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EXECUTIVEUMMARY

Theeight-countyMetropolitan Denver area is home to 2.8 million people. Because it is such an
attractive place to live, work and play itegperiencing rapid growttespecially in outlying

areas, which is accelerating air pollution, water, &meérgy demand problem#/ore

sustainable infill growth is placing higher concentrations of people in maséiurban
environments, where greespace $ critical to quality of life. Finding adequate space for trees in
these densely engineered developments is a challelese problems urgently need

solutions. Urbarforestry is integral to land use planning, mitigating water shortages, conserving
energy,improving air quality, enhancing public health programs, incredsing values and

local tax bases, providing job training and employmemportunities, reducing costs of city
services, and increasing public saféypanding the urban forest through jigtbus tree

planting and stewardship activities can insure long temzironmentaland economic health
benefits tolocalcommunities andnaximumreturn oninvestment in planning and

management.

In July, 2006 then Denver Mayor John Hickenlooper launcheen@riat Denver, an ambitious

agenda for sustainable development in tGéy and County of Denver. The Mile High Million

(MHM) tree initiative was one component of Greenprint Denver, with the goal of planting one
million trees by 202 Metro Denver. Durihg the six years since the MHM program began

over 250,000 trees have been planted. Just as important, through partnerships with sponsors,
NGOs such aehePark People an@oloradoTree Coalition, cities and agencies, the MHM has
reached an unprecedented mber of residents with its stewardship message. Now that

program patrticipation and visibility are at an-tithe high, it is time to reaffirm the relevance of
Metro5 SY @SNID& dzNblFy F2NBaAG FyR G2 LIXIyYy F2N AdGA

This studyprovides up-to-date informaton on the extent and potential of théVletro Denver

urban forest It quantifies the distribution ofurrent tree canopy covemaps locations of
potential tree planting siteand identifies where tree plantingsan besimitigate urban heat
islands Also, tle study estimates the dollar valwé ecosystem services provided by the current
and future urban forest.

Urban tree canopy (UTC), definedths percentage of a site covered by the canopies of trees
and shrubsisthe metric used to quantify the extent, function and value of Metro Denver
urban forest. © calculate benefits of thetro Denver urban forestanopy field survey data
from Golden, Boulder and Fort Collins were combined with id@@pedacross the ara from
satellite remote sensing. The value of ecosystem serviessalculated on ger treebasis

with numerical models developed by the US Forest SerVigese values wemmnverted b

units per area of UT.CBenefits per uniUTCwere applied to the rrasuredUTCto calculate



benefitsfor existing and additional UT@inoff reduction, air quality, carbodioxide emoval,
and buildingcoolingenergy use savings)

TheMetro Denver urban forest is extensive, covering 15.7 percent of the 721 square mile

region. Urban tree canopy (UTC) for the 29 cities ranged from 5 to 37 percent. Impervious
surfaces, such as roads, buildings and parking lots, accounted for 34 percent of the land area,
while irrigated grass, bare soil and dry vegetation covered 48 perckatadcuracy assessment
found that UTC was classified with 91.5 percent accuracy, above the 90 percent standard set for
the study.

Hot spots, areas with surface temperatures elevaed NB (i K lagovenh® mear, C
occupied 21 percent of the region. Natrprisingly, the mean UTC was only 4.5 percent for
these areas. These urban heat islands are associated with higher summer air conditioning
demand, increased ozone concentrations and greater risk of illness and death to residents,
especially to vulnerablpopulations.

There are approximatel¥0.7million trees in theMetro Denverurban forest assuming an

average crown diameter of 1 per tree. The mean tree density 0B2 per acre compares
favorably with values reported for other large citiagch as Chicago (24), Philadelphia (25) and
New York City (26). The average number of trees per capita is 4.8, comparable to 5.2 reported
for California cities (McPherson aimpson, 20033

TheMetro Denverurban forest produces ecosystem services valuegbal millionannually.

The largest benefit$436.6million, isfor property value increases and othértangiblebenefits
gairedfromi K S NB2ZRX22agiédiiexistingcanopy. The second largest bene$igl

million, is reduced stormwater runoff magament costs from 21,141 acre feet (6.9 billion gals)
of rainfall intercepted by the existing canopy. Air temperature reductions from
evapotranspirational cooling reduce residential air conditigdemand by 182,000 MWh,

saving $21.8 million in cooling costs each year. If carbon dioxide sequestered and emissions
avoided from cooling savings by the existing trees (172,270 tons) were sold at $10 per ton, the
revenue would be $1.72 million. Théetro Denver urban forest filters 1,400s of air

pollutants from the air at an estimated annual value of $7,465.

The Denver Metrairban forestcontains approximatelf0 million vacant planting sites. This
number assumes plantable space for af86rown diamete and that about 30 percent of the
vacant sites are not plantable because of physical limitations such as utilities. Seventy percent
of these plantable vacant sites are in single family residential and mixed land uses, while 16
percent are in public and stitutional land uses. Potential tree planting sites (PTPS) are nearly
evenly distributed between lawn areas already irrigated (56%) and unirrigated grass and bare
soil (44%). Approximately 1.5 million vacant sites are located in hot spots. Shading fmsking
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arterial streets, dark roofs and other sites where people work outdoors and recreate can
provide significant health benefifsom reduced heat stress and improved air quality

Setting realistic targets for additional UTC is not straightforvisrchuse ach city has a

different land use mix, as well as different existing UTC and potential UTC (PUTC) that reflects
historical patterns of development and tree stewardship. After discussion with partners it was
decidedto fill 50 percent of the calcated PTPS inon-agriculturalland use zonesSetting a

target for each city ofilling 50 percent of its PTPS acknowledged that cities with the most
vacant planting sites will achieve the greatest relative increase in UTC, whereas those with

higherstockf 3 f S@Sta gAtt 3ILAy tSaa !¢/ o 'tazs S| OK

percent of its available tree planting sites, thus contributing to the common regionwide goal.

Filling 50 percent of the plantable vacant sites region wide will requénetiplg 4.25 million
more tree sites. This will result in about 14 million planted sites and is projected to increase
UTC from 16 to Bpercent There is adequate space in irrigated lawn areas to achieve the
target. The gradual conversion of agriculturaddao urban land uses will provide additional
opportunities for plantingTheassumption here is that current UTC remains stable and
program tree sites remain fully stocked with-B&rown diameter trees. Because some
program trees will die and need to beplaced, more than 4.25 million trees vk needed to
keep this number of additional sites fully stocked. It will take 20 to 30 years to achieve the
projected level of canopy cover after planting

Achieving the targeted 15 percent UTC increasepayl dividends. The value ahnual

ecosystem services will nearly double, increasing4#0% million, from $51 millionto $1.0

billion. The value of increased annual property values and other intangible services is projected
to be $51.7million. The amual savings for reduced stormwater management costs from
additional 20,180 acre feet of rainfall interception@®illion gals) is projected to be $&6.

million. Reduced demand for 86,370 MWh of electricity for air conditioning is expected to save
another $10.4million in cooling costs. Trees in the additional sites will reduce atmospheric
carbon dioxide by1,22tons, valued at 819,843annually. The additional UTC will reduce
another 1,332bs of pollutants from the air.

Expansion of the UTC from 1808a31% is projected to result in provisioning of ecosystem
services valued at oved® billion annually from approximately 14 million trees. The average
annual value of &7 per tree is comparable to results for the same services reported for street
and pak trees in Boulder and Fort Collins, CO (McPherson et al. 2001, 2003). This is a very
conservative estimate of service value, as it doesfalb capture albenefits associated with
increasedJTC, such geb creation,improved human health and fitnessjldlife habitat and
biodiversity.



The values for ecosystem services have been expressed in annual terms, but trees provide value
across generations. Also, the benefits trees provide are becoming incrBestagce and more

valuable with tme. The annual flows of realized benefits from tressre convertednto an

estimate of asset value. This enables tree planting and stewardship to be seen as a capital
investment that provides an annual flow of benefits. The asset value was calculates] raest t

present value, which is a discounted sum of annual future ben&lisgsount ratesvere 4.125

percent which is appliedy the US Corps of Engineers for large projexuid,0 percenbver

100 years for Existing UTC, Additional UTC and Exptisgdditional UTCSome economists

argue that natural capitdiasa lower discount rate because the benefit stream is more certain

over longer periods of time. The asset valudeitro5 Sy S ND& SEA &Gy 3 dzND | y
billion, calculated at a.425percent discount ratefor the next 100 years. At zero discount rate,

the urban foresQ @sset value is estimated ab$billion. If UTC is increased to 30 percent over

G§KS ySEG on &SI NBXZ (KS dzN®6.3pilliohand®aabitien,  aaSd o
assuming 4.25and zero percent discount rates, respectivélgnce, the ecosystem services

produced by theMetro Denverurban forest provide a stream of benefits over time the way a

freeway or other capital infrastructure does. Quantifying th& & @1 f dz8 2 F G KA A& a1
AYFNF a0NHzZOG dzNB¢ OFy KSf L) 3dzZARS FROFYyOSYSyid (2
investments towards the enhancement of natural capital.

Results from this study can be used to:

¢ Communicate the ecologicahd econonic value of the existing urban forest

e Establish tree planting and UTC targets for communities

e Describe the level of benefits obtained by reaching these targets

e Track changes in UTC that reflect progress made reaching targets

e Link changes in UTC to cauddlers such as levels of community tree planting,
drought, pests, storms and vandalism

Metro Denver is a vibrant region that has invested in its urban forest as it has grown. The task
ahead is to better integrate the green infrastructure with the gnalyastructure by targeting

tree planting and stewardship activities to maximize their environmental and human health

impacts. This study provides information that can be used to plan, prioritize and implement

new urban forestry programs. In so doiddetro5 SY SN & dzNblFy F2NBad oAf
more resilient and better able to meet the challenges that loom ahead.



