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GUIDELINES FOR RIPARIAN VEGETATIVE SHADE RESTORATION
BASED UPON A THEORETICAL SHADED-STREAM MODEL'

David R. DeWalle®

ABSTRACT: Guidelines for riparian vegetative shade restoration were developed using a theoretical model of
total daily radiation received by a shaded stream. The model assumed stream shading by nontransmitting, verti-
cal or overhanging, solid vegetation planes in infinitely long reaches. Radiation components considered in the
model were direct beam shortwave on the stream centerline, diffuse atmospheric shortwave, shortwave reflected
by vegetation, atmospheric longwave, and longwave emitted by vegetation. Potential or extraterrestrial short-
wave irradiation theory was used to compute beam shortwave radiation received at the stream centerline, and
view factor theory was used to compute diffuse radiation exchange among stream, vegetation, and atmospheric
planes. Model shade effects under clear skies were dominated by reductions in receipt of direct beam shortwave
radiation. Model shade effects with cloudy skies were dominated by the “view factor effect” or the decreases in
diffuse shortwave and longwave radiation from the atmosphere balanced against increases in longwave radia-
tion from vegetation. Model shade effects on shortwave radiation reflected by vegetation were found to be negli-
gible. The model was used to determine the vegetation height (H) to stream width (W) ratios needed to achieve
50, 75, and 90 % shade restoration for mid-latitude conditions on clear and cloudy days. Ratios of vegetation
height to stream width, for dense nontransmitting vegetation, generally ranged from 1.4 to 2.3 for 75% shade
restoration at a mid-latitude site (40°N). The model was used to show H/W needed for E-W vs. N-S stream
azimuths, varying stream latitudes between 30° and 50°N, channels with overhanging vegetation, channels
undergoing width changes, as well as the limits to shade restoration on very wide channels.
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INTRODUCTION management practice (Broadmeadow and Nisbet,
2004; Kauffman et al., 1997; Poole and Berman,
2001; Roni et al., 2002; Rutherford et al., 1997a;

Restoration of riparian vegetative shade to improve Watanabe et al., 2005). Many streams have lost ripar-
water temperature regimes and help rehabilitate ian vegetation due to human disturbances (agricul-
aquatic ecosystems is becoming a common watershed ture, forestry, urbanization, mining, etc.) or natural
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disasters (high winds, fire, flooding, etc.) which has
resulted in increased maximum daily stream temper-
atures and loss or modification of aquatic ecosystems
(Bartholow, 2000; Borman and Larson, 2003; Brown,
1970; LeBlanc et al., 1997; Lynch et al., 1984; Moore
et al., 2005; Scarsbrook and Halliday, 1999; Swift and
Messer, 1971; Wilkerson et al., 2006; Zwieniecki and
Newton, 1999). Shifts in aquatic macro- and micro-
flora and fauna due to changing thermal regimes in
streams caused by changes in shading have been
reported in many regions (Whitledge et al., 2006;
Parkyn et al., 2003; Sweeney, 1993; Harding et al.,
2006). Spring-fed headwater streams in karst terrain
found in states like Pennsylvania have been partially
converted from cold-water to warm-water fisheries by
loss of shade (Grant, 2005), which provided further
local incentive for this paper.

A major question that arises in re-establishing
riparian shade is what amount and type of shade is
necessary to significantly affect the heat balance of
the stream. Other related questions are whether
smaller headwater streams can be significantly
shaded by short grass and shrub vegetation rather
than taller trees, the benefits of using overhanging
vegetation, effects of stream width changes during
shade restoration, and the effectiveness of shade res-
toration on larger streams and rivers.

Small headwater channels with shade from rela-
tively tall, dense trees, receive most of their radiation
as longwave radiation from vegetation and a varying
component of transmitted shortwave radiation. In
these situations, emphasis can be placed on specifica-
tion of the buffer zone width, height, leaf area index,
tree crown diameter, and/or density to be maintained
or cultivated. Forested buffer zone widths ranging
from about 9-30 m width are generally considered
adequate to maintain thermal regimes in such small
streams (Beschta et al., 1987; Sridhar et al., 2004;
Lanini et al., 2004; Wilkerson et al., 2006; Zwieniecki
and Newton, 1999). An alternative approach for
transmitted radiation is specification of the crown
cover above the channel (Tate et al., 2005) or the
fraction of incoming shortwave radiation transmitted
by vegetation (Amaranthus et al., 1989; Davies-Colley
and Payne, 1998). For example, forest streams may
only naturally receive 10-20% of above-canopy solar
radiation during summer when maximum tempera-
tures occur, but receipt of only 30-50% of incoming
solar after restoration is often considered desirable or
acceptable (Davies-Colley and Quinn, 1998; Broad-
meadow and Nisbet, 2004; Rutherford et al., 1997a).

Transmission of shortwave radiation through vege-
tation is a complex process that depends upon an
attenuation coefficient, the plant or leaf area index,
arrangement and clumping of plant parts and the
path length for radiation transmission within vegeta-
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tion. Applicability of simple exponential Beer’s Law
models to transmission of shortwave radiation has
been tested (Aubin et al., 2000; Baldocchi et al., 1984;
Federer, 1971; Link et al., 2004) and found primarily
suited to relatively homogeneous vegetation layers.
Transmission in more heterogeneous or discontinuous
vegetation can be analyzed using more data-intensive
simulation models (Li et al., 1995) or hemispherical
photography of the plant canopy along channels
(Hardy et al., 2004).

At the other extreme, where riparian vegetation is
completely absent or very sparse, shading may be ini-
tially limited to that caused by stream banks and local
topography. In this situation, the ultimate height and
overhang of vegetation in relation to stream width
and stream azimuth, which control shadow lengths
and receipt of direct beam shortwave radiation, become
more important variables. Ratios of vegetation height
to stream width are proposed in this paper as a useful
way to characterize shade. The greater importance of
shade for smaller headwater channels, where the
lower water depths can lead to more-rapid and greater
heating of the stream, than for deeper, higher-order
channels where heating is less rapid is well known
(Poole and Berman, 2001; Chen et al., 1998b; Ruther-
ford et al., 1997b). Experimental development of shade
restoration guidelines is difficult due to the large num-
ber of controlling variables, and modeling is probably
the best way to infer such guidelines.

