations, conducted using the Ficklin et al. model in several watersheds in the Columbia River basin
in Northwest US (Ficklin et al., 2014), the Sierra Nevada, California: (Ficklin et al., 2012), Marys River, Oregon (Mustafa et
al., 2018), and Athabasca River basin in, Alberta, Canada (Du et al., 2018), showed more accurate compared to the statistical
model results proposed by Stefan & Preud’homme (Stefan & Preud’homme, 1993). Although, the model presents an explicit
approach to the mass transfer process, including the main components of the mass balance of the river; the heat transfer process
is simplified by the difference in temperature at the air-water interface multiplied by the flow travel time and the calibrated
coefficient. Attempts to incorporate an explicit component of the energy balance into the Ficklin et al. model have included
use of an equilibrium temperature approach (Du et al., 2018), and use of thermal radiation components (Mustafa et al., 2018)
that are widely employed in the Heat Source model (Boyd & Kasper, 2003). These additions include an in-detail representation
of the heat loss/gain components through the air-water interface such as solar radiation, atmospheric longwave radiation, back
radiation, convection, and evaporation. Despite the efforts made to include an explicit energy balance approach to the Ficklin

et al. model, these studies did not consider the shading factor generated by the riparian vegetation, which is an important factor

that represents the blocked radiation heading to the stream.



100

105

110

115

120

125

https://doi.org/10.5194/hess-2022-116 Hydrology and
Preprint. Discussion started: 23 August 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

Therefore, in this work, we fill that gap by incorporating the shade factor into the equilibrium temperature approach (Edinger
et al., 1974), and couple it with the improved hydroclimatological SWAT model of (Ficklin et al., 2012) to improve the
simulation of the heat transfer process at the water-air interface.

1.1 Objectives

The main objective of this work is to add an explicit energy-balance model that includes the shading factor of riparian

vegetation into Ficklin's stream temperature model (Ficklin et al., 2012), and then integrate the improved approach into the

SWAT hydrological model (Neitsch et al., 2009). After evaluating the improved stream temperature model in SWAT for Dairy

McKay watershed (DMW) in Oregon, USA, this work also addressed the following related objectives:

- Evaluate the effects of riparian vegetation on the shade factor and reductions in stream temperature, for four scenarios:
full restoration along both banks of stream network, efficient restoration of riparian vegetation, current riparian conditions,
and no vegetation.

- Evaluate the reduction in the number of days above survival limits for aquatic species such as salmon, for the two scenarios
of full restoration and efficient restoration of riparian vegetation in DMW.

The following section describes the overall methodology (Section 2) employed in this study including a description of the

study area, the hydrologic model, and the stream temperature model along with the shade factor model. Section 3 presents the

calibration of the hydrologic and stream temperature model, the assessment of the shade factor and stream temperature under
four cases of riparian vegetation, and Section 4 summarizes the overall conclusions of the study followed by suggestions on

directions of future work.

2 Materials and Methods
2.1 Dairy McKay Watershed Case Study

The Dairy-McKay watershed (DMW) (HUC-10: 1709001003), located in Northwestern Oregon, is part of the Tualatin sub-
basin (HUC-8: 17090010). It encompasses an area of 598.3 square kilometers draining into the Tualatin River (Fig. 1). The
DMW is characterized by higher elevations and varied topography of the Coast Range in the northern part and flat topography
in the southern. The highest elevation corresponds to 690 masl, while the lowest one corresponds to 35 masl at the confluence
with the Tualatin River. Characterized by having perennial flow, DMW is considered one of the main tributaries of the Tualatin
River, which is the prominent channel within the watershed. The major area of DMW is located across Washington county
(97.4%), and 1.3% across Multnomah, and the last 1.3% across Columbia county.