INTRODUCTION

Metropolitan Denver is home to 2.8 million people. Because it is such an attractive place to live,
work and play, the\JS 3 ApBpyil&iénis growing. than growthhas increase@mpervious
surfacesandthe flow of contaminants into water bodies, air pollution fraaammuting traffic,

and energy required to support new developmeihe urban forest works to mitigate these
adverse effects associated with thiilt environment.

e Impervious surfaces increase runoff during storm events. Urban tetam
rainfall on their leaf surfaces and reduce storm water runoff.

e The built environment absorbs and stores solar radiation, causibanheat
islands that accelerate ozone formation and increase the needifor
conditioning. Urban tree canopy cover can play a significant rotedhycing the
heat island effect through shading and evapotranspiratiam@aling of the air.

e City treesabsorb air pollutants and sequester atmospheric carbon dioBge.
shading parked cars and asphalt concrete streets, trees reducekbase of
evaporative hydrocarbons that are involved in ozone formation.

e Tree shade and air temperature reductions redle rate that street surfaces
deteriorate and decrease repaving costs.

e Additionally, urban trees increase property values.

Although the benefit of any single tree may be small, the sum of bengfsignificant when it
comes to mitigating the environnméal impacts that resulfrom convertingperviousland cover
into built environments.

Theeight-countyMetro Denver regions experiencing rapid growtlespecially in outlying

areas, which is accelerating air pollution, water, @meérgy demand problem#/ore

sustainable infill growth is placing higher concentrations of people in maséiurban

environments, where greenspace is critical to quality of life. Finding adequate space for trees in
these densely engineered developmentsiishallengeThese problems urgently need

solutions. Urbarorestry is integral to land use planning, mitigating water shortages, conserving
energy, improving air quality, enhancing public health programs, increksidgvalues and

local tax bases, prading job training and employmemtpportunities, reducing costs of city
services, and increasing public saféypanding théMetro Denverurban forest through

judicious tree planting and stewardship activities can insure long smronmentaland

economct healthbenefits tolocalcommunities andnaximumreturn oninvestment in planning

and management.

10



In July, 2006 then Denver Mayor John Hickenlooper launched Greenprint Denver, an ambitious
agenda for sustainable development in tGdy and County of Derwver. The Mile High Million

(MHM) tree initiative was one component of Greenprint Denver, with the goal of planting one

million trees by 202t Metro Denver During the six years since the MHM program began over
250,000 trees have been planted. Just asangnt, through partnerships with sponsors, NGOs

such asThePark People and Denver Tree Coalition, cities and agencies, the MHM has reached

an unprecedented number of residents with its stewardship message. Now that program
participation and visibility & at an alitime high, it is time to reaffirm the relevance dfetro
5SY@SNDa dz2Nbly F2NBad FyR 2 LXFYy FT2N Ada 7Fdz

This studyprovides up-to-date informationon the extent and potential oMetro5 Sy @S N &
urban forest It quantifies the distribution ofurrent tree canopy covemaps locations of
potential tree planting siteand identifies where tree plantingsan besimitigate urban heat
islands Also, the study estimates the dollar valofeecosystem services provided by the current
and future urbarforest.

Urban tree canopy (UTC), definedths percentage of a site covered by the canopies of trees

and shrubsijsthe metric usel to quantify the extent, function and value bfetro5 Sy @S NI &
urban forest. UTG relatively easy to measure with remotensing technologgnd it isan
easyto-understand concept that is useful in communicating to the public. It is comparable

across a city and among cities because the size of the area measured does not matter. Success
meetingUTC targets can be measured aasdime as well as spacEhough many UTC

assessments have been conducted in the US, to our knowledge none have matched the size and
scope of this study.

To calculate benefits of thetro Denver urban foresfield survey data from Golden, Boulder
and Fort Collingvere combinedvith UTQmappedacross the area from satellite remote
sensingThe value of ecosystem serviceasgalculated on ger treebasis with numerical
models developed by the US Forest Servideese values were converteaunits per area of
UTC anapplied to the measuretd TCto calculate benefitor existing and additional UTC
(runoff reduction, air quality, carbodioxideremoval,property valuesand buildingcooling
energy use savings)

Results from this study can be used to:

e Communicate the ecologicahd economiwalue of the existing urban forest
e Establish tree planting and UTC targets for communities

e Describe the level of benefits obtained by reaching these targets

e Track changes iIdTC that reflect progress made reaching targets

11



e Link changes in UTC to causal drivers such as levels of community tree planting,
drought, pests, storms and vandalism

This study provides information that is critical to planning and managiSgi N2  5ufbogind S NI &
forest to maximize production of ecosystem services and date challenges.
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METHODOLOGY

STUDY SITE

Figurel Study Area
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The studysite covers721 square milegl,867 square kilometej®f land locatedat the foot of

the Rocky MountaingFigurel). It has a semarid, continental climate with four distinct

seasons. Annual rainfall averages about 18 inches and atworgghout the year. This part of

the High Plains region has an elevation of about 5,000 feet. The studg@rees most of

Metropolitan Denverand inclues all orportions of 33 citiesnd8 counties Tablel). Thethree

largest cities in terms of population and area are: Denver, Aurora, and Lakewood. The smallest
communities are Mountain Viewoxfield and Bow Mai hae areover2 million inhabitants in

the study areaandtheyr OO2 dzy' i T 2 NJ n /&> opldtion (RORRING, &8 dfQpr G2 G | f
2010).

The study area boundary was delineated based on 2010 Census Block boundahy siaitae
cases, the boundaries of the study area and jurisdictions do not exactly oviaatap.

nonurban areas on the periphery of jurisdictiomsre excludedecausel K S afdcdzRvasQ &
mapping urban tree canopy.
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Tablel Jurisdictions withinthe Study Area

Total Area inside
Population Total Area = Study Area

City Name County (2010 census) (ac) (ac)
Arvada Jefferson; Adams 106,433 22,7 22,606

Arapahoe; Adams;
Aurora Douglas 323,242 98,325 64,518
Boulder Boulder 97,385 16,272 16,149

Arapahoe;
Bow Mar Jefferson 866 508 508
Broomfield Broomfield 55,889 21,459 21,455
Centennial Arapahoe 100,377 18,423 18,423
Cherry Hills Village | Arapahoe 5,987 4,021 4,021
Commerce City Adams 45913 22,124 21,806
Denver Denver 600,158 98,741 76,321
Edgewater Jefferson 5,170 442 442
Englewood Arapahoe 30,255 4,249 4,249
Erie Boulder; Weld 18,135 11,034 11,017
Federal Heights Adams 11,467 1,143 1,142
Foxfield Arapahoe 685 833 833
Glendale Arapahoe 4,184 352 352
Golden Jefferson 18,867 6,195 6,054
GreenwoodVillage @ Arapahoe 13,925 5,309 5,309
Lafayette Boulder 24,453 5,974 5,944
Lakewood Jefferson 142,980 28,192 28,079

Arapahoe;
Littleton Jefferson; Douglas 41,469 8,775 8,708
Louisville Boulder 18,376 5,086 5,049
Mountain View Jefferson 507 59 59
Northglenn Adams; Weld 35,789 4,754 4,754
Parker Douglas 45,297 13,175 13,160
Sheridan Arapahoe 5,664 1,461 1,461
Superior Boulder; Jefferson 12,483 2,686 2,386
Thornton Adams; Weld 118,772 22,989 22,968
Westminster Adams; Jefferson 106,114 21,547 21,534
Wheat Ridge Jefferson 30,166 6,134 6,118
Total 2,021,008 453,037 395,423
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DATAAND SOFTWARE
The following computer hardware, software, imagery and GIS data layers were used for Phase I.
e Hardware

Fourcomputer workstations (Dell XPS 8300 Desktop) equipped with eCognition and ENVI image
processing software and ESRI ArcGIS.

e Software

- Image processing system ENVI (Environment for Visualizing Images, Research Systems;
Lafayette, Colorado),

- eCognition (Trirble GeoSpatial, Westminster, Colorado), and

- ArcGIS (Environmental Systems Research Institute, Inc. (ESRI), Redlands, CA).

e Remote sensing data

- NAIP imagery

2011 multispectral National Agricultural Imagery Program (NAIP) imagery was purchased from
USDAMttp://www.fsa.usda.gov/FSAI The spectral resolution of NAIP imagery is four bands:
Red, Green, Blue, and Near Infrared, while spatial resolution is 1 nvéeeobtained NAIP

imagery as digital ortho quarter gddiles (DOQQSs): each tile coedra 3.75 x 3.75 minute

guarter quadrangle plus a 300 meter buffer on all four sides. The metaaddizated that the

images were acquired in JuB011.

- USGS LiDAR data

USGS LIDAR ddta March, 2008were collectedwhichcovered most ofMetro Denver Figure
2). However LIDAR data were not used in the land cover classification because of partial
coveragg(Figure?) and the three year time gap between acquisition of the NAIPlADAR
data sets.
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l—;igure2. LiDAR.d'ata coveradéhe left image shows the LIDAR data coverage. The right image shows the study
boundary and circled areas without LIDAR data

- ASTER and MODIS data

ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) and MODIS
(Moderate Resolution Imaging Spectro radiomettajawere collected fo mapping theUrban
Heat Island.

Two ASTER data seitsage ID: AST_L1B_00307152010180049 and AST 030®26200718010¢Figure
3a)and the vater vapor data from the MODIS daiadge ID:
MODO5_L2.A2007268.1800.005.20072710739figure3b) from September 25, 200Kere

downloaded from the Land Processes DistrdzlActive Archive Centetit(ps:/lpdaac.usgs.gov).
The ASTER data has 15m spatial resolution for visible and near infrared bands and 90m spatial
resolution for thermal bands. The water vapor data were generated at tkm $patial
resolution of the MOIS instrument using the nedamfrared algorithm during the day ke
MODIS Atmosphere Team as part of their atmospheric produggs/(odis-
atmos.gsfc.nasa.gov/index.htilThese remotly sensed data were usdd retrieve Land Surface
Temperature (LSTAIrtemperatureand otherhourly meteorological datavere collected from
CoAgMet (Glorado Agricultural Meteorological atwork) (ttp://ccc.atmos.colostate.edu/~coagmel/
Theair temperature data wereused to calibrate the LSASTER and MODIS datare

resampled to 15m spatial scaded were georeferenced usingwad network GIS datiom the
Colorado Department of Transportationttp:/dtdapps.coloradodot.info/Otis/cataloy The

resampling and geweferencingprocesses reduced data shift problems between the relatively
low spatial resolution of the ASTER thermal data and high resold#dRimagery.
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a. ASTER image

e GlSdata

- 2010Censuslata

b. watervapor

Figure3 ASTER image and water vapor image

2010 census blocklock groupand road datavere collectedand used in land cover mapping

(Table2).

