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Abstract

Currently, from the estimated 7.7 billion people worldwiglgproximately 55% live in urban
environments and this percentage is projected to grow to 68% by 2050. High coverage of impervious
surface in urban environments, causes temperatures to be several degrees inigiban areas
compared to theiisurrounding ural areas aphenomenon known as the urban heat islagftect.

The implementation of urban green spaces can mitigate this excess warming and by doing so
increase the resilience of urban environments to heat strathougha large part of global

urbanizdion is projectedin the tropicsthe urban heat island and the potential cooling effect of

urban green space are not well studied imthegion.

Therefore, tle main aim of tis studywas toprovide an analysiof the Urban Heat Islanéffect and

of the cooling effect of urban green space in thvbole ruraturban region of theropical city of
ParamaribdSurinamejn both the wet and dry seasofhe study was basagbon a land cover map

of the Greater Paramaribo Region amalland surface temperature, derived from Landsat 8 satellite
data from both the wet and dry season.drder to studythe effects of the compositioftrees,
mangroves, mixed low vegetation and graamsyl configuration of urban green space on land surface
temperatures class metrics including percentage of landscape, aggregation index, landscape shape
index, edge density and patch densitgre used In addition, the influencef socioeconomic status

on land surface temperature astested To complete the urbaheat island study, air measurements
were undertaken to allow for comparison between LST and air temperatures across different land
cover types.

The results show that a surface urban heat island effect&étveen the urban core and the rural
hinterland in ParamariboThe magnitude was similar in both seasons (ca. 5.2 K). Urban green spaces
were found to significantly mitigate this urban temperature increase. This cooling relationship was
dependent on the urban green space type present. Trees and meaghowed the strongest

cooling effect on land surface temperature, while mixed low vegetation providedhdesstill a
significant cooling effect. On the other hand, grass did not show a dealingrelationship.
Regardless of the type of urban gregpace, this studgshowsthat increasing the size of urban green
space increases the cooling effe®ur results also shothat alarge aggregated urban green space

is favoured over a number of smaller disaggregairds The cooling effect of urban grespace

was slightly stronger in the dry season compared to the wet season. No relationship was found
between the shape afirban green spaceand the land surface temperature in Paramaribo. The
amount of urban green space was found to differ between neiginbhoods with different
socioeconomic statusT hisresulted in an indirect negative relationship between socioeconomic
status and land surface temperatur&@his relationship did not apply to the neighbourhoods of the
lowest SES, since due to the sandy ahtaristic of the streets in these neighbourhoods, their LST
wasalso low

Based on these results,is concluded that there is a substantial urban heat island present in
Paramaribo in both the wet and the dry seasbmaddition, his study alsehowsthat urban green

space could provide mature-based solution to mitigate this Ukl ParamariboDue to the lack of

studies on urban ecosystem services in the global South, this study in Paramaribo can potentially add
to the valuation of urban green spacispolicy across cities in the global South.
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1. Introduction

1.1 Backgroundnd relevance

Currently, from the estimated 7.7 billion peopl®ddwide approximately 55% liva urban

environments and this percentage is projected to grow to &89050(United Nations, 209a). This

implies thatthe world population is projected to grow to 9.7Iwin by2050,andurban areas are

expected to absorb nearly all of the projected population gro¢idhited Nations, 2019).

Consequentially, an extra 2.4 billion people are expected to reside in urban areas b{fB850

Nature Conservancy, 201&lthoughclimate change is a global procesish implications for the

entire planet from a human persgctive its impacts are to a large exteperienced in urban
environments(Jiménez Cisneros et al., 2014hsight into hese impactss therefore vital to showa

what extenturban population is exposed to future climate riskithough the expected increase in

urban populationwill enhancehuman vulnerability in urban environments, it also provides an

opportunity to formulatea suitablemitigation plan(Argtieso, Evans, Pitman, & Di Luca, 201%¢

role cites playin sustairable development is also acknowleddeylinternational policy through

Sustainable Development Goal Whichtargets urban areas and ams@oa I {S OAGASE FyR K
aShitSYySyita AyOf dzai @S I(UnitedN&idms, WBA AT ASYyd FyR adzadl

The process of urbanisation is inevitably related to the transformation of land from rural to urban
land(Yao, Chen, Wei, & Sun, 201A} a result, a total area of 1.2 million km? is predicted to be
urbanised in the coming two decad€Ehe Nature Conservancy, 2018he transformation ofural

to urbanusegenerally reduces green area and increases imperviatiacgs. This leads, among

other impacts to a decreae in surface albedo and an altered geometry compared to rural surfaces
(Chapman, Watson, Salazar, Thatcher, & McAlpine, 20h&se changes in surface characteristics
result in higher temperatures in urban areas than in the surrounding rural areas, a phenomenon that
is better known as the Urban Heat Island ({HUber & McGeehir2008; Oke, 1982Pngoing

global warming means temperatures dikely to increase b$.5°C between 2030 and 208PCC,

2018) This temperature increase superinposed on this UHI and has substantial implications on

the temperature increase, energy usage, human health, air pollution and greenhouse gas emission in
urban environmentgGiridharan & Emmanuel, 201&ver since thérst UHI study of Oke (1982),

most studies show that the UHI causesincrease o$everal degreesf the air temperaturan

urbanrural transectsAs a result, more hot days and heat waves occur in urban areas compared to
their ruralsurroundings(Tan et al., 2010)Thisincreased heat exposure through the UHI is already
epidemiologically linked with increased mortality rates in cities, a process that will be exacerbated
by the expected global warmingguber & McGeehin, 2008)

Most of the 22 century global urbanisation is concentrated in the developing world, of which a

large part is located in thigopical (23.5 °N and 23.5° S) and 4tdpical zones (up to 30° N and
30°S)Giridharan & Emmanuel, 2018; United Nations, 201Bigspite this rapidly growing urban

population, processes of local climate change altered by urban grewthas the UHlare not well

studied in the tropic¢Giridharan & Emmanuel, 2018; Perera & Emmanuel, 204@)ever, the

need for researctiocusing on thaJHI inthel N2 LJA 0a Aa dz2NBSydGsx aiayoS v
visible from excess deaths associated with rainfall to excess deaths related with thermal conditions
(Giridharan & Emmanuel, 2018Jhe contribution of the UHI in combination with the large growth

potential of the urban population in the tropics, shows the needtudy the nature of the UHI in

the tropics.

pufi
ry.

Studies focussing adhe UHI have increased over the past 40 years. During this peseveral
methods were used to studyre associated processes and effestshe UHI. Currently, the most
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common techniquaised is remote sensirn@.g. Du et al., 2019; Marando et al., 2019; Schwarz,
Lautenbach, & Seppelt, 2011; Simwanda et al., 2019; Voogt & Oke, ZaB3)echnique is often
used because it enables temperature extracteamvering whole ruralirban regiongAnniballe,
Bonafoni, & Pichierri, 2014llowever, the use of remote sensing for temperature extraction has
some limitationsFirstly, by means of remote sensing, it is only possible to extract theslarface
temperature (LST) instead of the air temperatungnich is the temperature thads experienced by
humans. Secondly, LST can only be correctly extracted from satellite images on clear sky days,
because clouds interfere with the signatnd andeceved by the satelliteAir temperature
measurements are only obtainable at the location of the measuring dewvttieh means that
information about the air temperature is only available in limited pladégereforethe continuous
LSTinformation thatremote sensing provides better suited to study the spatial characteristics of
the UHI across an urban environmeRtgurel). Since the LST is extradtthroughremote sensing
the Surface Urban Heat Island (SUHI) is measured, describing the increasadroeSan urban
rural transect, as opposed to the UHI, sometimes also refaesd the Canopy Layer Heat Island
(CLHNhwhichdescribes the increse in air temperature in the canopy layer across an utaal
transect Figurel). Although LST and air temperature strongly correlate, their reldénds to vary
across atmospheric conditions, time of day, and land cover tgpés also illustrated Hyigurel
(Balogun & Balogun, 2014; Mutia, Strachan, & Albright, 2015; U.S. Environmental Protection
Agency, 2008; Voogt, 2007Th previous studieglifferent indices were used to measure the SUHI in
different urban environmentsrrequently used SUHI indices are, for example, the difference
between the average LST and the maximuaT ira city andthe difference inaveragel ST between
the urban core and the rural hinterland@hese indices should providarslar, howeverthe study of
Schwarz et al. (2@} showed that SUHI magnitudes differégle the use of different indices. For
comparability reasons it is therefore recommended to use more than one if®hwarz et al.,
2011)

Surface Temperature (Day!
- Air Temperature (Day
= Surface Temperature (Night|
= Air Temperature (Night]

DAY *

Temperature

oy ﬁmﬂﬂm’h&h .