The DMW climate corresponds to a Mediterranean climate with the lack of rains in summer (51 mm) and mild intensity, long
duration rains in winter (719 mm). DMW soils are mainly composed of fine soils such as silt and clay with abundant natural
phosphate. Due to the predominance of fine soils, upstream areas are vulnerable to erosion and landslides phenomena. In

agricultural areas, water quality has been found to degrade rapidly, with higher water temperature and higher phosphorus

4
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concentrations. Some streams such as the West Fork Dairy Creek show lower Dissolved Oxygen (DO) levels than natural
conditions, limiting aquatic life. Although improvement concerning DO has been observed in some streams, stream
temperatures remain degraded. Regarding land use, there are three main areas: the northern half area is dominated by forestry
involving around 55% of the DMW, the center part is dominated by agriculture that encompasses around 40%, and the southern
part is dominated by a growing urban area by around 5%. The upstream part of the DMW is dominated by long-lived trees
species such as evergreen forest and shrubland, while the downstream part is dominated by seasonal crops such as Slender

Wheatgrass, and at the most downstream extent, is dominated by urban areas.
2.1 Hydrologic Model

Hydrological processes for DMW were simulated by using the Soil and Water Assessment Tool 2012 (Neitsch et al., 2011);
developed by the United States Department of Agriculture (USDA) Agricultural Research Service. The process-based SWAT
model can simulate different conditions of soil management practices in large and complex basins and predict their effects on
the outflow, production of sediments and chemicals, and instream temperature (Neitsch et al., 2009). The model can simulate
these hydrological processes for long periods, and at daily, monthly, and annual time steps. The study area was divided into
60 sub-basins, with areas ranging from approximately 0.41 km? to 19.4 km? (average 9.97 km?), overlying as far as possible
on 12-digit HUC boundaries from DMW. For modeling purposes, each sub-basin was divided into small areas called
"Hydrologic Response Units" (HRU), which are portions of areas that have unique combinations of slope topography, land
use, and soil type features. Slope topography was calculated from DEM and classified in three ranges: 0-5%, 5-20%, and
greater than 20%. The land use and soil data were retrieved from the National Land Cover Database (NLCD) and Soil Survey
Geographic Database (SSURGO) in raster format with 10x10m cell size (USDA, n.d.). To eliminate small coverage areas of
these features into each HRU, a threshold of 10% was considered. Hence, features with less than 10% of its HRU area were
not considered as part of the combination. As a result, the SWAT model divided the DMW into 991 HRUs.

Tile drainage was considered only for agricultural areas and controlled by three parameters - depth (DDRAIN), time to drain
soil to field capacity (TDRAIN), and drain tile lag time (GDRAIN), which were calibrated during flow calibration. Crop
operations based on the Heat Units to maturity from the main crops (Slender-wheatgrass, red clover, winter-wheat, sweet-corn,
and corn) were also considered in the watershed modeling. Stakeholders' Water Rights for irrigation purposes and Instream
Water Right were also included in the watershed modeling (OWRD, n.d.). From water rights belonging to stakeholders, the
allowed period to take water, the maximum volume of water allowed to take from the source, the maximum rate of water
allowed to take from the source, the Points-of-Diversion (POD), and the Places of Use (POU) were considered in the model.
From instream water rights, the minimum in-stream flow for irrigation diversion was considered in the model. The detailed
process for including water rights in the SWAT model is available in Sect. S1 in the Supplement accompanying the article.
Precipitation and air temperature data were obtained from the PRISM Climate Group database (OSU, 2014). The dataset is

available at a daily time scale and 4km spatial scale. After overlaying these data, 38 data sites were found to cover the DMW
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area. However, points adjacent to the basin have also been considered for modeling. Thus, 58 points were considered in the
SWAT model. Data on solar radiation, relative humidity, and wind speed were taken from the Forest Grove weather station
(Long.: -123.08361, Lat.: 45.55305, Elev.: 54.9 masl) from the Columbia-Pacific Northwest Region — US Bureau Reclamation
dataset (USBR, n.d.) on a daily time scale. Flow discharges and water temperature for calibration were obtained from two
stations: The East Fork Dairy Creek near Meacham corner (USGS 14205400), and the Dairy Creek at RTE 8 near Hillsboro
(Station ID-14206200) (USGS, n.d.). The first station lying at the sub-basin #31 outlet (see Fig. 1) was employed to calibrate
the upstream DMW, while the second station lying at the sub-basin #59 outlet was employed to calibrate the downstream
DMW.

