Analysis of Shade Provided by Grassy and Woody Riparian Vegetation along a
Small Coldwater Stream in the Upper Midwestern United States

A THESIS
SUBMITTED TO THE FACULTY OF THE
UNIVERSITY OF MINNESOTA
BY

Olivia Sparrow

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
MASTER OF SCIENCE

Dr. John Gulliver and Dr. Bruce Wilson

December 2018



© Olivia Sparrow 2018



Acknowledgements

I am very grateful for all of the support others have provided throughout my master’s
research. My advisors, Dr. John Gulliver and Dr. Bruce Wilson, and Dr. William Herb
have steadfastly guided me through the many questions and setbacks encountered. | am
very grateful for their time and wisdom. Funding for this project was provided by the Clean
Water Land and Legacy Amendment Fund through an Accelerated Implementation Grant
and by the Brown’s Creek Watershed District (BCWD). Thanks to the BCWD Board of
Managers for their financial support and for the opportunity to contribute to the applied
research that is needed to continue restoring biotic health in Brown’s Creek. Particular
thanks go to the BCWD administrator, Karen Kill, for her assistance in securing the
funding for this research and for her thorough feedback on my report to the BCWD. | am
also grateful to all the staff at Emmons & Olivier Resources, Inc. who provided feedback
throughout my study and assisted in preparing the report for the BCWD. | gratefully
acknowledge the financial support of the University of Minnesota Section of the Society
of Women Engineers (SWE), the Minnesota Section of SWE through the SEH scholarship,
the American Society of Civil Engineers through the Trent R. Dames and William W.
Moore Fellowship, the Minnesota Section of American Water Works Association, and the
Wild Trout Symposium. Thanks to my friends and family for their moral and editorial
support. Thanks especially to my husband, Rob, for supporting me through this and all of

our endeavors.



Abstract
Rising water temperatures in urban and farmed watersheds threaten the survival of
coldwater fish and macroinvertebrates. Baseflow stream temperatures on dry and warm
summer days can be mitigated by managing groundwater discharge, in-stream
morphology, and riparian vegetation. The riparian canopy intercepts and reflects incoming
solar radiation with variable effectiveness dependent on canopy structure, channel width,
stream orientation, and other site characteristics. While multiple benefits of both grassy
and woody buffers for coldwater biota are identified in the literature, there is limited
research quantifying shade provided by grassy vegetation along narrow channels, which
are a common setting of headwater streams. This thesis reviews possible instruments,
measures, and methods of assessing grassy riparian shade as a control for stream
temperature. Hemispherical photographs (HPs) were collected and analyzed using
WinSCANOPY to compare grassy and woody riparian shade along Brown’s Creek, a small
coldwater stream in urban Stillwater, Minnesota impaired by high temperatures and
turbidity. Grassy riparian shade ranged from 10% to 61% with an average of 34% and
solitary trees increased shade above 80%. The field-based HP results for points along the
stream were upscaled using a relationship developed to correct LiDAR-based shade
predictions along the length of the stream. Increasing shade to at least 85% through riparian
management activities reduced monthly mean stream temperatures simulated in the
summer with CE-QUAL-W2 by 0.23 to 0.78°C. A simple numerical model of shade
provided by grassy vegetation indicated that total daily shade between 19% and 56% could
be increased up to 71% by minimizing channel width and exposed banks while also
maximizing canopy height, overhang, and density. Tree plantings setback from the water’s
edge could incrementally increase shade by 21% and 7% in east-west and north-south
oriented channels, respectively, reaching up to 78% total daily shade. The shade model
scenarios indicate that managing riparian grasses for optimized characteristics and planting
trees setback from east-west oriented segments could provide approximately 80% shade or
more where there’s also topographic shade. Additional thermal pollution control strategies

will also be needed to support biotic health in Brown’s Creek.
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Chapter 1. Introduction

1.1 Background

Fish and macroinvertebrates found in coldwater streams support regionally significant
recreational uses and economic benefits. In Minnesota alone, coldwater angling provides
an estimated annual economic value of $148.7 million in direct sales, $90.35 million in
income, and 3,300 jobs (Gartner, Love, & Erkkila, 2002). However, rising water
temperatures in coldwater streams currently threaten the health and survival of coldwater
biotas (U.S. Environmental Protection Agency, 2017). High water temperatures cause
physiological stress, reduced growth, reduced reproductive success, and increased
mortality of a coldwater biota (Coutant, 1990; Eaton & Scheller, 1996; Magnuson,
Meisner, & Hill, 1990). The suitable habitat for coldwater fisheries in the USA is projected
to decline 62% by 2100 at the current rate of climate change. The lost coldwater fisheries
will be replaced by less productive and less valuable fish that are able to tolerate warm
water at an estimated cost of $380 million to $1.5 billion in recreational fishing damages
(Jones et al., 2013). Restoring and sustaining naturally reproducing coldwater fisheries is

of economic significance regionally and nationally.

Stream temperature is governed by the first law of thermodynamics (conservation of
energy) which states that energy cannot be created nor destroyed, only converted from one
form to another. As such, stream temperature rises when the net heat flux in the stream is
positive. The heat fluxes influencing stream temperature are depicted in Figure 1.1,
including incoming solar radiation, outgoing longwave radiation, evaporative and
conductive heat transfers, streambed conduction, and the temperature of flows entering and
leaving the stream. Understanding the relative contributions of these fluxes, and the factors
that change them, is needed to efficiently manage and reduce stream temperatures in

urbanizing and rural environments.
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Figure 1.1. Major Heat Flux Processes in a Stream (Interpretation of Moore et al., 2005)

Heat fluxes change based on human activities and environmental conditions along a stream
corridor and throughout its watershed. The branches of the flowchart in Figure 1.2 illustrate
the causal pathways from heat sources and human activities that affect water temperature
and ultimately impair biotic health. The predominant causes associated with urbanization
and intensive agriculture are correlated with declining habitat and biotic integrity in
coldwater streams (Wang, Lyons, & Kanehl, 2003; Wang, Lyons, Kanehl, & Gatti, 1997).
Altering land cover for urbanization and agriculture influences both the water and energy
budget of a watershed and, as a result, can increase stream temperatures directly and
indirectly. For example, warm discharge from industrial sites directly increases stream
temperature whereas bank erosion indirectly increases stream temperature by increasing
the surface area exposed to solar radiation. Impervious surfaces introduced to the landscape
through urbanization reduce infiltration, reduce groundwater discharge to streams, increase
runoff, and increase the temperature of runoff. Intensive agriculture includes active farming
or intensive grazing of stream corridors which typically result in removal of the vegetative

canopy shading the stream.
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Climate change is also altering the overarching meteorological conditions that affect stream
temperature. Climate change impacts include modified air temperature, humidity, cloud
cover, precipitation quantity and intensity, vegetation composition and cover, growing
season, and groundwater temperatures. At a much smaller scale, microclimates can also
develop above a stream where meteorological parameters such as wind velocity are
different from those above the riparian vegetative canopy (Hewlett & Fortson, 1982;
Weatherley & Ormerod, 1990).

Strategies to limit thermal pollution of streams can be categorized as rainfall event (i.e.
surface runoff) and baseflow controls. Event controls lower the temperature of stormwater
runoff from warm, impervious surfaces before discharging to the stream. Baseflow controls
lower the temperature of the stream during baseflow conditions which occur between
rainfall events and are a critical period of temperature stress for aquatic organisms
(Rutherford, Davies-Colley, Quinn, Stroud, & Cooper, 1997). Stream baseflow
temperature can only be practically controlled by channel morphology, groundwater
contributions, and riparian vegetation. Channel morphology, such as overhanging banks,
deep channels and pools, can shade the outer edges of a stream and provide refugia for fish
and macroinvertebrates on warm summer days. Groundwater inputs (Mellina et al., 2002)
and hyporheic exchange (Constantz, 1998, 2010) provide cool inputs into the stream, the
greatest of which occur in small headwater streams (Bren, 1998; Burkart, James, & Tomer,
2004). Riparian vegetation limits the amount of radiation reaching the stream surface by
intercepting incoming solar and atmospheric radiation by either absorbing or reflecting the
incoming radiation. This mechanism is more simply referred to hereafter as shade. Shade
is also a strategy for controlling thermal pollution from some rainfall event sources, such
as shading ponds and ditches that attenuate and convey surface runoff. Riparian vegetation
also influences the microclimate immediately above the stream, such as air temperature,
humidity, and wind speed, which can also affect heat fluxes such as evaporation,
conduction, and long wave emission rates (Davies-Colley & Payne, 1998; Rutherford et
al., 1997). Since solar radiation is a dominant contributor to warming streams, shade is one

of the most important mechanisms for reducing thermal pollution (Dent et al., 2000).



The nationwide encouragement of forested buffers was originally intended as a best
management practice to mitigate the effects of logging near stream systems, such as
impacts on hydrology, water quality, and biodiversity (“Federal Water Pollution Control
Act,” 1972; Lantz, 1971). The usefulness of this practice to restore the function (e.g. biotic
health) of prairie streams in the Upper Midwestern United States is unclear. Multiple
sources testify to the benefits of forested buffers on stream temperature while also warning
that deforestation causes stream temperature increases of 2 to 5°C (Herunter, Macdonald,
& Maclsaac, 2003; Minshall, Robinson, & Lawrence, 1997). A diverging area of the
literature presents compelling indications that grassy vegetation improves the health of
coldwater streams in comparison to woody vegetation, although the mechanisms remain
unclear (Hunt, 1979; Marshall, Fayram, Panuska, Baumann, & Hennessy, 2008). The shade
provided by grassy buffers is typically estimated or described qualitatively as being less
than shade provided by forested buffers (Hunt, 1979; Lyons, Thimble, & Paine, 2000;
Sweeney, 1993). However, no research has rigorously measured shade in streams with
grassy vegetation, although some have estimated shade using models. Shade can be
amplified or dampened by multiple site characteristics such as plant morphology, channel
width and stream azimuth (Kelley & Krueger, 2005; Sweeney & Newbold, 2014).
Vegetation in turn influences other site characteristics, such as channel widening between
forested buffers that suppress understory vegetation that otherwise stabilizes and traps
sediment in the streambank (Davies-Colley, 1997), and microclimate conditions, such as
greater sensible heat loss in grassland than forest due to increased turbulence (Hannah,
Malcom, Soulsby, & Youngson, 2008). These influences of vegetation on other heat fluxes
may offset the change in heat flux due to reduced shade in grassy areas. There is an
incomplete understanding of the mechanisms behind correlating forested buffers with

reduced stream temperature and improved biotic health.

1.2 Thesis Overview

This research was conducted as part of the Riparian Shading Study (Sparrow, 2018a)
funded by the Clean Water Land and Legacy Amendment Fund through an Accelerated
Implementation Grant secured by the Brown’s Creek Watershed District (BCWD). The
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principal investigator of the Riparian Shading Study was Dr. William Herb from the Saint
Anthony Falls Laboratory.

The overall purpose of my research was to investigate shade provided by grassy and woody
riparian vegetation in a small stream as a means to lower stream temperatures and restore
coldwater biotic health. This thesis is assembled into four chapters which include a
literature review of shade analysis methods (Chapter 2), assessing shade using the
hemispherical photograph method (Chapter 3), predicting stream temperatures with
hemispherical photograph based shade results and shade improvement scenarios
(Chapter 4), and an analysis of the sensitivity of shade to physical stream and vegetation

characteristics using a theoretical model (Chapter 5).

Chapter 2 reviews the methods for assessing stream shade and identifying the most

appropriate methods for assessing both grassy and woody riparian shade in narrow streams.

Chapter 3 assesses shade along a small stream using hemispherical photography and
compares the results to previous assessments conducted using LiDAR data. A relationship
is developed to convert LiDAR-based shade predictions to more accurate predictions from

hemispherical photography.

Chapter 4 applies the shade estimated using hemispherical photographs to a stream
temperature model calibrated to observed stream temperatures. The model is used to
estimate the benefits of increasing shade to various thresholds along the main stem of the

stream.

Chapter 5 presents a sensitivity analysis of shade relative to channel and plant morphology

typical of a small stream.



Chapter 2. Literature Review of Riparian Shade Analysis Methods

2.1 Introduction

Restoring and sustaining naturally reproducing coldwater fisheries has regional and
national economic significance (Gartner et al., 2002) as rising stream temperatures across
the U.S. threaten the viability of coldwater biota (U.S. Environmental Protection Agency,
2017) and their replacement by less valuable warmwater fisheries (Jones et al., 2013).
Stream temperatures rise as human activities and environmental conditions increase the

overall heat fluxes depicted in Figure 2.1, such as warming runoff and increasing solar

radiation.
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Figure 2.1. Major Heat Flux Processes in a Stream (Interpretation of Moore et al., 2005)

These heat fluxes are functions of the water and energy budgets of watersheds, both of
which are altered by anthropogenic land use changes. For example, runoff from paved
surfaces is of greater volume and temperature than runoff from grasslands. In turn, high
water temperatures cause physiological stress, reduced growth, reduced reproductive

success, and increased mortality of coldwater biota (Sappington & Norton, 2010).
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Ultimately, a decline in the health of coldwater biota has been observed after the expansion
of urbanization and intensive agriculture (Wang et al., 2003, 1997). In addition to changes
in the landscape, meteorological conditions such as air temperature have a significant effect
on stream temperature which will vary due to climate change and microclimate conditions
above the water surface and below the riparian vegetation canopy (Hewlett & Fortson,
1982; Weatherley & Ormerod, 1990).