Table2 2010 Census datasets used in the study

Feature

2010 Census Data  type Data Source

ftp://ftp2.census.gov/geo/tiger/ TIGER2010/TABRBLKI2010/tl_2010_08_tabb
Census blocks polygon lock10.zip
Census block groups polygon ftp://ftp2.census.gov/geoltiger/TIGER2010/BG/2010/4_2010_08_hg10.zip
Census blocks with
p0pu_|at|0n attrlbgtes ] http://www.colorado.gov/cs/Satellite?c=Pagegildpagename=DOLA
(Region2 & Region 3] polygon Main%2FCBONLayout&cid=12515957202668&pagename=CBONWrapper
Road segments ponIine ftp://ftp2.census.gov/geoltiger/TIGER2010/ROADS/

18
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- Hydrologic data

Data on water bodies were collected from two sourcEs2010 census arttie 2) National
Hydrography Dataset (NHBoth datasets were overlaid on the 2010 NAIP imagery and found
to be incomplete and inaccurate

2010 Census data areawater:

Area water data downloaded frofftp://ftp2.census.gov/geo/pvs/tiger2010st/08_Colorado/
tl_2010_08001_areawater.zip4/ 6/ 2012 4:37 PCompressed (zipp... 545 KB

tl_2010_08005_areawater.zip4/ 6/ 2012 4:37 PCompressed (zipp... 329 KB
tl_2010_08013_areawater.zip4/ 6/ 2012 4:37 PCompressed (zipp... 452 KB
tl_2010_08035_areawater.zip4/ 6/ 20123% PCompressed (zipp...80 KB

tl_2010_08059_areawater.zip4/ 6/ 2012 4:38 PCompressed (zipp... 375 KB
tl_2010_08123_areawater.zip4/ 6/ 2012 4:38 PCompressed (zipp... 222 KB

NHD data for CO state:

Download NHD data for Corolado state frém//nhdftp.usgs.gov/DataSets/Staged/States/
ftp://nhdftp.usgs.gov/DataSets/Staged/States/FileGDB/HighResolution/

Name Size Last Modified
File:NHDH_CO_92v200.zip 578718 KB 10/14/2011 12:00:00 AM
File:NHDH_CO_931v210.zip 630427 KB 5/17/2012 8:16:00 PM

About the NHDH(ttp://nhd.usgs.gov/userguide.htnl

The National Hydrography Dataset (NHD) is the surface water compon&heddational
Map. The NHD is a digital vector dataset used by geogramlienation systems (GIS). It
contains features such as lakes, ponds, streams, rivers, canals, dams andgstigam
These data are designed to be used in general mapping and in the analysis of-aat&ice
systems.

These two datasets were carefuflysed together and the resuitg water layer wasiot

accurate. lover-estimated water in one area and missed watsvdiesin amother area
However, the omission and commission of water bodies from the combined water data
appearedto be offsetting. The praessed water data set, in addition to spectral features, was
used as to classify water bodies.

- Other GIS data

Other GIS data layers used in this study included zamdgnunicipal boundary layer&oning
data were acquired fronthe DRCOG (Denver Regio@aluncil of Governments, 1290
Broadway, Suite 700, Denver, CO 80203). The original GIS zoning data were organized by city
and by county and included 50 separate GIS layers with 202 unique zoning classes. The data
were first mosaicked as one single GISiayel the overlap between GIS lay&rasexcluded.
For exampleii KS 02 dzy i @ Gax Boll@eyway abindiebly®ds Mdbile the City of

2dz2 RSNRa RIEGFE 02yl miebth datadzydrsiwiede BosdicRed,zhg 3 Of | &
zoning classes wereasswalked into 8 classg3 able3). For areas without zoning information,
a zoning class was assigned by visually interpretin@ R&IP imageryA large portion of study
area (over 40%) waonedfor residential usewhile land zoned for mixeduseoccuped 23% of
studyarea.
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Table3 General definitions for the 8 zoning classes used in this study

Distribution within

. _— Study Area
Zoning Class Definition Total Area %
(ac)
. . agricultural landjncluding nurseries
Agriculture (Agri) and orchards 38,516 8.3
Commercial (Comm) small, large, and mixed commercial 24,350 5.3
Industrial (Ind) light, heavy, and mixed industrial 30,828 6.7
Mixed Uses (Mixed) multiple land uses 105,847 229
Multi-Family Residential medium, high, and mixed density
(MultiFam) residential 13,124 2.8
Open Space (OpenSpac( open space, excluding parks 17,881 3.9
roads/highways, water ways, schools
PublicQuasi Public (PQP sports fields and golf courses,
cemeteries, airports, parkstc. 47,391 10.3
Single Family Residentia : . .
(SingleFam) low density residential 183,498 39.8

All GIS data were projected MAD83_UTM_zone 13N match NAIP imageifpr land-cover
analysis. 2010 census block group daa jurisdictional boundary dataere used to
summarize and report land covelassification results

e Definitions

- Minimum mapping unit: 4 f
- GIS Mapping unit: census blagtoup
- Reporting unis: municipalitiegcounties/unincorporated areaand census block group

URBAN HEAT ISLAND RENG

Theurban heat island (UHI) imairban area thais significantly warmer thathe surrounding
rural area(American Meteorological Society, 200P)odification of the land surface is one of
the main factors that cause UsiDuring urban development, getationisremoved to make
space for buildings, streets, parking lopgrks and other usefeducing vegetation cover
reduces evapdranspirationfrom plants adriving forcebehindurbanheat flux. Replacing
vegetation with materialshat effectively retin heatresultsin warmer temperatures,
especiallyevening temperaturesJHk are associated withetreasel air qualityand increasd
energy consumptiomor cooling Increasing urban tree canopy is a Best Management Practice
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to mitigate the UHI effect. Accuratetyappingurban hot spotsnakes itpossibleto locate tree
planting sites thatvill maximize the UHI mitigation benethey canprovide. The objective of
this urban hot spots mapping taskas to create a GIS data laythat spatially locates areas
where air temperatures are highest.

Land Surface Temperature (LST) has been asgdantify the UHI (Liu and Zhang, 2011; Mao

et al., 2005pnd itis an important parameter governirige surfaceenergy balance. ASTER
(Advanced Spaceborne Thermal Emission and Reflection Radiometer) and MODIS (Moderate
Resolution Imaging Spectradiometer) are satellitelatawidelyused to record.ST becausaf

their high spatial and spectral resolution. ASTER and MODIS data weréedolét the same
satellite (i.e., the Terra missiofgr September 25, 200 ASTER data has five thermal bands

with 90 m spatial resolution. MODIS includes three water vapor bands (i.e., band 17, 18, 19)
with a spatial resolution 1,000 m. Algorithms fetrieving LST from ASTER data have been well
documented (Zhou et al., 2008; Coll et al., 2007; Pu et al., 2006; Gustafson et al., 2006; Qin et
al., 2006; Mao et al.,2005; Schmugge et al., 2002).

A glit-window algorithmwasusedto retrieve LST (Mao etlg 2005). Generally speaking, only
two essential parameters (atmospheric transmittance and ground emissmitgjbe known
using split window algorithms. Major steps for retrieving LST from ASTER data are briefly
described below.

1. / 2y @S NI ( Kital numbper @W)Mko spgedira radiance
L13=0.005698dnb 0.005693
Li4=0.00522%)dnb 0.005225
where lyzand ly,is the atsensor spectral radianc®V cmi? sr* um™) of ASTER 13, 14
and Qdnrepresents the DN value of pixel.

2. Convert the spectratadiance into atsensor brightness temperature

Ti = G M In[1+G/(° L)]}

G = 1.19104356 xI¥W nt

G = 1.4387685 xTum k

<3l Mmndcpt >Y

<ul MMdomy >Y
whereT; is the atsensor brightness temperature (K); anddpresents the asensor spectl
radiance. i represent ASTER thermal bands 13 and 14.

3. Estimae ground emissivity

The ground emissivity can be calculated from NDVI. The relationship between NDVI and
emissivityislisted inTable4 (Van deGriend and @e, 2003).
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Table4 Estimation of emissivityusing NDVI

NDVI [ YR adzNFI QS
b5+L f bndmy 0.995
bnomyp X b5z 0.97
NndmMpT X b5+L 1.0094+0.047In(NDVI)
NDVI > 0.727 0.99

4. Estimae atmospheric transmittance
Atmospheric transmittance is a function of water vapor content in the atmosphere. The

relationship between transmittance and water vapor content in the atmosphere is listed in
Table5 (Qin et al., 2006).

Table5 Relationship between transmittance and water vapor content in the atmosphere

Water vapor content {v) (g cmz2) Estimation equations

113=0.979160 — 0.062918w

0.4-2.0
T14=0.968144 — 0.098942
T13=1.035378 — 0.097514w
2.04.0
T14= 1.026468 — 0.135133w
T13= 1.098068 — 0.118847w
4.06.0

T14= 1.034865 — 0.139598 w

5. Retrieve LST using following equations.
LST = {{d(D13 + B3)]-[C13(Dra + B4) ]}/ (CraAu3- CizAus)
A13=0.145236 %13 X T13
Bi3=0.145236 x £+ 33.685 %13 x 113- 33.685
Giz= (1-t13) X [1 + (Eeq3) X113] X 0.145236
Dis=(1-113) X [1 + (L e13) XT113] X 33.685
A= 0.13266 %14 X T14
B14=0.13266 %k + 30.273 %14 X 114- 30.273
Cu= (1- ’514) X [1 + (]: 814) ><’l714] x 0.13266
Dis= (1- ’514) X [1 + (]: 814) ><’l7;|_4] x 30.273

6. Calculaé mean atmospheric temperature
The mean atmospheric temperature, Tvas calculated using equations developed for-mid

latitude summer (Qin et al., 2001).
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Ta=16.0110 + 0.92621 % T
where is the nearsurface air temperature.