2.3 Stream Temperature Model

Stream temperatures for DMW were simulated for four riparian vegetation scenarios. Scenario 1: simulation under current
conditions of riparian vegetation. Scenario 2: simulation considering a full riparian restoration on both stream banks. The full
riparian restoration contemplates the height of the trees equal to 45 m, which is the average height in the maturity stage (over
60 years) of the most common species in Oregon (Curtis et al., 1974). Scenario 3: simulation considering an efficient
restoration of riparian vegetation. Here, in E-W and W-E oriented streams, the southern bank was fully restored and the
northern bank was left in its present condition. The N-S and S-N oriented streams were fully restored on both banks. Scenario
4: simulation under conditions of no riparian vegetation in which both banks were parameterized in the SWAT model to have
zero contribution to SF from vegetation. In DMW, 19 streams were classified as E-W and W-E oriented with azimuths in the
range of 45° to 135° and 225° to 315°, and 41 streams as N-S oriented with azimuths ranging from 135° to 225°.

2.3.1 Stream Temperature Approach

In The SWAT model by default employs a linear relationship between air temperature and stream temperature (Stefan &
Preud’homme, 1993). Subsequently, Ficklin et al. (Ficklin et al., 2012) proposed an improved stream temperature model via
three main components that represent the mass and energy transfer processes. The first component (Eq. 1) of the Ficklin et al.
model computes the local stream temperature by mixing the snowmelt flow, groundwater, surface runoff, and lateral flow

multiply by their corresponding temperatures.

Tsnow (Sub_snow)+ Tgy, (sub_gw)+ 4 Tairlag (sub_surq+sub_latq)

@)

Where Ty, 1ocq: IS the local temperature; Tg,,,,, is the snowmelt temperature; Tg,, is the groundwater temperature; Ty 144 iS the

T =
w,local sub_wyld

average daily air-temperature with a lag (°C); sub_snow is the snowmelt contribution to streamflow within the sub-basin;
sub_gw is the groundwater contribution to streamflow within the sub-basin; sub_surq is the surface runoff contribution to
streamflow within the sub-basin; sub_latq is the soil water lateral contribution to streamflow within the sub-basin; and
sub_wyld is the total water yield contribution to streamflow within the sub-basin; and X is a calibration coefficient linking the

Tqir1ag @nd sub_surq and sub_latq.
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The second component (Eq. 2) of the Ficklin et al. model computes the temperature contribution of upstream sub-basin flow

(tributary flows) to the streamflow within the targeted sub-basin.

Twupstream (Qoutlet—Sub_wyld)+Ty, jocal (Sub_wyld) (2)

T initiat = P
Where Ty, initiq: 1S the stream temperature mixing the local temperature and the upstream streamflow temperature; T, ,.pstream
is the upstream stream temperature; and Q,,,¢.¢ iS the flow discharge at the outlet of the targeted sub-basin (m3/d).
The third component (Eq. 3) involves terms that represent the heat transfer process and are used to adjust Ty, jn;t4; tO Obtain
the final stream temperature.

Tw = Twnitial + [Tair — Twinitiar]- K- TT if Tgir >0 (3)

Ty = Twmitiat + [(Tair + €) = Tw imitiar]- K. TT if Toir <0
Where, T, is the final stream temperature in the targeted sub-basin (°C), T; is the average daily air-temperature (°C), K is
the bulk coefficient of heat transfer ranging from 0 to 1 (1/hr), TT is the travel time of water through the sub-basin (hr), and

€ is an air temperature addition coefficient to compensate water temperatures when air-temperature is negative.

2.3.2 Including the Explicit Approach of Energy Balance into Ficklin et al. Model

In this research, the third component of the Ficklin et al. model (Ficklin et al., 2012) was replaced by an explicit energy
balance equation. Thus, the rate of heat transfer through the air-water interface of the stream is calculated as follows (Edinger
et al.,, 1974) (Eq. 4-5):

dTy, _ XH
o " pen “)
XH=Hs+Hy —H,—H, — H 5)

Where, ZH is the sum of heat components transferred to or released by the river (Net heat flux), p is the water density (kg m"
%), C is the specific heat capacity (4186 J Kg* °C™?), h is the water depth (m), H, is the shortwave solar radiation, H,, is the
longwave atmospheric radiation, H,, is the back radiation emitted by water to the atmosphere in longwave form, H, Is the heat
loss from water to the atmosphere through evaporation, and H,. is the heat gain/loss through conduction and convection. The
rate of heat transfer through the air-water interface can be also represented proportional to the difference between the stream

temperature and the equilibrium temperature (Eq. 6-8) (Edinger et al., 1974).