Understanding the relative contributions and controls for each heat flux shown in Figure
2.1 is needed to effectively manage stream temperatures in urbanizing and rural
environments. Strategies to limit thermal pollution of streams are categorized as rainfall
event controls and baseflow controls. Event controls lower the temperature of stormwater
runoff from warm, impervious surfaces before discharging to the stream. Baseflow controls
lower the temperature of the stream between rainfall events. Baseflow conditions are a
critical period of temperature stress for aquatic organisms due to shallow depths
(Rutherford et al., 1997). Baseflow temperature controls include modifications to channel
morphology, groundwater contributions, and riparian vegetation. Channel morphology,
such as overhanging banks, deep channels and pools, can shade the outer edges of a stream
and provide refugia for fish and macroinvertebrates on warm summer days. Groundwater
inputs (Mellina et al., 2002) and hyporheic exchange (Constantz, 1998, 2010) provide cool
inputs into the stream, the greatest of which occur in small headwater streams (Bren, 1998;
Burkart et al., 2004). Riparian vegetation limits the amount of radiation reaching the stream
surface by absorbing or reflecting incoming solar and atmospheric radiation. This
mechanism is more simply referred to hereafter as shade. Shade is also a strategy in
controlling thermal pollution from some rainfall event sources, such as shading ponds and
ditches that attenuate and convey surface runoff. Riparian vegetation also influences the
microclimate immediately above the stream, such as air temperature, humidity, and wind
speed, which can also affect heat fluxes such as evaporation, conduction, and long wave
emission rates (Davies-Colley & Payne, 1998; Rutherford et al., 1997). Overall, shade is
one of the most important mechanisms for reducing thermal pollution because solar

radiation is a dominant contributor to warming streams (Dent et al., 2000).



The nationwide encouragement of forested buffers was originally intended as a best
management practice to mitigate the effects of logging near streams, such as impacts on
hydrology, water quality, and biodiversity (“Federal Water Pollution Control Act,” 1972;
Lantz, 1971). The applicability of this best practice in prairie streams of the Upper
Midwestern United States has unclear justification since it is focused on establishing a state
(i.e. a forested buffer strip) rather than a function (e.g. biotic health in streams). Multiple
sources testify to the benefits of forested buffers on stream temperature and warn that
deforestation increases stream temperature by 2°C to 5°C (Herunter et al., 2003; Minshall
et al., 1997). However, there are compelling indications that grassy vegetation improves
the health of coldwater streams in comparison to woody vegetation (Hunt, 1979; Marshall
et al., 2008). The mechanisms remain unclear but may include the impacts of riparian
vegetation on habitat structure (e.g. channel morphology) and ecosystem processes (e.g.
primary production) in addition to shade. The shade provided by grassy buffers is typically
estimated or described qualitatively as being less than shade provided by forested buffers
(Hunt, 1979; Lyons et al., 2000; Sweeney, 1993). No research has rigorously measured
shade in streams with grassy vegetation although some studies have estimated shade using
models (Blann, Frost Nerbonne, & VVondracek, 2002). Shade can be amplified or dampened
by plant and channel morphology such as plant height, channel width and stream azimuth
(Kelley & Krueger, 2005; Sweeney & Newbold, 2014). Vegetation in turn influences other
site characteristics, such as channel widening between forested buffers (Davies-Colley,
1997; Hession, Pizzuto, Johnson, & Horwitz, 2003; Jackson, Leigh, Scarbrough, &
Chamblee, 2015; McBride, Hession, & Rizzo, 2008; Sweeney, 1992; Sweeney et al., 2004;
Trimble, 1997; Zimmerman, Goodlett, & Comer, 1967), and microclimate conditions
(Garner, Malcolm, Sadler, Millar, & Hannah, 2015; Hannah et al., 2008) which may offset
the change in heat flux due to reduced shade in grassy areas. There is an incomplete
understanding of the mechanisms behind correlating forested buffers with reduced stream

temperature as well as improved biotic health.

The purpose of this review is to identify the best-suited methods for comparing shade
provided by grassy and woody riparian vegetation along a small stream. This review
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focused on small streams in North-Central America but studies from other regions were
referenced where applicable. The review is organized into sections reviewing the methods
for measuring and modeling shade, followed by the future outlook for areas of further
research. The best-suited methods for assessing both grassy and woody riparian shading
are identified in addition to ancillary diagnostic data needed to explain variation in
measured shade.

The focus of this review on riparian shade is not intended to diminish the importance of
other strategies for reducing stream temperature controls or the significance of other
benefits provided by riparian vegetation. Instead, the goal is to justify the needs and
methods for future quantified analysis of shade variation based on plant and channel
morphology. Such studies will help practitioners target and design shade improvement
projects. Such studies will also define the limits of riparian shade management such that
other stream temperature control strategies will be pursued where shade alone is

insufficient to achieve stream temperature objectives.
2.2 Terminology

2.2.1 Woody and Grassy Vegetation

Woody and grassy vegetation have a range of possible definitions that are not always
clearly defined in the literature. For example, forestry management studies typically
compare forested to deforested conditions when assessing the impacts of clearcut
harvesting but do not describe the herbaceous cover in cleared areas. This review uses the

following definitions of Lyons, Thimble, and Paine (2000):

“Woody vegetation includes both shrubs and trees, but they must occur at a density
that provides at least 75 percent canopy closure at a height of more than 2 m for the
riparian zone to be considered wooded. Based on this definition, wooded riparian
zones will shade most of the stream bank and channel during summer months. Grassy
vegetation encompasses grass, forb, and herbaceous species that do not exceed 2 m

in height. Grassy vegetation must cover more than 75 percent of the ground in dense
10



growths with no more than a few widely scattered trees or shrubs present for the
riparian zone to be considered grassy. Grassy riparian zones can consist of either

managed (i.e., lawn, pasture) or unmanaged (i.e., prairie, meadow) vegetation.” (p.

920)

Vegetation that does not satisfy the above criteria is classified as mixed vegetation.

2.2.2 Canopy Cover, Canopy Closure, and Shade

Understanding the differences between canopy cover, canopy closure, and shade are
essential when interpreting riparian shade studies. Canopy cover and closure are included
in this review because they are sometimes used as a surrogate for or predictor of shade.
There is inconsistency in use of the term canopy cover in the literature of forest
management and ecological research. This review utilizes the forestry definition of canopy
cover as the percent of forest area occupied by the vertical projection of tree crowns
(Bonnor, 1967). An example of assessing canopy cover above a stream is illustrated in
Figure 2.2a. In comparison, ecological research uses the same term as the relative amount
of sky hemisphere obscured above a given point, but this measure is more accurately
referred to as canopy closure (Jennings, Brown, & Sheil, 1999). Canopy closure is the
projection of a hemisphere onto a plane (Daubenmire, 1959) and is expressed as a
percentage of non-visible sky within a certain zenith angle (Korhonen, Korhonen,
Rautiainen, & Stenberg, 2006). An example of assessing canopy closure above a stream is
illustrated in Figure 2.2b. In the example shown, the full zenith angle of 180° is being
assessed. Although the example is shown from a cross-sectional perspective, canopy
closure may be assessed in all directions to look at the full hemisphere. In the illustrated
examples, canopy closure is approximately 67% whereas canopy cover is approximately
70%. The difference between measurements varies based on the streamside vegetation and
the zenith angle used in the canopy closure measurement. In addition, closure may or may
not include topography in addition to vegetative canopy closure. Another parameter

referenced in the literature is openness, which is one minus canopy closure.
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Figure 2.2. Canopy Cover (a) and Canopy Closure (b) Measured Across a Stream

Of these two somewhat analogous parameters, canopy closure is more common in
ecologically oriented research because it is a measure of canopy architecture that can better
assist in estimating the amount of solar radiation intercepted by the canopy than canopy
cover. In comparison, canopy cover only indicates how much radiation would reach the
ground when the sun is directly above a point on the ground. Both canopy cover and closure
vary throughout the growing season due to changes in plant height and leaf area. Neither
parameter has diurnal variation since they are independent from the position of the sun and

the intensity of solar radiation.

In comparison, shade is the percentage of solar energy that is obscured or reflected by
vegetation or topography above a stream (Dent et al., 2000). Unlike canopy cover and
closure, shade varies throughout each day and season due to the position of the sun and
intensity of solar radiation. The orientation of a stream modifies the effectiveness of
streamside vegetation in intercepting incoming solar radiation. For example, two trees on
the east and west banks of a north-south channel in the northern hemisphere (Figure 2.3a)
will provide limited shade due to the angle of the sun. In comparison, the same vegetation
on the south bank of an east-west channel would provide full shade while the north bank
vegetation would provide minimal shade benefit (Figure 2.3b). Grassy vegetation in both
instances would provide less shade unless the ratio of vegetation height to channel width
was high enough for grasses to provide similar shade levels. Another term used in the

literature is total site factor which is “the percentage of total (diffuse plus direct) light at a
12



given site compared with total light in the open over the same period” (M. C. Anderson,
1964) or one minus shade. Both shade and total site factors are sometimes qualified by

clarifying if they are instantaneous, hourly, daily, or seasonal.
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Figure 2.3. Midday Shading of Streams with North-South (a) and East-West (b) Orientations in
Northern Hemisphere

2.3 Direct and Indirect Measurements

Different techniques are used to measure shade and related characteristics. Instruments and
methods for directly and indirectly measuring canopy cover, canopy closure, and shade by
air, space and ground are reviewed in this section. Their applicability for comparing shade
provided by grassy and woody riparian vegetation is also assessed. This review did not
include canopy growth models, such as the crown diameter regression (Bechtold, Mielke,
& Zarnoch, 2002) or related variables such as leaf area index and biomass. Ancillary data

for diagnostic analysis of riparian shade findings are also reviewed.

2.3.1 Air and Space-Borne Methods

Remote sensing was first linked to the fields of stream ecology and fluvial geomorphology
in 2002 when technology improvements enabled identification of riverine systems at a
hectametric or kilometric scale (Fausch, Torgersen, Baxter, & Li, 2002; Mertes, 2002).
Since then, the resolution of remotely collected data has continued improving at a rapid

pace. This section provides a brief introduction to remote sensing from satellite and aircraft
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and outlines the applicability and limitations of such methods in assessing canopy cover,
canopy closure, and shade.

Remote sensing equipment includes both the platform (e.g. satellite, aircraft, or drone) and
the sensor which collects the data. Data in the USA is typically collected from conventional
or unmanned aircraft, not satellites, due to government regulations limiting satellite
imagery resolution to 50 cm (Carbonneau & Piégay, 2012). Sensors are used to collect
optical imagery, light detection and ranging (LiDAR) data which shows elevation, and
other data, such as infrared. The following four properties describe the resolution of a
remote sensing data acquisition system:

e Spatial resolution: the ground footprint of a single image pixel or number of data
points collected on a unit area basis, which defines the size of the smallest object
which can be resolved on the ground,;

e Spectral resolution: the range of radiation wavelengths and the width of individual
band, which defines the ability to identify certain material, such as chlorophyll;

e Temporal resolution: the elapsed time between repeated imagery, which defines
how well changes can be detected; and

e Radiometric resolution (also referred to as bit depth): the amount of information
devoted to and stored with each pixel, which defines how differences in image

brightness can be refined (Carbonneau & Piégay, 2012).

Remote sensing imagery is used for the study and management of riparian vegetation by
mapping vegetation types, species, and historical changes, and by measuring vegetation
characteristics. For example, remotely sensed data can be used to assess morphological
features, maximum stand age, and height of vegetation. Canopy density, canopy closure
and shade can also be assessed using LIDAR data in combination with Geographic
Information System (GIS) analysis methods. For example, a Light/Laser Penetration Index
(LPI) is determined by analysis of LiDAR data (Barilotti, Sepic, Abramo, Crosilla, &

Growing, 2007) and in turn can be used to estimate openness (i.e. one minus canopy
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closure) although LPI results in high closure estimates in settings with low and dense
vegetation in comparison to other methods of estimating closure (Bode, Limm, Power, &
Finlay, 2014).

Several GIS analysis tools are available to simulate solar radiation above a canopy and the
shadow cast by vegetation on a ground or water surface. These tools have been developed
to assist in light-sensitive variables, such as plant growth, while they are also used for
evaluating potential locations for solar energy generation. First, a digital surface model
(DSM) raster of the canopy is derived from LIiDAR (Greenberg, Hestir, Riano, Scheer, &
Ustin, 2012; Hollaus, Wagner, Eberhofer, & Karel, 2006) or photogrammetry (Lisein,
Pierrot-Deseilligny, Bonnet, & Lejeune, 2013). Second, GIS-based solar radiation models
are run to simulate the solar radiation reaching points or areas of interest, such as segments
along the surface of a stream. Examples of these tools include the ArcMap area solar
radiation analysis tool (Esri, 2016) and the Geographic Resources Analysis Support System
(GRASS) GIS r.sun solar model (Hofierka, Suri, & Huld, 2018). Each tool has various
settings to modify aspects of the analysis such as the duration of the simulation or the
frequency at which to calculate total solar radiation. The ArcMap tool conducts this
analysis by determining if the stream is shaded for all sun angles over the course of a day
and integrates the total solar radiation reaching each point over the analysis time period
defined by the user. Both the ArcMap and GRASS models have limitations in that they
cannot simulate solar radiation that penetrates through the canopy either by small gaps or
reflection off the vegetation. This limitation results in nearly 100% shade estimates for
cases where vegetation completely overhangs across the width of a stream. This limitation
was successfully accounted for using LPI in a study of a 17 m wide creek with both woody
and grassy riparian vegetation through development and application of the Subcanopy
Solar Radiation (SSR) model (Bode et al., 2014). While such tools can be applied at a
regional or watershed scale using remotely sensed datasets, multiple studies recommended
extensive empirical data to assess broad spatial variations (Julian, Stanley, & Doyle, 2008).

