Reply to: Seattle Office
October 23, 2019
VIA E-MAIL ONLY TO
PRC@seattle.gov
denise.minnerly@seattle.gov
william.mills@seattle.gov
liza.anderson@seattle.gov
Seattle Department of Construction and Inspections
Attn: Public Resource Center
William Mills
Denise Minnerly
PO Box 34019
Seattle, WA 98124-4019
Seattle City Attorney’s Office
Land Use Section
Attn: Liza Anderson
701 Fifth Avenue, Suite 2050
Seattle, WA 98104-7095
Re:

SEPA Comments by Save Madison Valley—SDCI File No. 3020338-LU

Dear Public Resource Center, Mr. Mills, Ms. Minnerly, and Ms. Anderson:
On October 10, 2019, the Seattle Department of Construction and Inspections issued a public
notice requesting SEPA comments on the six-story, 82-unit mixed use building proposed at 2925
East Madison Street by Velmeir Madison Co. LLC (“Velmeir”)—SDCI file no. 3020338-LU. As
stated in the notice document, the current comment period is a result of the Seattle Hearing
Examiner’s decision in an appeal filed by my client—Save Madison Valley—of the city’s prior
threshold determination for this project. See In the Matter of the Appeal by Save Madison Valley,
Hearing Examiner File No. MUP-18-020 (DR, W) & S-18-011, Findings and Decision (Feb. 26,
2019) (herein, “HEX Decision”). In her decision, the Examiner reversed and remanded the city’s
threshold determination as applied to drainage and shadow impacts. See HEX Decision at 40, 43.
In its October 10 notice document, SDCI stated that it “seeks public comment on only the materials
submitted by the applicant on September 11, 2019 in response to the Examiner’s Decision and
SDCI correction notice.” On behalf of Save Madison Valley, please consider the following
comments on Velmeir’s new drainage and shadow studies and on the city’s procedure for making
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a new threshold determination. For the reasons below, Velmeir’s submissions are deeply
inadequate. A new public comment period should be provided after Velmeir corrects the errors
and omissions discussed below.
A.

The Comment Period Is Too Short—A Full 14 Days is Required.

First, the city issued its notice document on October 10, 2019, and established a comment deadline
of October 23, 2019—for a total of 13 days. SDCI’s notice document also states that this 13-day
period will be the public’s only time to comment on the new threshold determination. See Notice
at 2 (“At this point, SDCI does not anticipate another public comment period associated with a
threshold determination.”).
This is a clear violation of SEPA, which requires a full 14-day comment period after the threshold
determination is issued. See WAC 197-11-340(2)(c) (“Any person, affected tribe, or agency may
submit comments to the lead agency within fourteen days of the date of issuance of the DNS.”)
(emphasis added). See also SMC 1.04.070 (“When computing time, whether forward or backward,
the day of the event from which the time begins to run is excluded.”).
Here, if SDCI decides to issue a Determination of Significance, then there is no need to send the
threshold determination back out for additional public comment. However, if it decides to issue a
Determination of Non-Significance (mitigated or unmitigated), then it must re-notice the threshold
determination and provide a full 14-day public comment period. This is especially important given
the public’s difficulty in accessing Velmeir’s new submittals on the city’s website, as detailed in
the e-mail from Bryan Telegin to Ms. Minnerly and Ms. Anderson dated October 14, 2019.
B.

Velmeir’s New Drainage Study Is Inadequate under SEPA.

With respect to drainage impacts, we asked Tom Spangenberg, our stormwater expert, to provide
comments on Velmeir’s revised drainage report from Navix Engineering. Mr. Spangenberg’s
memo may be found at the end of this letter as Attachment A, together with his curriculum vitae.
As the Spangenberg memo explains, the Navix report is inadequate in a number of respects. For
example, the report states conclusions on the adequacy of the city’s drainage system, but does not
provide the locations of the storm drains or an analysis of their capacity. This issue is especially
important given that the deadly flood of 2006 resulted, in large part, from overland flow that
overwhelmed the city’s stormwater collection system. “Without this information, it is impossible
to provide meaningful comments on the Navix report, or for the public to verify or test its
conclusions.” Att. A at 1.
Similarly, the Navix report contains the results of new stormwater modeling, discusses changes to
the city’s collection system, and assumes that all water falling on-site will enter the on-site drainage
system. However, the memo fails to include the model’s input and output values, and fails to
discuss the likelihood that Velmeir’s on-site drains will become clogged and fail. Collectively,
these omissions make it “impossible . . . to provide meaningful comments on the Navix report.”
Id. at 1–2.
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Under SEPA, every threshold determination must be “based upon information reasonably
sufficient to evaluate the environmental impact of [the] proposal.” WAC 197-11-335. In turn, if
information essential to a reasoned choice is lacking, a “worst case analysis must be performed.”
WAC 197-11-080. Here, the applicant is well aware of the catastrophic and deadly flood of 2006,
making it imperative that it provide the information requested in the Spangenberg memo so that
(a) the public can provide meaningful comments, and (b) SDCI can evaluate the sufficiency of the
proposed drainage system.
The applicant should be required to submit the requested information or a worst-case analysis.
Further, a new comment period should be provided so that the public can provide meaningful
comments based on actual analysis, not bare conclusions. In addition to these comments, we
incorporate Mr. Spangenberg’s comments at the hearing in the above-referenced Hearing
Examiner appeal and ask that the city evaluate all drainage issues noted in the Examiner’s decision.
C.

Velmeir’s Shadow Study and Accompanying Memorandum Are Flawed and
Lack Support.

With respect to Velmeir’s new submittals on shadow impacts affecting the “Mad-P” p-patch, we
provide the following comments on (1) the Shadow study provided by Studio Meng Strazzara and
(2) the “shadow study memorandum” provided by Sean Dugan at Tree Solutions, Inc.
1.

Studio Meng Strazzara Shadow Study

The Studio Meng Strazzara shadow study is inadequate in several respects. First, it appears the
various light readings in the report (showing existing, baseline conditions) were taken in the street,
not in the p-patch itself. See Shadow Study at 29 (map of light reading locations). Without light
readings within the p-patch itself, the study does not present an accurate baseline condition for
comparison with the proposed build-out of the development site. The study should also explain
the purpose of the light readings and how it is using them. At present, the study contains no
conclusions from the light readings. Nor does it include anything to compare them to.
Second, to assess the shadow effects of the proposed building, the study compares the proposed
building’s shadow to shadows cast by existing trees along Dewey Place—with the implication that
the two are equivalent or that the shadow of the proposed building will be smaller. In doing so,
however, the study depicts the tree shadow as if they the trees had a full canopy of leaves all year
long, even in the middle of winter. Yet, virtually all of the trees along Dewey Place are deciduous
and do not bear leaves during late fall, winter, and early spring. Thus, the comparison is false and
misleading. See, e.g., Janet F. Barlow and Giles Harrison, Shaded by Trees? Department of
Meteorology, University of Reading (April 1999) (observing “[d]eciduous trees lose their leaves
in winter, and then the tree trunk and branches are the only parts which cast substantial shadows.”)
(included herewith as Attachment B).
To see this, consider the following two images from the shadow study. The image on the left shows
the existing shadows from the trees. The image on the right shows the shadow from the proposed
building. Both purport to show the shadow impacts on November 24th, during late fall. The
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obvious purpose of the images (for Velmeir) is to show that the shadow cast on the p-patch is not
likely to increase or that it could even decrease. But the image on the left depicts the trees as
bearing a full canopy of leaves (the same as the images depicting shadows in August), which
clearly would not be the case in late November. By depicting the existing shadows in this way, the
study misrepresents and downplays the proposal’s actual shadow impacts. A true comparison
would depict the trees a having no leaves, and with much more light penetrating to the p-patch.

(Shadow Study, Pages 24 & 25—Depicting Shadows on November 24)

This error is highly relevant to the city’s review under SEPA, and prejudicial to the public’s ability
to provide meaningful comments. Without knowing what the true difference would be between
existing shadows and the shadow cast by the proposed building, the public is not able to comment
on the impacts with any degree of specificity.
To make this point more clearly, Velmeir submitted the image below during the Examiner hearing,
depicting existing conditions on March 3, 2016. The image shows the p-patch from the top of the
ridge along Madison and the trees in the foreground are the same trees that the shadow study
depicts as fully leafed-out in late fall, winter, and spring. Yet, the p-patch is clearly visible,
showing that a significant amount of light penetrates to the p-patch when the trees are bare.
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At the Examiner hearing, one of Save Madison Valley’s witnesses—Ms. Wallis Bolz—testified
that the growing season at the p-patch starts as early as February, that the last harvest occurs as
late as September, and that winter cover crops must be planted by October 31st. See HEX Decision
at 27.1 In her more recent comment letter in response to the city’s October 10, 2019 SEPA notice,
Ms. Bolz further explained that winter cover crops are a necessary part of the p-patch cycle. Cover
crops prevent soil erosion and compaction from heavy winter rain. They suppress weed growth.
They improve soil tilth. And they add a large amount of organic matter to the soil when tilled under
in the spring. Cover crops also require full sun, currently provided in the winter when the trees
along Dewey Place lose their leaves. Tony Hacker—one of Save Madison Valley’s founding
members—has also provided a comment letter attesting that the existing trees along Dewey Place
allow a significant amount of sunlight to pass through during winter, precisely because they are
deciduous.
By misrepresenting the shadows cast under existing conditions during late fall, winter, and early
spring, the shadow study misrepresents the actual shadow impacts that will occur during those
seasons. By downplaying those impacts based on the fiction that the trees will have a full canopy

1

As one of the sources cited in Mr. Dugan’s memo (discussed below) indicates, the growing season in
Seattle may extend even as late as December 17. Thus, Ms. Bolz’s statement may itself be an
understatement. See https://weatherspark.com/y/913/Average-Weather-in-Seattle-Washington-UnitedStates-Year-Round #Sections-Humidity (“The growing season in Seattle typically lasts for 9.0 months (272
days), from around February 24 to around November 23, rarely starting before January 17 or after March
19, and rarely ending before November 1 or after December 17.”).
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of leaves year-round, the study understates the significance of the proposal’s impacts on the ppatch—especially cover crops, which affect the health of the p-patch year-round.2
Third, even during the summer, the shadow study depicts the shadows from the trees as being
qualitatively identical to the shadow cast by the proposed building—i.e., that the two types of
shadow will be equally dark. Even between trees, it is known that shadows cast by different species
may be lighter or darker depending on many factors, including the size and density of their leaves.
See Att. B at 3 (observing “[t]he density of the canopy should also be considered—Silver Birch
trees have small leaves and let a lot of direct sunlight filter through their canopies, whereas
evergreen oaks have dense canopies of leaves which shade the surrounding ground so that some
plant species cannot grow beneath them.”). Yet, the shadow study does not provide any support
for its apparent conclusion that the shadow cast by the proposed building will be no darker than
the shadows cast by the existing trees. This, too, misrepresents and understates the significance of
the proposal’s impacts.
The image below depicts some of the trees along Dewey Place in the summer. Would the shadow
cast by these trees really be as dark as the shadow of a solid building of concrete and steel filling
the same space? Obviously not. An accurate study would show the difference.

Next, the shadow study says nothing of temperature impacts, as opposed to light impacts. As Ms.
Bolz explained before the Hearing Examiner and in a more recent letter to Bill Mills, the
productivity of the p-patch depends greatly on achieving appropriate soil temperatures at various
times of the year. See Letter from Wallis Bolz to Bill Mills (May 10, 2019) (explaining that “soil
2

Perhaps relatedly, we note that page 2 of the shadow study contains a chart discussing sunlight hours.
However, the 4th, 5th, and 6th columns are unexplained. To what do the various times in those columns
relate? The study does not explain. Without a narrative explanation, and a source for the information, the
public cannot provide meaningful comments.
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temperature and day length are deciding factors as to when and what one can plant in a garden;
shade increases the risk of plant diseases; cold and damp inhibit pollinators”). See also id.
(requesting that SDCI assess “[s]oil temperature throughout the year, present and anticipated.”).
In turn, it has been documented that building shadows have a more dramatic impact on temperature
than shadows caused by vegetation. See, e.g., Ke Yu, et al., Study of the Seasonal Effect of Building
Shadows on Urban Land Surface Temperatures Based on Remote Sensing Data, Remote Sensing
(2019) (observing that building shadows (“BS”) create “more significant seasonal [temperature]
variations, which is partially due to (1) the variation of the solar azimuth and solar elevation angles
making shaded areas change dramatically in urban regions compared to vegetation; and (2) the
seasonal regulation of solar radiance changing the temperature difference between shaded and
nonshaded land surfaces.”) (submitted herewith as Attachment C).3
Under the Seattle Municipal Code, SDCI must consider “sunlight blockage and shadow impacts,”
SMC 25.05.675.Q.2.c (emphasis added), implying that “shadow impacts” is a broader category
than simply loss of visible light. Here, SDCI should require an analysis of temperature impacts
caused by the proposal’s shadow, which may be significant for the p-patch.
Relatedly, at the bottom of each image depicting the existing and anticipated shadows, the shadow
study reports the times when the “existing building and tree[] shadows” reach the front, middle,
and end of the p-patch. Yet, the study does not, in fact, show the existing building shadowing any
portion of the p-patch on any day of the year. This masks the difference even further between
building shadows and vegetation shadows, as if they were the same.
Finally, we question Velmeir’s representation of vegetation shadows at all in the shadow study.
Due to the complications of comparing vegetation shadows to building shadows, we are aware of
at least one major metropolitan area that does not allow vegetation to be considered when
evaluating shadow impacts of proposed development under that state’s version of SEPA. See San
Francisco Planning Department, Memo re: Shadow Analysis Procedures and Scope Requirements
(July 2014) (“shadow cast by vegetation should not be included as part of existing or net new
shadow”) (submitted herewith as Attachment D). Here, if Velmeir cannot produce a shadow study
that reflects the deciduous nature of the trees along Dewey Place and their seasonal loss of leaves,
the differences in darkness between building shadows and tree shadows, and the temperature
impacts that may be expected to result, then Velmeir should not be using this methodology to
evaluate impacts on the p-patch. A more sophisticated analysis should be produced and, if that is
not possible, a “worst case” analysis should be performed under WAC 197-11-080. For
information on how to model the shadow impacts of deciduous trees that lose their leaves in late
fall, winter, and spring—including complications and issues that need to be addressed—see Elena

3

Note that there may be other studies and scientific papers on the temperature impact of building shadows.
Velmeir should be required to investigate the issue itself. We do not purport here to exhaust the relevant
literature. The same is true for all other technical issues and papers discussed in this letter.

Seattle Department of Construction & Inspections
Seattle City Attorney’s Office
SEPA Comments on SDCI File No. 3020338-LU
Page 8

Rosskopf, et al., Modelling Shadow Using 3d Tree Models in High Spatial and Temporal
Resolution, Remote Sensing (2017) (submitted herewith as Attachment E).4
The one thing that should not be allowed is for Velmeir to submit a shadow study that
misrepresents and downplays the proposal’s shadow impacts, based on the obvious fiction that
deciduous trees along Dewey Place will somehow retain their leaves year-round. If the shadow
study (a) acknowledged that deciduous trees lose their leaves, (b) that vegetation shade is not as
dark as building shade, and (c) accounted for temperature impacts, the results would likely be
significant. At the very least, SEPA requires accurate information to make an informed decision.
2.

Tree Solutions Shadow Study Memorandum

With respect to the Tree Solutions memorandum by Mr. Dugan, it, too, is deeply flawed.
First, Mr. Dugan’s conclusions about what types of crops can be grown in the p-patch are based
entirely on the Studio Meng Strazzara shadow study—particularly in his division of the months of
the year into “below part shade,” “part shade,” and “full sun,” from which all other conclusions in
his memo flow. Yet, Mr. Dugan—a registered arborist—failed to notice that the shadow study
depicts the deciduous trees along Dewey Place as having a full canopy of leaves year-round.
Charitably, we assume this oversight reflects a general ignorance of the project site, as any
qualified arborist would know that deciduous trees lose their leaves in fall. Yet, Mr. Dugan’s
failure to notice and account for this issue still undermines his entire analysis, especially his
conclusion that there will be “no difference in available sun” during January, February, October,
November, and December, when cover crops need full sun to survive, and when the trees will
allow far more light to pass through than is currently shown in the shadow study. The same goes
for his failure to notice that the shadow study depicts vegetation shadows as being equally dark as
anticipated building shadows, affecting his conclusions even for the summer. In short, like the
underlying shadow study on which he relies, Mr. Dugan’s memo is inaccurate and misrepresents
the significance of the proposal’s shadow impacts.
In addition, the Tree Solutions memo is inaccurate and inadequate in the following ways:
•

4

Mr. Dugan classifies October through February as “Below Part Shade” based on there
being “less than 4 hours of sunlight” according to his weather data spreadsheet. Yet, the
spreadsheet (Attachment B to his memo) shows that all segments of the p-patch currently
have well over four hours of sunlight during this time period (see the 8th, 9th, and 10th
columns in his spreadsheet). If Mr. Dugan intended to use the spreadsheet’s calculations

At the very least, if Velmeir is going to attempt to model the shadow impacts of the existing trees along
Dewey Place, notwithstanding the complications of doing so, it must be consistent and model the shadow
impacts of the vegetation planned for the upper floors and roof of the proposed building. As it stands, there
is no indication in the shadow study that proposed on-site vegetation has been accounted for.
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for “direct sunlight,” not “sunlight” as he states, then he should clarify and explain his
choice. At present, the public does not know and cannot comment.
•

For several months, the weather data spreadsheet states “no shadow impacts” in the 8th,
9th, and 10th columns, but not for October through February. For shadow impacts during
these months, the spreadsheet does not disclose whether they will occur in the “front,”
“middle,” or “end” of the p-patch, even though it acknowledges such impacts at least in
October and February.