dTW - Ke >(Te_Ts)

dt pCh Q)
T, = T[{ n g_: n Hat—3051.(se—4.48 T; (7)
K, =448+ 0.05T, + (8 +047).f(W) (8)

Where, T, is the equilibrium temperature defined as the hypothetical water temperature at which the net heat flux is zero, T;

is the modified dew-point temperature. Brady, Graves, and Geyer (Brady et al., 1969) have found negligible loss in accuracy
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when the modified dew-point temperature is assumed to equal to the original dew-point T; = T,; however, in this study, the
second term will be represented by a constant value (Eq. 9) that will be calibrated.

T; =Ty +c, 9)
For air temperatures ranging from 0 to 30 °C, the relationship between the air and dew-point temperature is nearly linear.
Considering that more than 97% of the DMW air temperature over a year is within this range (0-30 °C), we can assume a
linear relationship between the air and the modified dew-point temperature (Parish & Putnam, 1977; Lawrence, 2005) (Eq.10).

Ti=c, Ty +cy (10)
Where c¢; and c, are constants to be calibrated in the model. However, since the dew-point is always lower than or equal to
the air temperature, the coefficients were constrained to get T; < T,.
The short-wave radiation reaching the water surface is equal to the difference between the potential solar radiation and the
radiation blocked by barriers such as topography and riparian vegetation. This difference can also be expressed in terms of the
shadow that the barriers generate over the streams as a factor (Abdi et al., 2020; Boyd & Kasper, 2003) (Eq. 11).

Hy = 0.97 Hyqy, (1 — SF) (11)
Where: Hy,,, is the incident total solar radiation per day (MJ/m?.day), SF is the shade factor.
The longwave radiation (H,;) emitted by the atmosphere is computed by the Stefan-Boltzmann law (Hebert et al., 2011; Kim
& Chapra, 1997; Morin & Couillard, 1990).

2.4 Shade Factor Approach

The shade factor was calculated as the portion of solar radiation blocked by the topography and riparian vegetation divided by
the potential solar radiation that would reach the stream surface. Thus, the shading factor varied from 0 (when no solar radiation
is blocked) to 1 (when all the potential solar radiation heading toward the stream is blocked). The amount of radiation blocked
by the barriers depended on the size and proximity of trees, topographic angle, solar azimuth, solar angle, stream width, stream
azimuth, stream coordinates, the percentage of radiation solar that penetrates the canopy, and date/time. Thus, the shade factor
was different for each stream, each day within the year, and each instant within the day.

The existing vegetation Height (EVH) data was obtained from the Land-fire Program (LP) database (LANDFIRE, 2019) in
raster format with 10x10m cell size. The average height in a 30 m buffer was obtained. The proximity of trees was assumed
constant and equal to 5.0 m which is approximately equal to the average crown radius of the major tree species of Oregon at
maturity (Bechtold, 2003; Temesgen, H., Hann, D.W., & Monleon, 2007). Since forests and riparian vegetation in DMW were
mostly evergreens (LANDFIRE, 2019) that keep their leaves year-round and maintain a nearly constant high average leaf area
index throughout the year (Ishikawa et al., 2021; Thomas & Winner, 2000), the shade factor did not consider seasonal changes
in the leaf area index of riparian vegetation. For the scenarios of full and efficient riparian restoration, we also assume that this
type of vegetation will be planted. However, in rivers buffered by other types of vegetation, seasonal defoliation may be

relevant to consider
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The topographic angle, measured between the center of the stream and the highest topographic feature in a radius of 50 km,
was calculated from the DEM in the GIS environment for each river and each solar azimuth. When the topographic angle was
greater than the riparian vegetation angle, the blocked solar radiation was assigned to the topography.

Thus, the SF was calculated for each day of the temperature simulation period and for each DMW stream. These calculations
did not consider the shape of the trees, nor the density of the riparian vegetation. The detailed process for calculating the shade

factor is available in Sect. S2 in the Supplement accompanying the article.