LiDAR and other GIS datasets can also be useful in estimating the physical parameters of
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topography and riparian vegetation adjacent to the stream in order to upscale or extrapolate
estimated shade at specific points using ground-based methods (See Section 2.3.2).

The spatial resolution of LIiDAR data and the timing of data collection are other limitations
to using GIS-based solar radiation models for shade estimates. Spatial resolution is an
important consideration, especially for small reaches and vegetation structure where field
measurements may be more appropriate (Coroi, Skeffington, Giller, Gormally, &
O’Donovan, 2007). An object must be eight times larger than the pixel size to be detected
by half of the pixels (i.e. 50% accuracy) or 16 times larger for 80% accuracy. When trying
to capture vegetation, this means the resolution of imagery needs to be less than 1 m for
large trees or less than 10 cm for shrubs, and even smaller for grasses (Carbonneau &
Piégay, 2012). Users may begin to face computational power limitations when beginning
to use high resolution LiDAR datasets. Acquisition of LIDAR data is scheduled based on
the intended use or products from the data. For example, LiDAR guidance on recommends
leaf-off acquisition (e.g. in the spring or fall) when a digital elevation model (DEM) of the
ground surface is required (Gatziolis & Andersen, 2008). Publically available LIDAR in
Minnesota is acquired in the spring or fall in order to provide high quality DEMs of the
ground surface as a main product for public use (Minnesota Department of Natural
Resources, 2017) but does not represent peak foliage of deciduous trees, shrubs, and
herbaceous plants in the summer. Field and remote measurements of riparian
characteristics (e.g. percent canopy cover, organic litter, canopy continuity, tree clearing,
bank stability, and flood damage) were compared and found field measurements to be more
cost effective at small scale between 1 to 200 km while remote image analysis was superior
at large scale from 200 to 2000 km (Johansen, Phinn, Dixon, Douglas, & Lowry, 2007). A
study comparing LiDAR to numerical modeling methods found that numerical methods
were more appropriate for streams with widths less than 10 m (Loicq, Moatar, Jullian,
Dugdale, & Hannah, 2018).

Overall, the benefits of remote sensing and GIS science advancements to riparian
management include the capability of repeated, synoptic data collection and the
16



measurement of numerous biophysical parameters. However, the objective and scale of the
application must be considered to determine if field measurements are more cost-effective
than remote sensing methods. Remote sensing technology could be used for other helpful
information, such as mapping the location of specific types of vegetation; however, such
analysis is not pursued further in this study. The applicability of remotely sensed data for
assessing shade is expected to continue to change as the technology for collecting,
processing, and analyzing the data continues to quickly improve and become more cost-

effective.

2.3.2 Ground-Based Methods

There are indirect and direct ground-based methods for measuring shade. Direct
measurement of shade is done by measuring solar radiation above and below the canopy
for the same monitoring period. Multiple instruments are available for indirectly estimating
canopy cover, canopy closure, and shade from the ground, including the densiometer, the
clinometer, the solar pathfinder, and hemispherical photography (Table 2.1). This section
reviews indirect and direct methods organized by each instrument. Visual estimation was

not included because of its low accuracy.
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Table 2.1. Ground-Based Methods for Indirectly Measuring Cover, Closure and Shade

Type of
Vegetation
Cover

Sample Time Data Special Operating Equipment

Method Accuracy | Difficulty Needed Durability Processing

Size!l Conditions Cost

Canopy Cover
Canopy Closure

Internal moisture can
obscure reading and
foul moving parts if
dropped in stream. 2
Difficult to keep
Simple Quick High Low hand-held device $100
level. 2

Prone to user error.
Operating equipment
Medium High in center of rapid $300
stream can be
challenging. 2
Different lighting
conditions can cause
problems depending
on software used. ?
Hemispherical Quite Cloudy conditions $5000 to

photography F,M, G Small High Simple Delicate High provide best contrast $9500
1.2,3
: although photos

collected in any
condition can be
assessed with current
technology.

Clinometer

12 O F Medium | Unknown | Simple Quick High Low $200

Quite
accurate

Il?slgsmmeter O E Large

Quite
Quick

Solar

pathfinder 2 oo F.M Unknown | Unknown | Simple

Slow

Notes: F = Forest, M = Mixed, G = Grass ! (Kelley & Krueger, 2005) 2 (Dent et al., 2000) 3 (Paletto & Tosi, 2009)
Protocols for indirect methods are available from other sources such as the Oregon Water Quality Monitoring Technical Guidebook (Dent et al., 2000).
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2.3.2.1 Clinometer

A clinometer is commonly used by foresters to estimate the height of trees or the grade of
a slope. As illustrated in Figure 2.4, a clinometer can also be used to measure the angle
from the horizon (dashed line) to the open sky above topographic formations or riparian
vegetation. From these measurements, users calculate the percentage of a 180° arc that is
blocked by vegetation or topography. Some users collect four measurements — facing
upstream, downstream, the right bank, and the left bank — and then average these
measurements to estimate percent canopy surrounding the point in the stream. For the
purpose of this review, measurements using a clinometer are described as canopy closure,
however some sources refer to it as providing estimates of shade (Dent et al., 2000). The
clinometer measurements can also be used to estimate canopy cover directly above the

stream by limiting the view angle.

Figure 2.4. Clinometer Used to Estimate Closure from Topography and Vegetation (Dent et al.,
2000)

Overall, the clinometer is a relatively quick and inexpensive approach to estimate canopy
closure and cover, although it does not account for gaps within canopies. In a comparative
study of shade and cover/closure methods, canopy cover was found to be underestimated
by the clinometer at sites with patchy riparian forest due to limitations of measurements in
the four directions at each monitoring point and overestimated at sites with closed canopy
because it did not account for small openings within the canopy (Kelley & Krueger, 2005).

2.3.2.2 Densiometer
The densiometer is a small convex spherical mirror that reflects the canopy above the

ground or stream when the densiometer is held level. Canopy cover is estimated by
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counting the number of grid intersections engraved onto the mirror that are covered by
vegetation. Due to the limited view angle of the common modified densitometer shown in
Figure 2.5, observations using the densiometer are most clearly described as canopy cover,
however a wider view angle could be used to estimate canopy closure. The Minnesota
Pollution Control Agency’s Biological Monitoring Program protocol specifies the
densitometer for use in assessing canopy cover and shade for all monitoring sites along

wadeable streams (Minnesota Pollution Control Agency, 2002).
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Figure 2.5. Schematic of a Modified Densiometer (Dent et al., 2000)

Canopy cover or closure measurements using the densiometer or clinometer are sometimes
used as a surrogate or index of shade using relationships between the two measurements;
however, the variability (R? = 0.62 to 0.72) may be unacceptable in some studies and is
likely due to vegetation and channel characteristics (Dent et al., 2000). Kelley & Krueger
(2005) used all three methods: a clinometer, a densiometer, and hemispherical photographs
at the same locations to estimate canopy cover, in addition to shade estimated using the
hemispherical photographs (See Section 2.3.2.4). The study compared the canopy cover
and shade estimated at the same locations as illustrated in Figure 2.6. The results indicated
that shade is more likely to be proportional to cover at sites with east-west orientated
streams because the sun is directly over the stream when energy inputs are low at the
beginning and end of the day. Shade is less likely to be proportional to cover at sites with
north-south orientation because the least shade will be provided when the sun is directly
overhead in the middle of the day when energy inputs are highest. In the northern
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hemisphere, this means that vegetation on the south bank of east-west oriented reaches
provides more shade than the north bank, and north-south oriented reaches are more
constantly exposed to radiation through the southern facing opening of the riparian canopy.
Research requiring an understanding of shade, and not cover or closure, should employ
methods suited to directly or indirectly measuring shade (Kelley & Krueger, 2005). Canopy
cover estimated using a densiometer was found to have a significant relationship with cover
estimated using hemispherical photographs, although densiometer measurements were
consistently lower than those using hemispherical photographs due to the limited view
angle of the densiometer (Kelley & Krueger, 2005; Ringold, Van Sickle, Rasar, &
Schacher, 2003). As such, indirect estimates of shade based on cover or closure measured

using a clinometer or densiometer are inappropriate for assessing grassy and forested

shade.
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Figure 2.6. Percent Canopy Cover and Percent Shade at Sites in Oregon (Kelley & Krueger, 2005)

2.3.2.3 Solar Pathfinder

Shade can be interpreted from a single, instantaneous field photograph collected using the

Solar Pathfinder. The apparatus illustrated in Figure 2.7 was developed to evaluate shade
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at potential solar panels sites by placing the tripod on a rooftop and examining the solar
pathway chart located on the dome at the top of the apparatus. Users are meant to take a
photograph of the solar pathway chart to record the reading (i.e. the shadow cast by
surrounding vegetation or buildings). This method is less precise than hemispherical
photographs (Dent et al., 2000).

Retaining Clip o Dome
\ Dome Ring
Dome Section { ] N
Compass \r /’L/ Level
Magnetic —————— i\ . Triangular Pivot
Declination f l
Locking Tab ' ] Instument
Section
______ Rubber “O” Ring
Seat for Base
Base Section
I —

Grommets / T ——— Tripod

Figure 2.7. Solar Pathfinder (SolarPathinder, 2016)

2.3.2.4 Hemispherical Photography

Hemispherical photographs (HPs) are captured using a fish-eye lens with a 180° view angle
to produce a circular projection of the sky hemisphere onto a plane. The lens was first
described for use in estimating cloud cover and height (Hill, 1924) and later in a study of
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woodland light intensity (Monsi & Saeki, 1953). A method was developed to superimpose
sun tracks over HPs in order to estimate the fraction of light transmitted through forest
canopies (Evans & Coombe, 1959). HP analysis methods continued to advance by
estimating diffuse and direct components separately as well as validating results using light
sensor measurements (M. C. Anderson, 1964). Early approaches to analyzing HPs included
time consuming manual analyses (M. C. Anderson, 1964, 1966; Grubb & Whitmore, 1967,
Madgwick & Brumfield, 1969) and some semi-automated analyses (Barrie, Greatorex-
Davies, Parsell, & Marrs, 1990; Bonhomme & Chartier, 1972; Bonhomme, Varlet
Grancher, & Chartier, 1974). HPs were also used to assess how topography could change
the local horizon (Pope & Lloyd, 1975; Proctor, 1980). The tedious manual methods of
analyzing the HPs were challenging to repeat by multiple observers, however the simplicity
of collecting a single photograph rather than setting up light sensors remained a popular

approach for collecting data especially in remote locations.

The analysis of HPs has since advanced through the development of computerized
techniques such as SYLVA (Becker, Erhart, & Smith, 1989; Ducrey, 1975), unnamed
programs (Chan, McCreight, Walstad, & Spies, 1986; Whitmore et al., 1993),
SOLARCALC (Chazdon & Field, 1987), CANOPY (Rich, 1989, 1990), HEMIPHOT (ter
Steege, 1994), HemiView (Rich, Wood, Vieglais, Burek, & Webb, 1999), Gap Light
Analyzer (Frazer, Canham, & Lertzman, 1999), and WinSCANOPY (Regent Instruments
Inc., 2015). The automated and manual methods all use solar geometry, atmospheric
physics and the detailed canopy structure captured in HPs.

HPs have been used to indirectly estimate canopy structure parameters (e.g. Leaf Area
Index) as well as absolute and relative amounts (i.e. site factors) of total, direct, and indirect
solar radiation. Early studies validated the results of HP analysis using measurement of
radiation using light sensors (M. C. Anderson, 1964) while others developed methods for
calibrating results to observed levels (ter Steege, 1994; ter Steege, Bokdam, Boland,
Dobbelsteen, & Verburg, 1994). Critical insights of these studies led to the standard
practice in HP analysis of calculating indirect and direct radiation and site factors
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separately in order to represent the variability of each component (Mitchell & Whitmore,
1993). The composition of total radiation varies based on sky conditions and the position
of the sun. The direct component can be as high as 89% of total radiation at midday under
a clear sky (Gates, 1980). One of the remaining limitations to HP analysis is that a third
component of radiation — the radiation scattered by reflecting off of leaves through the
canopy — is not represented in the analysis (Mitchell & Whitmore, 1993; Regent
Instruments Inc., 2015). The scattered component can represent a large fraction of light
under closed, forested canopies, such as up to 25% (Evans, 1956) or 43% (Whitmore &
Wong, 1959). Scattered light can be modeled in detail using other algorithms such as those
developed for crop micrometeorology (Goudriaan, 1977). Other assumptions,
approximations, and sensitivities of HP analyses have been reviewed (M. C. Anderson,
1966; Mitchell & Whitmore, 1993; Rich, 1990). Due to its limitations, HP analyses cannot
be used to simulate the high spatial variation of short term or instantaneous radiation.
Instead, HP analyses are appropriate to compute long term averages and can be reliably
interpolated when the canopy is homogeneous (Mitchell & Whitmore, 1993).