An UHI temperature index was created by binning the LSTs into four temperature groups: cool,
cool/warm, warm/hot, and hot. The regional LST average value was calculated for the study

area. This temperature was used as the threshold value for cool ai®&s.dbove the regional

F SN 23S o6& | Y2dzyda 2F ndtrpxCI MPHPXCE YR Y2N
cool/warm, warm/hot, and hot groups, respectively.

LAND COVER MAPPING

Urban land cover for the Metro area was mapped ahéter spatial resolution usgnColorado's
2011 multispectral NAIP imagery with a minimum mapping unit of Zight land cover classes
were classifiedTable6). The landcover chsses were: trees/shrubs, irrigated namody
vegetation, dry vegetation and bare soil, buildings, roads, other impervious surfaces, and water.
Note that tree and shrub cover are combined and subsequently referred to as Urban Tree
Canopy (UTC). The tweere combined because it is very difficult to extract shrub cover from
tree cover using the spectral and spatial analysis tools at our disposal. Given the limited
resources for this study, it was not practical to attempt to do this. Another alternative is to
adjust the classified tree/shrub cover based on results from field surveys that measure the
extent of shrub cover extending beyond tree cover. These data were not available from the
Golden UFORE data sAs aresult, our tree/shrub data refleca slightoverestimation of actual
tree cover. For example, in Sacrameitte field survey found that tree/shrub cover was.2
percent and tree cover wak8.2percent once adjusted fd percentshrub cover extending
beyond tree covef(McPherson et al., submitted)
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Table6 Landcover classes and definitions

Denoted

Level 1 Level Il Definition Plantable as

Any 3dimensional permanent
Building structure No BLD
Linear/long, concrete or asphalt
with vehicular or pedestrian
Builtup Roads opaths | (through) traffic No Road
land/impervious | Water bodies | Lakes/ponds/river No Water

Other impervious not in the
building, or road class such as

Other sidewalks, driveways, parking
Impervious lots, patios etc No IMP
Trees/shrubs | Woody plant No Tree
Irrigated non
_ _ woody plant irrigated grass/herbaceous Yes Grass
Vegetation/Pervious Norirrigated
non-woody Norrirrigated grass/herbaceous
plant and bare | and pervious surface (soil,ayel,
soil pavers, etc) Yes BSDV

e Preparingfor mapping

A series of preprocessirsgeps wereconductedto prepare theNAIP imagery, road data,
hydrology data, and census data for land cover mapping.

- NAIPimageryquality control

NAIP images were examined for potential quality issues before land cover mappiognajor
spectraldifferenceswere identifiedwithin the NAIP images~gure4). Tiles weregrouped into
two clusters based otheseobseaved spectratifferences Figureb). Further investigation
found that the observed differensavere not due todifferences in the time oimage

collection Thesdlifferences in image qualitgan cause significant differencm NAIP derived
features,especiallyNormalized Vegetation IndgiDV), a key indexused toextract vegetation.
The primary consequence of image quality differenwas the need to developao sets of land
cover mapping rulesone for each image cluster.
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Figure4 NAIP image quality differences are seen in the two scenes as lighter and darker areas

Denver NAIP
Quality Assessment

[777 studyarea

NAIP Image
Cluster 1
Cluster 2

=
L] & 10 20 Kikemeters ‘ﬁL‘

Figure5 Two image clusters were created in response to NAIP image quality differences
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- Features derived from NAlRRagery

In addition to the original spectral bands from NAIP images (Red, Green, Blue, and Near
LYFNINBR O0bLw0X aS@OSNIt FSFdGdz2NBEA RSNAGSR FTNRY
characterizing land cover objects. These features indubl®rmalized Vegetion Index

Ob5+xL0X . NARIKGYySaa 6. wox DNBSY NIGA2 o6DwlkdAz20
(Dinis et al. 2010and two ceoccurrence measurements (variance and homogeneity) of BR

(varBR and hmBR).

e NDVI: NDVI = (NMRed)/(NIR+Red)

e BR: BR+sn(R,G,B, NIR)/4

¢ GRatio: GRatio=G/sum(R, G, B)

e varBR, hmBR

e DNDVIbNDVI= (NIBlue)/(NIR+Blue)
e SSI: SSl=abs(R2H5)

- Partitioning study area into processing units

The study area was partitioned into 15,000 ft X 10,000 ft processing units (tiles).These tile
were grouped into three processing groups based on their relationsHipetdlAIP imagery: 1)
Group 100: contaied images from NAIP Cluster 1; 2) Group 200: corthimages from NAIP
Cluster 2; and 3) Group 888: contatiimages from NA? Cluster 1 an@luster 2 [Figure6).
Different land cover mappingile setswere developed andppliedto each processing group
this sequence: Group 100, Group 200, and then GroupB&&essing scripts were developed
using IDL and ENVI to bafgiocess the calculation of NAIP derived featui@seach
processing unit.
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Land Cover Mapping
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Figure6 NAIP image clusters andmd cover mapping processing groups

- Thematicdata preprocessing

Major preprocessing conducted on thematic dataolvedcombiningcensus tab block and

road data to generat@ street surface data layeRoad data for the 8 counties withthe study

area were downloaded from 2010 Census data website and processeektie one singleroad

dataset. Each road segment was buffered to a certain width to generate road surface polygon
o0lFlaSR 2y GUKS FTGUNROGdziS daac¢ C/ / ¢ defiaing @atureclass a! Ck
types ( https://www.census.gov/geo/wwitiger/tgrsp2010/TGRSHP10SFIARpY S ®3d a ¢ C/ / T &
YSIya LINARYFNE NRFIRX a{munné¢ YSIya aSO2yRINE N
Road width usually varies from county to county and varies with the time period when the road

was built. According toOTRoadway Design Guide 2005
(http://www.coloradodot.info/business/designsupport/bulletins_manuals/roadwdssigrguide), 36inch
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pans) and 44nch width for multifamily residential streets.

Whenthe 2010 census road dataere overlaidwith NAIP imagery, road features did not
always align with the street centerlineRoad surface data ere acquiredto improwe the
accuracy obuilding and road segmentatiofthree magr roadtypes were used to generate
road surface: 49 ft*2 for primary and secondary Roa2P ft*2 for local neighborhood road,
rural road, City Streeand 10 ft*2 for parking lot roadand private drivewayCensus block data
boundariesaligned with streetcenter lines. Census block boundars wereused to supplement
road data in areas where road data were missing

e Landcovermappingworkflow

This project useé a four-stage lad cover mapping strategyigure?). Stage | is the
development of basic classification rules. Stage Il is refining classification rules baseton
and evaluation, calleQuality Control (QQgedback. Stage Il is streamlining the land cover
classification and Q@rocess Stage INWhcludespost-classification processingccuracy
assessment, and finalizing/summarizing land cover.

Although Figur& shows accuracy assessmasta single task Phase IMt was an important
part of Sage Il and Stage Hb well. Accuracy assessment$8tage Il and Stageihiolved
guality control checks by theeveloperand independenfresh-eye revieve.
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Denver Land Cover Mapping
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Figure7 Land cover mapping workflow

e Quality controlof land cover mapping

- 5S59St evidwND A

The S @St 2 LIS NIrhssificBtighwesdtsc@urredduring the development of

classification rules (in Stage | and Stage Il) and the deployment of classification rules to each
processing unit (in Stage 1Mo ensurea high level otlassification accuracy, classification
results wereconstantly reviewed and evaluated bye developer throughout the rule set
developmentproces®® ¢ KS RS @S §l&ltdShabpas itheRlgsaifiSation rule sde.g,

to test out segmentatioralgorithms and classification methgd#fter a significant amount of
trial-and-error testing and rule refinement, the classification reswise accepted as accurate

by thedeveloper at which point they were subjected to an independémish-eye review.
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- Fresheyereview

Multiple fresheye reviewswvere performed including general exploringn Stage lland
systematic reviewin@n Stage Il and Stage .IBy lrowsing classification results ovéire NAIP
imagery, the first fresteye review identifie obvious classification errors (or problems) and
reported theseback tothe developer.The ceveloper analyzeithe fresh-eye results and
addres®d each issuaccordingly: sme errors werecorrected by refining classification rules,
somewere documented and If# for postclassification processing. The wgted classification
resultswerethen exported forasecond freskeye reviewthat checkedeach processed unit
systematicallyTo facilitate this reviewa quality control grid file that partiticed each
processing tile into 100 grids was creat&ivegrids were randomly selected to check the
classification accuracy. Errors were once again recorded and reported binekdeveloper for
further rule development.

Before starting postlassification editinghe post-classification team also cheadif processed
tilesneededto be reprocesgd. This carbe considered #hird type offresh-eye review.

e Objectbased land covetlassification

An objectbased image analysis (OBIA) approach was used in mapgitend cover within the
study areaOBIA overcmes the limitation of traditional pixdbased methods that purely
describe spectral characteristics of pix€d3lAgives users more flexibilitpy characterizing
image objects using both spectral and spatial information, Li et al. 2006; Matinfar et.a
2007; Myint, Gober et al. 2011)

- Key challenges

Urban land cover classification from remote sensing images remains challenging due to the
complexity and heterogeneity of urban landscapesisstudy found thefollowingtasks to be
especially challenggin our land cover mappind.) segmentation of objects, 2) classification of
shaded area, and 3) classification of BSEA¢htaskwas carefully addressed.