3 Results and Discussion
3.1 Flow Calibration

The flow calibration in sub-basin #31 (upstream of the DMW) was performed from 1/1/2006 to 12/31/2018 while in sub-basin
#59 (downstream of the DMW) from 5/5/2011 to 31/12/2018 (Fig. 2a-b). The calibrated parameters in sub-basin # 31were
extended to the other upstream sub-basins with similar physical characteristics to the sub-basin #31, while the calibrated
parameters in sub-basin # 59 (downstream) were extended to downstream sub-basins.

The calibration process was performed by using the SWAT-CUP tool varying seventeen parameters (Detail of the calibrated
parameters are available in Sect. S3 in the Supplement). The Nash Sutcliffe Efficiency (NSE) values for sub-basin # 31 and #
59 for the calibrated model were found to be 0.74 and 0.86, respectively; the PBIAS values were 8.9% and 6.4%, respectively.
These efficiency values are consistent with calibrations performed for other watersheds (Arnold et al., 2012; Moriasi et al.,
2007), in which the NSE for the flow calibration ranged between 0.58 and 0.98 and the PBIAS was less than 10%.

3.2 Stream Temperature Calibration
3.2.1 Shade Factor

The shade factor in DMW streams varied both temporally and spatially. Temporally on average, the shade factor in winter was
found to be greater than in summer. Spatially, the shade factor ranged from 0.001 in streams with very little riparian vegetation
to 0.91 in streams with existing vegetation with tall trees. Note that values of shade factor for each stream for the existing
vegetation and other scenarios have also been graphed are discussed more in detail in section 3.3.1. In addition to existing
vegetation and topography, the temporal variation of the SF was driven by variation in solar declination and solar azimuth
during the year, while the spatial variation SF was driven primarily by stream orientation. Thus, the contribution of riparian
vegetation and topography in blocking the solar radiation, and therefore in the shade factor, was mainly conditioned by the
stream orientation (varying spatially), solar declination, and solar azimuth (varying temporally).

Overall, the contribution of topography to the shade factor was found to be small compared to the contribution of riparian
vegetation. For example, considering that the SF goes from 0 to 1, the topography contribution was found to be from 0.001 to
0.08 while the riparian contribution was found to be from 0.01 to 0.87. The contribution of topography to SF was found to be

even lesser in downstream streams than in upstream streams. For example, the average contribution of topography in the SF

9
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in upstream streams was 0.04 while in downstream streams it was 0.004. This means that the amount of solar radiation blocked
by the topography was considerably less than the amount blocked by the riparian vegetation in this watershed; however, in
rivers surrounded by high ridges, the topographic contribution may be more relevant.

Regarding riparian vegetation, because the DMW is located in the Northern Hemisphere, solar declination greatly favored to
the southern bank riparian vegetation to shade EW and WE oriented streams rather than the northern side. Therefore, the
southern bank contribution to the SF was significantly greater than that of the northern bank in EW and WE oriented streams.
However, in streams located in the Southern Hemisphere, this contribution would be inverse. In NS and SN oriented rivers,

the contribution of riparian vegetation from the western and eastern banks to the SF were similar over the year.

3.2.2 Calibration

The stream temperature calibration for the proposed model (“modified Ficklin et al. model”) was performed at the outlet of
sub-basins #31 and #59 in the periods 2/16/2012-12/31/2008 and 1/1/2006-5/3/2012, respectively (Fig. 3a-b). The calibration
was obtained by varying four parameters (A, tair_lag, C; and Cy), whose final values for sub-basin #31 were 0.88, 5, 0.67 and
1.16, respectively, and for sub-basin #59 they were 1.06, 6, 0.74 and 1.17, respectively. The Nash Sutcliffe Efficiency (NSE)
values for sub-basin # 31 and # 59 were 0.74 and 0.82, respectively. These two NSE values are considered as good fit and very
good fit (Moriasi et al., 2007), respectively, and are consistent with successful calibrations reported in other studies ranging
from 0.70 to 0.89 (Du et al., 2018; Ficklin et al., 2012; Mustafa et al., 2018).

The stream temperature calibration using the modified Ficklin et al. model highly outperformed stream temperatures computed
by using the Stefan’s equation (Linear model currently used as he default approach in SWAT). On the other hand, the accuracy
of the modified model was found to be fairly similar (within £0.05 NSE of each other) to the original Ficklin et al. model
(Table 1). Residual values of stream temperature simulated by the linear model, calibrated by the original and the modified

Ficklin et al. model for Sub-basin #31, and Sub-basin #59 are also shown in Fig. 4a-b.