Rural Suburban Pond Warehouse Urban Downtown Urban Park Suburban Rural
orindustrial  Residential Residential

Figurel. Typical diurnal variations of surface and air temperatures over the unlnah transect, resulting in the difference
between the SUHI and CIHIS. Environmental Protection Agency, 2008)

Previous studies have shown that the UHI intensity varies across an urban argamamhoutthe
day due to the different impact of various surface features on the local temperatigergl). An
adaptation strategyroposed in previous resear¢h mitigate the increased UHeélated
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temperature in urban areas is urban green{egy.Bowler, Buyunepli, Knight, & Pullin, 2010;

Demuzee et al., 2014; Estoque, Murayama, & Myint, 2017; Marando et al., 2019; Wardana, 2015)
Increasing Urban Green Space (UGS), which typically includes urban forests, parks, shrubs, lawns,
gardensandstreet trees, could provide urban cooling mainly thgh evapotranspiration and
shading(Demuzere et al., 20147 his makes urban greeninghatural adaptation measure that
increases the resilience of urban areas to the environmental threats imposglbbgl climate
change(Du et al., 2019; Jenerette et al., 200farando et al., 2019; Tang, Di, Xiao, Lu, & Zhou,

2017; Wardana, 2015However, in urban planning there is a trad# between the costs and

benefits of different urban designs and the benefits of UGS in urban centres often are considered
less valuable than the economic gain resulting from huplisurfacegYu et al., 2017)

Due to the limited space in the hot city centres, it is vital to designslil&ich a way that they

reduce heamostefficiently. Previous researcbhuggestghat the type of UGS has tharongest

influence on the LSBut acknowledges thahe shape and distribution of UGS also contributes to its
cooling effectDuet al., 2019; Estoque et al., 2017; Maimaitiyiming et al., 2014; Marando et al.,
2019; Simwanda et al., 2019; Wardana, 20Mg)st studies argue that trees are the type of UGS

that most effectively cool the surface, mainly because of the high amowtiading(Brown, Vanos,
Kenny, & Lenzholzer, 2015; Jaganmohan, Knapp, Buchmann, & Schwarz, 2016; Kong, Yin, James,
Hutyra, & He, 2014; Vanos et al., 2012pwever, thanagnitude of this cooling effect is found to be
dependent on local atmospheric conditions such as the overcast ratio. Regarding the effect of size,
distribution and shape dGS®n their cooling effect, most previous studies point out that large,
aggregatd UGSerovide the strongest cooling effe@Cao, Onishi, Chen, & Imura, 2010; Huang, Cui,
& He, 2018b; Jaganmohan et al., 20&wever, the study of Kong et al. (2014) skwdtat multiple
disaggregateddGSsre more beneficial for cooling. Studies are also contradicting regarding the
influence of the shape diGS®n the cooling effect. Therefore, it is important to further investigate
the influence of both compaosition and configuration on the cooling effect of UGS. Spatial class
metrics are most commonly used to stutthe influence of different configurations ardistribution
patterns within the urban green city structure.

Most research focuses on the effect of land use characteristics on thdritldition research of
Tang et al. (2017) and Jenerette et al. (2006) point out that the UHI is a complex phenaimeiisn
also influencedy socioeconomic factouchas income. This influence is mainly indirect due to the
correlation income has with impervious surface and vegetation. As incocneases in
neighbourhoods, vegetation tends to increase and impervgwuace tends to decreagdenerette

et al., 2007; Tang et al., 201 Mhisindirectrelationshipbetween socioeconomic factors and the UHI
could provideuseful informaton forurban plamers.However, this relationship has not yet been
well studied in cities in # Global South

Previous research points out that one of the main readonshe low level oknowledgeabout UHI
distribution across urban environmerits the tropicsis the lack ofivailabledata, both in terms of

the spatial distribution of land cover types and of the influence of land cover types on the local
temperature(Amorim, 2018; Balogun Ralogun, 2014; Ojeh, Balogun, & Okhimamhe, 2016; Perera
& Emmanuel, 2018)5ince tle influence of land cover on the local temperatisenot well studied in

the tropics, there also exists a knowledge gap on the cooling potential of different UGSty pes

the wet and dry season in tropical citi@Siridharan & Emmanuel, 2018; Perera & Emmanuel, 2018)
This unique seasonal charaastic of the tropical climate has serious impaan the leaf and

flowering characteristics of plantghichin turn determines theircooling potentialOn top of this, a
plant@ cooling potentiais also modulated by humidity arttherefore may vary greatly between wet
and dry seasoriBalogun & Balogun, 2014; Barradas, 1991; North Carolina Climate Office, n.d.; Ojeh
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et al., 2016; Tan et al., 2010; Tropenbos Suriname, 2019; Zhang, Lv, & PanAg2@1L&sult, ithe
tropics the wet and dry seasons may not show a constant relationship between air and surface
temperature. So, it is known that there is a "cooling effect" due to W@&he magnitude of thisas
well as its influencing factorare not yet understood in the tropigdropenbos Suriname, 2019)

Therefore this study focusesn the influence of boththe composition and configuration of UGS on
the LST in a tropical city using remote sensing images. This is baaedsmnstudyf Paramariban
Surinamesince this cityexperiences a typical tropical climate including a wet and dry season.
Furthermore, this study wifacilitate valuation of the important urban ecosystem services provided
by UGS, since these are usually undenalineurban planningfforts withinmost cities in the global
South(Tropenbos Suriname, 2019)

1.2. Research aim

Theaim of this researchsto provide an analysis of théJHleffect inthe whole ruraturban region of
Paramaribo anaf the cooling effet of UGSn both the wet and dry seas@basedupon LST

This studyinvestigatesthe SUHI by comparing the temperature differences between the urban
centre(the administrative boundary)f Paramaribo and its rural hinterlarfthe Greater Paramaribo
Region) Figure2). Furthemore, this studyanalysethe relationship between LST atahd cover

type. In this landoverbasedanalysis the maifocus is on the influence of different typesWW&S

within the administrative boundary durinifpe wet and dry season to study the difference in cooling
effect between the two seasons. Thigalysisncludesthe influence olUGScomposition asvell as

the influence ofUGSconfiguration on the cooling effecDistances from thermal centresichas the

city centre, the river and the ocean are also considered in this sty tothe different

atmospheric conditions and vegetation tygeresent in the tropis, compared tathose in cities

within the more commonly studietemperate zone, fieldwork is inigmented in this research. The
fieldwork creates a better understanding of the differences in UGS and Socioeconomic Status (SES)
across Paramaribd@he relationship between the LST and air temperatig@nalysed to complete

the study So, a citywide study with information on the cooling effect in wet and dry season is
provided that can be useid future city planning ofParamariboThis will provide aable

information for urban planners, not only in Paramaribo but also in other tropical cities, about what
steps can be taken to optimally design their urban green structure to lower the temperature in their
city.

The research aim @ividedin the following research subbjectives:

1. Identify the spatial distribution diSTandUGS inthe GreaterParamaribdRegionn the wet
and dry season.

2. ldentify theUHleffect within the city of Paramaribo in the wet and dry season.

3. Identify relationship®f LSTwith UGSand socioeconomic status the city of Paramaribo in
the wet and dry season.

4. Identify the relationshipf LSTwith air temperature in the wet and dry season.

5. Analyse the differences in observed cooling effed@Swithin the wet and dry season.
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1.3. Researclguestions
To achieve the research objectives set in sectionthe?following research questions need to be
answered.

Research questiorWhat is theUHleffect in the tropical city of Paramaribo, and what is the cooling
effect ofUGSon the urban temperatures during the wet and dry season?

Sub questions:

1. Subobjective Identify the spatial distribution diSTandUGSn the Greater Paramaribo
Regionin the wet and dry season.

a. What is the spatial distribution dfSTin the Greater Peamaribo Regio?

2. Subobijective Identify theUHIleffect of the city of Paramaribo in the wet and dry season.

a. What do different indicators for th€UHFeport on theUHIeffect in Paramaribo?

3. Subobjective Identify relationships betweehSTand the compogion and configuration of
UGSn the city of Paramaribo in the wet and dry season.

a. What is the relationshipf LSTwith NDVI?

b. What is the relationshipf LSTwith the different classified types of urban green,
based oraclassified Sentinel green covaap?

c. What is the relationshipf LSTwith the configuration olUGS based on classified
Sentinel green cover map?

d. What are the influencesn LSDf the distance to theurban centre the Atlantic
Oceamandthe Suriname River?

e. What are the characteristicd typical green features;old spotsand
neighbourhoods differing in socioeconomic statnighe city of Paramariband how
do they relate to thd.SP

4. Subobjective To identify the relationship betweddSTand air temperature in the wet and
dry season.

a. What is the relationship between air ariSTon different types ofUGS

b. What isthe relationship between the urbarural LSTdifference and the urbaiural
air temperature difference?

5. Subobjective To analyse the differences in observed cooling effeti@within the wet
and dry season.

a. lIs there an observed cooling effectldGSn both wet and dry season?

b. Inwhat way does this cooling effect differ between wet and dry season?