•

Mr. Dugan’s memo attempts to downplay shadow impacts on the p-patch by noting that
Seattle is cloudy. But that is a non sequitur—a part of the baseline condition affecting
existing and proposed conditions alike. There may be clouds in Seattle, but plants still grow
here and SEPA still requires an accurate assessment of potential shadow impacts. If
anything, the lack of sunny days compared to other regions increases the potential impact
of any additional shadows impacts, reducing an already scare resource.

•

Mr. Dugan’s memo is also inconsistent with the facts on the ground. As Ms. Bolz—a longtime gardener at the p-patch—notes in her own comment letter: “If present conditions at
the Mad P p-patch in this time period [October through February] are as Sean Dugan states
in his memorandum—Below Part Shade, we would not be able to grow cover crop.” She
continues: “In fact, if present conditions during these 120–151 days are as Dugan asserts,
we would also not be able to grow the perennial raspberries, roses, euphorbia and peonies
that flourish in our perennial border nor would we be successful with the many hot-climate
perennial herbs that we successfully grow and donate to the St. Mary’s and Northwest
Harvest food banks.” Because the p-patch does successfully grow these plants, Mr.
Dugan’s memo does not accurately reflect actual conditions at the p-patch.

•

Last, the columns in Attachment B to Mr. Dugan’s report contain various entries for “hours
of direct sunlight,” as opposed to “daylight” or “sunlight” as referenced elsewhere in the
attachment. Yet, those values do not appear to relate to any information contained in the
various web addresses listed at the end of the attachment (under “sources”). Where did Mr.
Dugan get these values for “direct sunlight”? Did he obtain them from the internet or other
publicly available resource? If so, he should disclose those sources so that the public can
comment. Did he derive those values from the shadow study? If so, what are his credentials
for doing so, and what was his methodology? Or, were the values simply provided to him
by Velmeir? If that is the case, the underlying data and analysis should be disclosed so that
the public may have an opportunity to comment. As it stands, we are simply left guessing.
D.

Conclusion

Under SEPA, every threshold determination must be based on information reasonably sufficient
to assess the proposal’s adverse environmental impacts. Members of the public are also entitled to
a reasonably complete and thoughtful submission by the applicant on which to base their
comments. Here, Velmeir’s drainage study does not contain information necessary to evaluate the
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study’s conclusions. And Velmeir’s shadow study and memo suffer from such serious flaws that
they do not even acknowledge that deciduous trees lose their leaves, leaving the public and SDCI
to guess what the true impacts will be. These submissions do not meet the requirements of SEPA.
See, e.g., Conservation Nw. v. Okanogan County, 194 Wn. App. 1034, 2016 WL 3453666, *31
(June 16, 2016) (threshold determination “must indicate that the agency has taken a searching,
realistic look at the potential hazards and, with reasoned thought and analysis, candidly and
methodically addressed those concerns.”) (internal quotation omitted); Columbia Riverkeeper v.
Port of Vancouver, USA, 188 Wn.2d 80, 92, 392 P.3d 1025 (2017) (“SEPA seeks to ensure that
environmental impacts are considered and that decisions to proceed, even those completed with
knowledge of likely adverse environmental impacts, are ‘rational and well-documented.’”)
(quoting 24 Wash. Practice: Environmental Law and Practice § 17.1, at 192).
On behalf of Save Madison Valley, I request that SDCI require Velmeir to correct the errors and
omissions described above, and provide a new public comment period based on new submittals
that give the public some ability to evaluate the veracity of Velmeir’s claim that the proposed
building will have no significant adverse impact. Alternatively, if Velmeir will not correct these
errors, we ask that the city issue a Determination of Significance.
Very truly yours,
BRICKLI & NEWMAN, LLP

Bryan Telegin
cc:

Client
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Attachment A

MEMORANDUM
DATE:

October 18, 2019

TO:

Tony Hacker, Bryan Telegin

FROM:

Tom Spangenberg, P.E.

PROJECT:

Save Madison Valley

RE:

Stormwater Comments

This memo is prepared in response to a request for comments on the August 19, 2019
memo Additional Analysis of Stormwater System on Remand prepared by Navix
Engineering.
Based on a review of the Navix Memo, I identified the following areas where further
information is needed to verify the memo’s conclusion that there will be no adverse
impacts:
●

An analysis of the drain capacity: The Navix memo states that the capacity of the
pipes in the drainage system have adequate capacity to convey the flow off-site
and into the City’s collection system. However, they do not provide the locations
of the storm drains that will collect the site’s stormwater nor do they provide an
analysis showing that the drains have adequate capacity to collect the
stormwater for the high intensity events that they modeled. This is of critical
concern because the deadly 2006 storm overwhelmed the stormwater collection
system and the resulting overland flow caused the catastrophic flood that
occured in the Madison Bowl. Without this information, it is impossible to
provide meaningful comments on the Navix report, or for the public to verify or
test its conclusions.

●

While the memo presents the results of new stormwater modeling, the memo
does not include the model’s input nor output. In order to verify the results of
the modeling, copies of the input and output should be provided. Again, without
this information, it is impossible for me to provide meaningful comments on the
conclusions in the Navix report.

●

The memo states that several changes have been made to the design of the
stormwater collection system. However, updated plans have not been included
in the memo. In order to verify and evaluate the proposed design changes,
copies of the input and output should be provided. As above, without this
information, it is impossible for me to provide meaningful comments on the
Navix report.

● The Navix memo assumes that all water falling on the site will enter the
drainage system, and from there be conveyed to the city’s collection system.
However, one of the major causes of the 2006 catastrophic flood was that drains
were clogged and, as a result, stormwater could not enter the system. The Navix
report contains no analysis of the likelihood that future on-site drains will
become clogged and fail. Without this information, it is impossible to provide
meaningful comments on the Navix report.

.

Tom Spangenberg, P.E.
2217 31st Ave S Seattle WA 98144
206-760-9316
I have 17 years of experience in water resources and hydrologic engineering on
a wide variety of projects throughout Washington State in both a technical lead
and project management role. I have modeling experience with XPSWMM32,
Western Washington Hydrology Model (WWHM), EPASWMM, PCSWMM,
HSPF, HEC-RAS, RiverFLO-2D, HEC-1, HEC-HMS, and UNET.
In addition to my modeling experience, I have worked in a variety of surface
water management areas including GIS applications, drainage design, preparing
PS&E, GPS surveying, stormwater management, stream flow monitoring, and
fluvial geomorphology. I also have considerable experience preparing scopes of
work, proposals, and interviewing with prospective clients.

Representative Projects

Employment History
Company: Osborn Consulting, Inc
Dates: 2013 – 2017
Title: Project Engineer (Contractor)
Company: Tetra Tech, Inc
Dates: 2000 – 2013
Title: Senior Civil Engineer
Education:
M.S., Civil and Environmental
Engineering, University of
California, Berkeley

Drainage Design / Basin Planning

B.S., Electrical Engineering, Univ. of
Texas, Austin

City of Shoreline Ballinger Creek and McAleer Creek Basin Plans,
Shoreline, WA, 2014-2015

Registration/Certification:
Professional Engineer, Washington

Tom developed HEC-RAS models for CIP identification and floodplain Years of Experience:
mapping along McAleer Creek and Lyon Creek within the City of Shoreline. 17
Tom used HSPF to identify the design flows. Models were used to identify Areas of Experience:
problem areas, perform alternatives analysis, and update FEMA floodplain
Hydraulics and Hydrology
boundaries. Once problem areas were identified, the resulting CIPs sought to Stormwater Engineering
repair or replace the stormwater infrastructure in these problem areas as well as Computer Modeling
address capacity related issues for both existing land use conditions and GIS Applications
proposed new developments. The combination of models developed by Tom
and the innovative prioritization and alternatives analysis performed by the team as a whole provided for costeffective solutions for the City.
Seattle Public Utilities On-Call Drainage and Urban Flooding Project, Seattle, WA, 2014-2015
(Work Order #12 – SSO System Support)
OCI worked with Seattle Public Utilities to develop a PCSWMM model to analyze the conveyance capacity of a
combined systems network in the Capitol Hill neighborhood of Seattle. Tom worked with SPU’s model
development standards to develop and calibrate a PCSWMM model, which included hydrology and hydraulics. In
addition to utilizing PCSWMM, Tom worked with ArcGIS to delineate basin boundaries and obtain land use
information for the H&H model, as well as create maps and drawings for a final report. The model was used to
identify system restrictions, the system’s current level of service (LOS) and potential downstream impacts. He
performed an alternatives analysis and recommended drainage improvement projects to alleviate the identified
system restrictions. Tom document the modeling methods, calibration, alternatives analysis, results, and
recommendations in a design report.
City of Redmond Stormwater On-Call, Redmond, WA 2013-2015
As part of the 2014 Stormwater Improvements PS&E On-Call task, OCI was hired to design the 152nd Avenue Pipe
Repair and Stormwater LID Retrofit. Tom developed a SWMM model to analyze the capacity of the City’s
stormwater system and to identify the causes of flooding in a highly impervious basin near 152nd Avenue NE and NE
85th Street. The hydraulics in the area are complex and are affected by groundwater as well as the stage in the
Sammamish River. In addition to analyzing the causes of flooding, Tom developed conceptual alternatives to
mitigate flooding that included pipe improvements and green infrastructure. The project was located in close
proximity to a wellhead protection zone, and therefore required additional analysis to ensure all water quality
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Tom Spangenberg, P.E.
2217 31st Ave S Seattle WA 98144
206-760-9316
requirements were met. All designs were developed in accordance with the Ecology Stormwater Retrofit and LID
Grant the City received in 2013.
Smuggler’s Slough Fish Passage Culverts; Lummi Nation, Whatcom County, WA, 2015
Tom was the lead modeler for this alternatives analysis and design project to replace two undersized culverts with
fish passable box culverts. Tom reviewed and updated an existing HEC-RAS unsteady state model with recent
survey information. He modeled proposed fish passage culvert alternatives, conducted zero-rise analysis, and
prepared modeling summary of results and recommendations. This analysis balanced habitat restoration with
maintenance of high quality farmland while containing potential flooding.
Harborview Road Drainage Improvements, Whatcom County On-Call Project, Whatcom County, WA, 2015
The Harborview Road Drainage Improvements project involved developing PS&E for undersized stormwater
infrastructure, and water quality and maintenance improvements along the east side of Harborview Road in the Birch
Bay neighborhood. Tom was the lead modeler and assessed existing and potential future flooding problems and
improved stormwater infrastructure capacity. Tom updated existing SWMM and HSPF models were provided by
the County with project survey data and proposed solutions. Tom also reviewed the system for hydraulic control
points that could impact the response of the system when the undersized culverts were replaced. Options included
adding a storage location, installing high flow bypass pipes, increasing the size of existing pipes, and relocating
pipes to maximize conveyance and minimize flooding. In addition, water quality facilities were designed to mitigate
pollutant runoff along Harborview Rd. Tom documented the modeling process, the undersized culverts and flooding
locations, and options and recommendations he developed to reduce existing flooding in a technical memorandum.
West Lake Sammamish Parkway Improvements, Bellevue, WA, 2013
Tom was the project manager and lead engineer on a project to design the water quality treatment facilities for the
road resurfacing project on West Lake Sammamish Parkway as subconsultant to Reid Middleton. Tom used the
Western Washington Hydrology Model to quantify water quality flows and the HY-8 program to evaluate existing
outfalls into Lake Sammamish to be used for road stormwater drainage. Tom prepared the plans and specifications
for the water quality facilities. The project was constructed in summer 2013.
Vuemont Vista Drainage Study and Water Quality Vault Design, Bellevue, WA, 2008, City of Bellevue
Tom was project manager and lead engineer on a project to assess the hydraulic and water quality impacts that
eliminating an infiltration trench outfall might have on an existing residential drainage system. The hydraulic
conditions of the drainage system were analyzed with the SWMM. It was determined that a water quality facility
would be needed to mitigate for the loss of the infiltration trench. Tom was responsible for the PS&E of a water
quality filter vault for the site.
Reddington Setback and Extension, Green River, Auburn, WA, 2011
King County DNRP/WLRD - River and Floodplain Management Section
Project Engineer on the feasibility study for design of the Reddington Levee Setback and Extension. Evaluated
alternatives for relocating the Brannan Park Pump Station, identified utility conflicts, and worked with the County to
identify the optimal levee alignment.
West Lake Sammamish Culvert Repairs, Bellevue, WA, 2010
City of Bellevue
Tom was project manager and lead engineer on a project to assess the condition and prioritize repairs for 19 culverts
beneath West Lake Sammamish Parkway. Because of the depth of the culverts, trenchless technology was the
favored approach. Following evaluation of the culverts, six culverts were selected for repair. Tom prepared the
PS&E to include options for the contractors to either slip-line or pipe burst at each location. The hydraulic capacity
of the culverts was evaluated using the Western Washington Hydrology Model (WWHM) and the HY-8 program.
Construction was completed in the summer of 2010.
116th Place SE Outfall Repair, Bellevue, WA, 2009, City of Bellevue
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Tom was project manager and lead engineer on a project to assess the hydraulic conditions and repairs required for
erosion on a steep slope below a storm water outfall. The urban drainage network tributary to the outfall was
analyzed with SWMM. The selected alternative was to tight line the flow to the bottom of the slope and stabilize the
slope. The ensuing design was constructed in 2009.
Myhre Road Improvements, Kitsap County, WA, 2007
The existing box culvert over Clear Creek on Myhre Road was replaced with a 5-lane single 60-foot span precast
concrete bridge structure. Tom was responsible for the hydraulics associated with the bridge design, the drainage
improvements that were implemented along with the bridge construction, and the hydraulics of the stream
restoration and wetland mitigation that were also associated with the project. The goal of the project was to increase
traffic capacity and to increase hydraulic capacity thus reducing flooding.
Rock Creek Culvert Replacement, King County, Washington, 2007
Using the HEC-RAS hydraulic modeling program, Tom evaluated the hydraulic response to the proposed design
alternative with respect to fish passage design criteria. Tom also analyzed the erosive characteristics of the stream to
determine its sediment transport capabilities in order to properly specify the stream substrate that would not be
washed away.
Bayview Ridge Stormwater Plan, Skagit County, WA, 2007
Tom worked as the hydraulic engineer for the preparation of a storm water management plan for 11,300 acres, Bay
View Ridge watershed that includes the Skagit Regional Airport. He developed hydraulic/hydrologic models, using
XPSWMM, for four tidally influenced drainages, No-Name Slough, Big Indian Slough, Little Indian Slough, and
Joe Leary Slough.
Winesap Road Drainage System, Snohomish County, WA, 2003
Analyzed the road drainage and designed the drainage improvements for approximately 2,000 ft of residential road
in unincorporated Snohomish County. This project was identified as part of the Snohomish County Drainage Needs
Report and was constructed in 2003.
Eastmont Extension and Baker Ave Storm Drainage Improvements, Douglas County, WA, 2011
Douglas County, in central Washington, is undertaking significant roadway improvements in the East Wenatchee
area. Among these is the widening of 7,600 feet of Eastmont Avenue. Part of the roadway drainage system
interfaced with a new 500-foot-long bridge across Canyon B. This requires a new pipeline on very long and steep
terrain to connect up with Canyon B floodway below. The 7,600 feet of existing roadway went from grader ditches
to an enclosed piped system with infiltration for offsite flows. The roadway storm water is treated in a LID
infiltration pond with overland dispersion of excess flows. Another key element of the project is the conveyance of
high flows (500 cfs) from Canyon B to discharge in the Columbia River via a separate 5,100-foot-long 72” pipeline.
A special intake structure is included to bypass extreme flows to an adjacent pipeline that was previously design by
Tetra Tech to convey the 25-year event. Tom provided technical assistance with the road drainage and off-site
drainage issues. The HEC-HMS model was used to estimate offsite drainage flows tributary to the Eastmont
Extension.