3.3 Evaluating the Effects of Riparian Vegetation on Stream Temperature

Data of existing vegetation of the main DMW streams show non-forested banks in 45.3%, partially forested in 42.5%, and
only 12.2% of high forested banks, indicating that there is still a significant amount of buffer zone to reforest and an important
amount of solar radiation heading to the streams to be blocked. However, the restoration of all potential vegetation can become
a costly alternative as financial resources are often limited (Minnesota Board of Water and Soil Resources, 2009). Hence, the
optimization of potential riparian then results to be an effective option to find the most favorable riparian without sacrificing

the goal of stream temperature reduction.

3.3.1 Effects of Riparian Vegetation on the Shade-Factor

The full (Scenario 2) and efficient (Scenario 3) riparian restoration resulted in increases in the Shade Factor (SF) with respect

to the existing riparian vegetation (Scenario 1), in all the 60 DMW streams (Fig. 5). In streams with no forested and partially
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forested banks, substantial SF increases were obtained. For example, the SF of Stream #20 in sub-basin #20 increased from
0.002 (current SF) to an average of 0.93 under full reforestation and to 0.86 under efficient reforestation. In areas forested with
relative tall trees, minor increases in SF have been obtained. For example, the SF of Stream #1 increased from 0.82 (current
SF) to 0.89 (in full and efficient riparian reforestation).

The contribution of riparian vegetation in the SF varied according to the stream orientation (azimuth) and the stream bank. To
illustrate, in the stream #20 (with azimuth 107.5° - near WE orientation), in full riparian restoration, the southern bank
contributed 92.2% in the SF increase, while the northern bank contributed in only 7.7%, and the topography contribution was
0.1%. In efficient riparian restoration (scenario 3), the northern bank was not considered to be reforested; therefore, the SF
increase is only due to the southern bank reforestation.

Overall, due to DMW's location in the Northern Hemisphere, in streams with a dominant E-W and W-E orientation, the
contribution to SF from the southern side riparian vegetation was greater than that from the northern side. In streams with a
dominant N-S and S-N orientation, the contribution to SF from the eastern and western side riparian vegetation were similar.

Details showing the contribution of stream banks to the SF increase are available in Sect. S4 in the Supplement.

3.3.2 Reduction of Mean Stream Temperature

The full and efficient riparian restoration resulted in stream temperature reductions with respect to the existing riparian
vegetation, in all the 60 DMW streams. In both riparian restoration scenarios, average annual temperature reductions in stream
segments ranged from 0.02 to 3.17 °C, compared to current conditions (Scenario 1). Despite the same ranges, the mean
reductions in stream temperatures for full riparian restoration was 0.91 °C (SD = 0.69 °C) while for efficient restoration it was
0.86 °C (SD = 0.67 °C). In summer period, these reductions ranged between 0.03 and 5.21 °C, with a mean of 1.40 °C (SD =
1.17 °C) for full riparian restoration and 1.31 °C (SD = 1.13 °C) for efficient riparian restoration (Fig. 6a-b). Reductions in
stream temperature were found to be directly proportional to increases in shading factor. Thus, streams with substantial

increases in SF also showed substantial reductions in stream temperatures.

As in the SF analysis, in streams with a dominant E-W and W-E orientation, the contribution to stream temperature reduction
of riparian vegetation on the southern side was greater than that on the northern side. In N-S and S-N oriented streams, both
the eastern and western banks contributed to the stream temperature reduction in a similar way. Stream temperature reductions
for full and efficient riparian restoration were quite similar. This implies that a strategic allocation of riparian vegetation can
achieve levels of stream temperature reduction as well as a full restoration. This finding is consistent with previous studies
seeking strategic placement of riparian vegetation to achieve the greatest reduction in water temperature. (DeWalle, 2010;
Garner et al., 2017; Johnson & Wilby, 2015). Details showing the contribution of stream banks to the stream temperature

reduction are available in Sect. S5 in the Supplement accompanying the article.
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3.3.3 Reduction of the Number of Days with 7-Day Average Maximum Stream Temperature greater than 18 °C