Overall, HP analysis provides the most reliable estimates of shade for the full range of
canopy structure and the imagery collects the maximum amount of information, although
it is more expensive and fragile than other instruments (Davies-Colley & Payne, 1998).
HPs can be used to estimate canopy cover using a 30° viewing angle in addition to canopy
closure using a viewing angle greater than 60° (Paletto & Tosi, 2009). The quality of
hemispherical images relies on the resolution of the image captured by the camera (i.e. the
number of pixels) and calibration of the fisheye lens to the camera. In addition, the software
used to assess the photographs may affect the results, which is discussed later in this
section. One study also reviewed the sample size required to attain reliable measurements.
In an open meadow site, the HP method was the only practical option since it required the
smallest sample size. The HP method provided the most repeatable and accurate

measurements of all instruments (Kelley & Krueger, 2005).
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Figure 2.8. Hemispherical Image with Sun Path Superimposed in White Line (Kelley & Krueger,
2005)

The current HP processing software options include WinSCANOPY, HemiView, and Gap
Light Analyzer (GLA). GLA is a freeware option and use of it requires additional software,
such as Sidelook, to pre-process HPs to differentiate between canopy and sky. The other
options, such as WinSCANOPY and HemiView, are sold in packages with the equipment
to collect HPs and include technical support. From a review of the available information
on the three software options, WinSCANOPY was found to be best-suited for assessing
both grassy and forested vegetation because of the higher resolution camera, the provision
of a calibrated fisheye lens, and advanced features in the software beyond HemiView, such
as multiple methods of assessing the same parameters. GLA and Sidelook provided
different results than WinSCANOPY (Jar¢uska, Kucbel, & Jaloviar, 2010), indicating that
consistent hardware and software are required for repeatable results. As such, results from
past studies using HP analysis may not be comparable to future analyses if different HP
hardware, software, and settings of each are used. Even when using the same equipment
and software there are modifications which may significantly impact the results, such as
the exposure settings when collecting the photograph (Glatthorn & Beckschéfer, 2014), the
procedure for classifying sky and canopy regions in the photograph, and the analysis
settings in the software. The temporal variability in riparian shade has been controlled by
confining analyses to summer and baseflow conditions (Julian et al., 2008). HPs have also
been used to assess the sensitivity of shade to the orientation of a stream by rotating the
images to different azimuths in GLA (Julian et al., 2008). Recent advancements in the

25



application of machine learning could streamline the classification of sky and canopy
regions in photographs (Bour, El Merabet, Ruichek, Messoussi, & Benmiloud, 2017).

Although the HP method is more expensive because of initial equipment and software
costs, it does afford a proportionately higher degree of accuracy and repeatability than the
solar pathfinder, clinometer, and densiometer. This reduces the need for replicating
measurements to enhance precision. In addition, the HP method is applicable for
comparing the influence of grasses, shrubs, and trees on light penetration (Dent et al.,
2000). Overall, HP analysis is the best suited technique for assessing the structure of plant
canopies and estimation of solar radiation (Paletto & Tosi, 2009).

2.3.2.5 Pyranometer and Other Light Sensors

Direct measure of shade requires instruments to measure irradiance (i.e. instantaneous
solar radiation on a surface in J/m?/s or W/m?) with wavelengths ranging from 300 to 2000
nm, both above and below the riparian canopy. These measurements can be totaled over a
period of time, such as a day, to provide irradiation in MJ/m?/day. Both irradiance and

irradiation can also be expressed using quantum units of mol or micrmol.

Global solar radiation that includes both direct and diffuse sources is measured using a
pyranometer. Thermopile sensors have a wider spectral range than silicon photodiode
sensors (e.g. Li-Cor pyranometers), which are only sensitive to wavelengths between 400
to 1,100 nm. As such, the latter should be used with caution below established canopies
where photosynthetic active radiation (PAR) is depleted (Link, Marks, & Hardy, 2004).
Other sensors that measure different parameters and different spectral ranges are
summarized in Table 2.2 but are not reviewed further. Common issues with these
measurements include the calibration of the sensors using primary or secondary reference
radiometers, maintenance or cleaning of the sensors, and sensitivity to angle of direct

radiation.
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Table 2.2. Solar Radiation Parameters Measured by Different Equipment

Equipment Parameter Measured
Albedometer Solar albedo, measured as the ratio of diffusively reflected radiation to

incoming global solar radiation. Measured using two pyranometers: one
facing the sky and the other facing the ground.

Heat flux plate or Measures heat flux in soil and walls of buildings.
sensor
Net radiometer A four-part system measuring incoming and outgoing short wave (solar)

and long wave (infrared) radiation to determine net radiation for
scientific-grade energy balance and influences on turbulent fluxes, such
as evapotranspiration.

Pyranometer Global solar radiation (both direct and diffuse) received by a plane
surface as irradiance in W/m2, 1SO 9060 Classification indicates the
quality of the equipment. The spectral range of different equipment
varies between 285 to 4000 nm wavelengths.

Pyrgeometer Measures infrared radiation, which ranges from 700 nm to 1 mm.

Pyrheliometer Measures direct solar radiation — not diffuse.

Quantum sensor Measures photosynthetically active radiation (PAR) between 400 to 700
nm.

Spectroradiometer Measures incoming light irradiance as well as reflectance and
transmittance spectra from approximately 300 to 1000 nm.

Ultraviolet Sensor Measurements of UVA and UVB radiation.

Radiation varies spatially and temporally due to the position of the sun (Figure 2.9, Figure
2.10), atmospheric conditions (Figure 2.10), topography, and the structure of surrounding
vegetation. Earth’s atmosphere reflects a portion of incoming solar radiation before it
reaches the ground depending on factors such as cloud cover. Measurements below the
canopy also have a high level of variability at the microsite scale. The uncertainties can be
accounted for by increasing the number of sensors in an array or aggregating results over
time (Link et al., 2004). While arrays of solar and thermal radiometers have been
successfully deployed to measure radiation reaching the ground below a tree canopy (Link
et al., 2004), no studies were found that deployed an array on a stream surface below a
grassy canopy. An alternative approach is to collect paired, instantaneous measurements
of PAR (400 to 700 nm wavelengths) above and below the canopy under full overcast
conditions with nearly uniform diffuse lighting, such as those that occur during widespread
rain, which provide consistent results to hemispherical photograph analysis (Davies-Colley
& Rutherford, 2005). However, others have found poor correlation between simultaneous

instantaneous readings of PAR sensors only 20 cm apart under heavily shaded sites
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(Chazdon & Field, 1987) and reviews of potential sources of error identified 10 to 25%
error when measuring radiation below shadows or sunflecks since there is a high ratio of
infrared wavelengths (i.e. above 700 nm) although these errors could be reduced by using
multiple sensors (Biggs, 1986). PAR depletion below shaded canopies can be lowered to

approximately 25% of solar radiation beneath a canopy with a plant area index of 5

(Baldocchi, Matt, Hutc

hison, & McMillen, 1984).
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Figure 2.9. Average daily solar radiation received per month on a horizontal surface in St. Cloud, MN
compared to other regions of the USA and the average of 43 US stations (Baker, 1978).
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Figure 2.10. Solar radiation in Saint Paul on June 20, 1974 showing differences in solar radiation above
Earth's atmosphere, on a clear day, and on a day with a rainstorm between 10 am and 1 pm (Baker,
1978)

Using sensors to directly measure shade at the stream surface over a long period of time
may pose practical and financial challenges. For example, damage to the sensors would
need to be mitigated by the method of installation and/or uninstallation / reinstallation to
avoid damage during storms. Depending on the scale of the study, installing multiple sensor
arrays at points of interest along the stream may be cost-prohibitive. In addition, the
sensitivity of the sensor to spatially variable cloud cover or other atmospheric conditions
would necessitate collection of the “above canopy” measurements close and simultaneous
to the “below canopy” measurements. Due to these limitations, direct measurements of
solar radiation may be better suited to parameterizing and validating the results of solar
radiation models, in addition to assessing how shade changes seasonally and spatially due
to establishment of tree foliage (Archibold & Ripley, 2004).
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With any of the ground-based methods of assessing shade, there is also the remaining
question of how scalable the results are beyond the monitoring locations or beyond the
study area/watershed. Results of indirect and direct measurements of solar radiation and
shade at a given point along a river with a mix of forested and unforested riparian buffers
have been upscaled or extrapolated to the entire watershed using a raster of the river with
information regarding adjacent vegetation, river width, channel orientation, and canopy
cover calculated using land cover rasters and empirical relationships between physical

characteristics and shade (Julian et al., 2008).

2.3.3 Ancillary Data
Riparian vegetation and channel characteristics provide important ancillary data in shade
analyses. They can assist in diagnosing the reasons for variability in shade and can support
predictions of shade in un-monitored areas. Site characteristics such as stream azimuth can
amplify or dampen the shade provided by vegetation. Ancillary data will also help
researchers compare the results in different study areas. A review of methods for measuring
each parameter is beyond the scope of this review but is specified by the OWEB Watershed
Assessment Manual (Dent et al., 2000). Monitoring the following vegetation and channel
characteristics may account for variability in shade:
e Buffer width: Distance from stream’s edge to the outer edge of riparian vegetation.
o Buffer height: Estimate average height of riparian stand each side of the stream.

e Dominant overstory species: Document the dominant tree species of tree in the

stand.

e Dominant shrub species: Document the most common and shade-influencing
shrub.

e Species composition: Document the percentage of conifer, hardwood, mixed tree,

shrub, and grassland.

e Diameter distributions and basal area: Measure diameter of trees within a given

survey plot at 4.5 feet above the ground. Use the diameters to calculate basal area.
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Stand health: when measuring diameter, document tree health (dead, diseased, or

dying).
Activities within the riparian area: Document factors influencing plant species

such as beavers, grazing, mechanical disturbance, fire, restoration, or recreational
activities.

Classification of valley type, valley width and constraint ratio: Such as Rosgen

Classification.

Bankfull width: Width of the channel at the average annual high water mark.
Gradient: Slope of the channel.

Sinuosity: Ratio of the valley slope to the channel slope.

Wetted width: Using a tape measure the width of the wetted surface, subtracting
mid-channel point bars and islands that are above the bankfull depth.

Thalweg depth: Measure the deepest part of the channel with surveyor’s rod or tape.
Substrate: Estimate the percent of channel bed composed of each size class of
material

Stream azimuth: Measured with a compass by orienting yourself downstream and

with the direction of the valley (not a meander).

Topographic shade angle: Using a clinometer measure the angle to the highest

topographic source of shade (ridge top, terrace) orienting yourself in four directions
(upstream, left, right and downstream).

Other factors at a study location scale, such as climate and watershed characteristics, should

also be included in the background of the study.

2.4 Numerical Models of Shade

Advancements in stream temperature models since the 1980s have included the

development of multiple algorithms for estimating shade based on the physical

characteristics of the channel and adjacent topography and vegetation. The algorithms

include simulation of the position of the sun, the intensity of solar radiation, and the shadow
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cast by topography and riparian vegetation. This section provides an overview of the
history of shade algorithms. The reader is directed to original source material for detailed

methodologies.

One of the first algorithms developed to assess shade across a stream surface did not
distinguish between topographic and riparian vegetation shading, different plant
morphology/topography on each bank, or varying intensity of solar radiation throughout
the day (Quigley, 1981). The Stream Network Temperature (SNTEMP) model modified
the algorithm by Quigley (1981) to represent shade across the stream surface as a function
of characteristics defined on both the left and right banks of the stream, including
topographic shade (which determines the local time of sunrise and sunset), height of
vegetation, crown measurement, vegetation offset, and vegetation density (Theurer, Voos,
& Miller, 1984). The SHADE program was later developed to dynamically calculate
riparian shade at a watershed scale using remotely sensed data, with the shade results being
used as an input to stream temperature models in Hydrologic Simulation Program-
FORTRAN (HSPF) (Chen, Carsel, McCutcheon, & Nutter, 1998a). The SHADE algorithm
was adapted with some modifications into the stream temperature model CE-QUAL-W2
(Annear, Berger, & Wells, 2001).

Both of the above shade models used the density of the canopy to represent the transmission
of direct solar radiation through gaps in vegetation canopy to the stream surface. Another
shade model was developed by DeWalle (2010) with similar inputs (e.g. vegetation height
and solar altitude) but used the path-length form of Beer’s law as the basis of the model to
represent the positive correlation between shade and the thickness of riparian buffers.
DeWalle (2010) used literature values to represent different canopy densities, which are
referred to as “radiation extinction coefficients”. The strength of this model over others is
that it accounts for the effects of transmission length through the canopy, which varies
throughout each day, however the model does not include vegetation overhanging the
stream surface and calculates shade at the center of the stream, not across the entire width.