Models vary in treatment of shortwave and long-
wave fluxes and effects of riparian shade. Models gen-
erally include a reduction in the receipt of shortwave
radiation by shaded streams (Meier et al., 2003; Sinok-
rot and Stefan, 1993) or separate reduction procedures
for direct beam shortwave radiation with consideration
of transmission by vegetation and diffuse shortwave
radiation from the atmosphere (Bartholow, 2002; Chen
et al., 1998a; LeBlanc et al., 1997; Quigley, 1981; Ruth-
erford et al., 1997b; Sridhar et al., 2004; Welty et al.,
2002; Tung et al., 2007). Topographic shading is con-
sidered separately from vegetative shading in some
applications where transmission by vegetation is con-
sidered (Bartholow, 2002; Chen et al., 1998a; Ruther-
ford et al., 1997b). Diffuse atmospheric shortwave
radiation received by shaded streams is generally
reduced by the view factor from the stream to atmo-
sphere and in some applications view factors are
also used to compute atmospheric longwave radiation
(Bartholow, 2000; DeWalle, 1974; Quigley, 1981,
Rutherford et al., 1997b; Chen et al., 1998a; LeBlanc
et al., 1997; O’'Driscoll and DeWalle, 2006; Tung et al.,
2007). Longwave radiation exchange corrections with
view factors become important when the radiating
temperatures and emissivities of riparian vegetation
are significantly different from that of the atmosphere.
Shortwave radiation reflected to the stream by
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riparian vegetation has not generally been considered;
DeWalle (1974) found negligible amounts of reflected
shortwave radiation received by rivers in large valleys.
View factors can be computed from measurements
along shaded channels (Rutherford et al., 1997b; Welty
et al., 2002) or by heat transfer theory (Holman, 1972)
assuming simple geometric shapes for shaded stream
cross-sections (DeWalle, 1974). Overhanging vegeta-
tion effects have been implicitly considered in a few
models where crown diameter of trees is allowed to
overlap the channel width (Chen et al., 1998a; Quigley,
1981). As vegetative shading will affect direct beam
and diffuse shortwave differently, shading effective-
ness should also vary between clear and cloudy days.
Overall, application of models to specific locations
requires considerable site-specific data inputs.

Shade restoration in this paper is defined as the pro-
cess of converting the incoming radiation regime of
exposed streams, typically dominated by direct beam
shortwave radiation and atmospheric diffuse short-
wave and atmospheric longwave radiation, into the
incoming radiation regime typical of heavily shaded
streams dominated by longwave radiation from vegeta-
tion. Due to the lack of general guidelines for shade
restoration for channels that initially have little to no
shade, the major objective of this paper was to deter-
mine an index of shading needed to reduce all-wave
radiation received by exposed streams to 50, 75, and
90% of that for fully shaded streams for various stream
azimuths and latitudes, based upon vegetation height
to stream width ratios. Other sub-objectives were to:
(1) quantify the net impact of increased shading on
direct beam solar radiation relative to other shortwave
and longwave radiation fluxes to the stream, (2) esti-
mate the relative importance of increased shade on
shortwave radiation reflected to small streams by
riparian vegetation, and (3) determine the impact of
overhanging vegetation on stream radiation receipt in
terms of an overhang angle.

SHADED STREAM MODEL

A shaded stream model was developed assuming
an infinitely long, horizontal stream plane which was
shaded by two adjoining, parallel, nontransmitting
vegetation planes of equal height (Figure 1). Shading
by both vertical and overhanging vegetation planes
was considered. Direct beam shortwave radiation
receipt on the stream centerline was computed using
potential or extraterrestrial solar irradiation theory
(Lee, 1978) for entire days. Diffuse shortwave and
longwave radiation receipt by the stream plane was
computed using radiation exchange view factor the-
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FIGURE 1. Model of an Infinitely Long Shaded
Stream Section With and Without Vegetation
Overhang Used in the Theoretical Analysis.

ory (Holman, 1972), which assumes isotropic diffuse
radiation exchange.

Shortwave Radiation

Shortwave radiation reaching a shaded stream sur-
face was modeled as the sum of a direct beam solar
(Kdpeam) and two diffuse shortwave radiation compo-
nents; one diffuse component representing shortwave
from the atmosphere (Kl aum giffuse) and the other dif-
fuse reflected by riparian vegetation (Kl ,eq diffuse) aS

Kistream = [FP : Klbeam] + [sta : Klatm diffuse]

(1)
+ [2FS—V ! Klrefl diffuse]a

where Klgream is daily total incoming shortwave
radiation at the stream surface, FP is the ratio of
daily potential or extraterrestrial solar irradiance on
the centerline of a shaded plane to that on an unob-
structed plane at the top of the atmosphere, Klpeam is
the incoming daily shortwave beam radiation reach-
ing an unobstructed horizontal surface, F_, is the
view factor from stream plane to atmosphere plane,
Klatm diffuse 1S the incoming daily shortwave atmo-
spheric diffuse radiation reaching an unobstructed
horizontal surface, Fs_, is the view factor from
stream plane to vegetation plane on one bank, and
Kl eq aiffuse 1S the incoming daily shortwave diffuse
radiation received and reflected by vegetation planes.
FP can be determined by theoretical analysis of beam
irradiation, ignoring atmospheric attenuation, at the
stream center-line for a given H/W and stream
azimuth, latitude and time of year (summer solstice
assumed). The necessary view factors F,_, and Fy_,
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were derived from heat transfer theory and shaded
stream reach geometry. The incoming radiation totals
K‘l’beam’ K‘Latm diffuse» and K‘Lreﬂ diffuse Can be mea-
sured, extrapolated from published data, as in this
analysis, or computed using theoretical relationships
(Niemel4 et al., 2001; Igbal, 1983).