The 7-day average maximum (7dAM), calculated by averaging the daily maximum stream temperatures for 7 consecutive
days, is the biologically based numeric temperature criteria to characterize the beneficial use of freshwater (ODEQ, 2008). To
evaluate the model performance in relation to biological criteria, we used the numeric temperature criteria corresponding to
salmon & trout rearing migration, which establish that the 7dAM do not exceed 18°C (ODEQ, 2008). In full riparian
restoration, the reduction of the number of days exceeding 18°C over the year in average varied from 0 to 58.5 days (M = 17.1)
(Fig. 7a) and over the summer from 0 to 33 days (M = 11.4) (Fig. 7b). The lowest reduction was observed in Stream #25, while
the greatest reduction was observed in Stream #49. In efficient riparian restoration, the reduction of the number of days
exceeding 18 °C over the year and over the 60 DMW streams, varied from 0 to 58.5 days (M = 16.2), and over the summer
varied from 0 to 29.4 days (M = 10.6 °C), on average. These reductions were consistent with the increase of the SF. In the sub-

basins with higher SF increases, the reduction of the number of days exceeding 18 °C were also found to be higher.

3.3.4 Cost of Riparian Restoration

Considering the vegetation density data in a 30-meter buffer zone, approximately 1900.7 acres of no forested areas and 1,770.6
acres of partially forested areas could be restored in the DMW. Riparian restoration costs vary according to factors such as
location and technology used. In 2010, the ODEQ estimated the average cost of restoring riparian vegetation in rural areas in
4,695 USD per acre (ODEQ, 2010). Based on the cost value estimated for 2010, the full riparian restoration of DMW streams
could cost 12.27 million USD, while an efficient riparian restoration could cost 10.51 million USD. Therefore, the efficient
riparian restoration could be 14.4% cheaper in cost than the full restoration, while in terms of benefits of reducing stream
temperature and reducing the number of days exceeding 18 °C, efficient restoration would have achieved more or less similar
results to full restoration. Using the reduction in the number of days exceeding 18 °C as a metric for benefit of riparian
restoration, the Benefit-Cost Ratio (BCR) was determined as an indicator of investment efficiency in the 60 DMW streams
(Fig. 8). The BCR values show that headwater streams obtain greater benefits from riparian vegetation restoration per
investment cost than downstream streams in both full restoration (Scenario 2) and efficient restoration (Scenario 3) (Fig. 9a-
b).

4 Conclusions

This study presented and evaluated a stream temperature modeling approach for the Soil and Water Assessment Tool that
integrates an explicit energy balance model to simulate the heat transfer process influenced by riparian shading. The energy
balance equation incorporated into the hydrometeorological model included the three main sources of energy (shortwave
radiation, longwave radiation, evaporation, and conduction). The riparian vegetation was included through the shade factor in
the shortwave radiation equation. An approach for calculating shading factor was proposed and used to evaluate the effects of

riparian shading on blocking the solar radiation and reducing the stream temperatures. The capability of the original Ficklin et

12



375

380

385

390

395

400

https://doi.org/10.5194/hess-2022-116 Hydrology and
Preprint. Discussion started: 23 August 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

al. model was improved by enabling mechanisms for capturing the cumulative effects of riparian vegetation shading on the
stream temperature within the watershed. Unlike other models, this approach shows the stream temperature simulation at sub-
basin scales considering detailed processes of both heat and mass transfer.

The topographic influence was also assessed, though its influence on the shade factor and the temperature of the streams were
found to be very small at the testbed site. Because of DMW:'s location in the Northern Hemisphere, solar declination angles
during the year were mostly favorable for southside riparian vegetation to shade E-W and W-E oriented streams more than
northside riparian vegetation. Therefore, the contribution of the southside riparian vegetation to the increase in SF and the
reduction in stream temperature were more relevant than the northside riparian vegetation in EW and WE oriented streams.
Conversely, in SN and NS oriented streams, shading and contribution of eastern and western banks were similar. Simulations
showed that full riparian restoration would reduce the stream temperature on average by 0.91 °C (SD = 0.69 °C) and efficient
restoration; by 0.86 °C (SD = 0.67 °C). These reductions were observed mostly in summer than in any other season. In reducing
the number of days that exceed 18 °C (biological temperature threshold of aquatic species), full riparian restoration could
achieve a reduction in the range of 0 to 58.5 days in the year with an average of 17.1 days. A similar range of reduction could
be achieved with the efficient restoration but with a mean of 16.2 days. Lastly, the efficient riparian restoration could be 14.4%
cheaper than the full riparian restoration.