2. Materials andnethods

2.1 Case study description

2.1.1 Study Area

The study area, Paramaribo (5° 50' 21.8328" N and 55° 11' 56.7204" W), is the c&futahame
Surinames located on the nortieastern coast of South America and has a population of
approximately 575,00@®f which moe than half liven Paramaribo ad its surrounding$The World
Bank, 2018; Tropenbos Suriname, 20I%)e city of Paramaribo is situated along the northern coast
of Surinamegust west of the estuary of th8urinameriver in the Atlantic OcearParamaribo covers
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an area of approximately 174 KnThe surrounding area of the city, the Greater Paramaribo Region,

includes the districts Paramaribo, Wanica, and part of Commewijne, and covers approximately 863
km?(Figure2)6 Cdzy Amn[ 283 =+ y w2 Y LITBetutbanpull effScYd tNe\cBy®ffl EZ  H n md
Paramaribo on rural populations has resulted in a population increase of 14% in the Greater

Paramaribo Region in tieriod from 2000 to 2015with atotal conurbation of Paramaribof

around 380,000nhabitantsd Cdzy I [ 2 & . TBelpoplildtich Icrease vequilted in a largely

unplanned and uncontrolled urban spraurinameacks the needed coherent system of land

registration, finances, technology, data, and expertise within the governtoesequately oversee

this spatial planning Cdzy 3nt[ 2@ SG | f dDue tethismam@whati@oBEWE G X HAaMn 0
governing system no proactive urban green policy is in place in Paramardbagmmunication
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Figure2. Lower left:The location of Suriname in South Ameridpper left:The location of Paramaribo in Surinarféght:
The Study areal'he administrative boundary of Paramarify@llow)and its surrounding Greater Paramaribo
Region(red)including all itdistricts (white)

Surinamds situated in the inter tropical convergemezone and is therefore experiencing an Af
tropical rainforest climate according to théppen climate classification system. This leads to the
fact that Surinameexperiences four seasons, namé@BBS, 2016)

The short rainy season (early December to late January).
The short dry season, (early February to +Ajafil).

The rainy season, (milpril to midAugust).

The dry season, (midlugust to early December).

PN PE

The months with the lowedevelsof precipitation are September and October and the months with
the highestlevelsof precipitation are May and Juf&BS, 2016)This is also seen ligure3, which
shows the monthly precipitation values for the years 2@015 in millimetres. The annual average
temperatures inSurinameare between 26C and 28C, and do not vgrconsidaably throughout the
seasonsKigure3). Through global warming, an average temperature rise of 0.3 f€Ck8ery 10
years is projectedTropenbos Surame, 2019)
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Figure3. Monthly precipitation values in mm in Suriname from 2011 to 20éf), monthly average aitemperatures in °C
in Suriname from 2011 to 2016ght) (GBS, 2016)

2.1.2 Project: Towards a Green and more Liveable Paramaribo

This studyis partof K S LINRP 2SOl da¢26F NRa || DNBSKichisg R Y2NB [ A
twinning project, sponsored by the UTSN twinning facilitye project is run bihe knowledge
basednon-governmentalorganizationTropenbos Suriname and the Faculty of G&ormation

Science and Earth Observation of the University of TwentdTOYin the Netherlands. The goal of

that project is to promote a green Paramaribo in which ecosystem services contribute to a healthy

and more liveable environment for its inhabitar{Tropenbos Suriname, 2019)he project believes

that UGSs undervalued and not included within the planning of the city of Paramaribo. This

undervaluation olUGSn combinationwith the rising demand for buHtip surfacs, leads to an

increased refacement ofUGSby builtup surfaces. Talleviatethistrend, i KS a ¢ 2 61 NR& | DNJ
Y2NB [AGSIo6fS t I NI Yl NnacawarenddPobteOeneflis thfGSa (12 ONB |
provides among the residents of Paramaribo. One of these benefits is thagediect thatUGS

provides. More insight ito this cooling effect in the recently warming climate can provide valuable
information for planners in the city of Paramaribo.

2.2. Data

Most of the data used in this study consisted of secondary data and are summarised in
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Tablel. Aside from the satellite data, most of the data was obéai through theoverarching

project The primary data used in the study was obtained during fieldwidiis fieldwork data

consisted of detailed descriptions of several selected UGSs and was produced by means of ground
truthing.
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Tablel. Secondary ata used in this study

Data Format Data Source
Landsat &LI/TIR8nagery Raster (USGS, 2019)
World imagery base map Raster | (Esri, 2018)
Land cover map Raster  (Taus, 2019)
Administrativeboundary Vector  (Tropenbos Suriname, 2019)
Greater Paramaribo region Vector  (Tropenbos Suriname, 2019)
Road network Vector = Open street map
River network Vector Open street map
Air temperature dataof outdoor Table (Kalpoe, 2019)
temperature logges
Air temperature data stations Table MeteorologicalServiceSuriname
Socioeconomic status neighbourhoo Raster 6 Cdzy Im[ 2& S |

2.2.1. Satellite imagery

The satellite images used in this studymmarized iTable2, arefrom the Landsat ®LI/TIRS
(Operational Landsat Imager/Thermal Infrared Sensatgllite andwere obtained from the United

States Geologal Survey (USGS). The Land<aLBTIRSatellite is the most recently launched

Landsat satellite and resultingly the most used in recent remote sensing sthdtesssesshe UHI

effect (e.g.Amorim, 2018; Estoque, Murayama, & Myint, 2017; Marando, Salvatdras8ani,

Fusaro, & Manes, 2019; Mushore et al., 2018; Richard et al., 2018; Simanjuntak, Kuffer, & Reckien,
2019) The satellite images used for this study are all geometrically corrected by the USGS. They are
also georeferenced to the WGS1984 datund &miversal Transverse Mercator (UTM) Zone 21N
coordinate system. As a result, all the vector datasets obtained and created in this study were
projected into the UTM Zone 21M this study30mresolutionLandsat 8OLI/TIRSnages were
downloaded from the USGS website for the area of Paramaribo (pat/row 229/056, WGS84 UTM21 S
reference system). The thermiadinds 10 and 11 of the Landsa©&1/TIRSatellite originally have a
spatial resolution of 100 meters, but these bards/e beerresampled to 30m resolution by the
USGSU.S. Geological Survey, 2019)

To investigate the difference in cooling effects of urban green between dry and wet season, four
images obtained in the dry season (Midigust to early December) ankrée obtained in the wet

season (mieApril to midAugust) were selected. Only images that originate from the last five years
were selected, because it can be assumed within reason that the vegetation cover of the study area
has not changed drastically withthis period. Finally, cloud coverage was the determining criterion
for selecting the satellite images. Cloud coverager the study areaeeded to be limited to a

minimum to ensure valid and reliable information extract®F G KS S N3ekgQrEeng) zNF | OS
Chien, 2008)A common threshold for maximum cloud coverage is ten gar(Simwanda et al.,

2019; Wardana, 2015\thin the dry season, the four images were selected with the least cloud
coveroverland.These imagebad a cloud coverage of well below ten percent and wearenly

distributed over geriod of four years, from October 2015 to October 20H6wever, vithin the

wet season, the only three available images with acceptable and workable cloudosevehe

study areawere selectedThe details of these Landsat images are showiralle2. Note that

although some of the images obtained in the wet season had substantially high cloud coverage on
land, well over ten percentthe cloud cover adve the study area was sufficiently low.
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Table2. Details of Landsat ®LI/TIRSnagery used.

Scene ID Cloud coverage  Acquisition date Acquisition | Season
on land (%) time
LC82290562015288LGN! 1.02 15 October 2015 13:58:11 Dry
LC82290562016275LGN! 2.83 01 October 2016 13:58:25 Dry
LC82290562018264LGN! 3.80 21 September 2018  13:57:50 Dry
LC82290562019251LGNI! 5.62 08 September 2018  13:58:25 Dry
LC82290562016211LGNI 20.76 29 July 2016 13:58:11 Wet
LC82290562017165LGN! 23.57 14 June 2017 13:57:53 Wet
LC82290562018216LGN! 26.28 04 August 2018 13:57:31 Wet

2.2.2. Land cover map

The land cover map used in this study showRigure4 was produced within the projed¢iTaus,
2019) It was producedased ora 10m resolution, cloud free Sentinel 2 image. The image was

classified into 8 different land cover classes, using the suppotdbvetachine classifier in QGIS. The

classification was based on 313 training sample polygons created usingebahtion drone
imagery from March 2019 in combination with Google Earth imagery for 2019. An accuracy

assessment on the basis of 230 grounghing polygons, resulted in an overall accuracy of 84%. The

maps shown irrigure4 show the eight different land cover types according to
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Table3 for two different areas (Greater ParamariBegion versus administrative boundarp)l the
obtained Landsat information was clipped to the Geg@aramaribo Regiofor further analysis.

Aministrative Boundary: Land Cover Map - 12 September 2019

Legend

Class

=& Urban

B Infrastructure
% Bare soll

W Grass

B Mix low veg
Il Trees

B Mangrove
N Water

i
b

]

0 2 4 6 8
= e KilOmeters

Figure4. Land cover magpof the Greater ParamaribBegion(left) and the administrative boundaifyight) on 12
September 2019.
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Table3. Area covered pdand cover type in the Greater Paramaribo Region and the administrative boundary

The Greater Paramaribo

Administrative Boundary

Land cover Region
Area (km?) Proportion Area (km?) Proportion

Urban 39.77 5% 22.11 13%
Infrastructure 47.02 5% 24.72 14%
Bare soll 66.03 8% 19.34 11%
Grass 180.27 21% 29.67 17%
Mixed low vegetation 244.90 28% 39.03 22%
Trees 220.92 26% 8.57 5%

Mangrove 10.86 1% 6.50 4%

Water 53.16 6% 23.57 14%
Total 862.93 100% 173.51 100%

2.2.3. Neighbourhood SES classification

The SES of different neighbourhoods across Paramaribo was retrieved f8Om aesolution raster

provided byC dzy 3 it [ #819)3hit dividedthe administrative boundary of Paramaribo in

neighbourhoods classified on their SES. The factor used bylleyret al. (2019) to represent SES in
this study was the type of dominant residential class preseatneighbourhood. As a restite SES
wasdivided irto four residential classes: rich, middle, middle to low and p&aure5)6 Cdzy A [ 2 &

al., 2019) The spatial criteriapon whichthe four residential classes were based are shawn i
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Table4.