Longwave Radiation

Longwave radiation received by shaded streams
derives from atmospheric longwave emissions reach-
ing the stream plane and longwave radiation emitted
by vegetation along both banks as

Llstream = [sta : Llatmos] + [2FS*V . leeg]’ (2)

where Ll eam is the daytime total longwave radia-
tion received by the stream surface, Llmos is the
daytime longwave radiation received from the atmo-
sphere on an unobstructed surface, and Liveg is the
daytime longwave radiation emitted by riparian vege-
tation. Longwave radiation fluxes from vegetation or
the atmosphere can also be measured, extrapolated
from published data or computed using the Stefan-
Boltzmann law where

Ll=¢oT?, (3)

where Ll is the longwave flux density in W/m?, ¢ is
the emissivity of the radiator (atmosphere or vegeta-
tion), o is the Stefan-Boltzmann constant or
5.67 x 10~® W/m?/K*, and T is the absolute tempera-
ture (°K) of the radiator. Emissivity of clear sky var-
ies mainly with water vapor content, whereas
emissivity for cloudy sky is increased by cloud cover
(see Duarte et al., 2006; Crawford and Duchon, 1999).
Emissivity for vegetation generally exceeds 0.95
(Oke, 1987). Given the low longwave reflectivity of
vegetation and soil (<5%), reflection of longwave radi-
ation to streams was ignored in this analysis.

METHODS

Fraction of Potential Solar Irradiation

Equations describing the solar altitude and solar
azimuth angles for any latitude, time of year, and
time of day (List, 1968) were used to establish times
of sunrise and sunset on the shaded stream (Fig-
ure 1). Height of the vegetation (H), stream width
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(W), and stream azimuth were varied to simulate a
range of conditions. Once the times of sunrise and
sunset on the stream plane were established, the
potential solar irradiation of the unshaded or shaded
stream plane during a day was computed as (Frank
and Lee, 1966)

I=(I,/r*)[(t2 — t;) - sin lat - sind
+3.8197 - cos lat - cos d - (sin wt, — sinwzy)],

4)

where I, is the solar constant (1360 W/m?), r is the
radius vector which corrects for varying earth-sun
distance, ¢, is the sunset time, #; is the sunrise
time, lat is latitude, d is solar declination which
varies with time of year, and o is the daily angular
velocity of the earth’s rotation (27 radians per
24 hours).

The stream centerline was used as the point of ref-
erence for FP computations and stream azimuths
were varied from N-S to E-W. Vegetative shade alti-
tudes, or angle between the stream centerline and
the top of the vegetation plane in the direction of the
sun, were computed for incremental 0.1 hour time
steps from sunrise to sunset on an unobstructed hori-
zontal plane. Sunrise occurred on the stream center-
line whenever the solar altitude exceeded the shade
altitude and sunset on the stream occurred whenever
solar altitude fell below shade altitude. Double sun-
rise and sunset times can occur particularly for E-W
stream azimuths, where the stream centerline would
be shaded at noon but illuminated for a period in the
morning when the sun was in the East and for a per-
iod in the afternoon when the sun was from the West.
Calculations were conducted for the summer solstice
(June 21, solar declination = +23.5°) when the sun is
at its maximum elevation during the year for a given
latitude; shading would be greater at other times of
year. Emphasis was given to computations for 40°N
latitude, which generally represents conditions in the
mid-latitudes of the United States (U.S.), but results
for 30°N and 50°N latitudes are also shown.

Knowing the appropriate sunrise and sunset times
for the unobstructed and shaded stream plane and
values of r and d from ephemeris tables (List, 1968;
Frank and Lee, 1966), the fraction of potential or
extraterrestrial beam radiation received by the
stream was computed as

FP = stream /Ihorizontal (5)

using Equation (4) for shaded (Igream) and exposed
(Inorizontal) Stream conditions, respectively. FP was
then be used to represent the fraction of beam short-
wave radiation reaching the stream plane over a
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given day using Equation (1). Double sunrise and
sunsets required two integrations to obtain FP and
Iiream for a given day.

Effects of varying vegetation overhang angle on FP
were computed from simple geometry within the
shaded stream reach. Overhang angle was defined as
the angle between the vertical and a line from the
stream edge to the bottom edge of overhanging foliage
(Figure 1). Effects of overhang angle were given as a
family of curves (Figure 4), each for a different H/W
without overhang, showing how the effective H/W
ratios increase with increasing overhang angle. Over-
hang angle also affects the view factor from the stream
to vegetation for a given H/W as described below.

View Factors

View factors were used to approximate exchange of
diffuse radiation between plane surfaces in the
stream-atmosphere-vegetation system. The view fac-
tor between two infinitely long parallel planes of
width = W separated by distance H was computed
(Hottel, 1931) and used to represent the view factor
from the stream to the atmosphere as

Foy =14 (H/W?)'? - H/W (6)

As the sum of view factors from a plane surface to
all surfaces in the hemispherical view above the plane
must add to unity, 1 — F_, represents the view factor
from the stream to the vegetation along both banks
(2F_,). Alternatively, the view factor between two infi-
nitely long planes sharing a common edge with a 90°
included angle can be computed (Siegel and Howell,
2001) and used to represent the view factor from the
stream plane to vegetation along one bank as

Fyyooo = 1/2{1+ H/W —[1+ (H/W)]'*} (7)

The view factor from an infinitely long stream
plane to an overhanging infinitely long vegetation
plane with an included angle <90° (o) can be simi-
larly computed (Schroder and Hanrahan, 1993) as

Foy coo=1/2{d+1—[4>+1—-24cosa)*}, (8)

where A = H/(W sin o) and 0 > F_,__g9 < 1. In Equa-
tions (6-8), the term W is analogous to the width of
the stream plane and H to the vertical height of the
vegetation plane. Equations (7) and (8) can also be
used to compute view factors from stream to vegeta-
tion planes of unequal heights on opposing banks,
although only symmetrically shaded stream sections
are considered here.
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Modeling Radiation Received by Streams

Radiation received by shaded streams using Equa-
tions (1) and (2) was computed for mid-latitude condi-
tions (40°N) using representative radiation data from
Pennsylvania (Table 1). Emphasis is placed upon
clear-sky and the summer solstice conditions when
maximum solar radiation and maximum stream heat-
ing are likely to occur, although results for cloudy
conditions in summer are also given. Potential or
extraterrestrial solar irradiation on a horizontal sur-
face at the top of the atmosphere for the summer sol-
stice (42.81 MJ/mZ/day at 40-42°N latitude) was used
as a starting point (Frank and Lee, 1966). Clear-sky
global radiation (direct beam plus diffuse shortwave)
on this date of 29.54 MJ/m? was next computed using
a June clear sky (<10% cloud cover) clearness index
of 0.69 for northcentral Pennsylvania (NASA Surface
Meteorology and Solar Energy Tables). The clearness
index is the fraction of radiation at the top of the
atmosphere which reaches the earth’s surface as
global radiation during clear-sky days (days with
<10% cloud cover). Global radiation was apportioned
to 80% solar beam (Klpeam = 23.63 MJ/m?) and
20% diffuse shortwave from the atmosphere (Kl m =
5.91 MJ/m?) based upon analysis of the beam vs. dif-
fuse fractions of clear-sky radiation days at the
NOAA SURFRAD network Penn State station during
June-July 2002-2006. Representative clear-sky, day-
time, incoming longwave flux from the atmosphere
(L4 atmos = 16.4 MJ/m?) was also based upon measure-
ments at the Penn State SURFRAD site based upon
a 14-hour daytime period.