Hydraulic Modeling and Floodplain Mapping
Rainbow Bend Floodplain Restoration, Cedar River, King County, 2013
Tom was the project manager and lead engineer on the modeling work order with King County. The scope of the
work order was to develop a two-dimensional model of a 1-mile stretch of the Cedar River to estimate the response
of the river to proposed habitat restoration alternatives. The RiverFLO-2D program was used to for the twodimensional model.
Smith Island Restoration, Union Slough, Snohomish County, 2013
Tom developed a two-dimensional hydraulic model to analyze the hydraulic response of the slough system
downstream of the Snohomish River to proposed levee breach and floodplain restoration project at Smith Island
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along Union Slough. The slough system is complex and tidally influenced and pushed the limits of the RiverFlo-2D
model that was used.
FEMA Floodplain Map Modernization, Washington State Department of Ecology
Project Engineer for updating floodplain maps (FIRMs) and Flood Insurance Studies (FIS) for many cities and
counties in Washington State, including Spokane, King, Kitsap, Spokane, Grays Harbor, Cowlitz, Clallam, and
Yakima counties. The project incorporated existing County topography with stream surveys, field reconnaissance
data, and interviews with long-time residents along with updated hydrologic and hydraulic modeling to ensure an
accurate mapping effort. The mapping effort used GIS and FEMA modeling/mapping methods to develop Digital
Flood Insurance Rate Maps (DFIRMs) and update the FIS for each County. Typical modeling programs used as
hydrologic, hydraulic, and mapping tools include HEC-HMS, HEC-RAS, HEC Geo-RAS, HSPF, and ArcMap GIS.
A sampling of projects includes:

 FEMA North Creek Floodplain Remapping, King County. Provided technical assistance in remapping

portions of North Creek where the levee had been decertified by FEMA. The mapping analysis followed
FEMA’s Guidelines and Specifications for remapping the regulatory floodway as well as the 100-year
floodplain. The new floodplain was incorporated into the county-wide DFIRM for King County.

 FEMA Pothole Floodplain Study, Pierce County. The goal of this project is to produce updated floodplain

mapping for 189 closed depression (pothole) areas within unincorporated Pierce County. This project was
divided into two stages. The first stage developed a cost effective, accurate method to determine the Base
Flood Elevation (BFE) for each of the closed depression areas. To do this, Tom analyzed the impact of several
key variables on rainfall-runoff volumes and compared the results to known runoff volumes from four
representative basins within the County as well as results from previous studies. The second stage involved
mapping the BFE for each of the 189 closed depression areas and developing a database that would track the
data used to establish the BFEs. Geographic Information System (GIS) data was used to establish the BFE for
an area based on available data and ArcView GIS was used to map the extent of the floodplain for each area.

 FEMA Floodplain Mapping Restudy Study, Kitsap County. This project restudied Clear Creek within

unincorporated Kitsap County in order to update the floodplain map and as part of the county-wide DFIRM
conversion for FEMA’s Map Modernization program. For this project and ArcView GIS were used as
hydrologic, hydraulic, and mapping tools.

 FEMA Floodplain Mapping Restudy Study, Pierce County
This project restudied six creeks within unincorporated Pierce County in order to update the floodplain map and as
part of the county-wide DFIRM conversion for FEMA’s Map Modernization program. For this project HSPF, HECRAS, and ArcMap GIS were used as hydrologic, hydraulic, and mapping tools. FEMA Floodplain Study, Pierce
County. Produced updated floodplain mapping and Flood Insurance Studies (FIS) for six creeks within
unincorporated Pierce County.
Soldiers Home Levee Certification / Puyallup River LOMR, Pierce County, 2006
Tom was the project manager and lead engineer of the project to certify the newly constructed Soldiers Home
Levee. Once the levee is certified, a new floodplain map will be delineated incorporating the effects of the levee. A
Letter of Map Revision (LOMR) was submitted to FEMA to revise the floodplain in the area of the levee and
Horsehaven Creek. The HEC-RAS model was used to evaluate the new water surface elevations based on the effect
of the levee and to re-study Horsehaven Creek.
Repetitive Loss Plan, Pierce County Washington
Repetitive loss properties are defined by FEMA as those where two or more NFIP claims of at least $1,000 each
have been paid within any 10-year period since 1978. Tom developed a plan in accordance with guidelines provided
by the National Flood Insurance Program (NFIP) that assesses the repetitive loss flooding problem and explores
alternative solutions/actions to alleviate flooding within three areas of the County. As part of this project ArcView
was used to develop maps and to inventory structures within repetitive loss areas.

Page 4

Tom Spangenberg, P.E.
2217 31st Ave S Seattle WA 98144
206-760-9316
Clear Creek Watershed Silverdale Drainage Analysis, Kitsap County, Washington
The HEC-RAS and EPA SWMM modeling programs were used to analyze flooding problems in an area of
Silverdale draining to lower Clear Creek. Developed alternatives and cost estimates to eliminate flooding.
Fennel Creek Zero Rise Study, Pierce County Washington
Tom used the HEC-RAS hydraulic modeling program to determine the impacts of a proposed berm on the creek
hydraulics and the extent of the 100-year floodplain. Recommendations were developed for the proposed berm that
would eliminate any effects on the 100-year floodplain.
Soldiers Home Levee Setback Project, 2006
Pierce County, Randy Brake, 253-798-4651
Tom assisted in the hydraulic analysis and design of the one-mile-long Soldiers Home Setback Levee and raising
and stabilization of another mile of existing levee. The levee was designed to meet the requirements for levee
accreditation by FEMA.
Canyon A Dam Safety Analysis, Douglas County, Washington
The Canyon A dam is a 30-foot high earthen dam used for flood control above East Wenatchee in unincorporated
Douglas County. Tom performed the hydrologic and hydraulic modeling to help define the optimal operating
condition and hydraulic design elements for the dam. Using GIS tools along with HEC-RAS and HEC-HMS, Tom
performed the dam safety analysis to define the overflow spillway and downstream hazard analysis.
Goldsborough Creek Environmental Restoration Project, Mason County, Washington
This Section 206 project consists of removal of a 35-foot timber pile, concrete, and sheet pile dam in Mason County,
Washington, to allow fish passage and salmon habitat restoration. The cascading pool and riffle streambed
restoration design makes use of bio-engineering features, including large woody debris, fabric-reinforced vegetated
soil, and placed boulders for bank protection and energy dissipation. The structural design includes 33 weirs to
construct a cascading pool and riffle sequence. Tom was responsible for reviewing the stream hydraulic and
hydraulic modeling, as well as calculating construction quantities using MicroStation CAD software.
Reddington Setback and Extension, Green River, Auburn, WA, 2011
King County DNRP/WLRD - River and Floodplain Management Section
Project Engineer on the feasibility study for design of the Reddington Levee Setback and Extension. Evaluated
alternatives for relocating the Brannan Park Pump Station, identified utility conflicts, and worked with the County to
identify the optimal levee alignment.

Water Resources Analysis
Multi-Purpose Water Storage Assessment, Chehalis Washington
The goal of this project was to identify and assess the feasibility of multipurpose storage projects within the
Chehalis River watershed that could be used to enhance low flows and/or provide water for both consumptive and
non-consumptive uses. Tom was the Project Engineer and the principle author of the study. Evaluated projects
included traditional surface water reservoirs, wetland restoration, groundwater storage and recovery, and other
factors influencing surface runoff and groundwater recharge such as agricultural drainages, the effects of beavers,
land management practices (forest conservation and low impact development).
Multi-Purpose Water Storage Assessment, WRIA 19 (Hoko-Lyre Watershed), Clallam County, Washington
The goal of this project was to identify and assess the feasibility of multipurpose storage projects within WRIA 19
that could be used to enhance low flows and/or provide water for both consumptive and non-consumptive uses. A
water needs analysis was also completed as part of this project. Tom was the Project Engineer and the principle
author of the study. WRIA 19 consists of six independent drainage systems. Projects were investigated and
evaluated for each drainage system. Evaluated projects included traditional surface water reservoirs, wetland and
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stream restoration, waste water recycling, groundwater storage and recovery, and other factors influencing surface
runoff and groundwater recharge such as, the effects of beavers and land management practices.
Clover Creek Watershed Plan, Pierce County Washington
Used the ArcView GIS software program to create a database and spatial coverages of various features within the
watershed. As part of this project, field observations located using GPS equipment were imported into ArcView in
order to create coverages containing the observations.
Repetitive Loss Plan, Pierce County Washington
Repetitive loss properties are defined by FEMA as those where two or more NFIP claims of at least $1,000 each
have been paid within any 10-year period since 1978. Tom developed a plan in accordance with guidelines provided
by the National Flood Insurance Program (NFIP) that assesses the repetitive loss flooding problem and explores
alternative solutions/actions to alleviate flooding within three areas of the County. As part of this project ArcView
was used to develop maps and to inventory structures within repetitive loss areas.
Stream and Wetland Inventory and Assessment, City of Shoreline, Washington
The streams and wetlands within the City of Shoreline were inventoried and evaluated. A global positioning (GPS)
receiver was used to locate stream alignment and selected features. The ArcView GIS software program was used to
create a database and spatial coverages of stream and wetland features within the each of the City’s nine drainage
basins. In the final report, habitat characteristics were described, problems and needs were identified, and
recommendations for restoration options were presented.
FCZD #1 Service Fee Code Update, Pacific County, Washington
Used the ArcView GIS program to compute the average impervious surface for a single-family residence within
Flood Control District #1. Determined new service fee codes based on the impervious area for the average singlefamily residence. Used ArcView to measure the impervious surface for each parcel not zoned single-family
residential. Updated the County’s database to reflect the new fee codes.
Matilija Dam Decommissioning Appraisal Report Supplement, Ventura County, California
Due to excessive sedimentation, Matilija Dam no longer serves its original intended purpose of water supply and
flood control. The Los Angeles District contracted with Tetra Tech, Inc to examine a matrix of sediment removal
and disposal options in conjunction with the proposed removal of the dam. Under an accelerated schedule, Tetra
Tech prepared preliminary plans and cost estimates and also evaluated the potential significant environmental
impacts and beneficial uses of the sediment. Tom prepared preliminary cost estimates for the removal of an
estimated 6,000,000 cubic yards of sediment stored behind the dam. Alternatives examined included a slurry
pipeline to the ocean, with sediment dispersal for beach nourishment at the outlet. The cost estimates also included
transporting coarse material from the reservoir via a conveyor system. The pipeline was sized based on an analysis
of the water supply available for use in the slurry.
Gila River/Santa Cruz River Watershed Feasibility Study, Pima County, Arizona
Feasibility study of 3,500 square mile area to identify solutions to flooding, erosion, environmental degradation,
water supply, and related problems within the Santa Cruz River watershed. The study evaluates opportunities for
establishing a more widely accepted hydrologic baseline condition, and screens alternatives for riparian/wetland
development to restore the functions and values of the riverine ecosystem. Included in the study was a review of an
existing HEC-2 floodplain model, historical sedimentation and erosion trends, and channel geomorphology. An
existing HEC-2 floodplain model was also reviewed. Tom was responsible for reviewing the existing HEC-2 model
and analyzing the effects that increased channel vegetation may have on flood elevations.
San Diego Creek Watershed Analyses for Orange County, California
A watershed enhancement plan which incorporates previous studies and recommends potential projects to enhance
habitat, water quality, recreation and sediment control on a watershed-wide basis was developed. Tom was
responsible for preparing GIS maps of the vegetation communities, stream corridor conditions, and conceptual
designs for habitat enhancement projects.
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Comprehensive Flood Hazard Management Plan, City of North Bend, Washington
Created maps, using the ArcView GIS program, of the floodplain and floodway of the Snoqualmie River through the
City of North Bend. GIS maps of identified flood hazards and alternative solutions were also developed using
ArcView.
City of Hoquiam Comprehensive Surface Water Management Plan
Assisted in the inventory of drainage facilities in the city, creation of the database of the City’s drainage facilities
and provided GIS support to the project.
Markwick Property Erosion Repairs, Kitsap County, Washington
Outflow from Ridgetop regional stormwater detention pond caused scour along a ravine downstream of the facility;
sediment from the ravine was transported downstream and deposited on the Markwick property. Developed
alternatives and cost estimates for eliminating the impacts of outflows from the detention facility, repairing the
ravine, and restoring the Markwick property.
Chapman Loop Outfall Repairs, Town of Steilacoom, Washington
The Chapman Loop outfall drains into a ravine, over a bluff and into Puget Sound. The ravine and bluff downstream
of the outfall have been severely eroded by high flows from the outfall. Developed conceptual design alternatives,
including cost estimates and potential funding sources, to stabilize the drainage channel through the ravine and to
provide safe passage for the water over the bluff and into Puget Sound.
West Hill Neighborhood Drainage Impacts, City of Puyallup, Washington
Prepared a drainage plan for the West Hills neighborhood of the City of Puyallup. The EPA SWMM modeling
program was used to identify flooding problems in the existing drainage system for existing and future land use
conditions. Conducted a field visit to identify existing and potential erosion problems in the neighborhood. Provided
recommendations to eliminate flooding.
Northgate Thornton Creek Stormwater Modeling, City of Seattle, Washington
Recently the City constructed a wetland on the grounds of North Seattle Community College and planned to divert
water from a detention pond through the wetland. The wetland outflows into a storm drain network with outfall into
Thornton Creek. Developed a HEC-RAS model to estimate the conveyance capacity of Thornton Creek. Upstream
detention options were evaluated using XPSWMM32 in order to reduce flooding during the 2-year storm event.
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Shaded by Trees?
Janet F. Barlow and Giles Harrison
Department of Meteorology,University of Reading

The lengths of shadows cast by trees depends on factors
which include the time of day and year and geographical
location. The shape of tree will affect the duration of
shading. Tables show the lengths of shadows for a range
of parameters. These give quick reference having been
chosen to give a representative range of locations in the
British Isles.

Shade can be highly desirable , providing a cool respite
from hot summer sun. Equally, it can cause annoyance
if, for example, the front rooms of a beautifully designed
south-facing house become shaded by a row of dense
conifer s. Equal annoyance can occur when trees
interfere with television reception - partic ularly
reception from satellites (BBC and ITC 1998). Trees can
be accommodated in landscape design by consideration
of a few general and site-specific factors. This note
explains these factors and provides easy reference tables
for determining approximate shadow length at different
locations in the British Isles.

The sun rises in an easterly position and tracks through
south to set in a westerly direction (Figure 1). Its path
across the sky is an arc, determined by the Earth's tilt in
relation to the Sun. Consequent ly, it reaches its
maximum height at noon (local time) when, in the
northern hemisphere, the shortest shadows of the day are
cast due north of the tree. (Fig 3)

Sunrise in
east

Sunset in
west

Figure 1.
Schematic diagram of the sun as it tracks across the sky
during the day,

The length of a shadow is related to the tree's height and
the positio n of the sun in the sky: (Fig 2)
The length of a tree's shadow depends on the time of
both year and day and the geograp hical location.
Calculation of shadow length can be broken down into
geometrical and time-dependent factors:
The position of the sun in the sky
(throughout day/year)
The latitude of the location
The immediate topography
The extent and duration of shading is also determined by
the shape and height of the object, e.g. a tree. In order to
simplify the problem, it is assumed that the tree is like a
flag-pole and all that initially needs to be considered is
its height. This assumption is reasonab le because the
width of the shadow and its duration at a point depends
on the width of the tree's crown.

0

solar
zenith
angle

tree
heights

AA/S
Shadowlengths
Figure 2.

The Shadowlengthis relatedto the heightof the tree andthe angle
that the Sunmakeswiththe sky zenith,i.e. the solarzenithangle

N

0

0
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t

0
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0

0
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Figure 3.
The length and position of shadow throughout the day (as seen from above).

The bearing of the sun is the angle between north and its
position in the sky - if it is due south then the bearing is
180°, due west is 270°, etc. The shadow is cast to the
opposite side of the tree - to the north of the tree if the
sun is in the south, for example. The longest shadows
occur at sunrise and sunset, but at different bearings
depending on the latitude and time of year.

rule can be given for calculating shadow length but a few
points should be kept in mind .
The site of the trees may be in the bottom of a valley or
on the top of a hill, and it is important to take this into
account for two reasons:
If the site is on the floor of a valley running
north/south , the surrounding hills may shade it from
direct sunlight (which causes the shadows) until
some time after sunrise. Likewise, direct sunlight
may be lost some time before sunset. Therefore ,
there will be no long shadows, typical of early
morning or late evening. But a valley running
east/west will have long shadows.