High resolution imagery allows users to identify small objects in urban setangsnixing of
spectrum still occurs within the pixeddongobject boundaries. Depending on the segmentation
algorithms used in delineating the objects, the boundary pixels can be classifiehywbthe
adjacent land cover classes. Optimizing segmentgiemameters depenslon the scale and

nature of features to be detected (Hay 2005; Bo S. and Han 2010), and remains a hot research
topic in OBIA (Hay, Niemann et al. 1997; Hay, Marceau et al. 2001; Hay, Dube et al. 2002; Hay,
Blaschke et al. 2003; Hay 20@sgstilla, Hay et al. 200Bay and Blaschke 20L0Urban areas

are very heterogeneous. Even areas with the s@ype of land covehave a varietyf objects

with different sizes. For example, the sizegl arrangement obuilding BLD objectsdiffer
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among single family residentiaimulti-family residentiabnd commercialindustrial landuses
Therefore a segmentation algorithnthat works well in one area may cause probksim
another area.

Instead of developing an optimalassificatiormethodfor the entire studyarea this study
appliedalocalized segmentatiostrategy applying certain segmentation methsth one area
for one type of objectand combining a series of algoritsmogether to extractcertain

features. Tis method was applied andmprovedthrough trial-and-error testing: differem
segmentation methods and parameters were tested with different landscape combinations;
and each result was evaluatéol determine whetherit should beadopted or abandoned

Approximately 2percentof the study area was shaded area. Shaded area usually Vexy

weak spectral signalvhichmakes it difficult todetectthe underlyingand cover Shaded area

is often confused with wetland and water bodies due to spectral siméaritConsiderable

effort hasbeen put iro usinga variety ofclassificatiorapproaches (Dare 2005; Chen, Wen et
al. 2007; Arevalo, Gonzalez et al. 2008; Zhou, Huang et al. 2009; Lu, Hetrick et al. 2011). A few
studies (Dare 2005; Chen, Wen et al. 2007; Chen, Su et al. 2009;Hifang et al. 2009)
suggested extraatg dark objects based on spectral signals and further clasgifiark objects

into water usinga Spectral Shape Indé$S(Chen, Wen et al. 2007). Some studies classified
land cover under shadow by integrating othenshadow images (Dare 2005; Chen, Wen et al.
2007; Zhou, Huang et al. 200%¢stsconducted for this studjound that while SSI workeuh

some parsof the study area to separate water from shaded area, it faitedther areas.

Although integratingmages from other sources can help recover informatimrshaded areg

the fusion of two images can further complicate the probléditionally, the view angt and

time difference between two images can often cause false indicabbshaded land coven

this study shaded areawere classifiedisingboth contextual information and spectral signals.
Also, shadowsvere usedo helpseparateTrees from Grass.

BSDV was often confused withe impervious land cover class due to spatsimilarity. Semi-
supervised classificatiomas usedo extract BSDV from impervious.g. a set of features
including BR, NDVI, S&idbNDVwere usedo describe BSDV and imperviogsjeced BSDV
training samplesvere usedo extract the value rang of each feature, and image objectere
classifiedaccording to their similarity with the training samples.

- Land Cover Classification

Landcover classification was carried outfour steps(Figure8).

1. Classifithe image atthe pixel level into four primary types of objects: Dark Imp (dark
impervious), Dark Veg (dark vegetation), Imp (normal impervious), and Veg (normal
vegetation).
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2. Extract Road, Water, and BLD impervious objects

3. Extract Grass objects (extract relatively snfogtass land, from largareasto small
areag, extract trees with shadows (adjacent to Dark Veg objects), and extract other

trees and grass.
4. Extract BSDV frowbjects that have not been assigned a land cover class.

The entire classification rule set Inded over 800 algorithm$resenting aletailed description
for the algorithms is beyond the spe of this report. Major features used to extract each type
of land cover object can be found in

Table7. TheeCognition rule set files available upon request.

NAIP Imagery
|
1. |
T | /
Dark Imp Imp Veg Dark Veg
-~ i
2.
3.
Road I}
Grass
Water |
1 Tree
BLD
a,
> OtherImp BSDV <

Figure8 Major steps for extracting land cover objects from NAIP image
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Table7 Features used to desdye land cover objects

Features used to descripand coverobjects
Land Cover

Classes @ Spectral Thematic Other *
DarkIMP BR, NDVI, bNDVI
DarkVeg BR, NDVI

Imp NDVI
Veg NDVI, GratiohNDVI
Street Centet.ine; Road
Road NDVI surface polygons size, shape
Census block;
Water B, BR, hmBR, SSI, Hydrologic data size
size, shapeBorder index,
CompactnessShape index ;
BLD BR, NDVI, varBR Census blocks Rel. border to road
NDVI, BR, bNDVI,
Grass varBR size,
size, shape, Rel. border to
Tree NDVI, varBR, BR, DarkVeg, Compactness
bNDVI, NDVI, BR,
BSDV hmBR Census blocks size, Rel. border to Grass,

other IMP ~ NDVI

Other*: other featuresg.g. Geometry, relation to neighbor objects

e Post classification

Postclassification is the manuabrrectionof land coverclassification results exported from
eCognition.To facilitate postlassification editing, classification results were exported as
individual object polygonsso that misclassified objectgere easily assigned ttheir correct
class without segmenting or digitizing new polygddscauseree, Grass, and BSidere the
mainemphasisof this project, postlassification effortdocused on these important classes
Thepostclassification protocakin the Appendix

e Accuracy assessment of landver classification

Assessing the quality of information derived from remotely sensed data is a complex subject
and remains challenging. Although it is agreed that accuracy assessment is important to qualify
the results of image classification, there are still debates on the evaluation of the classification
results from remote sensing data (Foody, 2002). A common approach is to select a sample of
locations and determine the reference land cover present useld tibservations or using the

land cover that was derived from fine resolution images. The discrepancies between the land
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cover map and the reference data can be presented as an error matrix ( or confusion matrix),

from which various measures can be dedue report classification accuracy, including errors

2T 2YA&daA2y YR 0O02YYA&daAiAzys LINPRddzZOSNRa | yR dzi
(Congalton and Gree2009).

This study used a pohitased accuracy assessment approach to evaluate the qualitye ddnd
cover classificatiorvisual interpretationdrom NAIP imagewere comparedo classificatios
on sample points randomly drawn across the study aesal theresults werethen summarized
as error matrices.

- Sampling

To build a statistically valierror matrix,a sufficient sample of points neetts be collected.

Congalton(1988 recommendeda minimum of 50 samples for each map class for maps of less

than 1 million acres in size and fewer than 12 clasf¢sS LISNOSy (G 3Sinaf a2 | G4SN
study areawas calculatedising themashed water data set that combined 2010 census water

data and NHD datas

A_water the area of mashed water data 48.14 sq km
= = =2.57%

A_studyarea the area of project site ~ 1837.78 sq km
The relationship between studytsiarea and sample size is

Al Ni

A N

Ai--the total area of land cover class i;{\he number of samples for land cover class i;

A ¢ the total area of project site ¢ the total number of samples within study site

To assur@a minimum of50 samples fothe smallestand cover class (watgithe total number
of random samples needed for the entire study area was

2= 257%C N=1946

Therefore 2,000random samplgoints were generated acroske entire study area. ifhe

combined water data sainderrepresengd the water features withirthe study area (which is

very unlikely according to our observation on NAIP imagery over the study treadtal

YdzYo SN 2F al YLX Sa F2NJ a2 0SNE I YRl D205NI ONE A1
cove type is not the focus of this study, the sample size,00Q is still valid and practical for

accuracy assessment.
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- Reference data

The &nd cover type for each difie 2,000 sample points was vislainterpreted fromthe NAIP
imageryand referred toasthe reference dataThe visual interpretatiorof certain types of
sample pointsvasespecially challenging: ppintsthat fell on objectboundaries 2) points on
objects less than 4 pixels, and 3) points under shadbjpgo three land cover types were
recordedfor each of these confusing poingzrimary, secondary, anckttiary land cover classes
(seeAppendixll for Reference Land Cover Data Protdcah independent reviewfahese
confusingpoints wasconducted to reduce uncertaintyf. the classification resulfor these
points matchel the referenceland cover classhe classificatiorwasconsideredaccurate An
error matrix was generated by comparipgstclassification results to referenced data toe
entire 2,000 sample points.

NUMBER OF EXISTING TREES

The number of existing trees was estimated assuming an average tree crown diam&geit.of
(5.9 m), based onesults fromthe Golden UFORE stu(®ertuglia et al2008). In the Golden
study, 120 plots were generated for Golden imandom grid systemthe city was divided into
grids, and plots were randomlipcatedwithin each grid.Each plotwas 1/10 acre size and field
visited to collect land cover, land use, and tree data (more details about field data collection
can be found irBertuglia et al2008). The field data wengreprocessednd sent tothe US
Forest Service Research Station in Syracuse, Newwteeke UFOREvas run and outputs
generatal. The UFORE outputscluded urban forest structure, volatile organic compound
emisgsons (VOCHhir pollutant removal(O;, SQ, NQ, COPM;pand CQ), effects of trees on
building energy use and G@missions, total carbon stored ameit annual carbon
sequestation. Details about UFORE modaein be found in (Nowak et al. 2008)ndingsf the
Golden UFORE study can be found infihal report (Bertuglia et al2008).A total of196trees
were sampled inhe 120plots located throughout the city.

POTENTIAL TREE PUNKSBTSITES (PTPS)

Potentialurbantree cover(PUTC) is the percentage of area on the ground withdtiC that
could be covered by additional tree canofyaditionally,PUTC is the amount of residual
pervious surface, including all grass and bare Bopervious surfaces such as parking lots and
sidewaks in commercial areas are another type of PUH@vever, these types of PTPS are not
included in this analysis because of the difficulty identifying them accurately with remote
sensing and the expense of plantitg this study, BTC focused on perviousrfaces.
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Potential tree plantings sites (PTPS) were calculated for two types of pervious areas, irrigated
grass and bare sddry vegetation(BSDV). The number of PTPS was calculated separately for
each cover type because trees planted in irrigated gdassot require additional materials and
water to support establishment. Trees planted in areathout irrigationwill require more
resources to support water delivery during the establishment peti@oh trees planted in areas
already receiving irrigatian

Thegoal was to calculate the approximate number of planting sites. Locating the eXact X
coordinates of each site was not a goal because this is better accomplished during site visits,
when the fullrange of factors influencing site suitabildye asessed.