TABLE 1. Daytime Radiation Totals for Clear and Cloudy
Days Used to Model Effects of Riparian Vegetative
Shade for Mid-Latitude (40°N) Conditions.

Clear Day, Cloudy Day,

Radiation Component MdJ/m? MdJ/m?

Direct beam shortwave 23.63 3.4
(K‘Lbeam)

Diffuse atmospheric 5.91 13.7
incoming shortwave

(K atm aittuse)

Shortwave received by 3.27 E- and W-facing 2.18
unobstructed vertical 1.52 N-facing 1.02
planes® (Kl yert) 2.25 S-facing 1.48

Atmospheric incoming 16.4 19.7
longwave radiation
(Ll’atmos)

Longwave radiation emitted 20.66 20.66

by vegetation? (Liveg)

Used to compute Kiveg, source DOE NREL website for Williams-
port PA, see text.
2Approximately 18°C average vegetation radiating temperature.
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Blackbody radiating temperatures and fluxes of
longwave radiation from riparian vegetation during
clear days are not known. As a first approximation,
longwave emitted from vegetation (Liveg) was
assumed equal to the June average outgoing radia-
tion flux from the ground surface of unirrigated grass
turf and row crops measured at the Penn State
SURFRAD site (L,es = 20.66 MJ/m?). Based upon
Equation (3), this flux is approximately equal to a
blackbody radiating temperature of 18°C for vegeta-
tion, which is probably a conservative estimate for
clear days. Sunlit edges could radiate at much higher
temperatures during parts of the day; for example,
with E-W stream azimuths the South-facing vegeta-
tion could receive solar radiation at near normal
incidence and heat at times to much higher tempera-
tures than vegetation on the opposite bank which
was facing North. Mean air temperatures during
clear days in summer at the Penn State SURFRAD
site averaged about 22°C and model results using a
vegetation temperature of about 25°C (22.5 MJ/m?)
are also shown.

Shortwave radiation reflected from vegetation
planes along streams also presented special prob-
lems, as no measurements of reflected radiation
from vegetation along streams were available. Esti-
mated clear-day shortwave radiation received on
unobstructed vertical planes (Kl er¢) facing N, E, S,
and W at Williamsport, Pennsylvania for June
(DOE National Renewable Energy Laboratory web-
site) was used to approximate shortwave received
by vertical vegetation planes. Fluxes for North- and
South-facing vertical planes were associated with
an E-W stream azimuth, while fluxes for East- and
West-facing vertical planes, which were equal, were
associated with a N-S stream azimuth (Table 1).
These fluxes for unobstructed vertical planes were
assumed to be entirely diffuse radiation and were
corrected for the reduction in amount of radiation
that could reach the vegetation from the atmo-
sphere as shading increased using the view factor
from the vegetation to atmosphere (F,_,) and then
multiplied by an assumed albedo for vegetation of
0.2 to estimate Kl,en giffuse. The view factor from
vegetation to atmosphere, F, ,,was derived from
other view factors previously discussed, since by
symmetry in the shaded stream section, F,_, = F,_q
and by reciprocity F,_s = Fs_, W/H (Holman, 1972).
Thus, the reflected shortwave radiation from vege-
tation for use in Equation (1) was

Klreﬂ diffuse = 0.2F - W/H Klvert (9)

Substitution of Equation (9) into Equation (1), con-
verts the third term in Equation (1) to
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2Fsy - Klreﬂ diffuse = (2) (0'2)F§7v ’ W/H . Klvem (]0)

where the product 2F_,>W/H becomes the effective
view factor from stream to vegetation along both
banks controlling receipt of reflected shortwave radia-
tion to the stream.

Cloudy days were also modeled where it was
assumed that incoming shortwave to an unobstructed
plane was only 0.4 of potential, with 80% being dif-
fuse shortwave and 20% being direct beam short-
wave, which was representative of partial to heavy
cloud cover days in Pennsylvania. For cloudy-day
modeling, shortwave radiation reaching vertical vege-
tative planes was reduced to two-thirds of that for
clear days (based upon clear to average day ratios
given on DOE NREL website for Williamsport),
incoming atmospheric longwave was increased to
19.7 MJ/m? for the daytime period (based upon data
at the Penn State SURFRAD site) and longwave
emitted from vegetation was not changed.

RESULTS

Fraction of Potential Solar for Shaded Streams

Effects of stream shade on the daily fraction of
direct beam solar radiation reaching the stream cen-
terline are summarized in Figure 2 for E-W, N-S, and
intermediate stream azimuths as a function of H/W
for latitude of 40°N on the summer solstice.

Increasing shading or H/W produces a gradual cur-
vilinear reduction in receipt of direct beam solar radi-
ation as expected, but for E-W streams the curves
shows a more complex pattern due to occurrence of
double sunrises and sunsets. For E-W streams a
threshold or inflection point exists where the fraction

1 7
\\ === E-W azimuth
0.8 ] \ \ \ —
0.6 \ \\ ENE-WSW
o ] \ \
L 0.4 RN NE-SW
- /v\‘\\\
] NS ST~
0.2 | Ry Sy
0:--..,....,....,....,....
0 1 2 3 4 5
H/W

FIGURE 2. Fraction of Potential Extraterrestrial Solar Irradiation
(FP) Received on a Shaded Stream Centerline on the Summer
Solstice and a Latitude of 40°N as a Function of Stream Azimuth
and the Ratio of Vegetation Height (H) to Stream Width (W).
Vegetation overhang angle = 0°.
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of beam radiation received begins to drop rapidly for
increasing shade angles or H/W ratios, which repre-
sents the point where the maximum shade angle [arc-
tan H/(W/2)] begins to exceed the maximum solar
altitude for that day. This threshold also marks the
initiation of double sunrise and sunsets on the stream
centerline as vegetation height (H) increases relative
to stream width (W). For dense shade (e.g., H/W = 5)
FP is reduced to values less than 0.1, equivalent to
10% of beam solar radiation received.