Residential Class of Neighbourhoods in Paramaribo - 2015

Legend

Residential Class
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[ Middle to low
I Middle

01234
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Figure5. Neighbourhoods in Paramaribo sorted B ®asedon residential clasd Cdzy A 28 . S | £ &%
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Tabled 5AaGAYyOGA2Yy 0SG6SSy NBaARSYyGAFf 3INBdAzLIAZ ol &aSR 2y &Ll GAl

Criteria Rich Middle Middle to low Poor
Average size of plot > 600 m2| 350 < plot <600 m2, 300 < plot < 350 m? < 300 m?2
Average size of house > 300 m2 | 150 <house < 300 m? 100 < house < 150 m <100 m?

. Asphalt/street Sand (narrow)/
Street type Asphalt | Asphalt/street tiles tiles/sand no street
Private swimming pool Yes No No No
Clear demarcation of plot Yes Yes Yes No

2.3. Temperatureaxtraction

2.3.1. Cloudorrection

Remainingloud cover present on the Landsatagesvere removed via cloud removal using the
Landsat Quality Assessment (QA) ArcGIS Toolbox which removes clouds, cirrus clouds and cloud
shadows on the basis of information in the quality assessment band of the Landsat 8 q&elfitet

al., 2002; U.S. Geological Survey, 20THg light clouds that still remained after usage of the QA
Toolbox were remeed manually to create satellite images which were as cloegl aspossible This

was a process based on hiity, in which polygons were manually drawn over pixels coverigal

clouds. Afterwards these polygons were erased from the Landsat satellite images, leaving only
cloudless surface pixels. On the satellite images that were taken in the wet season, the extra
manually e@ased pixels could amount to aboutitty thousandpixels(~3%) However, &er the

manualLST extractiorthe created LST maps still showed patterns of colder temperatures around
clouds that had previously been removed. These 30m x 30m cells were probably only partly covered
by clouds and therefore not é@htified as clouds by neither the Landsat QA toolbox nor the manual
method. Therefore, to get rid of these edge effects, an additional cloud removal method was
performed. This was done with the use of a threshold method that erased pixels with an LST value
below a certain threshold value of the image. This threshold value was increased until a pixel was
erased that was not situated at the edge of a removed cloud, so that the surface cooling pattern was
not affected This threshold method deleted fewer exjpels than the manual method, but it was

still aroundfifteen thousandpixels(~1.5%)for some images in the wet season.

2.3.2. Atmosphericorrections andadiometriccalibrations

The electromagnetic radiation received by the Landsat satellite is tiypacanixture of two kinds of
SySNEHéo® LG A& || YAEGdZNBE 2F G(KS NBFtSOiGlyOS 27
reflectance of the atmosphere itsglf hemistocleous & Hadjimitsis, 2008herefore, amospheric
corrections were applied to correct for the different atmospheric conditions present at the different
dates of the satellite images. In this process, Digital Number (DN) values of thermal band 10 were
converted into Top Of Atmosphere (TOA) spalatadiance value€l) (Amorim, 2018 Estoque et al.,
2017; Marando et al., 2019; U.S. Geological Survey, 20ty thermal band 10 is used in this study
for the LST extraction since on Jan. 6, 2014, the U.S Geological Survey state in an TIRS calibration
notice that it is recommended tase Band 10 instead of Band 11 due to larger calibration

uncertainty associated with TIRS BandW1S.Geological Survey, 20148ubsequently, TOA radiance
values were used to derive the TOA brightness temperaf2xelf OA brightness temperature

assumes that the earth is a blackbody and so has an unity emig€itiyder, Markham, & Helder,
2009; Estoque et al., 2017lhis derigtion wasdone using prelaunch calibration constaf@hander

et al., 2009; U.S. Geological Survey, 20IBg conversion of DN values into TOA planespectral
reflectanceisthe second atmospheric correction that was done before the LST could be extracted
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(3) (U.S. Geological Survey, 2019; Wardana, 204bgalculations werperformedusing the raster
calculator in Arc@ Desktop.

9 Conversion of DN values into TOA spectral radigdcg. Geological Survey, 2019)

0 0 0 0 (1)
Where:
L = TOAspectral radiance W/(AF  aNJ Ff >Y 0 0
M = Radiance multiplicative scaling factor for the b@d(m?F aNJ F >Y 0 0
(RADIANCE_MULT_BAND_n fromLilmedsaimetadata)
Qeal = Quantified and calibrated pixel value of the standard product (DN)
A = Radiance additive scaling factor for the b&dnd(m?F &aNJ F >YO0 0

(RADIANCE_ADD_BAND_n from the Landsat metadata)

9 Conversion of TOA spectral radiance to TOA brightness tempeli@iuse Geological Survey,

2019)
Y — (2)
Where:
Ts = TOA brightness temperature (K)
L = TOA spectral radiance (WAm &aNJ F >YO0 U
Ku = Bandspecific thermal conversion constant from thandsametadata

(W/I(m2*srg >Y 00
(K1_CONSTANT_BAND_x, where x is the thermal band number)

Ko = Bandspecific thermal conversion constant from thandsametadata(K)
(K2_CONSTANT_BAND_x, where x is the thermal band number)

1 Conversiorof DN values to TOA planetary spectral reflectafit&. Geological Survey,

2019)
B (3)
Where:
< = TOA planetary spectral reflectan@mitless)
M- = Reflectancenultiplicative scaling factor for the barfdnitless)
(REFLECTANCEW_MULT_BAND_n from the metadata)
Qeal = Quantified and calibrated pixel value of the standard product (DN)
A = Reflectance additive scaling factor for the bémditless)
(REEECTANCE_ADD_BAND_n from the metadata)
SE =Local sun elevation ang{degrees)

2.3.3.LSTextraction

To derivethe LSTrom the satellite images, the TOA brightness temperature needed to be adjusted
based on surface emissivify) (Estoque et al., 2017; Simwanda et al., 2019; Sobrino, Jiménez
Mufioz, & Paolini, 2004; Wardana, 201B)e emissivityvasobtained usinghe NDVI Threshold
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Method, which bases emissivity on NDVI valie(5) (6XSobrino et al., 2004 his method

considers pixels withraNDVI value < 0.2 as bare soil, resulting in an emissivity value of 0.97. Pixels
with an NDVI value > 0.5 are considered to be completely vegetated and agaedsin emissivity
value of 0.99. Pixels witmaNDVI value equal or in between 0.2 and 0.5 are considered to have a
land covercontaining both bare soil and vegetation.

1 The resulting emissivity of these pixels with B{SDVDKD.5 was obtained using the
following equation:

- I Ty @ (4)
Where:
v 5060 (5)
Where:
0 0wOo——— (6)
Where:
5 = Land surface emissivitynitless)
P = Vegetation proportiorfunitless)
NDVhax = 0.5(unitless)
NDVhin = 0.2(unitless)
"NIR = TOA spectral reflectance value in Near Infrared B&(oehifless)
" Red = TO#Aspectral reflectance value in Red Ban@iditless)

9 Conversion of brightness temperature to L(8Tis & Carnahan, 1982; Estoque et al., 2017,
Marando et al., 2019; Simwanda et al., 2019; Wardana, 2015)

0°YY——F— CX®U (7)
Where:
LST = Land surface temperaturéQ)
Ts = Landsat 8 Band 10 brightness temperature (K)
< = Wavelength of emitted radiance =10:8Y 0 = (G KS OSY(iNB g @St
Landsat 10
 KOk'™ &mddnoy E wmn
h 't f lcofshent@6a626 x 1% Js)

c = Velocity of light (2.998 x 4tn/s)
) r . 2t01TYFyyQa DBDRadlyld omdoy E wmn

2.3.4 LSTstandardization angdeasonakompositionprocedure

To ensure comparability and better establishment of the SUHI between sateléiges obtained
duringdifferent months and weather conditionghe LST mapsexe standardized8) (Walawender,
Szymanowski, Hajto, & Bokwa, 201R¢chnically, standardization @L ST raster determines by how
many standard deviations ¢hLST value of every pixel lies above or below the mean LST value of the
whole LST raster samp(é/alawender et al., 2014Therefore,in this study the standaidedLSE

were calculated by the following equation:
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0°YY——— (8)

Where:
LST = The standalidedLST pixel valugC)
LST = The LST pixel val(f€)
LST = The mean LST of the Greater ParamaRbgion(°C)
LST = Thestandard deviatiorof the LST raster of the Greater Paramaribo

(°C)

After standardizationthe distribution of every LSTasterwascharacterized by a mean valog€0

and astandard deviatiorof 1 (Walawender et al., 2014Yhis conversion to LSWeart that the LST
values of all the seven individual imagesre shown in comparison to the mean sample LST on that
particular day. This incread¢he comparability of the cooling effect of the separate images
Standardisation enabletthe possibility to create seasonal compositkat formed a general
representation pe seasonTheseasonal compositesere also created to cope with thegh cloud
coverage on the satellite images in the wet seaddre removal of the high cloud coverage resulted
in three highly disrupted LST map¢hich areshown in Appendit and2. Soto perform asufficient
analysis on the cooling effect, these three \#dre combined in a composite to create a more
continuousLSTraster.