DeWalle (2010) applied the Beer’s law model to assess the impact of changing buffer
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characteristics on shade. The results indicated that vegetation on the south bank of east-
west streams provided 70% of total daily shade (i.e. south bank vegetation provides more
shade than vegetation on the north bank for streams in the northern hemisphere). In
addition, the results indicated that for small streams up to 6 m wide, only the first 12 m of
buffer width is needed to provide shade for stream temperature control as long as the
vegetation is tall (approximately 30 m) and has a dense leaf area index (approximately 6).
The model results indicated that vegetation beyond a 12 m buffer width provides minimal
benefits in terms of shade. The results suggested that shade could be optimized by
maintaining a buffer height to stream width ratio of at least 5, although the model was
limited in that it ignored the effects of overhanging vegetation (DeWalle, 2010).

All of the above methods assessed shade across a single transect of the stream. Another
numerical model was developed in EXCEL with Visual Basic for Applications (VBA)
programming to assess shade provided by vegetation and topography from 360° around a
point in a stream using 180 arcs of 2° (Davies-Colley & Rutherford, 2005). The model was
applied to two extreme configurations: a canyon to represent a uniformly straight channel
and a cylinder to represent a pool with uniform surrounding topography. Actual shade
along a meandering stream is expected to be bounded by the shade results from these
canyon and cylinder scenarios (Davies-Colley & Rutherford, 2005). The model has
recently been updated with additional numerical precision using 3600 arcs of 0.1°, tested
in comparison to physical models (Rutherford, Davies-Colley, & Meleason, 2018) and
applied to represent trees with ellipses or kite shaped canopies (Rutherford, Meleason, &
Davies-Colley, 2018).

The works of DeWalle (2010), Chen et al. (1998), and Davies-Colley and Rutherford
(2005) were modified to create SHADEZ2, which was used to conduct a sensitivity analysis
regarding channel and vegetation characteristics (Li, Jackson, & Kraseski, 2012). A recent
study comparing LiDAR analysis to numerical models, including SHADEZ2, found that
LiDAR analysis is inappropriate where stream width is less than 10 m (Loicq et al., 2018).
The sensitivity analyses by Li et al. (2012) and DeWalle (2010) are helpful in developing
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guidelines for improved buffer design along coldwater streams. In addition, the complexity
of shade response to channel and vegetation morphology illustrates that understanding

these dynamics from field observations is challenging.

Limitations of the previously developed shade algorithms relate to vegetation growth,
heterogeneous vegetation, herbaceous vegetation, and narrow watercourses. The current
models calculate instantaneous shade at defined time intervals throughout a single day,
which is then integrated to calculate total daily shade. The shade input used in many stream
temperature models is average shade over multiple days or the entire simulation period. No
studies were found that assessed the variability of shade throughout the growing season.
None of the models include vegetation growth as a factor causing temporal variability in
shade, although one study combined shade modeling with a wood model to simulate
riparian forest restoration (Davies-Colley, Meleason, Hall, & Rutherford, 2009).
Representing mixtures of grassy and woody vegetation is another limitation of the current
models that require average or idealized uniform characteristics, except for the SHADE
model which allows for heterogeneous vegetation characteristics along the length of the
stream. An overall gap in the literature for modeling shade is a lack of analysis in very
small streams (~1 to 3 m wide) and those with grassy riparian vegetation. Several studies
estimated model inputs to represent grassy riparian vegetation characteristics but field
measurements were not collected to calibrate and validate the estimated parameterization
(Blann et al., 2002; Boegh, Olsen, Conallin, & Holmes, 2009; DeWalle, 2010).

2.5 Areas for Further Research

Shade is a key mechanism by which riparian vegetation controls stream temperature.
Understanding the amount of shade is therefore important in improving stream temperature
model parameters, stream restoration design, and riparian management decisions. Current
approaches for determining shade severely limit the use and development of a quantified

approach to planning and implementing riparian management for the purpose of protecting

34



coldwater streams and biota. Areas for further research into riparian shading include the
following topics detailed below:
1. quantitative field-based assessment of shade provided by grassy riparian vegetation
2. standardized best practices for directly measuring shade and interpreting shade
from hemispherical photographs
3. clear terminology for instantaneous, total daily and average seasonal shade
4. assessment of temporal variability of shade

5. enhanced capabilities of theoretical shade models

Much of the literature provides detailed analysis of the benefits of forested buffers in terms
of stream temperature and other stream management objectives. However, two of the
reviewed studies found coldwater fish habitat improved in sites with grassy riparian
vegetation in comparison to sites with woody vegetation. However, the reasons behind this
correlation are unclear. While grassy canopy is clearly smaller than woody canopy, the
extent to which other site characteristics amplify or dampen the shade effectiveness is
unclear, especially for grassy riparian buffers. The literature does not present a clear
understanding of how much shade is provided by grassy vegetation — especially for small
streams — whereas multiple studies have reported on canopy cover, closure, and shade in
woodland areas. Quantitative comparison of both grassy and woody riparian shade will
help assess if shade is a significant mechanism correlating grassy buffers with observed
biotic health improvements. Research on this topic should also carefully consider the
interrelationships between riparian vegetation and channel morphology, such as stream
widening during afforestation. There is diverging research on the impacts of forested
buffers on erosion and channel geometry, and the resulting benefits or detriments to stream
temperature and biotic health. Applying this type of research to riparian management will
not necessarily mean that one or the other is better in all cases. Instead, the comparison will
inform an understanding of where woody or grassy buffers are best suited to meet

watershed management objectives, such as stream temperature control.
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Several areas of research are needed to improve the sampling design and application of
field-based shade research. Further research into the relationship between canopy cover,
canopy closure, and shade should instead focus on standardizing best practices in
measuring shade directly and interpreting shade from hemispherical photographs. In
addition, clear terminology for instantaneous, total daily and average seasonal shade should
be applied in future studies to assist in transferring their findings to other research and
project sites. Using consistent approaches in the field will assist in understanding the
influence of physical stream and vegetation characteristics on shade. Assessing the
temporal variability of shade in terms of the position of the sun, intensity of solar radiation
and growth/senescence of vegetation is also needed to improve sampling design.
Understanding the temporal variability of shade will assist other researchers in scheduling
field data collection at a time when plant morphology reasonably represents typical

vegetation structure during peak thermal stress periods.

Heterogeneous channel and vegetation characteristics result in significant variability in
shade observed in the field using direct and indirect methods. The variability of field
observations has not been clearly interpreted into best practices for designers and decision
makers to optimize riparian management for stream temperature control. In comparison to
field observations, models of shade are useful in understanding the sensitivity of shade to
individual characteristics/parameters while all others are controlled. Advancing the
following capabilities of shade models would enhance their usefulness even further:

e Variable canopy structure at multiple setbacks from a single point in the stream

e Vegetation growth over the analysis period

e Default or typical range of vegetation parameters for common riparian species

e Aggregated results for an entire stream segment

e Instantaneous, daily, monthly, and seasonal shade results

e Graphical and accessible user interface for designers and decision makers

e Effect of riparian vegetation on diffuse solar and long wave radiation
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2.6 Conclusion

Hemispherical photography is the best-suited method for comparing shade provided along
small streams by grassy and woody vegetation in future studies. Direct measurements of
shade using arrays of pyranometers or other light sensors are useful in validating indirect
measurements of shade from hemispherical photographs, however their use over a study
period at many locations may be cost-prohibitive. LIDAR data can be a useful tool in
remotely assessing shade across large-scale study areas where it can be validated by
indirect or direct field measurements but will have limited precision along a narrow stream
with small, grassy vegetation. Canopy cover assesses how much of the sky is blocked by
canopy directly above a point on the ground, while canopy closure assesses how much of
the sky is blocked in the hemisphere above a point. Neither are acceptable surrogate

measurements for shade because they do not vary based on sun position.

In addition to shade, ancillary data are needed to assess how channel and vegetation
characteristics impact shade in narrow streams. The following site characteristics should
be monitored to diagnose variability of shade at different points along a stream and use the
variables to predict shade under existing and modified conditions in numerical models:

Channel Characteristics: Riparian Vegetation:

e Classification of valley type, valley e Buffer width
width and constraint ratio e Buffer height
e Bankfull width e Dominant overstory species
e Gradient e Dominant shrub species
e Sinuosity e Species composition
e Wetted width e Diameter distributions and basal
e Thalweg depth area
e Substrate e Stand health
e Stream azimuth e Canopy cover
e Topographic shade angle e Activities within the riparian area

Use of the methods described above will begin to address the current gap in the literature
regarding shade provided by grassy vegetation in comparison to woody buffers, especially

along narrow streams. These small channel and grassy vegetation characteristics are
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common in cold headwater streams whose biotic health are threatened by rising stream
temperatures. In Chapter 3 of this thesis, hemispherical photography is applied to assessing
existing shade along a small coldwater stream with a mixture of grassy and woody
vegetation, and the results are compared to that of LIDAR analysis. The refined
characterization of shade is then used in Chapter 4 to update a stream temperature model
and simulate potential shade improvement scenarios to evaluate the benefits of riparian
management. A numerical model is used in Chapter 5 to test the potential improvements
in shade using grassy vegetation alone and with sparse woody plantings. In combination,
these chapters evaluate the limits to shade improvements that are consistent with native
vegetation communities along prairie streams and limit the potential detrimental impacts
of establishing dense tree canopies, such as understory suppression resulting in streambank
erosion/widening. Understanding the potential limits of shade improvements will also
identify where the application of other mitigation measures, such as augmenting
groundwater contributions to the stream, are needed to restore and protect viable coldwater

ecosystems.
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Chapter 3. Assessing Shade with Hemispherical Photographs

3.1 Introduction

Rising stream temperatures across the U.S. threaten the viability of coldwater biota
(Sappington & Norton, 2010; U.S. Environmental Protection Agency, 2017). Managing
shade along these impaired streams is one of the most important strategies for reducing
thermal pollution because solar radiation is a dominant contributor to warming streams
(Dent et al., 2000). As agencies look to optimize shade conditions along stream corridors,
better data and new tools are needed to identify where management action will be most
effective by assessing current and predicting future shade. In addition, best practices for
shade restoration are needed in all types of landscapes, including those predominantly
vegetated by grass, herbaceous, and forb riparian species. Forested buffers were originally
encouraged to mitigate the environmental impacts of logging (“Federal Water Pollution
Control Act,” 1972), however their applicability to prairie streams is uncertain due to
indications that grassy vegetation improves the health of coldwater streams in comparison
to woody vegetation (Hunt, 1979; Marshall et al., 2008). The mechanisms of this
correlation remain unclear. The literature primarily assesses the benefits of riparian forests
(Herunter et al., 2003; Minshall et al., 1997). Few studies of riparian grasslands or streams
with widths less than 3 m have applied quantitative, field-based methods to assess shade
(Hunt, 1979; Lyons et al., 2000; Sweeney, 1993).

Shade is the percentage of solar energy that is obscured or reflected by vegetation or
topography (Dent et al., 2000). Shade varies based on the position of the sun relative to the
latitude, longitude, and slope of a location on the ground. Along watercourses, shade also
depends on channel characteristics (e.g. channel width and orientation), the structure of
overhanging riparian vegetation, and the surrounding topography which defines the local

time of sunrise and sunset.

Shade can be measured directly and indirectly over different time periods, including
instantaneously, totaled for a day, or averaged over a multi-day period. The only way to
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directly measure shade is to calculate the ratio of simultaneous measurements of solar
radiation below and above the riparian canopy. Thermopile pyranometers are the best-
suited sensors for measuring global solar radiation above and below canopies and
variability can be reduced by using an array of sensors (Link et al., 2004). Indirect methods,
including analysis of hemispherical photographs (HPs), the solar pathfinder, and light
detection and ranging (LIDAR) data, are often used instead of direct methods because of
time and cost constraints (Dent et al., 2000). Indirect methods estimate the extinction of
incoming radiation by coupling data collected on the structure of the riparian canopy and
with the simulation of the intensity and pathway of the sun above the canopy. HP analysis
is a powerful method to indirectly measure shade provided by any vegetation type. The
method includes capturing a high resolution fish-eye image facing sky-wards, processing
the image using a computer program (e.g. WinSCANOPY) to classify open sky or canopy
regions, and then simulating solar pathways over a selected analysis period to estimate the
extinction of incoming solar radiation. The solar pathfinder is an apparatus with a solar
pathway chart used to record the shadow of overhanging vegetation and is less precise than
HPs (Dent et al., 2000). LiDAR data is collected remotely from conventional or unmanned
aircraft and then is analyzed using Geographic Information System (GIS) software to
simulate solar radiation above a canopy and the shadow cast by vegetation on a ground or
water surface. The accuracy of LiDAR-based shade is limited by the spatial resolution of
the LIDAR data (Carbonneau & Piégay, 2012; Coroi et al., 2007), leaf-off acquisition of
LiDAR, and the inability of GIS software in simulating solar radiation penetrating through
small gaps in an otherwise closed canopy or reflecting off the vegetation. Field
measurements are more cost-effective than remote analysis of analysis of riparian
characteristics when the watercourse length being studied is between 1 and 200 km
(Johansen et al., 2007).