APTPSvas defined ashe size of anediumsized tree30-ft. crown diameter(9.1 m), 700ft?

crown projection are65m?). The number of PTPS was calculated on an area basis for all
polygons classified as grass or bare soil/dry grass. The gross number of PTPS was reduced by
adjustment factors to account for physical limitaticistree plantingsuch as power lines,

sports fidds or vegetable gardens. Adjustment factors of 0.83rfayatedgrass and 0.64 for

bare soil/dry grass were based on field data collected fRIrmhPTPS in San Jose, CA

(McPherson et al., 2012) he field assessment involved noting the number and typehgsical
limitations to tree planting on field maps (NAIP images with 1 m resolution) that showed each
PTPS drawn in the laW/e found thatexisting trees, other vegetation and grey infrastructure
(mainly sidewalks and buildings) wehe most common physal limitations Adjustment

factors were calculated as the fraction of PTPS determined not plantable due to physical
limitations. Net PTPS were calculated as the product of adjustment factors and gross PTPS (2
and 3).

# PTPS polygon area (f) / 65 (nf) 1)
# PTP&djusted forphysicalimitations(PTPS) Grass PTP& * 0.83 (2)
# PTP&djusted forphysicalimitations(PTPS) BSDV £TP& * 0.64 3)

o PTPR\ccuracyAssessment

To assess the accuracy of estimates of PT®Solygonsvere randomly locatedcross the
studyarea(34 acres). Arcles representing 3@t diametertree crownswere drawnmanually on
plantable areasdentified with the NAIP imageryThe number of PTPS drawn were counted by
polygon and served as the referendata set Atotal of 350 PTPS were drawn as reference
data, and 396 PTPS were estimated to exist using the de¢igiesm employed over the entire
study areaTable8). Results indicate thahe method overestimates the number of gross PTPS
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by about 12 percent. To an unknown extent, this overestimation is offset by PTPS in impervious
surfaces that were not included in the analysis.

Table8 Accuracy of PTPS Estimates

Reference
ID Area (ac) PTPS PTFS Diff
39034 1.8 7 6 1
45259 5.8 32 13 19
45391 0.8 18 16 2
46754 0.1 1 1 0
77723 1.3 1 1 0
103872 0.1 1 0 1
105136 0.1 1 1 0
106026 0.3 1 0 1
140134 6.6 238 241 -3
183692 0.2 3 0 3
192046 0.3 14 17 -3
212904 1.2 12 6 6
249858 0.1 1 1 0
258731 15.1 63 43 20
259390 0.2 3 4 -1
Total 34.0 396 350 46

URBANIREE CANORARGES

Communities seUTC targets as measurable goals that inform policies, ordinances, and
specifications for land development, tree planting, and preservation. Targets should respond to
the regional climate and local land use patterns. Cities in regions where the amountfafirai
favors tree growth tend to have the moBsITC. Within a city, land use patterns affect the

amount of space available for vegetation: for example, residential land tends to have higher
capacity than commercial/industrial land for potential trplanting (Sanders 1984, McPherson

et al., 2008).

McPherson (1993) differentiated between two other terms relatedJiocC, technical potential

and market potential: technical potential is the total amount of planting spaeeistingUTC

plus pervious surfacethat could have treaswhereas market potential is the amount off C

plus the amount of BTC that is plantable given physical or preferential barriers that preclude
planting. Physical barriers include conflicts between trees and other higher prioriting>as

future uses, such as sports fields, vegetable gardens, and development. Another type of market
barrier is personal preference to keep certain locations fre €. Whereas technical

potential is easily measured, market potential is a complex sattioral phenomenon that has

not been well studiedSettingUT Ctargets requires collaboration between local planners, policy
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makers, and urban forestry professionals and usually will be linked to planting certain
percentage of potential tree planting sés.AdditionalUTC is the amount diTCthat is needed
to add to existingJTC to achieve the targ&fTC.

In this studyUTCtargets were designed to fill 50 percent of the calculated PTPS in land use
zones not designated agricultural. The goal ofifling 50 percent of all net PTPS acknowledged
that:

e Each city and county is unique because it has a different land use mix, as well as
different existing UTC and PUTC that reflects historical patterns of development and
tree stewardship.

e Eachcityandazy i@ OlFYy R2 A& aFlF AN aKlINBé& o0& FAC
planting sites, thus contributing to a sharbtetro Denvergoal. This aspect of the
approach is attractive because it addresses issues of equity and environmental justice
acrossMetro Denver.

e Cities and counties with the most empty planting sites will achieve the greatest relative
increase in UTC, whereas those with higher stocking levels will obtain less enhancement.

This approach meets four important criteria for UTC target settirig easily applied in a

systematic manner across a diverse group of cities with readily available data. It is easily
communicated and readily understood by a variety of stakeholders, such as elected officials,
planners, business community, nqmnofit tree groups and interested residents. Progress

towards reaching the UTC targets can be repeatedly measured in a standardized fashion over
time. The UTC targets are set at a scale that is locally relevant (i.e., city) and logistically feasible.

ECOSYSTEM SER\BENEFITSSSESSMENT

Urban treesprovide ecosystem services pyoviding food and water, regulatinggimate and
consening buildingenergy usefiltering pollutants from air and water, reducing soil erosion

and creating habitat for plantand animals. The natural beauty of trees plays an important role
making communities attractive places to work and play. Urban forests produce shaded streets
and trailsthat promote fithesdrom walking and bikingPlanting and maintaining trees creates
jobs and provides environmental education opportunities for youth.

This study evaluatedoesystem servicegluesincludng energy, carbon, air quality, storm
runoff and property value effector existingUTCandadditionalUTC Benefits of carbon
storage,carbon sequestration and air quality wetalculated based otransfer functions
calculated fronthe UFORE study in Golden, B@rtuglia et al2009; while the remaining
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servicesvere estimated based omansfer functions derived fromesearch conductedh Fort
Collins(McPherson et al. 200&nd Boulder, CO (McPherson et al. 2005)

¢CNFYYyaFSNI FdzyOllA2y Aa | GSNXY dzaSR (G2 RSAONXAR
GLI2EAOE aAlGSé T2N @rkoksdike &N4illji 10ITBWnIdNE GzEna, RI9E! |

In this study, transfer functions are defined as field glased measures of a service (e.g.,

gallons of rainfall interceptédper acre UTC (kWh-4cUTC) that are aggregated and applied to

a region by land use class. We express ecosystem services in terms of UTC because previous
research found that this approach provided higher accuracy, greater precision and improved
spatial cetail compared to services derived by land use class alone and applied as density values
(e.g., gallonsac® residential landStrohbach & Haase, 20)12

Uy O
m:
>

Differenttransfer functionvalues reflect different stand structures and dynamics that influence
the provision of ecosystem servicd=or instance, the C storage transfer function foraareof

UTC in an dlresidential neighborhood will be relatively high when the stand consists of closely
spaced, mature oak€ercus sp and a lush understory. In contrast, the transfer function for

an acreof UTC in a new residential area will be lower when the stanklasacterized by

juvenile pear RPyrus sp trees with a sparse understory. Hence, the value of a transfer function
reflects species composition and attributes of stand structure, such as tree and basal area
densities. Species is important because of it idtZSy OS 2y (KS GNBSQa oAz2Yl
into roots, bole, branches, stems and foliage. Stand attributes, such as the vertical layering of
biomass in strata, tree density and bole size also influence the amowaady and foliar

biomass per ee UTGand the resulting value of a transfer function.

The transfer function for each land use class is transferred to the UTC delineated for the
corresponding land use. Using GIS capabilisesjicesare mapped and values are summed
based on the amountf UTC in each land use class. These maps provide spatially explicit
information on the distribution oecosystem serves for planning and management purposes.

e Energy Savings

Theeffects of trees on building energy uses been studied using varyiagproachegCarver

et al. 2004; McPherson et al. 2005; McPherson & Simpson; 2008 McPherson 2001

Because this study has focused on UTC, we have estimated the effects of existing and additional
UTC on summer air temperatures aagnual air conditioning energy use by residential

structures.

39



The first step was determining the number otifit structures by vintage for each census block
group. Vintage refers to construction type, which differs by age built. Vintages match buildings
constructed prel950, 195680, and postl980 because of differences in average floor area,

floor type, glazed area, insulation (R value), and number of stories. Because these parameters
affect the energy use of a building, analyses and results are sepdrgteintage clasdjlore
informationon each vintage and the energy modeling is in (McPherson et al. 2003).

The number of 1unit structures by vintagwas obtained fronr2010 American Community
Survey data (TabB25024- UNITS IN STRUCTURETa@ieB25034- YEAR STRUCTURE BUILT
retrievedfrom the USCensus websitel'he 5year estimates wre used. The number of unit
structures by vintageariedat the block group levelThe number of 1unit structureswas
calculatedfor each vintage and census block gpdoymultiplyingthe percentageof unitsin

each vintage byhe total number of1-unit structures in each census block groupable9

showsan example ofhe estimated number of residential units by vintaged census block
group.A cetailed table can be found in thdigital files submitted with tlis report.

Table9. Example of the number of-Linit structures in eactbuilding vintage bycensus block group

Census block Number ofl-unit structures

group -
pre-1950 195080  POSt

1980
080010078011 14 90 42
080010078012 31 202 28
080010078021 14 171 4
080010078022 4 38 7
080010078023 20 100 0
080010079001 31 438 38
080010079002 0 11 1
080010079003 67 227 21
080010079004 17 277 25
080010080001 10 222 4
080010080002 21 192 5
X ® X ® X ® X ®

Relations betweerthe percentage UTQGair temperature depressioand kWh savedbr air
conditioningwere derived fronprevious building energgerformance snulations usingypical
meteorological data for Denver, CO (McPherson et al. 2008 simulations used only air
conditioning savings from a tre€raxinus americanat 9 dbh size classes that was always
located too far from each vintage to cast shade on the building, and assumed that each 1
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percent increase in UTC was associated with &0 temperature depressig@inyanwu and
Kanu 2006) Table10 shows theregressiorequatiorsthat resultedfor each vintage class.