These LSEeasonal composites of the wet and dry seag@ne createdoy selecting the maximum
LSTvalue of # the inputs for each pixel locatiamsing the Maximum function in cell statistics in
ArcGIS Desktop. The Maximum functieasused becaussomecloud edgepixels containing low
LSTremained even after removal of the cloud edge effdntthe three images of the wet seasoks
a result,an edge effect pixel valuenly prevaikd in the outcoming rasteif that edge effect pixel
value waghe only pixel valu@resenton thatparticularlocation in all of the input rasters.
Consequentialliythe influence of cloud pixelsasminimizedin the resultantseasonal. ST, max
rasters.These LS naxrasters together with the classified land cover map formed the basis of this
research.

24. Analysis

24.1. Analysis of th8UHEffect

TheSUHMWwas analysed on two different scales. Eirsthe Greater Paramaribo Region to show the
LST developments between the city core and the rural hinter{&pgpendixl). Seconty, the SUHI
wasanalysed within the administrative boundary, to show the ift3HI of the city of Paramaribo
(Appendix2).

On the basis of L@k values per land cover typthe SUHI effecivasscaled using the most reported
SUHI indicators in literaturgSchwarz et al., 2011; Schwarz, Schlink, Franck, & Gromann, 2012)
These indicators are summarizedTiable5. We followed the procedure as reported by the
referenced studies closely, with the following exceptions. Findhe referenced studies ihable5

the mean LST value per land cover type of one satellite image was usedfdhalmentioned
indicators.However, in this study the mean Lakvalue was used instead, since seasonal
composites weraisedto calculate the SUHI indicatoasopposed to a single satellite image
Secondlyin this studya distinction was made between urban land cover and infrastructure, while in
some of the referenced studies this difference was absent. In these stadoesnbined builup

land cover @ss wasised insteagdwhich servedsthe urbanland coverclass needetb calculate
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the several indicators that use urban temperatures. Therefore, for comparison reasdhis study

GKS {!'1L AYRAOF{G2NE GKIF{G AyOf dzR Syanligasiiglthg and( S Y LIS NI
cover type urbanand onceby using a reclassified ar@2 Yo A Y SR fF yR 02 @pNI Of I a &
(combination ofurban and infrastructure

Table5. SUHI indicators used in this study

Indicator Units Quantification Related references
Difference urban other K Difference in mean L§3xbetween urban (Dousset & Gourmelon, 20Q3)
area and all other areas (Gallo et al., 1993)

(Tomlinson, Chapman, Thornes,
& Baker, 2012)
(Zhou, Li, & Yue, 2010)

Difference urban water K Difference in mean L§3xbetween urban (Chen, Zhao, Li, & Yin, 2006)
area and water surface

Difference core rural K Difference in mean L&dxbetween urban (Verburg, van Berkel, van Doorn
core(> 67% urban land use in 9 Knathd van Eupen, & van den

rural areas(<25%urban land usén 25km?) Heiligenberg, 2010)
in the Greater Paramaribo Region

Hot island area km2  Area with LSTaxhigher than the mean plus = (Zhang & Wang, 2008)
one standard deviation

Magnitude K Difference between maximum and mean of (Rajasekar & Weng, 2009)
LSTax

Micro-UHI %  Percentage of area (without water surfaces) (Aniello, Morgan, Busbey, &

with LSTaxhigher than the warmest L& Newland, 1995)
associated with tree canopies

Standard deviation K Standard deviation of L@ (Schwarz et al., 2011)
Note: All LSJaxvalues,exceptfor the rural LS¥ax, weremeasured within the administrative boundary.

After the Greater Paramaribo Regi@lJHI was analysed, the im&JHI within the administrative
boundarywas analysedb study the cooling effect of UGS nonparametric KruskaWallis test was
performed on the LSmaxvalues per land cover clgge asseswhether LSJ maxvalues were
significantly different across different land cover typ€be KruskaWallis test was chosen to ensure
robustnessResults of this statistical test were adjusted by the Bonferroni correction for multiple
tests.To check if the L§haper land covetype significantly differed between the wet and dry
seasona nonparametric Wilcoxon signexhnk test was performedAll statistics in this study were
performed using IBM SPSS Statistics 25, on a randomly taken sample of raster pixergateds
with the CLUE modelling framework file convertév/@rburg & Overmars, 2009 minimum
distance of 90 meters between sample pixels was used in the sampduoeautocorrelationand
ensure independency

24.2. Analysis of theoolingeffect of UGS

2.4.2.1 The relationship between the LST and NDVI

In previous researcliocusing orthe relationship between LST and green vegetatgmeen

vegetation is mostly represented by NO#®lg.Anniballe et al., 2014; Cui & Shi, 2012; Estoque et al.,
2017; Simanjuntak et al., 2019; Wardana, 20TBus, the relationship between LST and NDVI is of
interest, as NDV§ a fast and edly applicableneasure that reflects the intensity of green in a
landscapeTherelation analysihetween LST and NDWas performed twice, once on a random
sampleof pixelstaken from the administrative boundary and once on a random sample taken from
the administrative boundary after water surface was excluded. This was done because NDVI values
range from-1 to 1, increasing with the greenness of the landscjegative values andalues close

to zero generally correspond to barren or constructed areaslewbw positive values generally
represent shrub and grassland. High values approaching one indicate very dense green land cover,
such as temperate and tropical rainforebtowever the lowestNDVIvalues approachingl (very
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low intensity of greenyyenemlly correspond to watefSentinel Hub, n.d.)Jhis is due to the fact that
water has a relatively low reflection in both tinear infraredspectral band and the red spectral
band The main aim of tfs study is to explore the relationship betwed&Sand LST, this
relationship using NDVI as an indicatfmr UGSshowed that in general UGSs have a high NDVI
valueanda lowLSTSince water, like UGHB, generahas a low LST but unlike UGS, it hasrg low
NDVI, water interfered strongly with the correlation between LST and Nibi¢h NDVI wsused as
an indicator of UGCai, Han, & Chen, 2018; Zhang, Estoque, & Murayama,. 2&& yesult, a
substantial amounof low LST values also corresponded witter (ow NDVI valugs whilewe

were mainlyinterested in the relationship betweedGSliighNDVIvalueg and LST

At S NE2Yy Q& O2 NNPBefdrnied ® iést forgstafisBeally significanilationstip
between the LST and NDVI and to measuresthengthof this relationship. A linearegression
analysisvas conducted talescribe the impact of a unit NDVI change on the kL.STThe correlation
and regression were performed on a random sample, withirimal distance of 90 meters between
the sample points.

24.22. The relationship between the LST and land cover type

In this study of the relationship between UGS and the SUHI, landscape metrics were used to study
the composition and configuration of $3dn the landscap€Du et al., 2019; Li, Zhou, & Ouyang,

2013; Maimaitiyiming et al., 2014; Simanjuntak et al., 20IBg landscape metria¥ different land
cover classewere calculated from the classified land cover map showfigare4, using Fragstat

4.2 (McGarigal, Cushmag: Ene, 2012)

The influence of theeight different land cover classes the LSWasstudiedusing thePercent of
LandscapePLANDmetric. PLAND is a class metric, describing how much area of a landscape is
covered by a certain clag¥lcGarigal, 2015)This metric generatkland cover density maps, using a
moving window method with a circular kernel focartainradiusaround a pixelThe PLND metric

was used instead of the pixieind covertype, becausavith the PLANRIso the influence of théand

cover in theenvironmert of a pixel on the LST on that eixstaken into accountThis is in line with

several studies that used the PLAND metric and theegliyessed this influence from the

environment on LS{Du et al., 2019; Li et al., 2013; Maimaitiyiming et al., 2014; Simanjuntak et al.,
2019; Wardana, 20157 he radius of optimal influenagasdetermined througha S NB 2 Yy Q&
correlation analysis between LSfxand different PLAND dii that usedUGSas land cover class
(followingWardana, 2015% KS 2 LJGA Yl f NJ} RAdza ¢l a OK2aSy o6l aSR
correlation coefficientln this calculationJGSs a reclassified land cover class containingpal

green land cover types, grass, mixed low vegetation, mangrove and trees. Since the main goal of this
research was to determine the cooling effectlé®&Sthe combinedUuGlasswasused to determine

the optimal influence radius

Thereafter ths optimal radiusfor UGSvasusedas radius for the moving kerneltine PLAND metric
for each individual land cover typAs a resulteightdifferent 30m resolutiorrastersof the
administrative boundaryvere created with each cell displaying a percagteof aparticularland
covertypein its surrounding. Thessightland cover density rastergere then associated with the
LST maxvalues in the wet and dry season. Tamalysisvasdoneon the samerandom samples was
used for the NDVI analysis. Téalysis on the influence of the individual land cover types ST
comprised ot S | NEdrgfafians and simple linear regressions.