Importance of stream azimuth in controlling effec-
tiveness of riparian shading from shortwave radiation
has been documented by several investigators. Ice
(2004) described the varying shading effect of vegeta-
tion buffers through interactions with stream azi-
muth. Modeling studies have also shown that E-W
azimuth streams can experience double sunrise and
sunsets under certain shading conditions (University
of Washington 2001).

Latitude can have a major influence on the direct
beam radiation reaching the stream for E-W streams
(Figure 3a), but has a smaller influence on the direct
beam receipt for N-S streams (Figure 3b). Generally
for a given H/W, the fraction of potential solar beam
radiation received is greatest for 30°N latitude and
least for 50°N latitude. The threshold for onset of dou-
ble sunrises and sunsets exists at H/W = 1 for latitude
of 50°N, and for a latitude of 30° the threshold occurs
at H/W =4. No similar threshold exists for N-S
streams where the fraction of direct beam solar
received for a given H/W is only slightly reduced with
increasing latitude over the range of 30-50°N latitude.

Vegetation overhang can reduce the fraction of
direct beam solar radiation that reaches the stream
beyond that due to shading by vegetation without
overhang (see Figure 4). An effective H/W ratio can
be defined which accounts for shading by overhang-
ing vegetation to compute changes in FP using
Figures 1 and 2 for beam shortwave radiation
received. For example, shading by vegetation with
H/W =1 with a 0° overhang angle can be increased
to an effective H/W =4 with just a 20° overhang
angle. The effect of overhang angle can be great
where H/W is initially larger, but has a very limited
effect where H/W is initially lower (Figure 4). For
example, for an initial H/W = 0.2 with 0° overhang, a
64° overhang angle is needed to achieve an effective
H/W = 1; however, if the initial H/W = 0.6 with 0°
overhang, only a 18° overhang angle is needed to
achieve an effective H/W = 1.

View Factors for Shaded Streams

Radiation exchange view factors vary with the
ratio of vegetation height to stream width and the
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FIGURE 3. Effect of Latitude (30-50°N) on the Relationship
Between Fraction of Potential Solar Irradiation (FP) Received on
the Stream Centerline and the Ratio of Vegetation Height (H) to
Stream Width (W). Upper graph (a) shows curves for E-W stream
azimuths and the lower graph (b) shows N-S stream azimuths.
Vegetation overhang angle = 0°, summer solstice.

amount of vegetation overhang. View factors from the
stream to atmosphere without vegetation overhang
vary from 100% view of the atmosphere at H/W = 0
to about 10% of the view at H/W = 6 (Figure 5). One
minus this view factor gives the view factor from the
stream to the vegetation along both banks used to
compute longwave radiation receipt. The composite
view factor expression used in Equation (10) to com-
pute diffuse shortwave reflected by vegetation to the
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FIGURE 4. Overhang Angle Effects on the Effective Ratio of Vege-
tation Height (H) to Stream Width (W) to be Used to Determine FP
for Direct Beam Shortwave Radiation Shading. Each Line Shows
the Variation in Effective H/W With Overhang Angle, Beginning
With a 0° Overhang Angle or Vertical Vegetation Plane.
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FIGURE 5. View Factors Used to Model Radiation Received by a
Shaded Stream as a Function of Vegetation Height to Stream Width
Ratio: Fs_, = View Factor From Stream Plane to Atmosphere,
2F_, = View Factor From Stream Plane to Vegetation Planes Along
Both Banks, 2F,_,>W/H = Composite View Factor Derived to Com-
pute Diffuse Reflected Shortwave Radiation From Both Vegetative
Planes to the Stream. Vegetation overhang angle = 0°.

stream (2F2, - W/H) is also shown in Figure 5. As
H/W and hence shading increases, this view factor
for reflected shortwave initially increases because the
increasing view from stream to vegetation dominates,
reaches a peak of 18% at H/W =1, and then
decreases because the view factor from vegetation to
atmosphere begins to dominate.

Vegetation overhang reduces the view from the
stream to the atmosphere and increases the view to
vegetation along the banks (Figure 6), which
increases the importance of longwave emitted and
shortwave reflected to the stream by vegetation. For
example, the view factor from the stream to vegeta-
tion on both banks with H/W = 1 and zero overhang
is about 0.6, but this view factor increases to about
0.72 with just a 10° overhang angle and to about 0.9
with 20° overhang angle. Note that a maximum view
factor from the stream to vegetation along both banks
of 1.00 is achieved relatively easily at small H/W < 1
with only 30° overhang angles. Long overhanging
branches from trees and shrubs or stems from
grasses which do not reach a very great height above
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FIGURE 6. Overhanging Vegetation Effects on Radiation Exchange
View Factor From Shaded Stream Plane to Vegetation Planes
on Both Banks as a Function of Vegetation Height (H) to Stream
Width Ratio (W) for Several Different Vegetation Overhang Angles.
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the stream plane (H) may still be effective in altering
the reflected shortwave and emitted longwave radia-
tion received. Overhanging planes are also assumed
to be nontransmitting and thus are solid planes in
the model.

Modeled Radiation Received by Shaded Streams

Modeled shortwave and longwave radiation compo-
nents received by shaded streams based upon Equa-
tions (1) and (2) are shown in Figure 7 for a N-S
stream azimuth and Figure 8 for an E-W azimuth,
respectively. Results are based upon clear-sky mid-
latitude conditions on the summer solstice without
overhanging vegetation. Figure 7 shows total daytime
radiation received on a N-S stream varied from about
46 MJ/m? with no shade to about 25 MJ/m? with
H/W = 5. The reductions in total radiation received
are largely caused by reductions of shortwave beam,
with reduction in shortwave atmospheric and long-
wave atmospheric radiation being largely offset by
increases in longwave radiation received from vegeta-
tion. Shortwave reflected to the stream by vegetation,
based upon modeling assumptions, was negligible,
but rose slightly and then declined as shading
increased. At H/W = 5, which simulates heavy shade,
radiation received was reduced by about 45% and
dominated by longwave radiation (80% of the total)
received from vegetation.