Tablel0Relations between percentage of UTC and kWh saved

Relations letween percentage of

Vintage Class UTC (x) and kWh saved (y) Qoefficients (Ki)
pre-1950 y=1586.1 x K1 =1586.1
195080 y=1167.1 X K2 =1167.1
post 1980 y =1274.9 x K3 =1274.9

Givencensusblock groupd v ¢ I pedniagé of UTC &$TC (n) anthe number of1-unit
structuresfor each vintage class i as e total energy savingEn) can be calculated as:
3

E(n) = Ki*UTC n =Di

i=1

Electricity was priced at $0.12 per kWh, the typical summer rate in the Denver Metropolitan

Service Area (Public Service Company of Colorado, personal communication, Customer Service
Center, Dec 12, 2012Avoided ©, emissionsat power plants generatinglectricityresulted

from air conditioning savings fromUTCF a SR 2y t dzoft AO { SNBBAOS / 2YLJ
that was 70 percent coal and 30 percent natural gas, an emission factor of 1,897 lbsrCO

MWh was used to calculate avoided emissions.

e Rainfall interception

Urban trees can reduce the amount of runoff and pollutant loading in recewatgrsby
intercepting and storing rainfall deaves and branch surfacd®oot growth and decomposition
can also increase the capacity and ratesai infiltration by rainfall and reduce overland flow.
Studies éurban forest impacts on stormwater reported an annual runoff reduction-@¢2
(Xiao et al. 1998).

This studyguantifiedrainfall interception usindgindings fromthe municipal forest resorce
assessmentonducted inBoulder, COMcPherson et al. 2005 Approximately 473 acres of UTC
were estimated to intercep60,305 CCF (100 cubic ft) of rainfall annually. That equates with
95,306 gallons of interception by each acre of UTC.

Interception was priced based on stormwater management costs for retention/detention
basins. Boulder has constructed a number of detention ponds for stormwater
retention/detention. Data on the construction and maintenance for nine ponds were analyzed
to derive average costs citywide. For a typical 6.5 acre basin, land costs totaled $1.78 million
($274,000/acre) and construction costs were $1.6 million ($253,000/acre) (McPherson et al.
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2005). The annual cost for operation and maintenance was about $3,000mi®y a 26y/ear

life before dredging and reconstruction, the total Hfgcle cost was $3.46 million. Assuming the
pond adds one foot of depth due to runoff seven times a year, it will store 4badgunoff
annually over the course of a year. The catrannual cost of storage in the holding pond is
$0.0132/gal. This price is comparable to the average price for stormwater runoff reduction
($0.01/gallon) reported in similar studies (McPherson and Xiao 2004).

e Property value

Many benefits attributed to urln trees are difficult to translate into economic terms.
Beautification, privacy, wildlife habitat, shade that increases human comfort, sense of place,
and weltbeing are services that are difficult to price. However, the value of some of these
benefits ma be captured in the property values of the land on which trees sténdestimate

0KS @I tdzS 2F (KS&AS G20KSNE oSySF¥Aadaz ¢S | LILIX A
sales prices of houses to statistically quantify the difference associdthdrees. All else being
equal, the difference in sales price reflects the willingness of buyers to pay for the benefits and
costs associated with trees. This approach has the virtue of capturing in the sales price both the
benefits and costs of trees agrceived by the buyers. Limitations to this approach include
difficulty determining the value of individual trees on a property, the need to extrapolate

results from studies done years ago in the East and Southdoethion, and the need to
extrapolateresults from frontyard trees on residential properties to trees in other locations

(e.g., back yards, streets, parks, and smesidential landand UTC

Anderson and Cordell (1988) surveyed 844 sieyeily residences in Athens, GA, and found
that each arge frontyard tree was associated with a 0.88% increase in the average home sales
price. This percentage of sales price was utilized as an indicator of the additional value a
resident in the Metro Denverregion would gain from selling a home with a latgee. The sales
price of residential properties varied widely by location witMetro Denver but on average
was $233,004http://www.divisionofhousing.com/2012/02/mediashome-pricesup-in-metro-
denver.htm). Therefore, the value of a large tree that attl0.88% to the sales price of such a
home was 8,055 To estimate annual benefits, the total added value was divided by the leaf
surface area of 80-yearold shade tregFraxinus pennsylvanipé$2,0555,382ft) to yield the
base value of $88/ft % of leaf surface arealhis value wasonverted to units of UTC by
multiplying by the Leaf Area Index of@he-side of leaf)To annualize this value, the mature
tree value ($1.77t? UTC) was multiplied lte amount of leaf surface area added to the tree
during 1 year of growtlf$0.187ft> UTC)As a result, dase valuef $0.33ft> UTOwvas
calculatedfor an annual increase in sales price per unit UTC for a mature tree
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To adapt and apply the base valuettee Metro Denverurbanforest a land use redzttion factor
was applied because the value of trees located in back yards and nonresidential property will
have less impact on sales price and other intangdieleefitscomparedto front-yard trees
(Richards et al. 1984). Lacking specific research findimgjsvanting to be conservatiyé was
assumed thasingle family residential UTCd&0 percentof the impact & afront-yard tree.
Reduction factors for other UTC on other land usese multi-family residential40 percent
commercial20 percentandother: 10 percent The transfer function for each land use was
calculated as the product of the base valmland use reduction factor. For example, the
calculation for single family residential land use was:

$0.165ft2UTC $0.33 ft>UTCX50%

e Other ecosystem services

Other ecosystem services benefits, including carthoxidestorage, carbomlioxide

sequestration and air pollution removal were estimated ugnagsfer functions derived from

the Golden UFORE studgdtaglia et al2008).Transfer functions for G&torage and

sequestration varid across land use8ecauséhe land use categories in this study are

different fromthe ones in theGolden UFORE studye crosswalked the land usego derive
meaningfultransfer functions fothe Denver studyTablell). ltwad | a4 dzYSR G KI 0 daA
land usa&in the Denver studywere comprisal of the samemixand proportionof land uses as

foundfor nonmixed landusE SEOSLJi 4! INRA ¢ .ThedyQR laddus ing | & SE Of
Denver was assumdd containboth institutional and park land uses foundthre Golden

UFORE studyrhe PQP transfer functions wederived assuminthat these two land uss had

the same distribution itMetro Denver as they had Bolden.Ecosystem services provided by

existing UTC in Agulturalland were estimated usintpe sametransfer functions that we used

for Open SpacéAir qualityservices applied theametransfer functionsacross land uselasses

because they were location independent
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Tablel1 Transfer functiongderived from the Golden UFORE study.

Denver Study  Golden UFORE ole) ofe) Air quality(pollution removal)

Land Use study landuse storage  SEQ co NG, s PMio SQ
(Ib/ac) (Ib/ac)| (Ib/ac) (Ib/ac) = (Ib/fac) (Ib/ac) (Ib/ac)

Agri 76.22 151

Comm Commercial 52.56 2.61

Ind Industrial 55.72 1.78

Mixed 40.46 1.79

MultiFam Residential 40.28 1.87 | 0.0005 | 0.0028 | 0.0083 | 0.0075| 0.0008

Vacant/Open

OpenSpace | Spae 76.22 1.51
42.47

PQP Institutional, Park 1.61

SingleFam Residential 40.28 1.87

The valie ofecosystem service$or air qualitywere monetizedusing models that calculated
the marginal cost of controlling different pollutants to meet air quality standards (Wang and
Santini 1995). Emission concentrations were obtained from U.S. EPA (20Gtyegional
population estimate of 2.79 million was uséthe monetary value of sequestered and avoided
CQ was $0.005/Ib based on average high and low estimates for emerging carbon trading

markets. Allir pollutantprices are shown iffablel2.

Table12 Prices for ecosystem services.

Energy CQ Heat/Cool Rainfall
saving SEQ CQavoided NO, O; PM;, SQ interception
$/MWh $/lb $b $/Mb  $/b $/lb $/lb $/1000 gals
Service value 12000 0.005 0.005 334 3.34 8.61 2.47 13.21
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RESULTS AND DISCOSISI

ACCURACY OF LAND ERYLASSIFICATION

Based orthe analysis of 2,000 random samgeints, overall classification accuracy v&ss
percent for the posiclassified map that combined impervious surfaces (i.e., buildings, roads,
water and other impervious) into a single cover typalfle13). Urban tree canopy (UTC) was
classified with 91.5 percent accuradyiot surprisingly, BLD was found most often confused
with other impervious and hdithe lowest success rate (65.7%he absencef building GIS

data andwall-to-wall LIDAR dataontributed to thelow accuracy for BLD extractidmactors

that affected mapping aecacywerethe treatment of the shadowed arssandvague
boundaiesbetween Grass and BSyVver typesNevertheless, urban tree canopy (UTC)
classification exceestl the 90 percent accuracy target for this study.