However, before each individual land cover was correlated agdiast $J maxthe 0% values were
filtered out of the sampleThePLAND percentage only gives informationttom presence of the
selectedland cover typeSo, a 0% PLAND value only meant that there was 0% of the selected land
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cover presentbut not what landcover was preserinstead This caused largescatter in the
correlation of all land cover types with LsSikkaround the 0% valuealso influencing regression
results.Therefore, the sample points with a 0% PLAND value of the selected land coveetgpe w
filtered out before the correlation analysis was performed.

The individuakimple linearegressions were carried out in order to provide insight into the
individual relationshipdetween land cover types and L¥lowevergven dter filtering out the0%
values, a substantial part of the land cover at the lower percentages remained unexplained in the
individual analyses. This results in an unclear relationship betweemkdmd PLAND around the
lower PLAND value$o overcome tase disturbanceandin order to provide a complete overview

of the relationship between landover percentages and LSTKS t [ ! b5Qa 2F (KS
were combined in a multiple linear regression againstsL.aJ The PLAND values of the eight land
cover types are fractional data that together sum up to a hundred perdédrrefore,in order to

fully investigate the influence of the different lasdver types, the multiple linear regression models
tested consisted of Atombinations of all eight landover types minus ondé:rom these models the
best representative model was selected the basis of the proportion of variance was explained by
the models (R2)n addition in order to select the best model, the numbertiofies was counted that
the coefficient of each land cover switched sign. The ones that switched sign least were the most
evident heaters and coolers, and so needed to be included in the model the most.

2.4.2.2 The relationship between the configuratiotJ&Sand its cooling effect

Next to the question whethed G ool the surface, this study aimed to analyse the influence of the
spatialconfigurationsof UGSon this cooling effectThisrelationship between sgtial configurations

of UGSand temperature was analysed on the basis of the most widely used spatial nfetgd3u

et al., 2019; Estoque et al., 2017; Li et al., 2013; Maimaitiyiming et al., 2014; McGarigal et al., 2012;

Simwanda et al., 2019; Wanda, 2015) The lectedclass metricsvere: Aggregation index (Al),
Landscape shape index (LSI), Edge density (ED) and Patch DensityggD)ere selected because
they are the most commonly used metrics in previous reseaaiol, whencombined theyprovide a
completeoverview ofthe shape complexity and distribution of UG®3e detailed descriptions and
computing equations of these metrics are listed'able6.

Table6. Classmetrics used in this study.

Metric (abbreviation) Description Equation Units
Percent landscape Proportion of the landscape occupied by .. B .
(PLAND) corresponding class. vuouv OT pmm %
Al equals the number of like adjacencies .
Aggregation index involving the corresponding class, divided by =« 0 Q p T o
(AI) the maximum possible number of like Aand Q 0
adjacencies involving the corresponding class
Landscape shape inde Per_lmeter of pgtch divided by the minimum _a® ¢
(LS)) perimeter possible for a maximally aggregatec 0 YO—— -
class. o
. Total length of all edge segments of .
. - B .
Edge density corresponding class divided by the total ‘00 _ Q fmmmm| mha
(ED) P
landscape area per hectare. 0
Patch density Number of patches per unit area of 50 8_ PR — Number
(PD) corresponding class 0 P P per km2

a;= area of class ij (m?); A = total landscape area (m%;rmumber of like adjacencies between pixels of class i based on
single count method; magi = maximum number of possible like adjacencies between pixels of classtdtal length of
edge of class i in landscape (m)ymumber of patches in the landscape of cla@ddiGarigal, 2015)

Theseclassmetrics were calculated for the combinedG<class using the same optimal radius of
influence that was used for the PLAND metric. Afterwattisvaluesof the severatlassmetrics
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were associated with the L§haxvalues of the different seasons. This was dogaimperforming
t S NEdrelaflans and simple regressions on a random sample

24.2 3. Influenceof major thermal centresn LST

In order tofinally predict the LST within the city of Paramaribo on the basis of several land cover
characteristicsthe influence of the major thermal centres on L&lkeded to be analysedhis was
necessary because previous research pointetttioat for example distances from thermal centres
as the city centre or the sea alkad a substantial influence on the L&Ri et al., 2018; Estoque et
al., 2017; Marando et al., 2019; Simwanda et al., 2019; Wardana, . Zdiequentlydistance
rastersoriginating from thermal centrewere created using the Euclidean distance tool in ArcGIS
Desktop,to study their thermal influence on their environmegistoque et al., 2017; Marando et al.,
2019; Simwanda et al., 2019; Wardana, 20IB thermal centreshat were selected in this study
arethe urban city centre, the coastline and the Surirganiver. For the urban city centre, the
Vaillantssquare was selected because of its central position in the economic centre of the city and its
recognizabilitydue to themonument for the colonial parlimentthat is situated on the square

These distance rasters were related to L §&kvaluesfrom different seasonwithin a random
samplethrough individuat S | NEd@rgfaflans and simple regressions.

2.4.2.4. The effect on LST of all land cover feattwmbined.

After all variables were analysed individually, three multiple linear regressions were applied on a
restricted number of selected variables. The number of variables was restricted in this process to
ensure better variable analysis within thegression models. The multiple linear regression models
investigated how changes in land cover features could best describe tlautigJ the research
periodwhile testing one of the formed hypotheseBhe dependent variable used to test the three
hypotheses formed was LSax The input variables for each model were selected on the basis of
the hypothesis that the model tested. Basedtbe originalresearch questions and the results of the
individual simple regression analyses, three central hypotheses formulated, to confirm these
results in multiple linear regression analyses.

1. Impervious urban surfadacreases surface temperatures
2. UGSookthe surface
3. Trees are th&JGSype that cools the surface most effective.

By means of the multiple lineaegressions, it was tested whether the main findings of the individual
relationships with LS Tnaxfound were still valid when the influence of other indicators was added.
Asvariables for each modelhe combination of the least possiblariables washwsen that still test

the hypothesis well while minimizing loss of explanatory powleen compared to the model

including all 18 variabletn the selection process all land cover types, class metrics, distances from
thermal centres and NDVI were considere this selection process the maximum correlation
betweenmodelvariables allowed was 0t@ prevent multicollinearity a threshold value which is
applied in studies that performed comparable analy8ésn Der Zanden, Verburg, & Micher, 2013)

24.25.Detailed analysis on LST across several geographical specifics in Paramaribo

Due to the tropical climate, Paramaribo has a different-sjgecific vegetation than most of the
cities whose UHI effect was analysed, as they are generally located in temperate(Pames &
Emmanuel, 2018)lo obtain more knowledge on thes#5Sshat are specific to the tropics,

fieldtrip wasconductedas part ofthis researchDuringthe fieldtrip typical green features for the
city of Paramaribavere determined These typical green features were subdivided into 13 groups
differing in vegetation characteristicEhe locations of these green features were docuneenas
was their land coveiin detail using the ESRI Collector app for ArcGIS. AfterwthedsST maxvalues
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of the green featuresvere extracted.As a result, an analysis was done on the cooling effects on the
LST of these 13 different green featuregpson the LSTResults of this analysis provides the city
council with a good overview of the cooling effect of the differei@Sscross the city.

To extend the analysis wafich vegetation type most effectively cooled the land surface in the city
of Paramaribo, cold spots were selected in addition to the selected green feaflinese were
selected purely on the lowest LSiaxvalues within the administrative boundarVhus, based on the
LST dataconsideredn this study, these sites had proven tifeetively reduce local LST over time.
LSTDuring the fieldtrip thdand covercharacteristicon these selected cold spots were
documented.

After all green spaces and cold spots were selected, located and visited, they were grouped
according to their ge and vegetation characteristics. Next, LST values were extracted from all pixels
on the different groups of green features and cold spots. In addition to these descriptive analyses of
all pixels, a random sample was taken and analysed for both greamrdsaand cold spot§his

sample analysis consisted of a Krudkalllis test to check whether theST, maxdistribution between

the groups was statistically different. The Krusikélllis test was followed by a Wilcoxon sigradk

test that checked whether the LST within the groups differed significantly between the wet and dry
seasons. This analysis was paried once for the selected green feature groups and once for the
selected cold spot groups.

Lastly different neighbourhoodsvere alsovisited thatdiffered in SE®f their inhabitants. This was
carried outto check if the amount and type €fGSliffered between theseneighbourhoodsand so
indirectlybetween levels o6ESThispotential differentiationof UGSoetween different levels of
SESwould then also reflect in differemverageLSTvalues. This relation was tested tire basis of

the 30m resolutio raste that divided the administrative boundanf Paramariban
neighbourhood<lassified on theiSEFigure5). The LSTmaxdifferences between the residential
classes were analysed in the same manner as the green features and cold spots, using-a Kruskal
Walllis and a Wilcoxon signednk test.