In Figure 8, analogous radiation components for
an E-W stream azimuth are given for clear-sky,
mid-latitude conditions. Patterns of changes of radia-
tion components with increased shading on E-W
streams are similar to those for a N-S stream except
for the shortwave beam radiation, which differs
according to FP with azimuth as shown in Figure 2,

50 North-South Stream

Total incoming

40

FIGURE 7. Modeled Daytime Components of Radiation Received
by Shaded N-S Streams for Clear-Sky, Mid-Latitude (40°N)
Conditions at Various Vegetation Height (H) to Stream
Width (W) Ratios. Vegetation overhang angle = 0°.
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FIGURE 8. Modeled Daytime Totals of Radiation
Received by Shaded E-W Streams for Clear-Sky, Mid-
Latitude (40°N) Conditions at Various Vegetation Height (H)
to Stream Width (W) Ratios. Vegetation overhang angle = 0°.

and very slight differences in reflected shortwave
radiation due to differences in shortwave received by
vertical vegetation planes. Regardless of stream azi-
muth, vegetative shade effects on FP and receipt of
shortwave beam radiation were most important dur-
ing clear days.

The role of changes in diffuse shortwave and long-
wave radiation (total minus shortwave direct beam
radiation) contributions to the stream with shade
increases on clear days is shown in Figure 9. The
changes in the sum of all diffuse fluxes with
increased shading are negative and quite small, less
than 1 MJ/m?, thus it is clear that most changes in
total radiation received are due to changes in short-
wave beam radiation. Small differences in the sum of
diffuse shortwave and longwave radiation fluxes with
azimuth are due to minor differences in the amount
of shortwave reflected from vegetation in the model.
Increasing the assumed vegetation temperature from
about 18°C to about 25°C, also shown in Figure 9,
caused a minor peak at H/W =1, but again the
changes in the sum of diffuse components remained
small and the overall effect of increased shading on
diffuse shortwave and longwave radiation was gener-
ally negative. Even though the total diffuse flux does
not change appreciably with increased shading, dif-
fuse shortwave plus longwave radiation equals about
85% of the total received at H/W = 5 or heavy shade
conditions and represents the minimum amount of
radiation achievable by shade restoration programs.

Cloudy-day results showed that varying H/W could
also be effective in reducing the radiant energy
received by streams, but results varied little between
N-S and E-W stream azimuths (Figure 10). Regard-
less of azimuth, maximum radiant energy received by
the stream for cloudy days declined curvilinearly
from a maximum of 37 MJ/m? at a H/W = 0.0 to a
minimum of about 22 MJ/m? at H/W = 5. Radiation
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FIGURE 9. Modeled Variation in the Sum of Diffuse Shortwave
and Longwave Radiation Components Received by a Shaded
Stream With Varying Vegetation Height (H) to Stream Width (W)
Ratios for Clear-Sky, Mid-Latitude (40°N) Conditions. Results are
given for both N-S and E-W stream azimuths and for two assumed
vegetation radiating temperatures (18°C and 25°C). Vegetation
overhang angle = 0°.

received without shading was dominated by diffuse
atmospheric shortwave and atmospheric longwave
radiation, while with heavy shade radiation received
was dominated by longwave radiation emitted by veg-
etation. Under cloudy conditions, shade effects on
view factors from the stream to atmosphere and vege-
tation played a dominant role.

APPLICATIONS

Shade Height Requirements

Modeled total radiation loads on shaded streams in
Figures 7, 8, and 10 were used to estimate H/W
needed for shade restoration in mid-latitude sites
(40°N) in the U.S. with zero overhang (Table 2).

40 4
35 1 E-W
30 § <
25 4
20 /
15
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5
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0 1 2 3 4 5
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MJ m2

FIGURE 10. Modeled Variation in the Sum of Total Radiation
Received by a Shaded Stream Under Cloudy-Sky, Mid-Latitude
(40°N) Conditions as a Function of Vegetation Height (H) to Stream
Width (W) Ratios for Both E-W and N-S Stream Azimuths. Vegeta-
tion overhang angle = 0°.
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Ratios for three levels of shade restoration are given,
50, 75, and 90%, which might be relevant to those
planning a shade restoration program. Based upon
radiation totals in Figure 7 for N-S streams, restora-
tion to 50, 75, and 90% of heavy shade can be
achieved by vegetation height to stream width ratios
of 0.7, 1.4 and 2.5, respectively. Restoration for E-W
streams would require much greater H/W ratios of
1.8, 2.3 and 3.3, respectively (Figure 8). For example,
if 50% shade restoration is desired, a 4-m wide
stream would require vegetation height of about
2.8 m for a N-S stream azimuth, but about 7.2 m veg-
etation height for equivalent shading for an E-W
stream azimuth. Shade heights of 2.8 m are possible
with tall grass or shrub vegetation for N-S, but for
E-W streams young, pole-sized woody vegetation
would likely be needed. Blann et al. (2002) found that
grasses and forbs could be as effective as taller woody
vegetation in shading streams in Minnesota based
upon modeling results. Whitledge et al. (2006) noted
that potential for shade restoration was greater for
narrower and N-S azimuth streams in the Missouri
Ozarks based upon modeling results. Ratios needed
for other stream azimuths would be intermediate to
these values and in rough proportion to changes in
FP with azimuth shown in Figure 2.

Stream bank height above the water surface is
implicitly included in the vegetation height used in
these examples. Entrenched streams may be partially
shaded by banks and actual vegetation height from
restoration efforts can be added to bank heights for
purposes of this computation. Exposed stream banks
will have a somewhat different albedo than vegeta-
tion, but as reflected shortwave is not a major compo-
nent in shade computations, this effect should be
negligible. Shading by topography can also be effec-
tive and the same H/W ratios in Figures 2 and 3 can
be used to include topographic effects on direct beam
radiation receipt by streams. The assumption of zero
vegetation transmission in this analysis permits
shading by stream banks and topography to be added
with little error.