The UTC estimation error, calculated as difference between the classification and reference
data divided by theotal reference areaindicates the extent to which UTC is overestimated or
underestimated Based on a random sample of 2,000 poitt$C was ovestimated by B% a
relatively smalbmount

Tablel13 Accuracy of land cover classification

Grand -

Tree Grass BSDV BLD IMP Road Water Total  Accuracy

Tree 260 34 1 5 300 86.7%
Grass 20 435 21 2 1 479 90.8%
BSDV 1 2 466 3 472 98.7%
BLD 109 25 1 1 136 80.1%
IMP 3 2 3 54 297 12 371 80.1%
Road 2 3 24 156 185 84.3%
Water 57 57 100.0%

Grand Total 284 473 493 166 356 169 59 2000
t N2 R dzO
Accuracy 91.5% 92.0% 94.5% 65.7% 83.4% 92.3% 96.6% 89.0%

ACCURACY BY LAND/UBNTAGES

The accuracy assessment 0if Cwvas extendedo determine how it varied bjand use Table

14) andbuilding age of construction, aintage Tablel5). Overall UTGwvas slightly
overestimated. Athe land use levelJTCwas overestimated for PQP and Mixed landgysand
underestimated r Comm and Agri land use The overall land cover mapping accuracies were
above 9(percentfor both Agri and PQP land use.
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Table14 UTCmapping accuracy by land use

Reference

Land Use | Overall Reference RS : m_atched | & S NJ Estimation
Mapping  with RS | Accuracy error

Mapping
Agri 96% 6 5 5 100% -0.05%
Comm 83% 10 8 7 88% -0.10%
Ind 91% 11 12 10 83% 0.05%
Mixed 88% 40 49 39 80% 0.4%%
MultiFam 89% 14 14 13 93% 0%
OpenSpace 95% 7 7 6 86% 0%
PQP 94% 17 21 16 76% 0.2%
SingleFam 87% 179 184 164 89% 0.25%
Total 89% 284 300 260 87% 0.80%
STD 0.04 0.08 0.002

At the buildingvintage levellJTQwas overestimated b0.64% (STD: 002) for areasdeveloped

during 1990c 2000, 19761980, 195601960, and 1964970.Urban tee canopywas
underestimated foareasdeveloped during 1982990 and after year 20004ost treesare

plantedat the time of development. In the most recently develdp&reas the trees may be
small and isolated, making their canopy more difficult to detect than in older avdeese tree

crowns are mature and growing together.

Tablel5 Urban tree cover mapping accuracy for LDR land use by viatag

Reference
Vintage | Overall| Reference RS. mgtched | &SN Estimation
Mapping with RS Accuracy error
Mapping
1940 97% 14 14 14 100% 0%
19401950 92% 6 6 6 100% 0%
19501960 82% 39 41 35 85% 0.25%
19601970 85% 34 35 32 91% 0.13%
19701980 84% 35 38 31 82% 0.38%
1980-1990 89% 23 21 20 95% -0.2%%
19902000 84% 16 18 15 83% 0.29%
20002010 90% 12 11 11 100% -0.13%
Grand Total 87% 179 184 164 89% 0.64%
STD 0.06 0.08 0.002
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URBAN HEAT ISLAND

Theland surfacdemperatures otthe study aredor September 25, 200varied from 49.3F to
75.4F (Mean: 74F and STD: 1.2F) (Figure9). A fourlevel land surface temperature index
gradient (LSTG) mapigurel0) showsthe spatial distribution othe hottest areas.Most of
these hotspotsare composed ofmpervioussurfaces such as buildirg parking los, and roads.

Figure9 Surface emperatures of the sudy area.The higher brightness corresponds tihe higher temperature
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Temperature Index

FigurelO. A four levelLand Surface d@mperature Gradient (LSTGpap shows the spatial distribution of hot

areas.
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This LST and LSTG data Isges registered image files that can be ovad with other GIS
data.Figurellshows LSTG and high resolution NAIP aerial imagertheé same areaThere is
astrongcorrelation between impervious surfas@.e., buildings, parking lot, and roads) and
hot areas Furtherquantitative analysis of relatiormmong urban LSTG, vegetation index, and
impervious indexouldhelp explain howrban tree plantingcan be best targeted to mitigate
UHIs
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a. LSTG map. The LSTG data has 15m spatial resolu b. True color NAIP image. The NAIP image has spz
resdution of 1 meter

Figurel1 Comparison othe LSTG map with NAIP image

LAND COVER

Land covewas classified at each processing unit level suntimarizedor reporting at study
area,city, and census block group lesdtor the721 sqiaremiles of land withinthe study area
UTC wadb5.7percent grass or norwoody irrigated surfacavas 22.7percentandbare soil and
dry vegetationwas25 percent(Tablel6). Impervious and water surfaces accounted for the
remaining 36.6 percent of the study area.
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e Land cover by land use

Within the eight types of land use, single family anlti-family residential hd the highest
tree canopy cover rategf 25.5and 19.4percent,respectively(Tablel6). The highest Grass
(33.9%)nd BSDV coveates(48.9%)were found in Agricultural landBSDV was the most
abundant cover type foDpenSpace(39.3% and Riblic/QuasiPublic (BB land (34.9%. Land
cover was also analyzed by land use for each cityesults arefound in the digital data files
submitted with this report

Tablel16 Land cover percentageby land useg(includes unincorporated areas)

Tree Grass BSDV BLD IMP Road Water
Land Use (%) (%) (%) (%) (%) (%) (%)
Agri 6.4 33.9 48.9 1.3 4.7 2.5 2.3
Comm 8.5 15.6 20.2 9.8 34.0 10.7 1.3
Ind 5.6 154 23.1 125 33.0 9.4 1.0
Mixed 9.8 235 29.3 6.2 20.0 9.9 1.2
MultiFamResid. 19.4 18.1 9.2 10.8 29.2 13.0 0.4
OpenSpace 7.5 27.9 39.3 0.8 6.8 2.5 15.3
PQP 10.4 25.7 34.9 1.7 8.8 10.2 8.3
SingleFaniresid. 255 21.2 15.6 7.8 18.7 10.2 0.9
Grand Total 15.7 22.7 25.0 6.5 18.4 9.3 2.4

e Land cover by cities

The percent of each land cover class is presebiedityin Tablel7. Cities with the mostirban
tree canopy TG were: Cherry Hills Villageg87.4%), Bow Mar (29.7%) and Greenwood Village
(28.9%) The cities oErie(4.5%)and Commerce Citfh. 7%)had the least UTCrigurel2 shows
the percentage UT@or each city5 Sy @S N &  NI13.X92 YTGHK TaoeBoaitet fiom

the grand total for citie$16.4% UTGh Tablel7 because the former includes unincorporated
land outside city limits.

¢ KA a #ndingsdB1RAEpercent UTC for thietro Denver region and 19.7 percent UTC for

the City of DenverTablel?) are relatively high compaddo the median value of 10.8 percent
reported by NCDC (2006) using QuickBird imagery from 2005 and 2006. Shrub cover is included
inl KA & WTE dxfirda®s, and probably accounts for 3 to 5 percent of the UTC. It is not clear
if shrub cover was included in the UTC values reported by NZi¥analysis usg more recent
imagery (2011 vs. 20636) that washigher resolution (1 msz 2.4 m)andlikely to be more

accurate Also, itused eCognition imagery analysis software, which is a sophisticated imagery
analysis software specialized in objpdetsed imagery segmentation and classificatibnese
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contemporary echniques are consided more advanced anidnprovedcompared tothose

used6 years agin the NCDC studyrhe accuracy assessmdaytNCDC indicated an

underestimate of UTC, whitlis accuracy assessment indicated a slight overestimate of ATC.
portion of the difference in UT estimates may be due to differences in study area boundaries,
as well as growth in UTC from recent tree planting efforts and natural expansion of existing tree
crowns.

Tablel17 Percentages of land covefor each city(excludes uimcorporated areas)

Tree Grass BSDV BLD IMP Road Water

Cities (%) (%) (%) (%) (%) (%) (%)
Arvada 194 16.0 26.6 8.5 19.1 8.6 1.8
Aurora 11.9 21.0 31.6 6.3 17.6 9.9 1.7
Boulder 27.4 9.6 20.9 8.0 20.6 9.7 3.9
Bow Mar 29.7 29.1 3.1 3.7 11.7 4.2 18.6
Broomfield 8.2 32.2 32.8 4.3 13.5 7.5 1.6
Centennial 24.6 21.4 12.9 7.2 21.4 12.3 0.1
Cherry Hills Village 374 33.1 54 3.5 14.1 5.2 1.2
Commerce City 4.7 24.7 40.8 4.3 16.5 7.3 1.6
Denver 19.7 20.2 10.6 9.3 25.5 12.8 1.9
Edgewater 21.8 22.2 1.5 13.2 29.0 12.3 -
Englewood 24.0 15.8 2.6 12.0 29.8 14.6 1.2
Erie 4.5 26.1 51.9 3.0 9.2 4.6 0.8
Federal Heights 14.0 29.0 4.8 11.4 28.2 12.2 0.3
Foxfield 12.1 20.9 48.5 2.0 10.6 5.9 -
Glendale 12.4 9.6 0.9 12.0 51.3 12.9 0.8
Golden 21.9 4.6 35.6 9.5 195 7.9 1.0
Greenwood Village 28.9 24.1 7.0 6.3 23.3 9.9 0.4
Lafayette 16.6 25.3 23.5 7.6 14.3 10.5 2.2
Lakewood 20.0 17.3 21.4 7.5 21.7 9.6 2.5
Littleton 24.5 24.3 6.2 6.6 20.7 9.9 7.9
Louisville 16.6 33.1 15.9 5.9 17.9 9.5 1.1
Mountain View 26.8 16.9 2.3 11.1 30.3 12.5 -
Northglenn 20.5 24.7 7.3 8.7 21.9 12.9 3.9
Parker 11.4 14.4 45.1 6.1 17.7 5.2 0.2
Sheridan 12.2 25.5 6.5 9.8 32.2 115 2.2
Superior 11.7 27.7 27.9 4.3 16.6 10.4 15
Thornton 11.4 29.7 21.9 5.7 15.3 11.0 5.1
Westminster 14.4 29.8 14.6 6.1 18.7 9.5 6.8
Wheat Ridge 25.1 22.3 6.0 8.7 24.5 11.0 2.4
Grand Total 16.4 21.9 22.6 7.0 19.7 10.0 2.4
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Figurel2 Urban tree canopy covepercentagedor eachcity

The land cover classification results were sintathe findings from the accuracy assessment,
which involved random sampling of 2,000 points across the study &sdAg18).

Table18Land cover estimates (%) from classification and from random samplirth ®j000 points

Tree Grass BSDV BLD IMP Road Water

Classification 15.7 22.7 25.0 6.5 184 9.3 2.4
Sampling 142 237 247 8.3 17.8 8.5 3.0
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