The SWAT model that computes the effects of land management practices on water flow, nutrients, and stream temperature
has been successfully applied in several watersheds in the US and around the world. Similarly, the effectiveness of riparian
vegetation in reducing stream temperature was demonstrated in several rivers. Therefore, the application of the improved
stream temperature model can be easily scaled to other regions. However, it is important to note that while the proposed
temperature model improves SWAT’s ability to simulate riparian buffers as a conservation practice for stream temperature
management, this model did not consider the shape of the trees, nor the density of the riparian vegetation. Other considerations
such as hyporheic exchange processes, frictional heat exchange, stream geometry that influence stream energy balance were

also not incorporated. All of these are recommended directions for future work.
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Figure 1: Left, Streams, sub-watersheds, and political boundaries of the Dairy McKay Watershed (DMW) (HUC10-1719001003).
Top right, location of DMW in the Tualatin River basin, and Bottom right, location of the Tualatin River basin in North-western
Oregon, USA.
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Flow calibration at station 14206200 (sub-basin #59)
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Figure 2. (a) Flow calibration at station USGS-14205400 (outlet of sub-basin #31), and (b) station 14206200 (outlet of sub-basin #59)
(bottom).
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Mean stream temperature calibration at sub-basin #31 (station: 14205400)
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Mean stream temperature calibration at sub-basin #59 (station: 14206200)
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Figure 3. (a) Mean stream temperature calibration at USGS-14205400 station (outlet of sub-basin #31), and (b) station 14206200
565 (outlet of sub-basin #59) (Bottom).
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Residual values of stream temperature calibration at sub-basin #31 (station: 14205400)

Modified Ficklin et al. model

« Ficklin et al. model
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Figure 4. Residual values of stream temperature simulated by the linear model, calibrated by the original and the modified Ficklin

et al. model for (a) Sub-basin #31, and (b) Sub-basin #59 for the last year of the calibrated period.
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Annual average of Shade-Factor (SF) for the 60 DMW sub-basins
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Figure 5. Annual average of Shade Factors (SF) for the 60 DMW streams for scenarios 1, 2, 3 and 4.
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Annual average of mean stream temperature under riparian scenarios

Scenario 1: Current riparian vegetation
Scenario 2: Full riparian restoration :
Scenario 3: Efficient riparian restoration | :
Scenario 4: No-riparian vegetation :
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Summer average of mean stream temperature under riparian scenarios
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595  Figure 6. Result of mean stream temperature simulation for scenarios 1, 2, and 3. (a) Annual average of stream temperature. (b)
Summer average of stream temperature.
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Reduction of the number of days in the year with stream temperatures exceeding 18 C
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Reduction of the number of days in summer with stream temperatures exceeding 18 C
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Figure 7. Reduction of number of days in (a) the year and in (b) summer with 7dAM stream temperatures exceeding 18 °C in
Scenarios 2 and 3.
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605 Figure 8. Benefit-Cost Ratio (Reduction of the number of days that exceed 18 °C / cost of the riparian restoration in millions of
dollars) for the 60 DMW stream for the case of full riparian restoration (Scenario 2) and efficient riparian restoration (Scenario 3).
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610 Figure 9. (a) Benefit-Cost Ratio map for full riparian restoration (Scenario 2). (b) Benefit-Cost Ratio map for efficient riparian
restoration (Scenario 3). The reduction in the number of days that exceed 18 ° C was considered a riparian restoration benefit. The
cost corresponds to the 2010 riparian restoration cost in millions of dollars.
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Table 1. Calibration Coefficients for the Linear, Original Ficklin et al., and Modified Ficklin et al. Stream Temperature Model

Modified Ficklin et al. Original Ficklin et al. Li
o inear stream
Calibration stream temperature streamn temperature temperature model
site model model
NSE PBIAS NSE PBIAS NSE | PBIAS
Sub basin 731 0.74 -8.2% 0.77 -3.6% 046 22 8%
615 Sub basin #39 | 0.82 -4 4% 0.85 -3.1% 0.70 20.4%
620
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