Having considered the position of the sun in the sky, we
next consider the latitude - distance north of the equator
- at which the tree is placed. Taking a tree of height 1Om
as an example, the shadow length at a few locations in
the British Isles will be:
Location

London

Latitude

Time

(ON)

of day

51.5

Noon
3pm

Manchester

53.5

Noon
3pm

Edinburgh

56.0

Noon
3pm

Inverness

57.5

Noon
3pm

Time of year

If trees are on top of a hill, they may cast shadows
into a neighbouring valley (figure 4).

Shadow

0

length(m)
21 st June
21s t December
21 st June

5.33
107.5
5.79

21 st December
21 st June
21st December

302 .16

21s t June
2 I st December

759 .54

150.7
6.39
shadowofhillalone

6.76

shadowof hill andtree

Figure 4.
Trees on top of a hill may increase shading in a
neighbouring valley

Table 1: Shadow length of a tree with height 10m at 4
locations in the British Isles. (Lengths are shown for
the longest day in summer and the shortest day in
winter, giving the shortest and longest possible
shadows for each location.)
In table 2, shadow lengths for a tree of unit height (lm)
have been calculated at London, Manchester , Edinburgh
and Inverness at noon (2a) and 9am/3pm (2b). To
determine the maximum shadow length for a tree of
some fixed height in metres, these values have to be
multiplied by the actual or expected tree height. The
yearday is the number of the day in the year (January 1st
= 001 and December 31st = 365 in a non-leap year).

The above data for the length of shadow for a tree of
height 1Om assume that the tree is standing on flat
ground with no variation in contours through to the
horizon. Obviously, this is not often the case in the
British Isles. As topography can be so varied, no general

2

Table 2: Shadow lengths (metres) for a tree of lm height at each of London, Manchester , Edinburgh and
Inverness. (All figures rounded to one decimal place).
2(a): shadow lengths at noon

Date
1st January
1st February
1st March
1st April
1st May
1st June
21 st June
1st July
1st Augus t
1st Septe mb er
1st October
1st ovem ber
1st Decem ber
21 st December
31 st December

Yearday
1
32
60
91
121
152
172
182
213
244
274
305
335
355
365

Location
London
3.6
2.5
1.7
1.1
0.7
0.6
0.5
0.5
0.7
0.9
1.4
2.1
3.0
3.7
3.6

Manchester
4 .2
2.8
1.8
1.1
0.8
0.6
0.6
0.6
0.7
1.0
1.5
2.4
3.4
4.3
4.2

Edinburgh
5.1
3.3
2.0
1.3
0.9
0.7
0.6
0.6
0.8
1.1
1.7
2.7
4.1
5.4
5.2

Inverness
6.0
3.6
2. 1
1.3
0.9
0.7
0.7
0.7
0.8
1.2
1.8
2.9
4 .6
6.3
6.0

Location
London
10.0
5.1
2.8
1.7
1.2
1.0
1.0
1.0
1.1
1.5
2.3
4.0
6.9
10.7
10.2

Manchester
13.6
5.9
3.1
1.8
1.3
1.0
1.0
1.0
1.2
1.6
2.4
4.4
8.5
15.1
13.9

Edinbur gh
24.9
7.4
3.4
1.9
1.3
1.1
1.0
1.1
1.2
1.7
2.6
5.2
11.7
30.2
25.9

Inverness
49.2
8.6
3.6
2.0
1.4
1.1
1.1
1.1
1.3
1.7
2.8
5.7
15.2
76.0
53.4

2(b): shadow lengths at 9am or 3pm.

Date
1st January
1st February
1st March
1st April
1st May
1st Jun e
2 1st June
1st July
1st August
1st Septe mb er
1st Octo ber
1st Novembe r
1st December
21 st December
31s t Decem ber

Yearday
1
32
60
91
12 1
152
172
182
213
244
274
305
335
355
365

A shadow is simply a projectio n of the tree shape onto the
ground. Thus , a tall thin Douglas fir will cast a narrower
shadow than an Oak of the same height with a broad
crown. For information about mature tree height and
branch spread see Hodge and Whjt e (1990). The Oak 's
crown will shade a buildmg , for example , for much longer
than the narrow crowned tree. Table 3 shows for how
many hours a point at specific ilistances from the tree will
be shaded. The length of the shadow has not been taken
into account and must be calcu lated separate ly.

The density of the canopy should also be considered Silver Birc h trees have small leaves and let a lot of direct
sunlight filter through their canopies, whereas evergreen
oak s have dense cano pies of leaves whic h sha de the
surrounding ground so that some plant species cannot
grow beneath them . Deciduous trees lose their leaves in
winter , and then the tree trunk and bra nches are the only
parts wruch cast sub stantial shadows . Evergree n tree s
retain the same canopy density all year roun d.

3

Table 3: Figures in light type indicate the number of hours that a tree of specified crown width may shade a
point at a given distance from the tree.

Type
Rowan
Apple
Cypress
Birch
Maple
Oak

Tree characteristics
Crown width
in metres

Duration of shadow in hours
Distance from tree (metres)

5
9

12
14
18
20

5

10

15

20

3.5
5.6
6.7
7.3
8.1
8.5

1.9
3.2
4.1
4.7
5.6
6.0

1.3
2.2
2.9
3.3
4.1
4.5

1.0
1.7
2.2
2.6
3.2
3.5

Armed with information about latitude of a site, times of
year and day as well as the height of a tree and its crown
width - actual or projected - it is possible to calculate the
magnitude of shading and assess its significance . Future
conflicts can be handled more objectively and new
plantings located so that conflict should not occur.

Where there is concern about interference of television
signals the same principles apply. By substituting the
zenith angle of the satellite then shadow lengths can be
calculated. Geo stationary satellites will have a constant
shadow length for a given tree height. Where a
deciduous tree is causing the shadow , the intensity of the
shadow may vary between summer (tree in leaf) and
winter (no leaves) . (BBC and ITC (1998) .

BBC and ITV ( 1998) The Effects of Trees on
Television Reception. Arboriculture Research and
Information Note 146/98/ TV Arboric ullural Advisory
and Information Service, Farnham .

adows• what shadows?
Concern about the shading of windows and gardens by
trees and interference with television reception are often
cited as reasons for wanting trees severely pruned or
felled. Also, new plantings are opposed because of
possible shading the trees may cause.

Dobson M.C., and Patch D (1998). Trees in Disput e.
Arboricultural Practice Note 3. Arboricu ltural Advisory
and Infonnation Service , Farnham.
Hodge S.J., and White J.E.J. (1990). The Ultimate Size
and Spread of Trees Commonly Grown in Towns.
Arboriculture Research Note 84/90/ARB. Arboricultural
Advisory and Information Service, Farnham.

Even a site visit can be of little help because the
magnitude of any problem throughout the year cannot be
evaluated fully. Decisions , therefore , have tended to be
made on subjective or vague comments from clients and
local residents.
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The mathematical descriptions and procedures used to calculate the tables in the main text are presented below.
With the aid of sine , cosine and tangent tables the formulae can be applied to specific problems and locations.

The solar zenith angle , 0, is the angle between the sun and the sky zenith. It varies throughout the day and
throughout the year. The variation can be described mathematically:

cos 0 = sin <!>sin

Where

o+ cos <!>cos ocos t

(Al)

<!>
is the latitude

ois the sun 's declination

angle , i.e. how far north of the celestial equator it lies
(Tables of values for every day of the year can be found in the Nautical Almanac).
t is the time of day expressed as an angle . t = 0 at midday and progresses
360/24 = 15 degrees each hour,

e.g.

1pm = lx360 /24 = 15 degrees
2pm = 2x360/24 = 30
6am = l 8x360/24 = 270
10am = 22x360 /24 = 330 etc

Example: Manchester - latitude , <!>= 53.5°
For 21st June, sun's declination , o = +23.4 ° (i.e. north of the equator)
So for midday (t = 0), solar zenith angle equals
cos 0 = [sin (53.5) x sin (23.4) + cos (53.5) x cos (23.4) x cos (0)]
0 = 30.1°
For 21st December, sun's declination, o = -23.4 ° (i.e. south of the equator)

So for midday (t = 0), solar zenith angle equals
cos 0 = [sin (53.5) x sin (-23.4) + cos (53.5) x cos (-23.4) x cos (0)]
0 = 76.9°

5

Given the solar zenith angle and knowing the height of the tree, the length of the shadow can be calculated.

0

zenith
ang/e,0

tree
height,h

Shadow=heightx tan(zenithangle)
s = h x tan (0)

Figure Bl: The shadow length s is given by multiplying the height of the tree h by the tangent of the solar
zenith angle (tan 0).

Example: Take a 10m high oak tree in Manchester on 21st June at noon.
From appendix A, solar zenith angle, 0 = 30.1°
shadow length, s = height x tan (solar zenit h angle)
= 10 x tan(30. 1)
shadow Length, s = 5.8m

For this, the bearing of the sun is needed (this is the angle between north and the sun).
The bearing B (north= 0°) is given by
B = 180° x time(decimal)*
12

* In decimal

(C 1)

time 6 minutes = 0.1 hour

For example , at 12 noon , bearing B will be 180°, i.e. the sun is in the south . Bear in mind that for the U.K., time
has to be GMT - in the summer during British Summer Time, subtract one hour before doing the calculation.
For the direction of the shadow, subtract 180° from the Sun bearing i.e. when the Sun is in the south (B = 180°)
then the shadow will be to the north of the tree (180°- 180° = 0 °)

Example:
At 2pm, time = 14.0
Suns bearing B = 180° x 14.0/ 12 = 210°
Shadow will be at 210° - 180° = 30°
At 6.30 am, time = 6.5
Suns Bearing B = 180° x 6.5/ 12 = 97.5°
Shadow will be at 97.5° - 180° = 277.5°

6

In order to find the bearing of the sun at sunrise and sunset, the solar zenith angle (Appendix A) has to be
con idered. i.e.:
(a) work out at wha t time the sun comes over the hori zon (name ly when 0 equals 90°)
(b) use thi rime to work out the bearing (Appendix C)

(a) \\"e can rearrange equation (Al) to give time :
cos t = cos 0 - sin <psin 8
cos <pcos 8

(Dl )

Given that 0 = 90° when the sun is rising or setting , the time t can be calculated. Remember that the cosine
function is even - this means there are two solution s for the same cosine value
cos(t) = cos(360 - t)
(D2)
In this case, t will be the sunset time and (360-t) will be the sunrise time in degrees.

Examp le: Manchester, 21st June. Using values for <pand 8from appendix A,
0 = 90° in equation (DI):
cos t = cos(360 -t) = {(cos(90) - sin(53.5)xs in(23.4)) / (cos(53.5)xcos(23.4))}
cos t = -0.59
This gives t (in degrees) = 126 degrees
To convert to "real" time(!), t (hours after noon)
= t (in degrees)/ ] 5
=126/ 15
=8.4 hours after noon
sunset= 20:24 GMT
For sunrise, use (360 - t) = 360-126 = 234 degrees = 15.6 hours after noon
sunrise= 03:36 GMT

(b) The bearing of the sun at sunrise and sunse t is found by using equation (C 1) and the sunset and sunrise time s
as found above.

Example:
Bearing of Sun at sunrise 03:36

B = 180° x( 03:36 decimal time)/ 12
=]80 ° X (3.6/]2)
Sunrise bearing = 54°
Bearing of Sun at sunset 20:24
B = 180° x(20:24 decimal time)/ 12
= 180° x(20 .4/l 2)
Sunset bearing = 306°
Tofind the direction of the shadow, subtract 180°

7

E2

El

Example:
Oak tree has crown diameter = 20m. Observer is standing 1Om away.
tan (A/2) = (10/10) = 1
(A/2) = 45°
so A = 2 X 45° = 90°
Duration of shading S = (90° I 360°) x 24 hours
= 6 hours

S = A x 24hours
360°

The duration of shadings, S, is proportional to this angle:

Tan(A/2) = (crown diameter) I 2
distance

This depends on crown width and distance from the tree at which the observer is standing.
The angle of view of the sky, A, which the tree blocks out is given by:
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Abstract: Building shadows (BSs) frequently occur in urban areas, and their area and distribution
display strong seasonal variations that significantly influence the urban land surface temperature
(LST). However, it remains unclear how BSs affect the LST at the city scale because it is difficult to
extract the shaded area at the subpixel scale and to connect such areas with the LST at the pixel scale.
In this study, we combined the sun angle, building height, building footprint and building occlusion to
extract the seasonal spatial distribution of BSs in the central area of Beijing. The effect of BSs on the LST
was analyzed using LST retrieved from Landsat-8 thermal infrared sensor data. First, the relationship
between the LST patch fragmentation and proportion of BSs in the sample areas was modeled without
vegetation. Then, we quantitatively studied the mitigated intensity of the LST in pure impervious
surfaces (IS) and vegetation pixels covered by BSs; next, we analyzed the LST sensitivity of these
pixels to BSs. The results showed that the existence of BSs influences the fragmentation of the low
LST patches strongly from summer to winter. On the other hand, pure IS pixels totally covered by BSs
experienced a greater cooling effect, with 3.16 K on 10 July, and the lowest cooling occurred between
14 and 25 December, with a mean of 1.24 K. Without considering the relationship in winter, the LST is
nonlinearly correlated to the building shadows ratio (BSR) in pixels, and an approximate 10% increase
in the BSR resulted in decreases in the LST of approximately 0.33 K (mean of 16 April and 10 May),
0.37 K (10 July) and 0.24 K (28 September) for pure IS pixels, and 0.18 K, 0.20 K and 0.15 K, respectively,
for pure vegetation pixels. Further analysis indicates that the LST of pure IS pixels is more sensitive to
BSs than that of vegetation because the self-regulation mechanism of vegetation reduces the cooling
effect of BSs. These findings can help urban planners understand the cooling characteristics of BSs
and design suitable urban forms to resist urban heat islands (UHIs).
Keywords: building shadows; land surface temperature; cooling effect; seasonal variation