2.4.3. Analysis of theelationship between LST asidtemperature

24.3.1. SUHI \GIHI

The3UHI between the urban core of the city and its rural surrounding was determined in LST
according to the criteria stated ifiable5. In addition withinthe 2 @ S NJ- NDowards/a3Greén and
Y2NB [ A DS 0 fpdject theMlifferenddIn airtémperature between the urban core and
its rural hinterland wasilso obtained. This data was collected ameoutdoor temperature logger

that was placean the most rural locatiothat was availableAvailable, meaning a location that was
under supervision from someone known within the projectprevent it from beig stolen As a
result, theoutdoor temperature loggewasplacedjust outside the Greater Paramaribo Regicee
Appendix3 for the exact location on the maphisrural outdoor temperature loggewasonly
operationalsinceDecember 7, 2019 meaning thanhone of the analysed Landsat images were
obtained in the same periotHowever December 7, 2019 is around the same period of the start of
the short rainy season (early Decemlgdate January). So, till providea good overview of the
CLHJthe hourlyair temperatures of the outdoor temperature loggers from Decemb&r 2019 to
January 3%, 2020 were averaged, to creasemereference air temperaturefor the LST values from
the wet seasonOutdoor temperature loggexr1 and 2, of which aexample is shown in Appendix
were placed on locations within the urban core and therefore provided the urban core air
temperatures during the sameshortrainy season to subsequenttglculae the CLHIThe resulting
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CLHI was then compared to the SliHthe wet season that was obtaingdroughLST extraction
from remote sensing data

2.4.3.2 Relationship between LST and air temperature found in the city of Paramaribo

The relationship between LST and air temperature was analysed theoogimparison beveen air
temperature measurementperformedby outdoor temperature logges placed on different
locationswithin the administrative boundary and LST values on the same losaftigiure6). The
outdoor temperature loggers were placed at different heights that were on average @bout
meters above the ground and mostly out of the slihe comparison between LST and air
temperature wasdone onair temperaturedata obtainedoy theoutdoor temperature loggesat 2
pm on 8 September 201Fhis was due to the fact that this was the only time that one of the
analysed LST images was taken within the operational period afuttmor temperature logges.

In addition through the meteorological service of Surinaraig temperature records were obtained
for the measumg stationsgCultuurtuin and Zorg en Hoopifure6). Atthese two locations
comparisons were performed for all sevaoquisition dates of théandsat images.

measuring stations

, :Cﬁituurtuin

Zorg en.Hoop

Figure6. Locations ofhe outdoor temperature loggerand of the two air measuring stations of timeteorological service.
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2.5. Workflow

To provide a complete overview, the methods used in this study are summarizéldm diagram

shown inFigure?.

Landsat 8 Image Extraction and Processing
Data: Landsat 8 satalite images
Method: NDVI calculation

/4 Images QJ\M /3 Images Emﬂy

_ 3 ZU<<_ maps _ _ 3 ZO<<_ maps _

‘L

Land Surface Temperature Extraction
Data: Lansat images and NDVI
Method: Cloud Correction; Conversion of
DN to brightness temperature and
emissivity correction; Clipping,
Maximization; and standardizing to create
seasonal composites.

[ 4LSTdry | [ 3LSTwet |
v L]

LSTmax dry LSTmax Wet
Paramaribo/Region| |Paramaribo/Region
v [}

LSTs, max dry LSTs, max Wet

Paramaribo/Region| |Paramaribo/Region
[

[ Extreme cold spots |

_

SES ArcGIS World Imagery Base Map Air Temperature
Neighbourhoods (Esri, 2018) 11 stitioary
Map « ek .
Fungiopstal, . e e g ® | | o emporare
2019) Green Feature Selection (Taus, 2019) loggers (Kalpoe,
and Distance Calculations § 2019)
Data: GIS base map « Data :oa.zzo
Method: Green feature meterological
selection, Euclidean distance stations
from city centre, river and coast )
\ Green \ \ Distance \ Spatial Land Cover Analysis
feature map maps Data: Land cover classification map
] Method: Class metrics (PLAND, Al,
Y LSI, ED, PD),
Fieldwork
Data: Extreme coldspots, Composition Configuration
Green feature map, and SES PLAND Al, LSI, ED, PD
Method: High-resolution GPS 1 for UGS & 1 per Only for UGS
mapping of landcover & land cover type
Ground truthing

!

Y

Analysis on the Urban-Rural SUHI and the
Intra-Urban SUHI
Data: LSTmax and LSTs, max Of Paramaribo and
region, Land cover classification map
Method: SUHI-Indicators, Kruskall-Wallis, and
Wilcoxon singed-rank test

Analysis on Relationship Between Urban LST & Green (NDVI),
Composition (PLAND), Configuration (Al, LSI, PD, ED),
Distances, Cold spots, Green features, and SES

Data: LSTmax and LSTs, max in Paramaribo and all variables
mentioned in box title

Method: Pearson correlation, simple regression, mulltiple linear
regression, Kruskall-Wallis, Wilcoxon signed-rank test

Analysis on the Relationship Between LST &
Air Temperature

Data; LSTmax and LSTs, max Of Paramaribo and
region from June 2019 onwards & air temperature
data from drops and stations
Method: Comparison between SUHI and CLHI,
and comparison between LST and several
locations of air temperature measurements

Figure7. Workflow of methods used in this studdach box provides the input data and methodology used for a given task.

Theflow paths (lines) start dboxes orthe top (right) that contain the input data, then they proceed to a prooegsdox in

the middle to end in an analysis box at the bottom (left). The line colours separate main subjects of the research),LST (blue

local detailed Paramaribo specifics (black), laoderbasedanalysis (green), and aemperature (red).
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3. Results
3.1 Analysis of thel3HI

3.11. Spatial characteristics of the SulHthe Greater Paramaribo Region

Table7 givesan overview of theSTin the Greater Paramaribo Region the dates that the satellite
images were takenThe tableshowsan average LST of 27@Q for the dry season and an average LST
of 257 °C for the wet seasonh€ seasonal average minimum LST within the dry and wet season
were of equal magnitude (28.and 23.7°C), but the average seasonal maximum LST within the
Greater Paramarib&egiorwashigher in the dry season (36°C) thanin the wet season (33.24C).

This resukdin a larger range of LST values in the Greater Paramaribo Redlendry season than

in the wet seasonThis is an indication of a larger UHI effect within the dry season than within the
wet seasonThe detaikd LST maps of the Greater Paramaribo Regith® separate dates of
acquisition are shown in Appendix

Table7. LSTof the Greater Paramaribo Region extracted from Landsat imagelsiding minimum, maximum, range, mean

and standarddeviation
The Greater Paramaribo Region
LST(°C)

Season | Date Landsat Image Min. Max. Range Mean  S.D.
15/10/2015 244 | 414 17.0 28.8 | 2.2

01/10/2016 23.6 | 353 11.7 27.1 1.8

Dry 21/09/2018 23.6 | 36.2 12.6 27.5 1.9
08/09/2019 22.8 | 33.8 110 25.5 1.7

Average dry 23.6 | 36.7 13.1 27.2 1.9

29/07/2016 244 | 345 10.1 26.6 15

Wet 14/06/2016 219 | 30.1 8.2 23.6 1.2
04/08/2018 248 | 35.7 10.9 26.8 1.6

Average wet 23.7 | 334 9.7 25.7 1.4

The two seasonal maximum LETS may) mapsare shown inFigure8 (a & b. In addition of the LSik«
maps also the corresponding standardizadximum LSTLST ) Maps are shown ifigure8 (¢ &
d).
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Greater Paramaribo: Dry Season Maximum LST Greater Paramaribo: Wet Season Maximum LST
N N

j"j Legend

 Legend :
LST max (°C) | LSTmax (°C)
— High: 41.4 d | High : 35.7
: sl I
: - Low:21.9
Low: 236 0 4 8 1216
a) Kilometers b) e Kilometers

Greater Paramaribo: Dry Season Standardized Maximum LST  Greater Paramaribo: Wet Season Standardized Maximum LST

Legend Legend
LSTs max (°C) 471 LSTs max (°C)
— High : 5.8 3 — High : 5.6
2 1 Low:-1.3 . . Low:-1.4
c) e Kilometers d) Kilometers

Figure8. Spatial pattern of. STaxin the dry &) and wet b) seasorand LSJ maxin the dry €) and wet ¢l) season inhe
Greater Paramarib&egion
Note: White spots are areas where clouds were present in all the images used to create the seasonal composites,
these clouds were removed. Therefore, the white spots in the seasonal images indicate no data.