Shade is sometimes estimated using alternative measures of canopy cover and canopy
closure using clinometers or densiometers. Canopy cover is the fraction of sky that is
blocked by canopy vertically above a point on the ground, while canopy closure is the
fraction of sky that is blocked in the hemisphere above a point on the ground. Canopy cover
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and closure are not acceptable surrogate measurements for shade because they do not vary
based on the position of the sun.

The purpose of this study was to assess shade along a small stream with both grassy and
woody riparian vegetation using HP analysis. The term “grassy” in this study encompasses
grass, forb, and herbaceous species while “woody” includes both shrubs and trees. The HP
results were compared to previous estimates of shade based on LIiDAR data (Herb &
Correll, 2016). A relationship was developed to correct LiDAR-based shade using more

accurate predictions from HPs.

3.2 Methods

3.2.1 Data Collection

The study area of Brown’s Creek in Stillwater, Minnesota extended from the St. Croix
River up to Highway 15 / Manning Avenue. The upstream half of the study area is an
urbanized plateau, while the downstream half of the study area is gorge with extensive
shading from topographic relief and woody vegetation. The six reaches illustrated in Figure
3.1 were selected to represent unique combinations of vegetation composition, estimated
shade (Herb & Correll, 2016), and Rosgen Stream Classifications (Emmons & Olivier
Resources, 2008; Rosgen, 1994). Each reach was sampled at 11 evenly spaced transects
along a sampled reach length equal to the average wetted width of the stream (3 m)
multiplied by 40 (Dent et al., 2000). The sampling methodology was designed to allow for
analysis of shade based on vegetation and channel characteristics along individual reaches,
from one reach to another, and analysis of multiple reaches at a watershed scale. Field data
were collected at two additional transects to validate a predictive model of shade.
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HPs were collected between July and September in 2017 using a Sony Alpha 6000 (ILCE-
6000) camera with a fisheye lens mounted on a self-leveling apparatus (Regent
Instruments, Inc.) and attached to a Benro TAD28AIB2 Adventure Aluminum Tripod
(Figure 3.2). With the lens pointed skywards, the tripod was adjusted to lower the camera
as close as possible to the stream surface. Three HPs across each transect were collected at
the center, left, and right! (Figure 3.3). Transect locations were recorded using a
GeoExplorer 6000 handheld global positioning system (GPS) or marked using flagging
tape. The HPs were collected during baseflow conditions when shade is more influential
in controlling stream temperature. All transects were visited at least once during the
monitoring period. Three transects (Transect 6 in Reach 3, Transect 9 in Reach 3 and
Transect 5 in Reach 4) were visited twice (mid-summer and late summer) to test for

variability in shade caused by vegetation growth and senescence.

Another subset of the sampling locations was selected to test for variability in shade based
on the height of the camera lens above the stream and to validate the HP analysis results
using direct measurements of shade. The subset consisted of four transects selected to
represent the range of vegetation types and stream orientations in the study area (Table
3.1). A series of five photos were taken at different elevations above the stream surface at
each position across these transects. The process was repeated with a Campbell Scientific
LI200X Pyranometer to measure solar radiation below the canopy at each stage and
position of the four transects. The pyranometer was calibrated to a daylight spectrum of
400 to 1100 nm and measurements were averaged and recorded every minute onto a
CR10X Datalogger (Campbell Scientific, Logan, Utah).

Solar radiation was also monitored above the canopy at a nearby weather station
(45°3'49.87"N, 92°51'20.98"W) operated by the Brown’s Creek Watershed District using
an ONSET S-LIB-MO003 silicon pyranometer sensing between 0 to 1280 W/m? and a

spectral range of 300 to 1100 nm. The station was installed in 2011 to collect long-term

! The left and right sides of each transect were identified when looking downstream.
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measurements of precipitation, solar radiation, temperature, relative humidity, wind speed,
gust speed, and wind direction. Solar radiation measurements were averaged and recorded
every 15 minutes onto a programmable ONSET logger. The LI1200X pyranometer was
installed adjacent to the S-LIB-MO003 from June 5, 2017 until June 13, 2017 in order to

calibrate the measurements of the two sensors.

3
Photo #2 Photo #1 Photo #3
Left Center Right
(] . . )

Figure 3.2. Setup for Center Photograph Figure 3.3. Photo Locations Across Transect

Middle

Figure 3.4. Example of Hemispherical Photographs (Reach 3, Transect 7)

Table 3.1. Transects Selected for Stage-Shade Monitoring
Stream Orientation *

Vegetation East South
Grassy Reach 3, Transect 9 (-69°) Reach 3, Transect 6 (-16°)
Woody Reach 4, Transect 5 (-84°) Reach 2, Transect 0 (1°)
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L General azimuth measured from due south, where east is -90°, west is +90°, and south is 0°.

Observed physical characteristics listed in Table 3.2 were recorded to account for factors
that may influence shade of each transect, including plant and channel morphology. Past
studies and datasets were referenced to supplement field data from this study. Only the
herbaceous vegetation immediately adjacent to the water’s edge was characterized, in

addition to woody vegetation that could be seen from the creek.

Table 3.2. Parameters of Characteristic Assessment

Parameter Description

The width of the wetted surface, subtracting mid-channel
Wetted width point bars and islands that are above the bankfull depth,
measured using tape.
Thalweg depth 'rl'oflie deepest part of the channel measured with a surveyor’s
The direction that the stream is flowing relative to due south.
= Stream azimuth Measured by orienting a compass downstream with the
= direction of the meander.
=l Classification of valley
© type, valley width and Rosgen Stream Classification (Rosgen, 1994).
constraint ratio !
Bankfull width * Width of the channel at the average annual high water mark.
Gradient * Slope of the channel.
Sinuosity * Ratio of the channel length to the valley length.
Substrate . The percent of channel bed composed of each size clas_s of
i material (i.e. bedrock, bolder, cobble, gravel, sand or fines).
Dominant overstory The species of woody (tree or shrub) which dominates the
species stand (i.e. the tallest, and/or greatest in number).
Dominant herbaceous .
. The most common herbaceous species.
species
f=l Species composition Other species.

g Maximum height of herbaceous vegetation measured in field,
[sal Height of vegetation mode height of herbaceous vegetation measured in field, and
above river maximum height of vegetation above the water surface
estimated using 2011 LiDAR.

Buffer width Width of uninterrupted native vegetation averaged over the
representative reaches.

! Parameter determined using past studies, surveys, and other monitoring work by the Brown’s Creek
Watershed District.

In total, 264 photos were collected across the study area in addition to characterizing the

channel and vegetation at 68 transects.
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3.2.2 Data Analysis

The HPs were analyzed using the software WinSCANOPY 2017a (Regent Instruments,
Inc.) in multiple steps illustrated in Figure 3.5. Initial set-up of the photos included rotating
the images based on the northfinder, defining color groupings for sky and canopy regions,
classifying the regions, and adding masks (i.e. polygons drawn onto the image) if needed
to remove areas of the image from the analysis. The northfinder is a compass built into the
camera mount such that the north direction, indicated by an LED, is recorded in each photo.
Masks can be drawn in WinSCANOPY to prevent parts of an image from being analyzed,
which is necessary in situations where non-canopy elements, such as field equipment, are
captured in the photo. The final step of photo analysis was to simulate the sun path at each
time step over the analysis period. The settings used for all photos are summarized in
Appendix B and include parameters for simulating the position of the sun and solar
radiation. The program specifications for the camera, lens, and hemisphere were provided
by Regent Instruments, Inc., the developers of WinSCANOPY and supplier of the camera,

lens, and mount equipment. Color classes and masks were defined for each photograph.

1: Original Image -\

4: Edit Legend +
Add Masks

Figure 3.5. Steps of Hemispherical Photographs Analysis
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The output from WIinSCANOPY used in this study is the total site factor, which is the ratio
of average daily global (direct and indirect) solar radiation under and over the canopy
during the analysis period. Shade at each position, transect, and reach was then calculated

as 1 minus the total site factor.

Shade-stage curves were plotted using data from the four transects where photos were taken
at five different heights above the stream surface. A formula was developed using these

curves to correct shade to a consistent elevation immediately above the stream surface.

The shade results for the sampled areas were then used to develop a predictive model of
shade in unmonitored reaches in the study area. A regression analysis was conducted to
assess the correlation of the transect characteristics (e.g. stream azimuth, vegetation height,

etc.) with the resulting shade.

Shade was previously estimated for the same study area using 2011 LiDAR by Herb and
Correll (2016) and the methodology is summarized as follows: The main stem of Brown’s
Creek from the St. Croix River to Highway 15 / Manning Avenue was divided into 40 m
segments. Next, a digital surface model (DSM) raster representing the top of the riparian
canopy was derived from the LIiDAR data from MnGeo archive?. The ArcMap area solar
radiation analysis tool (Esri, 2016) was run to simulate the solar radiation reaching each
segment of the creek. The ArcMap tool conducts this analysis by determining if the stream
is shaded for all sun angles over the course of a day and integrates the total solar radiation
reaching each point over the analysis period, which was in this case defined as one month.
This analysis was repeated for each month of a single growing season. Monthly shade was
then calculated using the GIS results by dividing the solar radiation at each segment by the
maximum radiation calculated across the study area, and an average of the monthly shade
results was taken to provide average growing season shade. As is common in such analyses,

the quality of the results were limited by the following:

2 http://www.mngeo.state.mn.us/chouse/elevation/lidar.html
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1. spatial resolution of the LIDAR data relative to the narrow stream width and the
grassy vegetation

2. the LIiDAR data was acquired after leaf-off and did not represent canopy structure
during the growing season

3. the GIS tool cannot simulate solar radiation that penetrates through the canopy
either by small gaps or reflection off the vegetation, so segments with canopy
entirely overhanging the stream were found to have 0% shade (these results were
lowered to 90% in the previous study by Herb & Correll (2016))

The shade estimated herein using HPs and the previous estimates by Herb & Correll (2016)
described above are hereafter referred to as HP-based and LiDAR-based shade,
respectively. The HP-based shade estimates were aggregated on a 40 m segment basis
throughout the monitored reaches to align with the previous study’s segmentation of the
creek. A log relationship between the LIiDAR- and HP-based shade was then developed for
segments with shade estimated by both methods. The remaining segments were not
monitored directly. The relationship was used to correct previous LiDAR-based shade and

provide a complete riparian shade analysis for the entire study area.

The repository for the R code used in this study is available through GitHub (Sparrow,
2018b).

3.3 Results

Stream width at transects ranged from 2.09 to 5.21 m and averaged 2.93 m while the
thalweg depth ranged from 0.13 m to 0.91 m and averaged 0.37 m. Temporal variation of
the width and depth, in addition to spatial, is discussed in Section 3.4 (Figure 3.15.
Transects with mainly woody vegetation were generally wider and more shallow than those
with grassy vegetation. The maximum height of grassy vegetation at each transect ranged
from 0.2 to 3.1 m above the stream surface. Dense grassy vegetation was found

overhanging up to 0.9 m across the stream while other areas had exposed, un-vegetated

48



streambanks up to 3.18 m from the edge of the water. The top of the riparian woodland
canopy was at most 20.4 m above the stream surface, including topographic relief adjacent
to the stream. Detailed records of the physical characteristic assessment are tabulated in

Appendix A.

The variability of shade with respect to the height of the camera lens above the stream
surface was first assessed using a subset of the HP-based shade results from four transects
selected to represent the ranges in stream orientation (i.e. south to east) and vegetation
composition (i.e. entirely grassy and woody) found in the study area. For each position (i.e.
left, middle, right) across each transect, HPs were collected at five elevations ranging from
0.159 to 0.724 m and averaging 0.463 m above the stream. This encompassed the range of
lens heights at all other transects beyond this subset, at which individual HPs were collected
at heights ranging from 0.178 to 0.711 m and averaging 0.328 m at grassy transects and
0.474 m at woody transects. The HPs from the subset of transects were analyzed in
WInSCANOPY and the resulting shade-stage curves are shown in Figure 3.6. The
elevation of the water surface during monitoring was assumed to be representative of the

stream’s baseflow surface elevation for this exercise.

The stage-shade curves were used to develop a formula for correcting shade results to a
common elevation above the stream (xc = 0.1 m). First the curves were normalized using a
standard height (xs = 0.2 m) and the corresponding shade, ys, interpolated from each curve.
Each curve was then normalized by dividing lens height at each stage by xs and shade by
ys. The resulting normalized stage-shade curves (Figure 3.7) illustrate two groups: (1) a
negative relationship for the middle and right positions of transects with shade less than
50% and (2) a relatively flat relationship for transects with shade greater than 50%,
including all forested reaches and the left position of the eastbound grassy transect. One
outlier curve is the left position of the southbound grassy transect. A regression analysis of
the data forming group (2) resulted in a poor fit due to scattered data. Within the scope of
this study, shade could not be corrected for lens height above the stream in cases where
shade was greater than 50% and for the left positions of transects. A correction formula for
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the middle and right positions of grassy transects was developed using group (1) data. The
exponential regression shown in Figure 3.8 was developed for the normalized height and
shade data using the Downhill Simplex method (Nelder & Mead, 1965). Rearranging to

solve for corrected shade provided the following correction formula:

‘H‘ oJLoD
L] -
1;"|= Om v 3-1

where y¢ is corrected shade, Xc is corrected lens height, ym is measured shade, X is the lens
height at which shade was measured, Xs is standard lens height (0.2 m), and the coefficient
b1 is -0.43. The HP-based shade results from all 66 transects across the study area were
corrected using Equation 3-1 at the middle and right positions where the original shade was
less than 50%. On average, the correction factor resulted in 7% more shade.