1. Introduction
Urbanization changes the thermal energy exchange over the ground [1], causing many
environmental issues in modern cities, including urban heat islands (UHIs). A UHI occurs when the
urban air or surface temperature is higher than the suburban temperature due to a large number of
Remote Sens. 2019, 11, 497; doi:10.3390/rs11050497
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artificial buildings and less vegetation [2]. A series of urban environmental problems have arisen,
exacerbating reductions in water and air quality, accelerating energy consumption and increasing the
violence and mortality of humans, thus making it imperative to reduce UHI effects [3].
Three factors influence UHIs: (1) natural elements; (2) the urban composition and configuration;
and (3) the socioeconomic index [4,5]. Most previous studies focused on the relationship between
the three factors and urban land surface temperature (LST) using qualitative or quantitative methods
based on remote sensing data [6–11]. Among them, the urban form is an effective method of mitigating
UHI [7], although few studies have focused on this method, especially the three-dimensional features
of buildings [12]. The building density, sky view factor (SVF) and other factors have been modeled
with urban LST [13,14]. However, except the factors mentioned above, scholars have provided only
a limited exploration of how building shadows (BSs) affect LST at the city scale, which is a crucial
element affecting the local-scale UHI variations and urban thermal environment [15].
Previous research has shown that solar radiance must be alleviated by BSs in summer [16].
As a special urban surface component that is closely related to the building structure and distribution,
BSs have effectively improved urban thermal environment by preventing solar radiation from
penetrating into the street canyon [17]. To date, most research focuses on the cooling effect of BSs
through analyses of urban thermal comfort [18–22]. Watanabe evaluated outdoor thermal comfort
during summer and indicated that building shade provided cooler thermal environments with
universal effective temperature (ETU) reductions of 18.4 ◦ C at 800 W/m2 of total solar radiation
in sunlight [23]. Hwang conducted field experiments and revealed that, from spring to autumn, the
best thermal comfort appeared under street shadows; however, in winter, areas without shadow feel
more comfortable, which might due to the sufficient solar radiance [24]. In addition, other studies
utilized the W/H (street width/building height) ratio and sky view factor (SVF) between nearby
buildings to assess the shading levels [25–28]. Discussing the cooling effect of BSs from the perspective
of thermal comfort is the main direction of current research. Several studies have discussed the thermal
performance of buildings under adjacent shading [29,30]. For example, an analysis by Chan suggested
that building thermal performance is significantly influenced by shadows from surrounding trees and
buildings [31]. Experiments in Hong Kong by Lam indicated that the building cooling loads decreased
by approximately 2% due to the shadows of nearby buildings [32].
However, numerous studies on the cooling effect of BSs are based on thermal environments that are
determined by fixed point measurements, modeled simulations and manual surveys, which only represent
phenomena at microscales such as independent buildings, streets and communities and do not focus on
the direct cooling effect of BSs on urban LST in pixels at the macroscale or expand on the temporal scale.
Compared with in situ measurements, remote sensing could provide more complete, continuous
and uniform sampling, especially for the spatiotemporal dynamics of surface features, which are widely
used in UHI analysis [33]. Moderate Resolution Imaging Spectro radiometer (MODIS) and Landsat
Operational Land Imager (OLI) have been used to demonstrate the cooling effect of the above factors
from the perspective of remote sensing. Unfortunately, for medium- and low-resolution images, BSs
are always excluded as noise [34,35], which results in a limited understanding of BSs and incomplete
determinations of factors mitigating UHI. With the occlusion of solar radiance by buildings, BSs are
regarded as a non-negligible component at the city scale. In addition to natural surfaces, the existence
of BSs also makes the land surface become an urban cool islands (UCI) on the macro scale, especially
in areas with high building density [33]. Such areas have more significant seasonal variations, which
is partially due to (1) the variation of the solar azimuth and solar elevation angles making shaded
areas change dramatically in urban regions compared to vegetation; and (2) the seasonal regulation
of solar radiance changing the temperature difference between shaded and nonshaded land surfaces.
The above two points confirm the distribution of BSs and their effect on urban LST have significant
temporal uncertainty, and therefore, must be addressed under these conditions, which has been rarely
noted in previous studies. Therefore, as an urban form factor, it is crucial to analyze the cooling effect
and seasonal characteristics of BSs to determine the impacts of urban form on UHI.
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Considering the above issues, our study focuses on the seasonal cooling effect of BSs on urban
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Figure 1. Location of the study area. (A) Map of China’s region. (B) Administrative planning and
location of the study area. (C) Details of the study area. The background image is from Landsat-8 data
on 10 July. The vector data are from the Chinese Academy of Sciences Resource and Environmental
Science Data Center (http://www.resdc.cn/).
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2.2. Data
2.2.1. DSM Data
SPOT-6 Digital Surface Model (DSM) data were used to extract buildings and their shadow pixels
from stereoscopic pairs acquired on 1 January 2016, via the Universal Transverse Mercator projection
system (datum WGS84, UTM Zone N50). To obtain the building dataset of the study area, it was
corrected with Digital Elevation Model (DEM) data. An ALOS PALSAR 12.5 m DEM was obtained
from the ALASKA SATELLITE FACILITY (https://vertex.daac.asf.alaska.edu/). The approach was as
follows: (1) the DEM (12.5 m) was converted into contours with a spacing of 1 m and the Delaunay
Triangulation Net was constructed; (2) using Delaunay Triangulation, we obtained a 6 m DEM; and
(3) the actual height of the features for certain pixels was calculated as the difference between the
corresponding DSM and DEM pixels. Finally, we selected the landmark height in the study area to
validate the accuracy of the DSM, and the R2 reached 0.9898, with a Root Mean Square Error (RMSE)
of 3.84 m.
2.2.2. Landsat-8 Thermal Infrared Sensor Data
Landsat-8 thermal infrared sensor (TIRS) data were used to calculate the LST in our study with a
resolution of 100 m. Data sets with no more than 5% cloud cover could be downloaded from the United
States Geological Survey (USGS) (https://earthexplorer.usgs.gov/) to meet the needs of seasonal
research; the details are displayed in Table 1. These data have a similar overpass time every day
(approximately at 10:53 a.m. CST (China Standard Time)) so that the LSTs could be compared with
each other. The solar azimuth angle and elevation angle (SAA and SEA, respectively) were obtained
to extract the BSs pixels from DSM data and details can be found in Section 2.3.1. All Landsat-8 data
were in the same projection system as the DSM data.
Table 1. Satellite (Landsat-8) Images.
Sensor

Date

Time
(CST)

Spatial
Resolution (M)

Solar Azimuth
Angle (◦ )

Solar Elevation
Angle (◦ )

Landsat-8
Landsat-8
Landsat-8
Landsat-8
Landsat-8
Landsat-8

25 December 2014
16 April 2015
14 December 2016
7 May 2017
10 July 2017
28 September 2017

10:53
10:52
10:53
10:52
10:53
10:53

100
100
100
100
100
100

160.11
143.05
161.35
138.19
128.81
154.95

23.64
54.80
24.14
61.23
64.47
44.68

2.3. Methods
The study of the seasonal effects of BSs on LST was divided into the following steps (Figure 2).
First, the LST of our study area was retrieved from Landsat-8. Then, DSM data extracted from SPOT-6
were used to obtain BS pixels, with the SAA and SEA from the header files of Landsat-8. Finally, we
analyzed the relationships between BSs and LST from different aspects. The details are shown below
in the description of the methodology. Note that the study focuses on pure IS pixels in Sections 3.2
and 3.3.1, and on pure IS and vegetation pixels in Sections 3.3.2 and 3.3.3.
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sensing images with medium and low resolution; thus, the true distribution of BSs is not reflected
smoothing of pixels [39,40]. Therefore, we did not use images of Landsat-8 to extract BSs. For the
due to the region smoothing of pixels [39,40]. Therefore, we did not use images of Landsat-8 to
classification of land cover, many scholars currently use spectral decomposition methods for mixed
extract BSs. For the classification of land cover, many scholars currently use spectral decomposition
pixels, such as MESMA (Multiple Endmember Spectral Mixture Analysis) [41–43]; however, because of
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might be covered by BSs, but their similar spectral characteristics led to a large classification error;
thus, we could not separate BSs from other low-albedo IS pixels, and this method was excluded.
The theoretical expression of the simplified model is as follows [44]:
S = H/tan SEA

(1)

SN = S × sin (SAA − 90◦ )/R

(2)

where H is the building height; S is the length of shadow on the ground; SN is the number of pixels
occupied by the projection of S in the north direction; and R represents the spatial resolution of DSM
data. The correlation of S and SN which expressed by Equation (2) could be founded in Figure 3A.
Our calculations were performed for pixels of DSM data. Combined with Equations (1) and (2),
the formula for SN was as follows:
SN (i, j) = (H (i, j) × sin (SAA−90◦ ) / (R × tan SEA))

(3)
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SN (i,
j) is the SN for the pixel in row i and column j; and H (i, j) is the DSM value of pixel (i,6 j).
Remote Sens. 2019, 11, x FOR PEER REVIEW
of

24

Figure 3. Geometric structure of the sun-building sensor. Because the buildings in our study area are
basically north-south oriented, we used this algorithm to extract building shadow (BS) pixels. (A)
Shadow diagram of a single building, where ω is the angle between the north direction and the solar
incident direction; S is the length of shadow on the ground, SN is the number of pixels occupied by
the projection of S in the north direction, and H is the building height. (B) Actual shadow length under
the mutual obstruction of buildings. SN1 is the shadow length with the influence of adjacent buildings;
SN2 is the shadow length without the influence of adjacent buildings.
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SN (i, j) is the SN for the pixel in row i and column j; and H (i, j) is the DSM value of pixel (i, j).
Then, we judged the actual SN (i, j) in the image matrix because of the shading effect of surrounding
buildings (Figure 4). In addition, (i, n) is the pixel that is n pixels away from (i, j) in the north direction,
and the formula for X is as follows:
X=((SN (i,j)−R×n))/(SN (i,j)) × H(i,j)

(4)

where X is the criterion for whether (i, n) is obscured by the BSs of (i, j); n represents the number of
pixels between (i, j) and (i, n); R×n is the distance between building pixels; and SN (i, j) and SN (i, j) are
the same as above, with the former from formula (3).

Figure 4. Judgement of the actual SN (i,j). X, n, R, SN (i,j) and H(i,j) are the same as above; and β’ is the
solar elevation in the north.

According to the geometric relationship; for the pixel (i, n), if H (i, n) is greater than or equal to X,
then the actual SN (i, j) is equal to R × n; and if H (i, n) smaller than X, then the actual SN (i, j) is equal
to SN (i, j). Through the above steps we can extract the true shadow length in the north direction.
After ensuring the number of BS pixels in the north, we determined the position of pixels covered
by BSs for one building according to the SAA in different seasons (Table 1). Specifically, we could
obtain the angle between the north direction and the solar incident direction for buildings, which

solar elevation in the north.

According to the geometric relationship; for the pixel (i, n), if H (i, n) is greater than or equal to
X, then the actual SN (i, j) is equal to R ×n; and if H (i, n) smaller than X, then the actual SN (i, j) is equal
to SN (i, j). Through the above steps we can extract the true shadow length in the north direction.
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(6)

where B(LST) is the blackbody radiance under temperature LST; Lλ is the thermal infrared radiance
–2⋅sr–1⋅m–1) acquired by radiance calibration [48]; L ↑,L↓, and τ are the upwelling, downwelling
(W⋅m
where
B(LST)
is the blackbody radiance under temperature LST; Lλ is the thermal infrared radiance

(W·m−2 ·sr−1 ·m−1 ) acquired by radiance calibration [48]; L↑ , L↓ , and τ are the upwelling, downwelling
atmospheric radiance and transmittance of the atmosphere in the thermal infrared band, respectively,
retrieved from the NASA website (http://atmcorr.gsfc.nasa.gov/); and ε is the land surface emissivity
(LSE). For Landsat-8/OLI sensors, K1 = 774.89 W/(m2 ·sr·m), and K2 = 1321.08 K.
The threshold method was used to estimate ε [46]. Land cover was classified by the normalized
difference vegetation index (NDVI), and the ε of every type could be estimated. Specifically, urban
surfaces can be considered a mixture of architecture and vegetation, and natural surfaces can be
considered a mixture of vegetation and bare land. The main equations of ε were as follows:
εn = Pv Rv εv + (1 − Pv )Rs εs + dε

(7)
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εa = Pv Rv εv + (1 − Pv )Rm εm + dε

(8)

where Rv , Rs and Rm are the temperature ratio of vegetation, bare land and architecture, respectively.
εn , εa , εv , εs , and εm are ε of natural surfaces, urban surfaces, vegetation, bare land and architecture,
respectively; and Pv is vegetation coverage. The R could be calculated as follows:
Rv = 0.9332 + 0.0585Pv

(9)

Rs = 0.9902 + 0.1068Pv

(10)

Rm = 0.9886 + 0.1287Pv

(11)

After estimating NDVImax and NDVImin in each Landsat image we could obtain Pv . The equation
was as follows:


NDVI − NDVImin 2
Pv =
(12)
NDVImax − NDVImin
In the above equations, εv = 0.986, εs = 0.972, εm = 0.970, and dε is a parameter of the land
surface feature, which we regarded as zero. According to the formula above, ε could be retrieved.
2.3.3. Definition of Thermal Landscape Fragmentation
Landscape fragmentation refers to a patch divided into relatively small areas that are not
connected with each other [49]. Previous studies have selected landscape metrics to describe thermal
landscape fragmentation [50,51]. To analyze the influence of BSs on the fragmentation of the thermal
landscapes of the study area, we divided the LST into five categories using the mean-standard deviation
method [52]. The temperature range for each category is shown in Table 2. Frastats4.0 was utilized to
calculate percentage of landscape (PLAND), number of patches (NP) and patch density (PD) of every
LST class, which could represent the distribution characteristics of LST [53].
Table 2. Mean-standard deviation method for dividing LST classes.
Class of LST

Division Interval of LST

High LST
Sub-high LST
Medium LST
Sub-low LST
Low LST

T>M+S
M + 0.5 × S < T <= M + S
M − 0.5 × S < T <= M + 0.5 × S
M − S < T <= M − 0.5 × S
T<M−S

M is the mean of LSTs and S is the standard deviation of LST.

The PD included the landscape and class patch density [54]. The former is the NP of all
heterogeneous landscape classes per unit area (PD) and the latter is the NP of every landscape
class per unit area (PDi ). A higher PD means the patches are more isolated. In our study, we only
discuss the PDi of five LST classes. Details about the metrics are shown in Table 3.
The cooling effect of natural surfaces (vegetation and water) might interfere with the analysis of
BSs, and if we directly removed the pixels of natural surfaces, continuous IS would become broken,
thereby reducing the accuracy of the calculation of PD calculations. Therefore, we selected six sample
regions to compute the PDi and BSR. These regions are all in the main city and the influence of natural
surfaces can be ignored. The details of the sample regions are as follows (Figure 6). These samples
were distributed as evenly as possible in the main city. In the fifth loops, there are not enough areas
of high-rise buildings and the natural surfaces occupied a considerable area, hence, we selected few
samples in this region. The areas of the six samples are 52.12 km2 , 10.21 km2 , 15.60 km2 , 10.52 km2 ,
11.50 km2 and 13.59 km2 . We used these polygons to clip the LST-class images and BS datasets obtained
in Sections 2.3.1 and 2.3.2. The PD and BSR in six samples were calculated and the relationships were
described using statistics.

Metric

Formula
PLAND = Ai /A
PLAND
A is the total area of landscape, A = ∑M
i=1 Ai ; Ai is the total area of landscape i (same as below);
and M is the total number of landscape classes.
PDi = Ni /Ai
PD2019,
i
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The spectral smoothing effects of pixels with 30m resolution in urban areas c may lead to serious
The spectral smoothing effects of pixels with 30m resolution in urban areas c may lead to serious
underestimations in the true distribution of BSs in medium-resolution images [55]. Meanwhile, it is
underestimations in the true distribution of BSs in medium-resolution images [55]. Meanwhile, it is
difficult to separate BS pixels from low-albedo pixels using pixel unmixing method (Section 2.3.1).
difficult to separate BS pixels from low-albedo pixels using pixel unmixing method (section 2.3.1). To
To describe
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as follows.
Since the study area is relatively small and the spectral similarity of water and shadows might
cause errors in calculating modified normalized difference water index (MNDWI), we used artificial
vectorization to remove water bodies to reduce noise. Then, we regarded land cover types as vegetation,
soil and IS after masking the water bodies because we focus on the influence of BSs on IS and less
on the analysis of vegetation; thus, all the IS categories were combined into two classes, with roads,
cements, concrete surface and tile in the lower albedo class and glass and metal materials in the
higher albedo class [58]. The forests and green spaces were integrated as vegetation for the analysis
to ensure a sufficient number of pixels. First, according to the spectral characteristics of our study
area, we used a four endmember model (vegetation, soil, low albedo, high albedo) to select pure pixels
of different categories [59]. Note that IS and vegetation pixels with BSs belong to low-albedo and
vegetation categories, respectively, according to previous research [60]. The endmember extraction
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of four categories of four categories was performed based on the combination of Minimum Noise
Fraction Rotation (MNF) and Pixel Purity Index (PPI) methods [61].
Finally, The FCLS spectral unmixing method was used to calculate the endmember proportion in
pixels, and details about this algorithm can be found in Li [56]. The total proportion of high and low
albedo categories were considered as IS proportions [59]. To determine a sufficient amount of data,
pixels with IS proportions greater than 80% were classified as pure IS pixels, and a similar criterion
was applied to pure vegetation pixels. Notably, factories with blue or red roofs in the southern study
area were wrongly divided into soil due to the spectral similarity; however, measures to reclassify
them as IS pixels were not applied because these factories had lower building heights and thus did not
form BSs. In addition, the higher LST of factories increased the spatial heterogeneity of temperature.
Hence, we omitted these pixels to reduce LST uncertainty. The extracted results are shown in Table 4.
In winter, we did not have enough vegetation pixels to analyze; therefore, the datasets on 14 and 25
December were excluded from this analysis.
Table 4. Pure pixel extraction results.
Date
16 April 2015
7 May 2017
10 July 2017
28 September 2017