TABLE 2. Predicted Vegetation Height/Stream Width
Ratios Needed to Achieve 50, 75, and 90% Shade
Restoration for Clear and Cloudy Days for Mid-
Latitude Conditions (40°N) Overhang Angle = 0°.

Vegetation Height to Stream Width
Ratios for Shade Restoration

Sky Conditions/ 50% 75% 90%

Stream Azimuth Restoration Restoration Restoration

Clear days/north-south 0.7 14 2.5

Clear days/east-west 1.8 2.3 3.3

Cloudy days/all 0.8 1.6 2.7
azimuths
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Cloudy day modeling results (Figure 10) were also
used to infer impacts of shade restoration (Table 2).
On cloudy days for all stream azimuths, model
results suggest that 50, 75, and 90% of shade restora-
tion could be achieved with H/W of 0.8, 1.6, and 2.7,
respectively. Estimates for N-S and E-W streams
differed only slightly and average ratios were used.
These H/W ratios for cloudy days, where a larger
fraction of diffuse shortwave radiation is received,
are intermediate between clear-day estimates for N-S
and E-W stream azimuths.

Grant (2005) studied the temperature increases in
six stream reaches in Pennsylvania during summer
in relation to FP and view factors to the atmosphere
using a similar modeling strategy as used here based
upon extrapolation of relationships for larger rivers
from DeWalle (1974). He found that temperature
increases were moderated by riparian vegetation
where the view factor from stream to atmosphere
(Fy_p)was <0.40 and where the fraction of shortwave
beam radiation reaching the stream centerline (FP)
was <0.75.

Vegetation Overhang Effects

Vegetation overhang increases the effective H/W of
vegetation and can be an important consideration in
shade restoration programs for small streams, as
shown in Figure 4. For example, 6-m high vegetation
along a 4-m wide E-W azimuth stream would only
give a ratio of vegetation height to stream width of
1.5, which is below the ratio of 2.3 needed to produce
75% shade restoration (Table 2). However, if this veg-
etation also had an overhang angle of 10° over the
stream, then according to Figure 4, the effective H/W
for direct beam shortwave would be increased to
about H/W = 2.8, which is adequate to produce 75%
shade restoration, as long as net changes in other
radiation fluxes (e.g., reduced diffuse atmospheric
shortwave and atmospheric longwave vs. increased
longwave from vegetation) did not offset the change.
Vegetation overhang of 10° with H/W = 1.5 essen-
tially gives an increase in view factor from the
stream to vegetation along both banks from 0.68 to
about of 0.84 according to Figure 6; however, the sum
of diffuse shortwave and longwave radiation received
with this increased view was still only slightly less
than that without overhang as was found in the
model without overhang. Thus, impacts of overhang-
ing vegetation on shading guidelines can be deter-
mined largely by analyzing effects on shortwave
beam radiation using Figures 2 and 4 for clear sky
conditions.

Analysis suggests that preference should be given
to plant species that have overhanging foliage and
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branches to benefit the most from shade restoration
programs. Rapidly growing overhanging grass and
shrub vegetation can be used to provide quick shade,
while slower growing woody vegetation becomes fully
established. Planting riparian vegetation very close
to the banks to get the most overhang could be very
important in increasing the effective height of shorter
grass and shrub vegetation for a given stream width.
Planting near stream banks does increase the risk of
loss of plant material due to bank collapse over time
and the effect of channel width changes is considered
below. Vegetation overhang in this analysis also
assumes no transmission by foliage, thus only dense
overhanging vegetation should be considered when
using these guidelines.

Impacts of Stream Width Changes

Use of Figures 7, 8, and 10 and Table 2 implies
that changes in width of channels over time can also
cause significant changes in shading needs. For
example, 90% shade restoration on a 1-m wide
stream with N-S azimuth would require a H/W = 2.5
on clear days and H/W = 2.7 on cloudy days or a veg-
etation height range of 2.5-2.7 m. If the channel
width increased to 2 m during shade restoration, the
required vegetation height range needed for 90%
shade restoration would double to a range of 5-5.4 m.
If shade height were fixed, then such channel widen-
ing would effectively reduce the level of shade resto-
ration that was obtained. Of course, channel
narrowing during a shade restoration program could
render the existing vegetation more effective than
originally planned.

Restoration on Wide Streams

Given the natural limits on vegetation height that
can be achieved with mature trees, Table 2 for 40°N
latitude implies that there are some practical limits
on the maximum stream width that can be apprecia-
bly affected by shade restoration programs. Assuming
that if 30 m is the maximum vegetation height that
can be achieved, then 50% shade restoration could
only be achieved for E-W streams up to about 17-m
wide (H/W = 1.8 needed) or N-S streams up to 43-m
wide (H/W = 0.7 needed). Maximum stream widths
that could be restored for other stream azimuths
would fall within this range. In addition, as the time
required for these maximum vegetation heights to be
reached is significant, shade restoration programs on
such wide streams would be a very long-term invest-
ment. There are many other good reasons for restora-
tion of riparian vegetation along very wide streams,
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but lowering water temperatures by shading is proba-
bly not one of them.

Shading on wide streams would be somewhat more
effective at higher latitudes and less effective at
lower latitudes, at least for E-W stream azimuths.
Based upon Figure 3, the maximum E-W stream
width for 50% restoration by 30-m tall vegetation
would be about 25-m at 50°N latitude compared to
about 17-m width at 40°N latitude.

Latitude Effects

Effects of latitude on shade restoration require-
ments can be easily demonstrated using Figures 3a
and 3b by considering only shortwave beam radiation
reaching the stream, which is justified based upon
modeling results. The vegetation height to stream
width ratio (H/W) needed for 50% shade restoration
(FP = 0.5) in Figure 3a for E-W stream azimuths is
about 1.2, 1.9, and 4.8 for 50°, 40°, and 30°N lati-
tudes, respectively. In Figure 3b for N-S streams, the
H/W ratios needed to achieve 50% restoration with
varying latitudes are about 0.66, 0.74, and 0.82 for
50°, 40°, and 30°N latitudes, respectively. Shading
would be obviously much more effective at higher lat-
itudes than lesser latitudes for E-W streams, but
relatively unimportant for N-S streams.