Vegetation: Woody Reach 4 Vegetation: Woody Reach 2
Azimuth: -89 Transect 5 Azimuth: 1 Transect 0
S — —
o 80"
()]
© 60-
(]
>
<L 40-
S
o 20-
(]
Q
»w  o-
()]
= Vegetation: Grassy Reach 3 Vegetation: Grassy Reach 3
5 Azimuth: -67 Transect9 Azimuth: 19 Transect 6
O]
3 i
L &0
P
&5 60-
o
D 40-
[22]
4]
@ 20-
I 0 - : :

0.2 0.4 0.6 0.2 0.4 0.6
Height of Lens Above Water (m)

Position Left - Middle Right  Azimuth relative to due south
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Correlations between shade and the monitored physical channel and vegetation
characteristics were also assessed. One of the most highly correlated variables with average
transect shade was the vegetation composition, maximum height of herbaceous vegetation,
LiDAR-based shade, and the other outputs from WinSCANOPY (canopy cover and
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closure). A regression analysis was unsuccessful in developing a predictive model for
shade using these and other physical characteristics.

The HP-based shade results are illustrated in Figure 3.9, including results for 11 transects
along each of the six sampled reaches. These results have been corrected for lens height
above the stream. The HP-based shade estimated for the left, middle, and right positions
across each transect varied more in grassy reaches (e.g. Reaches 1 and 3) than in forested
reaches (e.g. Reaches 4 and 6). Average transect HP-based shade ranged from 10% to 97%
and averaged 64%. Temporally, all HP-based shade results were averaged over a growing
season in WinSCANOPY, which also outputs instantaneous and daily average results that

were not used in this study. Detailed HP results are tabulated in Appendix A.

Shade along Brown’s Creek for the entire study area was estimated by extrapolating the
HP results at each transect. The HP results were first extrapolated along the representative
reaches with the same characteristics as the sampled reaches. LIDAR was next used
extrapolate the HP-based shade results to the rest of the study area. LIDAR-based shade
estimated by Herb and Correll (2016) for the same study area was correlated to the HP-
based shade results. In order to estimate shade beyond the sampled reaches, the HP results
were first aggregated across 40 m segment basis throughout the sampled reaches to align
with the previous study’s segmentation of the creek. The LiDAR-based shade are compared
to HP-based shade in Figure 3.10. The log relationship between LiDAR and HP-based
transect shade (Figure 3.11) resulted in an R? value of 0.54. Averaging on a reach basis
(Figure 3.12) resulted in an R? value of 0.76. All shade values are temporally averaged

over a growing season.
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Figure 3.9. HP-Based Shade at Transects
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Average Transect Shade Calculated with LIDAR vs. WinSCANOPY
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HP-based shade was extrapolated to the remaining stream segments in the study area using

LiDAR-based shade as the input to the formula shown in Figure 3.12. The one exception
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was in the Oak Glen Golf Course where the creek was restored after LIDAR data was
collected in 2011, and prior to the HP collection in 2017. Prior to restoration, the golf
course reach was estimated to have 10% shade due to turf grass being mowed to the water’s
edge. The study area LIDAR- and HP-based shade are compared in Figure 3.13. Overall,
this illustrates that LiDAR-based methods may underestimate shade unless they are
validated and corrected using ground-based data. The HP-based shade analysis results for

the entire study area are mapped in Figure 3.14.
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Figure 3.13. Profile of HP- and LiDAR-based Shade along Brown's Creek
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3.4 Discussion

3.4.1 LIiDAR versus HP Methods for Estimating Shade

Overall, the HP-based riparian shade analysis (Figure 3.14) found that Brown’s Creek is
more shaded than previously estimated using LIDAR data. This underestimation is
explained by the limitations of LIDAR data in terms of timing of data collection and spatial
resolution (Carbonneau & Piégay, 2012; Coroi et al., 2007) as well as the inability of GIS
tools in simulating gaps in and reflection through closed canopies. The LiDAR data for this
study area were collected in November of 2011 after leaf-off, which is common for publicly
available LiDAR that is normally gathered to provide high quality topographic, not canopy,
analyses. In addition, data were not collected at a high enough resolution to accurately map
the canopy of small herbaceous vegetation overhanging a narrow stream. Further review
of the correlation of LIDAR and HP-based shade in areas with different vegetation
composition further explains the difference in results. The fit of the correcting formula in
Figure 3.12 with the shade results was better in reaches with mixed or coniferous
woodlands than in areas with predominantly deciduous woodlands (i.e. trees that shed their
leaves in the fall). Coniferous trees have a consistent canopy before and after leaf off when
both the LiDAR and HP data were collected. The correction did not work well in areas
with deciduous trees such as a dense willow woodland upstream of McKusick Road North.
Trees in this area had been planted as part of a restoration project in 1999 and were
established by the time the LIDAR was collected in 2011. The results indicate that different
correction factors or correlations may be appropriate when using LiDAR-based shade to
upscale HP-based shade results, especially in areas with variable woodland species.
Collecting HPs and LiDAR data within the same year would reduce uncertainty in the
correlations due to plant growth. Extrapolating the reach average shade from HP analysis
along representative reaches was more accurate than using the LiDAR-based results, as

shown in the comparison of the two approaches in Table 3.3.
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Table 3.3. Comparison of HP-based Shade and Extrapolation using LiDAR

Parameter or Result | Reach 3, Transect 0 | Reach 6, Transect 0
Vegetation Grassy Woody
Azimuth 0° 37°
HP-Based Shade 43% 91%
LiDAR-Based Shade 3% 23%
Extrapolated Shade 20% 69%
Representative Reach Average HP-Based 43% 89%

Shade

Using LIDAR to estimate shade has other implications for targeting and modeling
strategies to reduce stream temperature. “Unshaded” areas along Brown’s Creek were
previously categorized as areas with less than 55% shade. Using this threshold relative to
the LiDAR-based results, 3 km of the creek were classified as unshaded and needing
improvement to reduce stream temperature (Herb & Correll, 2016). However, the HP-
based results indicated only 1.3 km of the creek were unshaded. While LiDAR can be used
to identify areas that have less shade relative to others areas in the same watershed,

HPs are better suited to prioritize possible shade enhancement projects relative to a specific
objective, such as a target level of shade or stream temperature. Relying on LiDAR-based
shade estimates alone will underestimate existing shade conditions and over-estimate the
potential benefits of future shade enhancement projects. In energy balance assessments of
impaired coldwater streams, underestimated shade may also mask other heat loads

contributing to warm stream temperatures that need to be addressed.

3.4.2 Uncertainty in HP-Based Shade Analysis

HP analysis is the best-suited method for indirectly estimating shade (Davies-Colley &
Payne, 1998; Dent et al., 2000; Kelley & Krueger, 2005; Paletto & Tosi, 2009) and is less
labor and time intensive than directly measuring solar radiation at multiple sites over a
growing season. However, there are several limitations and uncertainties in HP analysis
which were identified, controlled for, and assessed where possible in this study. The
horizontal level of the camera can affect the view angle of the image and was controlled

using an auto-balancing camera mount and adjusting the position using small weights to
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center the bubble level. Variability of shade across the width of the stream was considered
in the sampling design by collecting three equidistant photos across the stream width.
Variability in shade along the length of the stream was also accounted for through the
sampling design by selecting representative reaches and monitoring 11 transects in each of
those reaches. Environmental conditions also introduced uncertainty, such as wind
changing the canopy structure while the HPs were being captured. A multi-shutter release
was used for several sampled reaches but the series of images were not analyzed in this
study to assess the uncertainty from wind conditions. Variability in shade due to the depth
of streamflow was controlled by monitoring during baseflow conditions which were
approximated based on the number of days since rainfall in the watershed. Measured flow
data was available after the study’s monitoring period and indicated that the first transects
monitored in July occurred when flows were in the mid-range flow regime but otherwise

HPs were collected during dry or low flow conditions (Figure 3.15).

Uncertainty in the HP method was also due to the change in the canopy structure over the
growing season. This was tested by collecting HPs at three transects in mid-summer
(July/August) and again in late summer (September). The results indicated that some
locations have more variable shade from senescence late in the summer than others which
maintain consistent shade (Figure 3.16). However, there were an insufficient number of re-
sampled locations to determine a trend and develop a method for adjusting the original HP

results accordingly.

Categorization of canopy and sky areas in HPs is affected by the resolution of photographs
and by user-defined color classification schemes defined in WinSCANOPY. This was
mitigated by using a high resolution camera and by repeating the analysis of six HPs by a
second user, which indicated that user error in WinSCANOPY was minor. On average for
each transect, the difference in shade estimated by two different users ranged from -0.3%
t0 -0.2% (Table 3.4).
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Simulating solar pathway and incoming solar radiation in WinSCANOPY has several
known limitations such as underestimating the radiation reflected through the canopy. This
was intended to be addressed by validating the WinSCANOPY results using direct
measurement of solar radiation at four transects. However, the direct measurements were
inadequate due to discrepancies between the two sensors used for measuring solar radiation
above and below the canopy, the limited spectral range of the silicon photodiode sensors
used, and the high variability of below-canopy radiation over the short duration of
monitoring (5 minutes). These issues can be addressed in the design of future sampling
methods by using an array of sensors below the canopy, aggregating results over a longer
period (e.g. multi-hour or multi-day periods), and using thermopile sensors which have a
full spectral range better suited to measure depleted photosynthetic active radiation (PAR)

below established canopies (Link et al., 2004).
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Figure 3.15. Timing of HP Collection Relative to Flow Conditions in April to October 2017
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Table 3.4. Evaluation of User Error in WinSCANOPY Analysis of HPs
Difference in Shade

Reach and Transect

Middle Right Average
Reach 4, Transect 5 -1% -1% 0.3% -0.3%
Reach 1, Transect 5 1% -2% 1% -0.2%

Understanding the uncertainties and variability in indirectly measured shade has important
implications for sampling design based on the intended scale and application of shade
analyses. Riparian shade analyses are commonly used as inputs for stream temperature
models. Some stream temperature models are developed with long simulation periods (e.qg.
a growing season) over an entire watercourse grouped into segments while others simulate
stream temperature at a specific point in a stream for a short period of time. Riparian shade
analyses are also used to assess the progress of shade improvements towards an objective,
as well as understanding what physical characteristics enhance or diminish shade. The
sampling method of this study was designed to represent the spatial and temporal
variability of shade over an 8 km long stream during one growing season. The physical
characteristics and shade monitored at 68 transects in this study were insufficient to
develop an empirical model of shade. A vast number of spatiotemporal variables influence
shade, including channel characteristics (e.g. width, depth, azimuth, and slope), upland

topography, and vegetation structure (e.g. height, width, distance from stream, species, and
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location relative to transect). Controlling for these variables in nature makes it challenging
to discern the sensitivity of shade to modifications in individual parameters. The focus of
this study on a single creek reduced the range of some variables. The challenges faced in
the regression analysis indicate that larger sample size is needed within representative
reaches. The 95% confidence limits of shade at transects across the width of the stream (n
= 3) and shade along the length of each reach with consistent channel and vegetation (n =
11) were £21% and £ 10% shade, respectively, as summarized in Table 3.5. The
confidence limits could be reduced in future studies to + 5% by collecting 51 samples
across each transect and 46 samples along each reach, selecting sample reaches with more
consistent channel and vegetation characteristics, and/or validation with arrays of light
sensors. The broad confidence limits for the feasible sample size used in this study indicates
that such uncertainty intervals should be assessed as part of subsequent stream temperature

modeling and a factor of safety applied when developing thermal pollution control budgets.

Table 3.5. Statistics for Average Shade at Transect and Reach Scales

Parameter | Average Shade Across Transect ‘ Average Shade Along Reach
N (n) © 66 (3) 6 (11)

Minimum 10% 43%

Maximum 97% 90%

Average 64% 64%

Variance 0.033 0.030

Standard Deviation 14% 15%

95% Confidence Interval +21% + 10%

Note: (1) N is the number of transect or reaches, and n is the number of samples within each

In addition to increasing sample sizes, monitoring additional physical parameters may have
reduced uncertainty in the regression analysis. Other pertinent parameters include width of
overhanging bank, height of bank adjacent to stream, density of vegetation (i.e. high,
medium, low or on a scale of 1 to 0), and mode vegetation height. Collecting LiDAR data
in the summer with a high resolution would also improve the ability to upscale the HP
analysis results to the entire study reach, however this one-time cost might be infeasible
within constraints of other studies. Applications for a predictive model of shade include
defining the canopy structure required to attain target shade levels in the future and

optimizing riparian management activities to provide cost-effective shade improvements.
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Predictive models are not required to assess existing shade conditions which can already
be assessed using HPs and extrapolated using LIDAR.