Pure Pixels
Vegetation

IS

37,887
83,635
124,952
105,556

166,620
120,863
100,513
138,958

The locations of random pure IS and vegetation samples were manually identified using
high-resolution Google Earth images to validate the classification accuracy. We selected 3403 pure
IS pixels and 1047 vegetation pixels, and the obtained mean matching accuracies were 83.36% and
87.44%, respectively.
2.3.5. Quantification of the Cooling Effect of BSs from LST Data
After obtaining pure pixels, we simulated the cooling effect of BSs and compared the differences
between IS and vegetation pixels. The details are as follows.
(1) We covered the entire study area with 30 m grids corresponding to pixels of Landsat-8 data.
(2) The BS layers obtained in Section 2.3.1 were applied to calculate the BSR in every pure IS pixel.
(3) Meanwhile, temperature class images (Section 2.3.3) occupied by pure IS pixels were extracted,
after removing sub-low and low LST pixels, which might correspond to BS pixels. (4) We assume
that pixels with higher temperatures were contaminated by few BSs. As such, the LST of IS pixels
that were removed in step (3) could be simulated through interpolation using the Kriging method.
(5) The effect of BSs on the LST can be expressed as the difference between the simulated temperature
of a pure IS pixel and its real temperature retrieved in Section 2.3.2. Finally, pixels that were totally
covered by BSs with aBSR of 100% were extracted to obtain the temperature difference between BSs
and non-BSs pixels.
Because the cooling effect of BSs on LST might be strongly affected by variations of the BSR in
pixels, and IS and vegetation are most likely to show diverse responses to BSs due to their thermal
characteristics, we utilized 30 m grids to estimate the BSR in pure IS or vegetation pixels directly
because we had no method of interpolating the LST of vegetation pixels by Kriging in the same way as
IS. Then, we counted the LST of these grids in different BSR intervals to represent the temperature
variation. We used a statistical method for IS and vegetation to replace the interpolation method
for two reasons. First, the pixels covered by BSs and vegetation all belong to low-level LST patches
(Section 3.2), which might have relatively close temperature s; hence, utilizing the Kriging method
for vegetation to calculate the LST difference increased the difficulty of ensuring the credibility of
the results. Second, the existence of mixed pixels might increase the extraction errors of vegetation,
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of the center [2]. These areas do not contain enough high-rise buildings (9.19 m mean height between
between the fourth and fifth loops) that form BSs (Figure 7). Conversely, there are many high-rise
the fourth and fifth loops) that form BSs (Figure 7). Conversely, there are many high-rise commercial
or residential buildings in the middle of the study area except for the center, and these buildings easily
create shadow patches with larger areas to mitigate LST, especially between the second and fourth
loops (mean heights of 14.14 m). Moreover, mountains and lakes in the north and rivers in the center
belong to important UCIs with lower LST.
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and medium LST patches (A2, Figure 8) regardless of whether they include BSs or not, whereas low
mainly appear in areas without BSs, except for certain areas with high building density. Conversely,
and sub-low patches mainly appear in areas without BSs, except for certain areas with high building
the existence of low and sub-low patches was strongly affected by BSs on 14 December, and some
density. Conversely, the existence of low and sub-low patches was strongly affected by BSs on
low houses with no BSs, such as factories and bare lands, have higher ambient temperature, possibly
December 14th, and some low houses with no BSs, such as factories and bare lands, have higher
causing the temperature of buildings with no significant aggregation to become patches with higher
ambient temperature, possibly causing the temperature of buildings with no significant aggregation
LST. This phenomenon can be observed in B1 and B2 of Figure 8, which show pixels with a higher
to become patches with higher LST. This phenomenon can be observed in B1 and B2 of Figure 8,
proportion of BSs that do not belong to lower temperature patches. Notably, the LST patches on
which show pixels with a higher proportion of BSs that do not belong to lower temperature patches.
14 December have higher fragmentation than that on 10 July based on the seasonal variation of BSR in
Notably, the LST patches on December 14th have higher fragmentation than that on July 10th based
pixels, and there are clearly a greater number of low LST patches. Hence, the question remains as to
on the seasonal variation of BSR in pixels, and there are clearly a greater number of low LST patches.
how to model the influence of BSs on the variation of LST patches.
Hence, the question remains as to how to model the influence of BSs on the variation of LST patches.

Figure 8. Variation of the ratio of building shadows (BSR) in pixels and LST patches on 10 July (A1,A2)
Figure 8. Variation of the ratio of building shadows (BSR) in pixels and LST patches on July 10th (A1,
and 14 December (B1,B2). In (A1,B1), deeper red represents more building shadows (BS) in pixels
A2) and December 14th (B1, B2). In A1 and B1, deeper red represents more building shadows (BS) in
(30 m) of Landsat-8 images, and deeper green indicates the opposite. In (A2,B2), the five LST classes
pixels (30 m) of Landsat-8 images, and deeper green indicates the opposite. In A2 and B2, the five LST
are: ‘1’, low LST patches; ‘2’, sub-low LST patches; ‘3’, medium LST patches; ‘4’, sub-high LST patches;
and ‘5’, high LST patches. The purple ellipses in (A1,A2) represent samples of urban cool islands (UCIs)
formed by natural surfaces and BSs.
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Figure 9. Linear relationship between three indicators and the BSR in six regions of Figure 6.
(A–C) Percent of land (PLAND), ratio of patch number and patch density (PD), respectively. Circles and
triangles are ‘H’ and ‘L’, respectively, and different colors express different seasons. Red solid and
dashed lines show the fitting curves of ‘H’ and ‘L’, respectively.
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Quantitative evaluation of the cooling of BSs on the LST of pixels totally covered by IS (pure
Quantitative evaluation of the cooling of BSs on the LST of pixels totally covered by IS (pure IS
IS pixels) was carried out using Kriging interpolation (Section 2.3.5). IS pixels with a BSR of 100%
pixels) was carried out using Kriging interpolation (Section 2.3.5). IS pixels with a BSR of 100% were
were extracted to calculate the LST difference between BSs and simulated non-BSs surfaces (Figure 10).
extracted to calculate the LST difference between BSs and simulated non-BSs surfaces (Figure 10). In
In general, the cooling effect of BSs on the LST lead to a decrease of 2.21 K (mean of 16 April and
general, the cooling effect of BSs on the LST lead to a decrease of 2.21 K (mean of April 16th and May
7 May), 3.16 K (10 July), 1.98 K (28 September) and 1.24 K (mean of 14 and 25 December) at the
7th), 3.16 K (July 10th), 1.98 K (September 28th) and 1.24 K (mean of December 14th and 25th) at the
satellite overpass time in different seasons, and these results are similar to that of previous studies [16].
satellite overpass time in different seasons, and these results are similar to that of previous studies
For different regions, the mean cooling of BSs at the same time for the six dates was 1.59 K (in the
[16]. For different regions, the mean cooling of BSs at the same time for the six dates was 1.59 K (in
second loop), 1.79 K (between the second and third loops), 1.96 K (between the third and fourth loops)
the second loop), 1.79 K (between the second and third loops), 1.96 K (between the third and fourth
and 1.85 K (between the fourth and fifth loops). The most significant impact of BSs on the LST was in
loops) and 1.85 K (between the fourth and fifth loops). The most significant impact of BSs on the LST
the fourth loop on 10 July (3.67 K), and a weaker reduction of LST appeared in the second loop on
was in the fourth loop on July 10th (3.67 K), and a weaker reduction of LST appeared in the second
14 December (0.92 K). Additionally, the cooling of BSs in summer (10 July) reached a maximum, which
loop on December 14th (0.92 K). Additionally, the cooling of BSs in summer (July 10th) reached a
was partially because the increased solar radiance in summer exposes IS to the sun with stronger
maximum, which was partially because the increased solar radiance in summer exposes IS to the sun
amplitude of increasing LST, leading to the largest difference between BSs and non-BSs surfaces and
with stronger amplitude of increasing LST, leading to the largest difference between BSs and nonillustrating the correctness of the interpolated results.
BSs surfaces and illustrating the correctness of the interpolated results.

Figure 10. LST difference of pure IS pixels with building shadows (BS) and simulated non-BS surfaces.
Figure 10. LST difference of pure IS pixels with building shadows (BS) and simulated non-BS surfaces.
The reduction difference of the LST for six dates in different regions showed by (A), and for four regions
The reduction difference of the LST for six dates in different regions showed by (A), and for four
at different dates in (B).
regions at different dates in (B).
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3.3.2. Cooling Variation of BSs with Changed BSR in Pure IS and Vegetation Pixels
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the effect of BSs could be ignored considering the errors from the LST retrieval when the BSR is small,
which
is emphasized by the black dotted lines in Figure 11. The same holds for vegetation, for which the
which is emphasized by the black dotted lines in Figure 11. The same holds for vegetation, for which
mean cooling was −0.35 K (mean of 16 April and 7 May), −0.38 K (10 July) and −0.32 K (28 September).
the mean cooling was -0.35 K (mean of April 16th and May 7th), −0.38 K (July 10th) and −0.32 K
The number of pixels provided statistical meaning to the changed LST trend at different times; as
shown by the histogram in Figure 11, which confirmed the reliability of the vegetation warming
phenomenon, despite it being lower than the errors in the LST. The higher environmental LST of
surrounding IS may have a more significant effect on vegetation than BSs through heat conduction
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when the BSR in pixels is small, especially on 10 July; hence, the LST of vegetation pixels gradually
increased until reaching approximately 20% of the BSR [63].
The second stage was almost a linear change in which the LST of IS pixels evenly decreased
to 2.52 K (mean of 16 April and 7 May), 3.63 K (on 10 July) and 2.01 K (on 28 September). For the
vegetation pixels, the cooling amplitude at the same times were 1.25 K, 1.75 K and 1.15 K, thus showing
a similar pattern to that of the IS pixels among the four data groups. Although the LST response of IS
pixels to BSs on 28 September (20%, shown by a black dotted line) was faster than that on 16 April,
7 May and 10 July (30%), the BSs on 28 September exerted a weak effect on LST as shown in Figure 11,
which was likely due to the lower environmental LST, and a small LST difference was observed
between the BS and non-BS surfaces, thus decreasing the LST anisotropy [64]. The LST of pure IS
pixels at four times are shown in Table 5.
Table 5. Statistics of the LST discretization of IS pixels obtained by Landsat-8.
Statistics

Date

16 April 2015
7 May 2017
10 July 2017
28 September 2017
1

Mean (K)

Std Dev 1 (K)

310.383
312.301
318.797
299.429

1.608
2.327
2.607
1.782

Std Dev means standard deviation.

We calculated the cooling effect of BSs for IS pixels using two methods in this paper, which
unavoidably resulted in minor variations in the conclusions. For example, the LST decreased by 3.16 K
and 3.63 K on 10 July using Kriging and statistics, respectively. The spatial heterogeneity of regional
statistics result in the reliability of results is lower than that of the interpolation, which should consider
the accuracy of LST retrieval. The statistical method is implemented to compare the relative cooling
difference of BSs on vegetation and IS using the same method; the reason this method was utilized is
explained above (Section 2.3.5). The similarity of the interpolated and statistical results showed that
the statistics have high credibility in explaining the cooling effect of BSs.
3.3.3. Sensitivity Analysis of BSs on LST of IS and Vegetation Pixels
A linear fitting was performed to assess the relations between the BSR (30–100% on 16 April,
7 May and 10 July, 20–100% on 28 September) and the mean LST; it showed that the temperature of
IS pixels is more sensitive to BSs than vegetation pixels, which could be explained by two factors, as
follows (Figure 12).
First, the slopes varied in all datasets, with a mean of −3.11 for IS pixels and −1.78 for vegetation
(p < 0.05). Specifically, the former showed stronger sensitivity in three seasons, with slopes of −3.26
(mean of 16 April and 7 May), −3.71 (10 July) and −2.37 (28 September), whereas weaker LST variation
occurred in the vegetation pixels at approximately −1.77, −2.04 and −1.53 for the same dates as the
seasonal slopes, respectively (Figure 12). The mean of the former is almost twice as large as the latter,
which is perhaps because the shading of buildings reduced the photosynthesis of vegetation and
the thermal insulation of the vegetation suppresses the temperature decrease caused by the BSs [65].
As a result, weaker feedback occurred with vegetation pixels.
Second, the R2 values of the vegetation curves indicated strong instability and were not more
than 0.8 on 16 April and 10 July. The urban vegetation pixels with a higher BSR may be surrounded
by high-rise buildings; thus, the temperature of these pixels may increase due to the existence of the
IS [55], which exceeded the cooling effect of BSs and vegetation. For example, Wetherly indicated
an increase in IS cover of 10% results in 0.7 ◦ C hotter pixels [63]. Hence, instability in the curve was
observed, especially in the latter half, which represented building-intensive areas (Figure 11). IS pixels
only showed a one-way cooling trend without self-regulation, which was superior to that of vegetation
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in terms of the stability of the curves. Hence, interference of IS might weaken the cooling effect of BSs
on
vegetation.
Remote
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Second,
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(Figure 11). IS pixels only showed a one-way cooling trend without self-regulation, which was
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In addition, the reduction of the mean LST in IS pixels with an increasing BSR in all datasets had
4. Discussion
great seasonal volatility compared with that of the vegetation pixels. The values ranged from 2.01 K
(September
28th)
to 3.63theKThermal
(July 10th)
IS pixels
(approximately 30%–100%) and from 1.15 K
4.1.
Relationship
Between
Patchfor
Centroid
and BS
(September 28th) to 1.75 K (July 10th) for vegetation pixels (20%–100%). Theoretically, the change in
As an effective indicator describing spatial distribution, the thermal centroid could
the artificial IS temperature was entirely dependent on external factors, such as the solar radiance. As
comprehensively describe the overall characteristics of thermal landscape distribution. Several scholars
an independent living body, vegetation has its own internal regulation mechanism [66]. Since the
have indicated the spatiotemporal distribution of the thermal landscape in urban areas by analyzing
ambient temperature varies with changed BSs, vegetation will maintain its own temperature by
the change of the thermal centroid [52]. Based on Section 3.2, we modeled the correlation between BSs
controlling transpiration [45]. Thus, vegetation inhibits the effect of BSs, and its temperature is not
and thermal landscape patches by calculating the distances of their centroids.
sensitive to the seasonal shadow change.
The centroids of five thermal landscape categories were obtained using LST-class data of pure
We also extracted the maximum and minimum in every BSR interval and investigated the
IS pixels (Section 2.3.3). Because both shaded and nonshaded surfaces are included in medium LST
sensitivity of LSTmax and LSTmin to IS and vegetation pixels with increasing BSR following the same
patches of IS on different dates, which might not be conducive to an analysis of the seasonal effect of
method in section 3.3.2. In general, the LSTmax of the two categories on four days all decreased with
the BSR similar to the LSTmean, although a rising trend occurred for LSTmin, which was partially
because the higher environmental LST covers the effect of BSs when the pixel temperature is
relatively lower in urban regions.
Meanwhile, the LSTmin of IS and vegetation pixels all showed a weaker response to BSs than the
LSTmax, suggesting that the lower temperature of these pixels are not sensitive to BSs cooling.
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Figure 13. Horizontal location biases between the centroids of the five thermal patch landscape
Figure 13. Horizontal location biases between the centroids of the five thermal patch landscape
categories and the centroids of building shadows (BSs) in six datasets. Squares and circles represent ‘H’
categories and the centroids of building shadows (BSs) in six datasets. Squares and circles represent
and ‘L’ patches, respectively, as defined in Section 3.2, and lines show the mean values of patches on
‘H’ and ‘L’ patches, respectively, as defined in section 3.2, and lines show the mean values of patches
different dates.
on different dates.