Assumptions and Limitations

Analysis of stream shade involved several key
assumptions that affect the application of results.
Analysis was based upon the premise that daylight
totals of radiation received by streams from sunrise to
sunset provide a useful index to riparian vegetation
shading. Results thus apply to idealized long channel
reaches which are longer than the distance traveled by
a slug of water during the daylight period. Analysis
was also based upon daily direct beam shortwave radi-
ation received on the stream centerline rather than
radiation integrated over the entire width of the chan-
nel. Ultimately the effectiveness of radiation received
in heating a stream will depend upon how discharge is
distributed across the channel (e.g., whether the bulk
of the flow occurs along one bank or near mid-stream).
In this analysis, for the long straight channel reaches
modeled, the stream centerline was simply used as the
reference point. Impacts of shade on stream tempera-
ture regimes can depend upon many other factors such
as water velocity, water depth, wind speed, humidity,
air temperature, channel bed conductivity (Johnson,
2004), groundwater inputs (Story et al., 2003; Mellina
et al., 2002), and vegetation characteristics includ-
ing transmission and longitudinal distribution of
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vegetation along the channel (Burton and Likens,
1973; Scarsbrook and Halliday, 1999; Rutherford et al.,
2004), that cannot be easily generalized. Computation
of shade restoration impacts on stream temperature
would require case-specific calculations using one of
the several available models including radiation
components given in Equations (1) and (2).

Analysis also treated vegetation as nontransmit-
ting planes, which means shading guidelines should
only be applied to dense or wide vegetative riparian
buffer zones or very dense overhanging vegetation.
Transmission of solar radiation by vegetation would
increase the amount of radiation reaching the stream
and increase the H/W ratio shade restoration guide-
lines shown in this analysis as well as blur differ-
ences in shading guidelines due to stream azimuth.
However, shade restoration guidelines also represent
summer solstice conditions which would equate to
greater shading at other times during the growing
season, somewhat compensating for the nontransmit-
ting assumption in this analysis. A definition of buf-
fer zone characteristics needed for “nontransmitting”
vegetation is not prescribed here, but reference can
be made to the buffer widths typically recommended
for restoring or maintaining shade; widths ranging
from about 9-30 m width are generally considered
adequate to maintain thermal regimes in small
streams (Beschta et al., 1987; Sridhar et al., 2004;
Wilkerson et al., 2006; Zwieniecki and Newton, 1999).
Other accommodations for effects of radiation trans-
mission by vegetation would be to only use the larger
H/W for 90% shade restoration given in Table 2 or to
estimate transmission using Beer’s law and apply the
resulting increase in FP to Figure 2.

An estimate of increase in FP due to transmission
of shortwave radiation by vegetation can be made
based upon the Beer’s Law in the form (Jarvis et al.
1976):

AFP = ¢ K LA (Eq.II)
Where LAI is the leaf area index of the plant commu-
nity and K is an extinction coefficient. LAI can be
measured, but impacts of clumping and non-foliar
components can be problematical (Bréda 2003). The
attenuation coefficient (K) of plant stands varies with
many factors including solar altitude and path length
of radiation through the vegetation (Sridhar et al.
2004, Pomeroy and Dion 1996), which makes applica-
tions to buffer zones of finite dimensions (width,
height, density) and varying stream-buffer geometries
problematical. Regardless, as a rough approximation,
if LAI =5, representing dense vegetation and
K =0.47 representing mean broad-leaved forest
(Bréda 2003), then AFP = 0.095. Pro-rating AFP by
the fraction of the day when the stream is actually
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shaded (e.g. multiplying by 1-FP) is also needed. For
example, given FP = 0.5 (/W = 1) in Figure 2 for a
NE-SW stream azimuth at 40°N latitude without
transmission, this level of transmission increases
FP received by 0.0475 (=AFP(1-FP)) and increases
the solar beam radiation reaching the stream to
FP = 0.5475 (H/W = 0.9). Viewed alternatively, shade
requirements in Figure 2 would have to be increased
from about H/W = 1.0 at FP = 0.5 without trans-
mission to about H/W = 1.1 at FP = 0.4525 with
consideration of transmission, to get the same shade
restoration.

CONCLUSIONS

Vegetative shade effects on receipt of daily total
shortwave beam radiation were found to dominate
model results for clear weather conditions on the
summer solstice. Increases in longwave radiation
from vegetation due to increased shading were essen-
tially offset by decreases in atmospheric diffuse short-
wave and atmospheric longwave radiation based
upon assumptions used in the model for clear
weather. Consideration of view factors from the
stream to vegetation and atmosphere and exchange
of diffuse shortwave and longwave radiation were
more important for cloudy weather conditions. Model
results also indicated that shortwave radiation
reflected by vegetation to the stream would be small
and could be ignored. Measurements of all diffuse
and direct and shortwave and longwave radiation
fluxes received by shaded streams appear to be lack-
ing, but are needed to support future modeling
efforts.

Ratios of vegetation height to stream width for
dense, nontransmitting riparian buffers are given as
general guidelines for use by ecosystem managers to
help plan shade restoration programs. For example,
shade height to stream width ratios needed to reduce
all-wave radiation received on the stream centerline
to within 75% of that on a fully shaded stream ranged
between 1.4 to 2.3 for mid-latitudes (40°N) depending
on cloud conditions and stream azimuth. Ratios
needed to achieve shade restoration will be greater for
E-W than for N-S stream azimuths with clear sky, but
stream azimuth would be relatively unimportant with
cloudy weather. On small streams, shade restoration
is possible with grass and shrub vegetation for N-S
azimuths for some configurations, but taller woody
vegetation may be needed for E-W azimuths depend-
ing upon stream width. Regardless, dense vegetation
overhanging the stream can greatly enhance shading
and measurements of overhang angles can be used to
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estimate this enhancement. Changing stream widths
during shade restoration programs can also cause
important shifts in ratios needed for restoration.
Shade effects on E-W streams were especially effec-
tive for streams at higher latitudes. On larger
streams, opportunities for shade restoration, with or
without overhang, are limited to widths less than
about 17 m for E-W azimuths and widths less than
about 43 m for N-S streams for clear-day, mid-latitude
conditions.
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