3.4.3 Shade Provided by Grassy Riparian Vegetation

The riparian shade analysis in this study provides useful insight into shade provided by
grassy riparian vegetation and the factors influencing shade. The HP results in Figure 3.9
illustrate the variability of shade across the width of a stream and along its length. Fourteen
transects were surrounded by entirely grassy riparian vegetation with shade ranging from
10% to 61%. At one transect, a single tree in a meadow provided 85% shade to the creek.
Shade at woody transects (n = 20) ranged from 63% to 97% while mixed vegetation (n =
32) provided between 10% to 96 % shade. The stage-shade analysis illustrated that HP-
based shade at grassy locations varies significantly based on the height of the camera lens
above the stream. Overall, shade increased as the lens was lowered towards the stream.
Variability was also due to the stream azimuth and position across the transect. Close to
70% shade was provided by grassy vegetation on the north bank of an east-west oriented
transect (see the bottom left panel of Figure 3.6). In comparison, grassy vegetation on a
north-south oriented stream (see the bottom right panel of Figure 3.6) provided lower shade
between 30% and 40%. While these results are specific to the two transects monitored,
they reinforce the finding of other studies that north-south oriented reaches of prairie
streams generally have less shade than east-west streams (Kelley & Krueger, 2005). For
practitioners, this also implies that there is more potential to enhance shade along east-west
stream segments than other segments. Further analysis is required to improve and apply
the correction formula (Equation 3-1) to left position shade estimates. Possible next steps
include assessing sensitivity to azimuth by manipulating the HP rotation in WinSCANOPY
and collecting HPs closer to the water surface using water resistant HP equipment. Another
improvement to the formula would be consideration for the depth of flow at the time of
each photo (Figure 3.15) and normalize the photos to baseflow elevation. Additional
sampling is needed to understand the variability of shade with respect to lens height in

forested transects.
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3.5 Conclusions

HP analysis was a useful method for assessing shade along a small stream (2.1 t0 5.2 m
wide) with both woody and grassy riparian vegetation. Grassy riparian shade ranged from
10% to 61% with an average of 34%, all of which were corrected for variable lens height
above the water surface. Solitary trees increased shade above 80% and the greatest shade
provided in densely wooded areas was 97%. The HP-based results for points along the
stream were applied to the remainder of each representative reach length with similar
characteristics and then were upscaled to other locations along the stream using a
relationship developed to correct LiDAR-based shade predictions (R? = 0.76).

HP-based shade was generally greater than LiDAR-based shade due to collection of
LiDAR after leaf off and limited spatial resolution of the LIiDAR data points relative to the
narrow stream and grassy vegetation. In addition, the referenced LiDAR shade analysis did
not include the effect of variable foliage density, and may not adequately capture gaps
between trees. Use of HP analysis reduced uncertainty in existing shade conditions and
improves understanding of the extent to which shade could be improved through riparian
management. Uncertainty in the results of HP analysis appear to primarily be due to the
spatial variability of environmental characteristics. Uncertainty can be reduced through
sampling design (e.g. greater number of samples within each transect and reach, refined
criteria for representative reach selection, etc.) or validation with arrays of light sensors.
However, since both of these suggestions may become time consuming and cost-
prohibitive, confidence limits could be subsequently considered in stream temperature

modeling or thermal pollution control budgets developed using shade results.

Further study is needed to continue improving our understanding of grassy riparian shading
across narrow channels. Possible improvements may include the formula developed in this
study to correct HP-based shade results based on lens height above stream, such as
considering the sensitivity to azimuth by rotating the stage-shade HPs in WinSCANOPY
and normalizing the stages to baseflow elevations. Additional analysis and field data is

needed to improve the method of upscaling the HP-based results to areas of the stream that
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were not monitored using HPs, either by using LiDAR-based shade or through a different

means.
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Chapter 4. Predicting Prairie Stream Temperature using Hemispherical

Photograph Based Shade Inputs and Modified Shade Scenarios

4.1 Introduction

Water temperature is an influential variable in many physical, chemical, and biological
processes in water bodies. The survival and growth of fish and other biota are constrained
by extreme temperatures (Coutant, 1990; Eaton & Scheller, 1996; Magnuson et al., 1990).
Water temperature models have been used to understand heat exchange and subsequent
water temperature change due to variable meteorological conditions (Edinger, Dutweiler,
& Geyer, 1968; Pilgrim, Fang, & Stefan, 1998; Stefan & Preud’homme, 1993; Stefan &
Sinokrot, 1993), stream bed conditions (G. W. Brown, 1969; Jobson, 1977; Sinokrot &
Stefan, 1992), and groundwater interactions (Stefan & Sinokrot, 1993). Water temperature
and weather (e.g. air temperature and solar radiation) are more correlated during low flows
than high flows (R. Gu, Montgomery, & Austin, 1998; Webb, Clack, & Walling, 2003).
Water temperature models have also been applied to evaluate anthropogenic thermal
pollution from dams and heated effluents (Burt, 1958; Delay & Seaders, 1966), logging
(G. W. Brown, 1969), flow modification (Sinokrot & Gulliver, 2000), and paved surfaces
(Herb, Janke, Mohseni, & Stefan, 2008, 2009). These models are used to provide short and
long term forecasts, to extend available monitoring records via hindcasting, and to support
management decisions such as defining the optimum flow or shade levels needed to

maintain adequate stream temperatures.

Water temperature models are categorized as statistical/stochastic and deterministic. Fewer
inputs but longer records are typically required for statistical models, which include
parametric models (e.g. linear and non-linear regressions), and non-parametric models (e.g.
k-nearest neighbors, artificial neural networks). Parametric models are popular for short
(i.e. daily or weekly) timescales while non-parametric models are useful for non-linear
relationships between environmental variables and water temperature (Benyahya, Caissie,
St-Hilaire, Ouarda, & Bobeée, 2007). Deterministic models are process-based models that

typically apply a heat energy budget approach in one, two, or three dimensions based on
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input data such as depth, shading, and wind velocity along the stream (Wawrzyniak,
Allemand, Bailly, Lejot, & Piégay, 2017). Detailed physical parameters make deterministic
models well-suited to assessing the effectiveness of modifications to mitigate
anthropogenic impacts. Water temperatures rise when the net heat flux (gret) is positive,
which is calculated using variations of the following equation:
(N T R N T A IO R I 4 -
n n 1

where gswis short-wave solar radiation, gam is incoming long-wave (atmospheric) radiation,
g is outgoing long-wave (water surface) radiation, qiis latent heat flux from evaporation,
gnis sensible heat flux from conduction between the air and water, gy is conduction between
the water and the bed, qus is the volume and temperature of incoming flows upstream of
the system boundary, ggs is the volume and temperature of flows leaving the system, Qtrin
and grun are the respective volume and temperature of flows entering the stream from
tributaries and surface runoff, gnyp is the hyporheic exchange (i.e. mixing of shallow
groundwater and surface water beneath and alongside a stream bed), and qgw is the volume
and temperature of groundwater flowing into the stream (E. R. Anderson, 1952; Deas &
Lowney, 2000; Sverdrup, Johnson, & Fleming, 1946). The models calculate heat fluxes
based on data inputs of weather and stream characteristics such as aspect, channel
geomorphology, valley topography, locations of inflows from tributaries and groundwater,

and riparian vegetation.

Multiple deterministic stream temperature model platforms are available (Table 4.1) in
addition to simpler models (R. Gu et al., 1998; R. R. Gu & Li, 2002; Sinokrot & Stefan,
1993; Younus, Hondzo, & Engel, 2000). CE-QUAL-W?2 is a two-dimensional (i.e. vertical
and longitudinal) hydrodynamic water quality model with sub-daily time steps that is well
suited to complicated stream systems, such as streams with stratified water temperature
through frequent reservoirs (e.g. reservoirs behind beaver dams). Shade is entered directly
by the user or calculated within the program using multiple physical parameters, such as
tree height (Cole & Wells, 2017).
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Table 4.1. Deterministic river models with water temperature modeling logic (Deas & Lowney, 2000)
Heat Budget*

Dimension

Hydrodynamics/hydraulics

Time Step

Sponsor

Documentation

CE-QUAL- . . Full heat budget & .
RIV1 1D Dynamic Sub-daily Equilibrium temp. USACE (Environmental Laboratory, 1995)
\(/:VEZ'QUAL' 2D Dynamic Sub-daily Equilibrium temp. | USACE | (Cole & Wells, 2017)
(Morin, Fortin, Lardeau, Sochanska, &
CEQUEAU 1D Hydrologic routing Daily Full heat budget none Paquette, 1981; St-Hilaire et al., 2015; St-
Hilaire, Morin, El-Jabi, & Caissie, 2000)
. . Oregon
Heat Source 1D Dynamic Sub-daily Full heat budget DEQ (Boyd & Kasper, 2003)
HEC-5Q 1D Hydrologic routing Sub-daily Equilibrium temp. | USACE (US Army Corps of Engineers, 1986a)
HSPF! 1D Channel routing Sub-daily Full heat budget USGS S?'gggil)l Imhoff, Kittle Jr, Jobes, & Donigian
Dailv to Equilibrium
SNTEMP 1D Steady-state Y temperature USGS (Theurer et al., 1984)
monthly
method
SSTEMP 1D Steady-state Standalone? | Equilibrium temp. | USGS (Bartholow, 2002)
THREETOX | 3D Dynamic Sub-daily Full heat budget None (Maderich et al., 2008)
QUALZ2E 1D Steady-state Sub-daily Full heat budget USEPA (L. C. Brown & Barnwell, 1987)
WOQRRS 1D Dynamic Sub-daily | Full heatbudget & 1\ ,o ) ~rs | (45 Army Corps of Engineers, 1986b)

Equilibrium temp.

1. Another model, SHADE (Chen, Carsel, McCutcheon, & Nutter, 1998b), generates below-canopy solar radiation time series that are run through HSPF to
generate hourly stream temperature results.

2. Simulation for a single time period (e.g. a month, week, or day)

3. Not currently supported

4. Equilibrium temperature method calculates the steady state water temperature if meteorological conditions remained constant (i.e. when Qe in Equation 4-1
is zero), which is useful for modeling the surface temperature of a reservoir or small tributaries. Other models use the full heat budget in Equation 4-1 to
represent systems that would not reach equilibrium temperature, such as groundwater fed streams (Deas & Lowney, 2000).

DEQ — Department of Environmental Quality
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Calibration of stream temperature models should first be in terms of the water budget (i.e.
stream flow) and second in terms of temperature. Calibration of dynamic flow is
challenging due to numerical instability during periods of low flow and high velocity,
significant effects of shear and bottom friction effects, and the changes in velocity due to
variable slope and bathymetry. Parameterization approaches have been developed to
mitigate these challenges (Cole & Wells, 2017). The amount and type of observed
temperature data required for calibration depends on the variability of temperature, the
quality of data used in initializing model parameters, the model platform, and the objective
of the study. Common temperature calibration parameters include the solar attenuation
factor (i.e. dust attenuation), cloudiness constant, water surface reflectivity, evaporation
coefficients, wind sheltering coefficient, dispersion coefficient, and channel roughness
(Deas & Lowney, 2000). Other parameters with high uncertainty due to limited field data
may also be used as calibration parameters. Common challenges with calibrating
temperature include inaccurate inflows, inaccurate inflow temperatures and extrapolating
observed meteorological data from the weather station to the site (Cole & Wells, 2017).
Methods have been developed to improve the definition of a model’s boundary conditions
by using meteorological and flow data to increase the frequency of inflow temperatures in
the input timeseries (Ford & Stein, 1984). Meteorological data limitations can be overcome
by adjusting the wind sheltering coefficient, using alternative weather stations, or
averaging data across multiple stations (Cole & Wells, 2017). Micrometeorological
measurements may also be needed to calibrate temperature within small scale models due
to the significant influence of micrometeorology on water temperature in small streams or
in short modeled segments (G. W. Brown, 1969; Garner et al., 2015; Hannah et al., 2008;
Leach & Moore, 2010; Moore, Spittlehouse, & Story, 2005; Rutherford et al., 1997).

A variety of methods are used to evaluate the results of stream temperature monitoring and
modeling in comparison to water quality standards or management objectives. Often, these
evaluations are related to the potential biological effects of temperature, such as the

exceedance of threshold or maximum tolerance temperatures defined on absolute or
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averaged bases (Eaton & Scheller, 1996). Several metrics and their implications on stream

biology are outlined in Table 4.2.

Table 4.2. Common metrics for stream temperature data analysis (Sappington & Norton, 2010)

Metric Relationship to Biological Effects

Daily max., min., | Often used for evaluating the occurrence of acutely lethal conditions via
& average comparison with laboratory toxicity data.
. Increases may indicate changes associated with reduced riparian cover or
Daily range : . .
base flow, and may increase physiological stress.
7-day avg. of Used by U.S. EPA Region 10 for setting protective thermal criteria for
daily max. salmonids during summer.
Max. weekly Traditionally used by EPA to evaluate chronic effects of temperature on
average organism growth.
Weekly avg., Can be used to characterize and evaluate seasonal changes in temperature
monthly avg. regime, and related cues to reproduction and development.
. A summation of average daily temperatures that represents an integrative
Cumulative . i .
measure of thermal exposure history; may be linked to the onset of
degree days .
developmental or reproductive events.

Brown’s Creek is a small trout stream in Stillwater, Minnesota impaired by high
temperatures and turbidity. Hydromodification of the stream due to ongoing development
is being mitigated by volume control regulations requiring matching to pre-settlement
conditions and complete infiltration of the 2-year return period rainfall event. One of the
recomme