Regrettably, the above study only focused on the influence of BSs on the LST distribution
Regrettably, the above study only focused on the influence of BSs on the LST distribution
characteristics and ignored the analysis of changes in LST intensity. In Table 5, we calculated the
characteristics and ignored the analysis of changes in LST intensity. In Table 5, we calculated the LST
LST discretization of IS pixels as shown by the standard deviation. What is the main reason for this
discretization of IS pixels as shown by the standard deviation. What is the main reason for this
seasonal change of LST discretization? Can the contribution of BSs be disregarded along with the
seasonal change of LST discretization? Can the contribution of BSs be disregarded along with the
thermal heterogeneity of building materials [58]? Previous studies have analyzed the centroids of
thermal heterogeneity of building materials [58]? Previous studies have analyzed the centroids of
UHI intensity using several methods, such as the Gaussian volume model, nonparametric fast Fourier
UHI intensity using several methods, such as the Gaussian volume model, nonparametric fast Fourier
transformation and mean-standard deviation [52]. Based on the above, the impact of BSs on LST
intensity is worthy of a deeper analysis.
4.2. Effect of Adjacent Land Cover Types on BS Cooling at the Pixel Scale
As an important factor showing surface energy conditions, the LST derived from satellite remote
sensing provides detailed spatial information about the complicated temperature distribution in
urban environments with higher heterogeneity but unavoidably increases the uncertainty of LST
retrievals due to the surface anisotropy and region smoothing of pixels [39,40,67]. A previous study
shows that LST heterogeneity could reach 18 ◦ C during the morning and 14 ◦ C at night in the case
of unmanned aerial vehicle (UAV)-thermal infrared (TIR) camera system. Satellite TIR sensors with
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higher resolution have similar difference, but not significant with lower resolution LST products such
as that of MODIS [68].
The highest resolution of satellite TIR sensors is only approximately 100 m (90 m for ASTER,
100/120 m for Landsat-5/8, 60 m for Landsat-7), which is insufficient for analyzing urban thermal
environments. Because of the 100 m (resampled to 30 m) spatial resolution of Landsat-8 LST data,
the temperature of land cover types is largely influenced by the surrounding urban areas in a certain
pixel. A study in Los Angeles in the USA comprehensively depicted the variation of LST with different
combinations of features in subpixel scales, which could be neglected for the pixels’ LST, and it
demonstrated that the daytime maximum anisotropic effects of LST can be up to 9 K for the most
urbanized areas [63]. For instance, a pixel considered to be completely covered by vegetation might
include IS, especially in regions with high building density. Thus, the influence of BSs in this pixel is not
on vegetation, but on the mixed features [60]. In Figure 11, the increasing trend with the BSR from 5% to
20% for pure vegetation pixels suggested that the LST first increased due to the influence of IS and then
was dominated by BSs. Consequently, the cooling effect might be heavily overestimated because of the
differing sensitivity (IS and vegetation pixels) to BSs. Among them, we have no way to determine the
proportion of temperature increase due to mixed pixels. Similarly, an IS pixel might include vegetation
because of inevitable anisotropy based on the cooling of vegetation; hence, the effect of BSs is likely
to be underestimated and excluding the effect of vegetation is difficult if higher resolution satellite
remote sensing data are not available, not considering thermal camera onboard aircraft and UAV,
which have meter-level spatial resolution but poor temporal continuity [69]. Note that even a pure
pixel of IS might be influenced by the environmental LST of vegetation and the effect of BSs might
produce uncertainty.
Hence, studies at the pixel scale may overlook the response of objects to BSs and the function of
the environment surrounded cannot be ignored. The best solution to these problems is to develop
technology for manufacturing better thermal infrared satellite sensors with higher spatial resolution
because the current sensors do not satisfy the requirements for analysis. However, the fast, macro and
uniform sampling of satellite remote sensing data is more conducive to spatiotemporal analyses than
manual measurements [33]. In addition, the LST data from satellite remote sensing can provide more
detailed spatial information about the cooling effect of BSs and insights into the spatial heterogeneity
of LST caused by urban forms. As such, satellite remote sensing analyses are indispensable.
4.3. Influence of BSs on the Cooling Effect of Vegetation
Vegetation represents a potent tool for alleviating UHI [6,7,63]. Moreover, we showed that BSs
also have a significant cooling effect. To ensure sufficient analytical data was obtained to mutually
reinforce the effects of vegetation and BSs, pixels for which the sum of IS and vegetation proportion
was greater than 0.9 were chosen from Section 2.3.4. Similarly, the BS data were used as indicator
layers to determine the pixel selection condition (Section 2.3.5). According to Section 3.3.2, ten BS
cover groups and the mean LST of each group in every 5% step of vegetation ratio (VR) increment
were categorized and are shown in Figure 14. To avoid unrepresentative values due to small sample
sizes, Figure 14 only illustrates the mean temperatures that are statistically meaningful and have more
than 100 samples.
This conclusion about the relationship between the VR and mixed-pixel LST was consistent with
previous research [7,63]; however, by regarding BSs as an indicator layer, we discovered that the
cooling ability of vegetation has significant differences under changes in the BSR. With a higher BSR
in pixels, the trend of LST variation is weaker under increases in VR, because the cooling process of
vegetation via accelerated transpiration would be suppressed with less solar radiance [45], which
would decrease the sensitivity of mixed-pixel LSTs to changes in vegetation. When the BSR exceeds
90%, the curves at four times gradually flatten (Figure 14).
Curves with a BSR less than and greater than 30% were relatively closer and farther from each
other regardless of the proportion of vegetation changes, indicating that the cooling of BSs could be
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5. Conclusions
5. Conclusions
In this study, we explained the temporal effect of BSs on urban LST and mainly focused on the
thermal landscape fragmentation and mitigation intensity of LST intensity under the influence of BSs.
The results indicates that the distribution of IS LST in winter and the ability of IS and vegetation to
mitigate intensity of LST in summer are strongly affected by BSs, while the cooling effect varies with
different BSR in pixels. Furthermore, IS has greater sensitivity than vegetation LST.
However, our research has some shortcomings that we are currently unable to resolve.
For example, previous research has shown that the accuracy of the geometric algorithm is lower
than that of the spectral-based method [38]. However, due to the limitation of data sources and
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purpose of the research, geometric extraction was the most effective method despite the unavoidable
uncertainty. Moreover, the resolution of Landsat-8 increases the proportion of mixed pixels in urban
areas, as discussed in Section 4.1. Finally, our analysis of the cooling effect of BSs on pure IS pixels
utilized regional pixel statistics in Section 3.3.2, which also inevitably introduced uncertainty due to
the heterogeneity of the LST, especially in urban areas, for which we excluded some misclassified
pixels in the fifth loop to reduce the LST volatility as much as possible. Although the feasibility of the
statistical methods was indicated by a comparison with the interpolation method (Section 3.3.2), it is
necessary to utilize other methods with higher accuracy, which could eliminate the LST heterogeneity
to obtain better results in subsequent research.
The results in our study indicated that the LST distribution in winter was strongly affected by
BS; hence, the influence of BSs on the seasonal change of the UHI centroid can be analyzed deeper.
In addition, these works present limitations when conducted in single areas because of the difficulty
applying the results to other cities with different climate in the future. Research on different urban
forms, such as building densities and climatic environments, can also be compared to discuss the
intensity of BSs under different conditions.
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Attachment D

DATE:

July 2014

TO:

Planning Department Staff, Shadow Analysis Consultants

FROM:

Rachel Schuett, Kevin Guy, SF Planning Department

RE:

Shadow Analysis Procedures and Scope Requirements

In the City and County of San Francisco, there are two circumstances which could trigger the need
for a shadow analysis:
(1) If the proposed project would be over 40 feet tall, and could potentially cast new shadow
on a property under the jurisdiction of the Recreation and Park Department, per San
Francisco Planning Code Section 295; and/or
(2) If the proposed project is subject to review under the California Environmental Quality Act
(CEQA) and would potentially cast new shadow on a park or open space such that the
use or enjoyment of that park or open space could be adversely affected.
This memorandum documents the Planning Department’s standard procedures for conducting a
shadow analysis both for the purposes of CEQA review and for the purposes of Section 295
review. A complete Shadow Analysis has three main components: (1) Shadow Diagrams, (2)
Shadow Calculations, and (3) a Technical Memorandum. In some cases, survey information may
also be required.
A shadow analysis should be completed in five sequential steps:
Step 1. Preliminary Shadow Fan
Step 2. Project Initiation
Step 3. Shadow Diagrams
Step 4. Shadow Calculations
Step 5. Technical Memorandum
Each of these steps is described, in detail, below.
Step 1. Preliminary Shadow Fan
The Planning Department typically prepares a preliminary shadow fan as part of the Preliminary
Project Assessment (PPA) process for projects which exceed 40 feet in height. If the preliminary
shadow fan indicates that the proposed project has the potential to cast new shadow on a park or
open space which is protected by Section 295 of the Planning Code, a shadow analysis will be
required for the purposes of Section 295 review.
Typically, this information is included in the PPA Letter. For projects not subject to the PPA
process, and/or if the project is over 40 feet in height and has potential to cast new shadow on a
park or open space that is not protected by Section 295 of the Planning Code, or if the project is
less than 40 feet in height and could cast new shadow on any park or open space a shadow
analysis may also be required for the purposes of CEQA review. This would be determined on a
case-by-case basis as part of the scoping process for the environmental review. A preliminary
shadow fan would be prepared by Planning Department staff at that time.
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Step 2. Project Initiation
If the preliminary shadow fan indicates that there is potential for the proposed project to cast new
shadow on a park or open space, and the Planning Department requests the preparation of a
shadow analysis by a qualified consultant, the project sponsor should initiate the analysis by (1)
filing a Shadow Analysis Application, (2) retaining the services of a qualified consultant, and (3)
providing a scope of work for the shadow analysis.
(1) Shadow Analysis Application. Filing a shadow analysis application initiates the process of
shadow analysis review. The Shadow Analysis Application Packet can be found here:
http://www.sf-planning.org/Modules/ShowDocument.aspx?documentid=8442. The fee is
currently $525.00, payable to the San Francisco Planning Department. Once the Shadow
Analysis Application is received, a technical specialist will be assigned.
(2) Qualified Consultant. The project sponsor should retain the services of a qualified
shadow consultant. Currently, the Planning Department does not maintain a list of
qualified consultants for the purposes of Shadow Analysis preparation. Thus, consultant
selection should be based on the consultant’s demonstrated capacity to prepare a
Shadow Analysis as outlined in Steps 3 – 5, below.
(3) Scope of Work. Once a technical specialist is assigned, the consultant should prepare and
submit a scope of work for the Shadow Analysis. The scope of the Shadow Analysis
should be based on the preliminary shadow fan, and Steps 3 – 5, below. One the
technical specialist has approved the scope of work the Shadow Analysis may be initiated.
Step 3. Shadow Diagrams
The preliminary shadow fan prepared by the Planning Department indicates whether or not there
is any possibly that a project may cast new shadow on a park or open space. However, the
shadow fan does not take into consideration intervening shadow that is cast by existing buildings
and/or permanent infrastructure (such as elevated roadways, on- and off-ramps, etc.). Further,
the preliminary shadow fan is typically based on full build out of the zoning envelope including;
complete lot coverage and maximum height plus a penthouse allowance (typically 16 feet).
Therefore, shadow diagrams should be prepared for the building as defined in the project
description for environmental review, which should be determined in consultation with the
Planning Department.
Please note: shadow cast by vegetation should not be included as part of existing or net new
shadow.
Diagrams of shadows cast by the proposed project should be provided for the following four days
of the year:





Winter Solstice (December 21) - midday sun is lowest and shadows are at their longest.
Summer Solstice (June 21) - midday sun is at its highest and shadows are at their
shortest.
Spring/Fall Equinox (March 21/September 21) - shadows are midway through a period of
lengthening.
The “worst case” shadow day – the day on which the net new shadow is largest/longest
duration.

2
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On the days the graphical depictions are required, the shadows should be shown on an hourly
basis, from one hour after sunrise (Sunrise + 1 hour) to one hour before sunset (Sunset - 1 hour)
and at the top of each hour in between.
Example: On June 21, the sun rises at 5:48 a.m. and sets at 8:35 p.m. Therefore shadow
graphics should be included at the following times:



A.M.: 6:48, 7:00, 8:00, 9:00, 10:00, 11:00
P.M.: 12:00, 1:00, 2:00, 3:00, 4:00, 5:00, 6:00, 7:00, 7:35

All shadow diagrams should clearly indicate the outline of the project site and any parks or open
spaces that may be affected including a generalized layout of park features such as seating areas,
landscaped areas, playgrounds, recreational courts, and walking paths. The shadow diagrams
should clearly indicate the shadow outline from the proposed project and should graphically
distinguish between existing shadows versus net new shadow being cast by the project.
Shadow diagrams should also include the following, at a minimum:






A north arrow
A legend
A figure number
The project name (Ex. 555 Lyon Street)
The date and time depicted (Ex. June 21 Sunset – 1 hr. or June 21 6:00 p.m.)

Shadow diagrams should be submitted as one file in .pdf format with a technical memorandum
described in Step 5, below.
Step 4. Shadow Calculations
In order to obtain the information needed for a determination under Section 295, a detailed
quantitative study of the new shadow cast upon an open space or park under the jurisdiction of, or
designated for acquisition by, the Recreation and Park Commission is required. The quantitative
study must include spreadsheets and/or tables that indicate the amount of existing shadow and
net new shadow, measured in square foot hours (sfh), in 15 minute increments throughout the day
during the hours regulated by Section 295 ‘’ on each day where the proposed project would result
in net new shadow on the park.
The hours regulated by Section 295 occur between one hour after sunrise through one hour prior
to sunset Each 15 minute entry should expressly indicate the date, the time of sunrise, and the
time of sunset. It is important to indicate the corresponding amount of existing shadow on the
subject open space or park, as this amount is key in determining the relative effect of any new
shadow.
In order to inform the CEQA analysis, the Planning Department may also require a detailed
quantitative analysis for non-Section 295 properties, or in cases where Section 295 does not apply
due to the project’s height, or based on some other circumstance. This will be determined on a
case-by-case basis.
These spreadsheets and tables should be summarized in the Technical Memorandum, as
described in Step 5 below, and appended, in their entirety, to the report.

3
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Step 5. Technical Memorandum
The shadow diagrams, shadow calculations, and any other supporting materials should be
accompanied by a technical memorandum which includes (at a minimum) the following
information:
 Project Description. Include the location of the project site (neighborhood, address,
Assessor’s Block/Lot, nearby landmarks), general topography, and project boundaries.
Describe existing building(s) and land use(s) on and around the project site, including
building height(s). Include proximity to parks, open spaces, and community gardens.
Describe the proposed project including demolition and new construction. Describe the
physical characteristics of the proposed building(s) as well as the proposed use(s).
Include and refer to building elevations.


Modeling Assumptions. The shadow graphics and calculations should be accompanied by
clear documentation of the assumptions for the modeling including:
o The height assumed for each of the buildings (or building envelopes).
Please note: Please contact the Planning Department for specific direction in how
to model intervening shadow cast from buildings between the proposed project
site and the affected park or open space.
o The allowance for penthouses and parapets (which should be determined in
consultation with Planning Department staff).
Please note: the Planning Department typically requires that final building
designs be modeled rather than building envelopes, or hypothetical building forms
based on existing or proposed zoning. However, building envelopes may be
substituted in some circumstances as directed by Planning Department staff.
o Building sections and elevations (for the proposed project).
o If the project site is steep and/or has varied topography the documentation should
identify where the height of the envelope of the building was measured from.



Potentially Affected Properties. Potentially affected properties including: parks, publiclyaccessible open spaces, and community gardens identified in the graphical depictions
should be listed and described. The description of these properties should include the
physical features and uses of the affected property, including but not limited to:
topography, vegetation, structures, activities, and programming. Each identified use
should be characterized as ‘active’ or ‘passive.’ Aerial photographs should be included,
along with other supporting photos or graphics. The programming for each property
should be verified with the overseeing entity, such as the Port of San Francisco, the
Recreation and Parks Department, etc. Any planned improvements should also be noted.



Shadow Methodology and Results. Describe how the analysis was conducted, what
assumptions were made? Describe the “solar year”, the “solar day” and define any other
terms, as needed. Refer to shadow diagrams and describe results.



Quantitative Analysis (for properties subject to Section 295, and as required by the
Planning Department). The Technical Memorandum should include a narrative summary
of the quantitative shadow effects that would result from the project, and discuss how
these effects relate to the quantitative criteria set forth in the “Proposition K –
Implementation Memo” as jointly adopted by the Planning and Recreation and Park
Commissions in 1989.

4
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The quantitative analysis discussion should (1) Identify the theoretical annual available
sunlight (T.A.A.S.) for any/all affected Section 295 protected properties (and/or other
properties identified by the Planning Department), calculated in square-foot-hours (sfh) by
multiplying the area of the park by 3,721.4 (the number of hours in the year subject to
Section 295), (2) Identify the amount of existing shadow on the park or open space (in
sfh), (3) Identify the amount of net new shadow cast on the park or open space by the
proposed project (in sfh), and (4) Where applicable for Section 295 properties, identify the
park’s ‘shadow budget’. Compare (1) to (2) and (3), and (4) if applicable.
Summary tables and graphics should be included.
It should be noted that accurate park or open space boundaries are germane to an
accurate calculation of the theoretical annual available sunlight hours (T.A.A.S.). It is
advised that the shadow consultant verify park boundaries and area with Planning
Department staff prior to initiating the calculation. Similarly, the assumptions for
calculating the existing shadow load should also be verified with Planning Department
staff prior to initiating the calculation.


Shadow Characterization. The Technical Memorandum should include a narrative,
qualitative summary of the effects of net new shadow on each park or open space on
which new shadow would be cast. This narrative summary should be based on the
following shadow characteristics:






Size
Times of year
Times/duration within a given day
Location of new shadow in relation to park features
1
Relationship of new shadow to surveyed usage patterns in the park

The narrative description should clearly characterize the net new shadow that would occur
over the course of the year.
Example: “the proposed project would cast net new shadow on Jackson Playground and
Tennis Courts between March 3 and October 14, with the largest area of shadow being
cast on July 27. . .”
Then go on to characterize the times of day during which the shadow would occur, and
identify what is occurring in that area of the park or open space at that time.


Cumulative Shadow Analysis. In the event that the proposed project would cast net new
shadow on a park or open space that would also be affected by other proposed projects,
the Planning Department may require a cumulative shadow analysis in addition to the
‘existing plus project’ analysis that is described above. The cumulative scenario should be
developed in cooperation with Planning Department staff. The cumulative analysis
requirement could potentially include all of the information required for the ‘existing plus
project’ analysis, but would be determined on a case-by-case basis in consultation with
Planning Department staff.

1

Note: the scope and approach for a use survey should be vetted in advance with Planning
Department staff.
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Proposed Project-Related Public Good. Under Section 295 of the Planning Code decisionmakers may weigh the amount and duration of shadow cast by the proposed project
against the public good or public benefits associated with the proposed project. This
section should identify (1) the public interest in terms of a needed use, (2) building design
and urban form, (3) impact fees, and (4) other public benefits.

The Technical Memorandum should include summary tables and graphics to inform decision
makers of the potential effects of net new shadow. The Technical Memorandum should only
document facts and observations related to the amount and duration of shadow and the use of the
park or open space and should not include a conclusion as to whether or not an impact(s) would
occur.
Work Plan
The scope of work identified in Steps 2 – 5 is a complete scope of work meeting the requirements
of a shadow analysis for the purposes of a Section 295 determination and/or in support of an
impact determination under CEQA, where net new shadow on a park or open space would be
associated with a proposed project.
In some cases the Planning Department may wish to review the shadow diagrams, shadow
calculations, and the descriptions of the use(s) of the affected properties, in advance of making
further recommendations on the shadow analysis scope. Therefore, the graphics and descriptions
may be requested in advance of the preparation of the full Technical Memorandum.
For example, the Planning Department may make a recommendation for the scope of a park
survey(s) after reviewing the shadow diagrams, shadow calculations, and the descriptions of the
use(s) of the affected properties. Therefore, the work plan for the shadow analysis should be
developed in consultation with Planning Department staff.
Fees
The current application fee for a shadow analysis (K Case) is $ 525.00 (adjusted annually).
Please note, any time spent by Planning Department staff over and above the initial application
fee will be billed on a time and materials basis. Recreation and Park Department staff will also bill
time spent on the shadow analysis; including, but not limited to; providing information about park
properties, review of the shadow analysis, preparation of the staff report, presentation to the
Capital Committee and/or Recreation and Park Commission.
Recreation and Park Commission and Planning Commission Hearings
Projects which require a shadow analysis for the purpose of Section 295 compliance and which
result in net new shadow on a park or open space under the jurisdiction of the Recreation and
Park Department also require a hearing before the Recreation and Park Commission and the
Planning Commission.
Recreation and Park Commission Hearings consist of two steps:
st
(1) Capital Committee Hearing (meets 1 Wednesday of each month)
(2) Recreation and Park Commission Hearing (meets 3rd Thursday of each month)

6
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At the second hearing, the Recreation and Park Commission issues a recommendation, and the
proposed project may then be heard by the Planning Commission.
The environmental review document should be final (not certified) prior to the Capital Committee
Hearing. This means that a Categorical Exemption, or Community Plan Exemption, or Mitigated
Negative Declaration should be signed, for an EIR the Responses to Comments and changes to
the DEIR should be finalized. Recreation and Park Department staff should be consulted on how
far in advance of the Capital Committee Hearing the environmental review document should be
finalized.
The shadow analysis should be finalized at least three weeks prior to the Capital Committee
Hearing for inclusion in the staff report. Recreation and Park Department staff typically review one
or two drafts of the shadow analysis prior to finalizing the document. Recreation and Park staff
should be consulted as early in the process as possible.
It should be noted that in some cases, a joint hearing before the Planning Commission and the
Recreation and Park Commission is required. If a joint hearing is required, you will be notified by
Planning Staff. Joint hearings are scheduled on a case-by-case basis through the respective
Commission Secretaries.
Please do not hesitate to contact Rachel Schuett at Rachel.Schuett@sfgov.org or (415)
575.9030 or Kevin Guy at Kevin.Guy@sfgov.org or (415) 558.6163 with any questions, or if you
need further clarification.
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Abstract: Information about the availability of solar irradiance for crops is of high importance for
improving management practices of agricultural ecosystems such as agroforestry systems (AFS).
Hence, the development of a high-resolution model that allows for the quantification of tree shading
on a diurnal and annual time scale is highly demanded to generate realistic estimations of the shading
dynamics in a given AFS. We describe an approach using 3D data derived from a terrestrial laser
scanner and the steps undertaken to develop a vector-based model that quantifies and visualizes
the shadow cast by single trees at daily, monthly, seasonal or annual levels with the input of
cylinder-based tree models. It is able to compute the shadow of given tree models in time intervals of
10 min. To simulate seasonal growth and shedding of leaves, ellipsoids as replacement for leaves
can be added to the tips of the tree model’s branches. The shadow model is flexible in its input of
location (latitude, longitude), tree architecture and temporal resolution. Due to the possibility to feed
this model with factual climate data such as cloud covers, it represents the first 3D tree model that
enables the user to retrospectively analyze the shadow regime below a given tree, and to quantify
shadow-related developments in AFS.
Keywords: shadow; light model; terrestrial laserscanning; TLS; LiDAR; 3D tree model; agroforestry;
light projection; vector-based

1. Introduction
Plant growth depends on light interception. Hence, information about the availability of solar
irradiance is of high importance for understanding and improving management practices of natural
and agricultural ecosystems. Regarding the latter, estimations of solar irradiation availability are of
particular interest for managing agroforestry systems (AFS). In these systems, woody perennials such
as trees are deliberately grown together with agricultural crops and/or animals on the same land
unit, resulting in a significant interaction of the AFS components with regard to the utilization of
water, nutrients and light [1]. On the one hand, a significant reduction of the light interception for the
agricultural crops growing below trees can result in a drastic reduction of the crop productivity in case
of light-demanding C4 -species [2], and on the other hand, more shade tolerant crop species may even
react positively to shading, as demonstrated by tobacco (Nicotiana tabacum L.) [3], Coffea arabica L. [4]
or American ginseng (Panax quinquefolium L.) [5]. To generate realistic estimations of the shadows cast
in a given AFS, the development of a model that allows for the detailed quantification of tree shading
on a diurnal and annual time scale is highly demanded.
One approach to model tree shadow and the resulting light availability on the ground below
relies on constructing a virtual ellipsoid that covers the crown of a three-dimensional tree model [6].
To advance this model, the application of this technique, in combination with the refinement of the
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output results, was improved by using a leaf-clumping index [7]. However, the authors came to the
conclusion that modelling and predicting detailed light availability distributions under an individual
tree cannot be accomplished by models which use the ellipsoid as a representation of a whole tree
crown. These ellipsoids are not able to approximate realistic crown shapes of individual trees, as tree
crowns can be very variable, thus featuring considerable morphological differences that influence the
leaf area distribution (LAD) and, therefore, the radiation regime below them [7,8]. Other results showed
that more details on the tree crown structure are necessary in order to generate detailed predictions
of light availability under a tree [9,10]. The heterogeneous tree crowns induce heterogeneous light
conditions for the crops under the tree including the sun fleck regime, which is highly variable in
time and space [11]. A complicated consecutive process in using either the ellipsoid [7,12] or voxel
approach [13–16] is the measurement and usage of the leaf area index (LAI) and/or the LAD with
uniform or random hypotheses for LAD. However, both hypotheses lead to an underestimation of
shading [7]. Several authors tried to increase the accuracy of voxel-based LAD modelling but faced
difficulties when correcting for vegetation clumping, occlusion effects and the presence of woody
structures [16,17]. A promising technique when using the voxel-based approach is shown in [15],
where the LAD could be directly derived by transforming the TLS data into small leaf-sized voxels.
As of today, light models that utilize and generate detailed shading information from individual
trees based on a high resolution 3D model of single trees are not available. In the following sections,
we present the initial steps of the development of a model that enables predictions of shadow and light
distributions below individual single trees in the course of the year with flexible temporal resolutions.
Our data are derived from the utilization of terrestrial laser scanning (TLS). At present, TLS provides
the most accurate measurements of complex 3D structures such as trees. Based on the TLS point cloud
obtained from a single tree, a light model was created that allows for computing the shadow of this tree
onto the ground below with regard to its intensity and changes throughout the year. This model can
be fed with TLS point clouds converted to cylinder models gained from any other tree, and can thus be
utilized to quantify the shading effect of any tree of interest. Utilizing such models, the management of
AFS, but also the management of other ecosystems in which a precise quantification of solar irradiance
is of importance, can be optimized.
2. Materials and Methods
2.1. The Scanned Tree and Its Location
To develop the light model in question, we scanned a cherry tree (Prunus avium L.) growing on
an experimental AFS site in SW-Germany close to Breisach (48◦ 40 24”N; 7◦ 350 26”E, 182 m a.s.l.) with
a terrestrial laser scanner (TLS). As the cherry tree is a deciduous, broad-leaved tree, we scanned
the tree in winter to be able to generate a 3D tree model that comprises all branches without being
occluded by leaves. The scans were performed with the phase shift scanner Z+F IMAGER 5010
(Zoller+Fröhlich GmbH, Wangen, Germany). Detailed information about the scanning can be found in
a previous publication [18]. At the time of scanning, the cherry tree was 19 years old, 11.02 m high and
had a diameter at breast height of 16.8 cm. The climate at the experimental site is temperate and mild
with a mean annual air temperature of 11.2 ◦ C and a mean annual precipitation sum of 710 m for the
growing period of the tree (1997–2012). A detailed description of the site, soils and climate conditions
can be found in [19].
2.2. Input Data
To develop our new model, the TLS data of the relevant tree are first used as input for the open
source Software SimpleTree [20], which computes highly accurate cylinder models of trees from point
clouds. Subsequently, this 3D cylinder model serves as basis for the following steps. To calculate the
dimensions of the casted shadow, the exact position of the sun during the days of a calendar year needs
to be taken into account. Hence, the unit vector in the direction of the sun from the position of the

Remote Sens. 2017, 9, 719

3 of 10

observer, in our case the position of the tree, is calculated using the package insol in R [21]. With this
R package, the unit vector and the sun position in Cartesian coordinates are calculated and used to
determine the azimuth and zenith angles of the sun. Additional output results comprise information
on each Julian day, such as its date as well as the times of the day. These data are required for the
further development steps.
For our purpose, the output of the insol calculations is used for 10-min time intervals.
Solar irradiance data were obtained from the German Meteorological Service (Deutscher Wetterdienst,
DWD) which provides them in hourly sums of global short wave and diffuse irradiance in J cm−2 [22].
We used the insolation data provided by the nearest meteorological station in Freiburg, which is
located about 20 km east of the study site. The data values were converted into kWh m−2 for further
processing. To gain general information on the shadow and to avoid a weather-related bias, we
calculated the long-term monthly means of global and diffuse irradiance in hourly sums from 1977
to 2015, assuming a cloudless sky. The methods used to gain information on the dimension of the
shadow and its changes during the year are described below. All following steps are implemented in
the open source language R, version 3.3.2 [23].
2.3. Pre-Calculations
To model sun beams striking the tree, the available Cartesian coordinates of the sun’s position are
transformed into spherical coordinates by means of the astronomical unit rounded up to 150 × 106 km.
To reduce the processing time, the sun beams are only calculated when the sun is in the diurnal arc,
that is, if the zenith is lower than 90 degrees. Other sun positions, such as the sun being below the
horizon, are not considered. Moreover, we treat all sun beams hitting the tree as running in parallel in
our model, given the large distance of the sun and the comparably small size of our tree. Consequently,
due to this parallel projection approach, all sun beams strike the tree in the same insolation angle in
our calculations.
2.4. Computing Vertices of Cylinders as a Base for Tree Shadow Projections
The shadow calculations developed in the present study predicate on the already mentioned
software SimpleTree. This software generates tree models that consist of cylinders of different sizes
and angles of their axes. Each cylinder is comprised of two identical circles—the base areas—and
a shell surface. For our calculations of the shadow of trees, we first extract the cylinders’ base centers
as Cartesian coordinates and the cylinders’ radiuses from SimpleTree. However, to generate realistic
shadow projections, more than one projection point per cylinder top and bottom are required. Due to
the sun’s movement along the ecliptic and the angle of the modeled cylinders in relation to the earth’s
surface, the projected shadows of the cylinders’ top and bottom typically assume the shapes of ellipses.
Each ellipse has a semi-minor axis and a semi-major axis, which are orthogonal to each other and end
in the ellipse’s vertices. To generate an elliptic shadow of a circle, the four vertices of both semi axes
and their orientation towards the sun need to be determined. In our case, their positions are calculated
by means of the cross product according to the following procedure:
The points A (top) and B (bottom) are the cylinder base centers (Figure 1a). Points C and D on the
top base must lie on a straight line, on one of the semi axes. Points that lie on one of the semi axes
on the top base area must fulfill two conditions. First, the line must be arranged orthogonally to the
cylinder rotation axis through the base centers A and B. This ensures that the points lie on the plane of
the base, not below or above it. Thereby, it is warranted that the potential inclination of the cylinder
is integrated in the calculations. Additionally, the line must be arranged orthogonally to the sun ray
vector. This condition guarantees that the points of contact between the sun’s directional tangent and
→
the cylinder base can be found. This vector (ac) can be calculated with the cross product (1), which is
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→

→

a binary operation on the two vectors (ab and sa), where both vectors are perpendicular to the cross
→
product ac (Figure 1b).
→

→

→

ab × sa = ac,

(1)
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The monthly sums are smoothed with a simple general additive model to account for the 10-min
intervals. As a first validation, the maximum possible energy gained in one grid cell without any
2.6. Computing Ellipsoids to Simulate Leaves
shading effect matches the monthly sum derived directly from the measured data.
To gain a more realistic view on the shadow cast by a tree throughout the year, we divided the
appearance of the tree in a “leaf-on”-type, representing its state during the vegetation period, and a
“leaf-off”-type for the rest of the year. Since the tree used for modeling was scanned in the leafless
state in October 2013, we use the leafless tree model of the scan for the period of October 2013 until
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March 2014. For the period of April 2014 until September 2014, we use a theoretical approach to add
calculated leaf-like shapes around the twigs of the tree model, assuming that each cylinder with a
radius smaller than 0.5 cm grows leaves. Hence, we adjoined computed ellipsoids around these twigs,
mimicking a set of leaves (Figure 2).
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Figure 5. (a) Annual solar radiation distribution below the model tree along the compass directions,
Figure 5. (a) Annual solar radiation distribution below the model tree along the compass directions,
the outer circle representing a radius of 15 m around the tree stem; (b) the 3D visualization of the tree
the outer circle representing a radius of 15 m around the tree stem; (b) the 3D visualization of the tree
model with the annual solar radiation distribution.
model with the annual solar radiation distribution.
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diffuse irradiance, which is, besides the direct component, also important for the crops’ growth.
Even if accurate and flexible solar mapping models based on LiDAR data exist [26], it was highlighted
that most light availability models composed for tree and forest environments don’t account for the
diffuse radiation [27]. The reviews of both light availability models and of solar mapping methods
revealed that light models and solar maps are not realistic, and thus, not promising, if they are lacking
information about diffuse radiation [24,28]. Our approach includes both components of direct and
diffuse radiation, measured for every hour. However, the assumption that diffuse light is always
completely present on the ground might lead to a slight underestimation of the shadow intensity [6,27].
Further, we assume that the spatial interpolation between the polygons of the 10-min time steps cannot
completely account for temporal gaps, even though the energy amount lost through shading is adapted
to 10 min. This could lead to a small but additional underestimation of the shadow intensity where an
interpolation is performed (mostly along the lower stem shadow). Since other studies did not include
the stem for shadow purposes at all [6], we need to compare this shading effect to future measurements
of solar radiation on the research site and, if necessary, adjust the model appropriately.
5. Conclusions
Our model is a promising tool in quantifying and visualizing realistic light availability dynamics
under a single tree—especially, since it allows for utilizing factual climate data that enable the realistic
retrospective modeling of the radiation regime of a given tree and to quantify future developments
based on these data. The usage of the terrestrial laser scanning method is a non-destructive tool for
measuring tree volumetric data and collecting crown architectural information. Due to the option to
retrospectively analyze the shadow cast by single trees and the high resolution solar radiation data,
our vector-based approach results in lower labor costs and it reduces field work to a minimum of one
scan per year to monitor tree growth. The results can be adapted in management decisions in AFS or
similar land use systems. With the obtained information, whole systems and their planting design
can be planned and optimized to minimize light loss for light demanding crop species. Furthermore,
our model can help to identify the best tree/crop combination, so that crops adjusted to the present or
desired light regime can produce the maximal yield.
6. Outlook
We show how the innovative utilization of high-resolution TLS-data can be employed to advance
research in forestry and agricultural sciences using a model to derive information about the shadow
cast by a single tree. However, this model needs to be refined and advanced along the following lines:
1.

2.

Improvement of the leaf simulations. Leaf parameters vary between tree species, within the tree
crown and throughout the growing season [15–17]. Thus, to generate realistic shadow projections
of tree crowns, it is crucial to simulate leaves as realistically as possible. At present, our model
simulates leaves by adding a single ellipsoid to the end of branches of a radius of less than 0.5 cm,
and the ellipsoids increase in their radius each month to simulate leaf growth. We will replace
these ellipsoids with more realistic leaf-like polygons, taking also their spatial distribution within
tree crowns into account.
Validation of the results generated by the model by comparing them with on-site light measurements.
In case of discrepancies, the model needs to be adapted accordingly.

We are confident that these advancements can successfully be implemented, and that our model will
serve as a useful tool that realistically describes the shadows cast by trees in AFS and other ecosystems in
which their effects need to be better understood and quantified to improve their management.
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