3.1.2 Spatial characteristics of the iH&UHIn the administrative boundary

3.1.2.1 Temperature distribution in the administrative boundary of Paramaribo
The intraSUHI was studied on the basis of LST mafén the administrative boundary. The results
of these LST maps are summarized in
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Table8. The table shows an average LST of 20.for the dry season and an average LST of°*€6.9

for the wet seasonThereforethe average LST in the administrath@undary was 1.9C higher in

the dry season and 1€ higher in the wet seasamompared tothe Greater Paramaribo Region
(Table?). In the wet seasarithe seasonal average minimum LST within the administrative boundary
was 1.2C higher in the dry season (24@) than in the wet season (23C). The average seasonal
LSTaxwithin the administrative boundary was the same as for the Greater Paramaribo Region in
both seasonsindicating thatall of the LSHaxvalueswithin the Greater Paramaribo Region occurred
within the administrative boundary. This resulted in a slightlalsen range in LST values in the dry
season within the adminisdtive boundary than within the @ater Paramaribo region. This indieat

an UH]I effect between the city of Paramaribo and its rural hinterland. The detailed LST maps of the
administrative boudary on the individual acquisition dates are set out in Appedix
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Table8. LSTextracted from Landsat imagedthin the administrative boundary

Administrative Boundary
LST°C)

Season | Date Landsat Imag Min. Max. Range Mean  S.D.
15/10/2015 25.6 414 15.8 306 25

01/10/2016 25.0 353 10.3 288 22

Dry 21/09/2018 258 | 36.2 10.4 205 22
08/09/2019 229 | 33.8 10.9 274 22

Average dry 24.8 | 36.7 11.9 29.1 2.3

29/07/2016 244 | 345 101 280 22

Wet 14/06/2016 219  30.1 8.2 245 17
04/08/2018 248 | 35.7 10.9 2811 22

Average wet 23.7 | 334 9.7 26.9 2.0

Sasonal composition of the Ledvalues of thandividual images resulted in two seasonal k5T
maps shown irrigure9 (a & b). Again, for comparability reasons two seasdrfal max maps were
createdFigure9, (¢ & d which,in combination with the classified land cover mémmedthe basis

of this research

Legend
LST max (°C)
— High:41.4
.
0 2 4 . Low : 26.1
a) = — Kilometers

Legend

LSTs max (°C)
— High : 4.3

- Low:-1.7
C) = — Kilometers

Administrative Boundary: Wet Season Maximum LST
[

N | P
5 N, i
e

Legend

LST max (°C)
— High : 35.7

— Low:21.9
Kilometers

Administrative Boundary: Wet Season Standardized Maximum LST

Legend

LSTs max (°C)
- High : 3.6

) Ao - -
0 2 4 6 ' Low :-1.6
d) = — Kilometers

Figure9. Spatial pattern oL STaxin the dry &) and wet b) season and LSTaxin the dry €) and wet () season irthe

administrative boundary.

Note:White spots are areas where clouds were present in all the images used to create the seasonal composites,

these clouds were removed. Therefore, the white spots in the seasonal images indicate no data
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3.1.2.2Land covebased descriptiveixelanalysis of LST in the administrative boundary
ThemeanLST maxvaluesand the standard deviationsf the different land cover classes in the
administrative boundary are shown kigurelOError! Reference source not foundThe
corresponding descriptive analysiscluding a figure similar teigurel10, of the Greater Paramaribo
region is shown in Appendi The full descriptive analysis of the Greater Paramaribo Region and
the administrative boundary are shown in Appendiand 7, respectively
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Figure10. Mean LSJ maxvalues per land cover clagscluding error bars displaying the standard deviatiorthi
administrative boundary in the dry and wet season.

The results show that in general the L &&values for the different land cover types were either
lower or higher than average in both the wet and the dry sea3bis means thag¢very land cover

type either heated or cooled the surface independent of the season. The order of magnitudge of thi
heating or cooling effect was dependent on the land cover type and the season. The highest
temperatures in both seasons prevailed on the most sealed and constructed land cover types
specificallyurban .4 £0.6 & 1.3+ 0.8 °C) and infrastructure (2£0.6 & 1.1 £0.8 °C). The LS Tax
valueswere lower, but still higher than the average temperature, for the land cover type bare soll
(0.8+£0.6 & 05+ 0.8 °C) Land covered with grass showed on average slightly higher than average
LST values within thdry season (0.20.7°C) and exactly average LST values within the wet season
(0£0.7°C) The rest of the land cover types had an average LST value that was below the average
LST valuef the administrative boundargand sochada cooling effecton the LSTMixed low
vegetationshowed the smallest cooling effe0.3+0.6 &-0.6 £ 0.5 °C). This cooling effect was

larger on land covered Hyees(-1+04 & -0.9 £0.3 °C), but wadargeston land covered by
mangrove(-1.1+0.4 & -0.9+0.3).

The KruskalWallis test showed that both the dry seasond_Slvalues and the wet season lsSk«
values were significantly affected by land cover tide,(7) = 2691.87, p €01 &Hue(7) = 2245,27,

38



p <.001) To follow up on these findings paitise comparisons were performed using Mann
Whitney tests.The detailed results of the Kruskadallis test and the pawise comparisons are
shown in Appendi8. These resulted in the conclusion theltnostall groupshad significantly
different LSJ maxvalues within the dry seaspwhen compared to each other. Only the differences
in LST maxbetween the land cover types mangrove and trégds= 10251, r =22), water and trees
(U =31334, r =.29),and infrastructue and urban(113511, r =.14)were nonsignificant In the wet
season it appeared that LSiaxvalues were not significantly differebetween the land cover types
trees and mangrovéU =11664 r =-.093), water and migd low vegetation (U 496156 r=-

0.0016), and infrastructure and urban (U 109577, +398) Except for thesehree combinations of
land coverall other possible combinations of land cover types had significantly differegtST
values in the wet season. This conclusion is in line with the mean values gthalues of the
different land cover types displayed kigurelO.

Besides the differences between different land covers the results alsoeshdifferences in LS Tax

on the same land cover type between seasdhkarger heating effect was visible on the constructed
land cover types, bare soil and grass in the dngsedhan in the wet season. On the contrary,

larger cooling effects weralsoobservedfor the vegetated land cover types in the dry season than
in the wet season. To check if these seasonal differences per land cover type were statistically
significant, anon-parametric Wilcoxon signehnk test was performed. The results of this test,
displayed in detail in Append® point out that these seasonal differences per land cover type were
all statistically significant.

3.1.2.3 Analysis of the SUHI in theya@if Paramaribo according to widely used Shtfitators
The results of the SUHI indicators are shown in
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Table9. They reveathat the SUHI indicatorare quite similar when either using the urban land
cover type or the combined builip land coverTheLSThaxon urban landwas clearly higher than all
other classes ofand use in both the dry and wet season. Tthisperaturedifference was even
larger when not all other land use was consideredjbat land covered by wateMoreover, the
difference between urban and water surfaces was about 2 K larger in theedsprthan in the wet
season, indicating a larger SUHI effiedthe dry seasonmhe slightly higher value of thdagnitude
indicator in the dry season than in the wet seasoipports this indicationTheMicro-UHI indicator,
on the other hand, showed a slightly higher UHI effect in the wet season. This was deddotth
that in the dry season, 12.3 % of ttetal area had a higher Lgkvalue than the maximum Lg%k
value on the treecovered land, whereas in the wet season this was 15 Hh&odifference between
the mean LS«in the urban core and the rural hietland in the Greater Paramaribo Region was
around the same magnitude in the dry and wet seasortonclusion, when comparing all SUHI
indicators, most indicators show a slightly larger SUHI in the dry than in the wet season, however
thesedifferences are small
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Table9. SUHI indicatorat 14:00 hrs, local timdpr both seasog oncetaking onlythe urban land cover type as "urban"
and once using a combination of urban and infrastructure in the form of a reclassifiedgoiaihd cover class as

G dzND | y ¢
HIIndicators
Dry season Wet season
Indicator Units Quantification Urban  Builtup | Urban | Built-up
Difference K Difference in mean L&k between 31 35 58 58
urban- other urban area and all other areas
Difference K Difference in meah.STaxbetween 54 53 37 35
urban- water urban area and water surface
Difference in meahSTaxbetween
Difference urban core (> 67% urban land use
core- rural K in 9 km?) and rural areas (< 25% 53 5.1
urban land use in 25 km?) in the
Greater Paramaribo Region
Hot island kmz | Area withL Shaxhigher than the 33.4 326
area mean plus one standard deviation
Magnitude K Difference between maximum anq 109 81
mean ofLSTax
Percentage of area (without water
. surfaces) with.STaxhigher than
- )
Micro-UHI % the warmestL Staxassociated with 12.3 153
tree canopies
Star_1d_ard K  Standard deviation df Shax 2.5 24
deviation

Note: Allareas and_STaxVvalues, except for the rurateas and_Stax are measured within the administrative boundary.

3.2. Analysis of the cooling effecté&S
3.2.1. Relationship between the LSTMB¥within the administrative boundary.
Theresults of the correlation analysis between the {.&kand the NDVare shown inTable10.

Table10.t S| NE& 2 y Q & (r) &f 2oL § Tbdaigs and NDVI onasing a sample dhe whole administrative
boundary and oncasing a samplafter water was excludeffom the administrative boundaryN = number of
pixels in sample.

t SFNE2Y Q& / 2 NN
NDVI Dry season Wet season
N r N r
NDVI (all) 12064 -.264* 11364 -.364*
NDVI (no water) 10516 -.813* 9902 -.805*

* Statistically significant at the .001 levelti@led).

The resulsin Table10 show the interference of water in the relationship between LST and NDVI.
When all land cover was considereldere was only a small to medium negative correlation between
LST and NDVI in theyd-.264) and we(-.364)seasonThis indicates thawvhen the NDVI increased
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causality(Field, 2009)The correlation disturbancis seen in théargeincrease in correlation

coefficientwhen water was excluded from the analysis. This exclusion resulteddtahbly strong

negative relationship between LST and NDVI in both the-d@¥3) and wet{805) season.

a) Dry season LSTs, max vs NDVI b) Wet season LSTs, max vs NDVI
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Figurell. Scatterplots, including regression line, of LekvsNDVIwith water in the dry (a) and wet (b) seasamd of
LST, maxvsNDVlwithout waterin the dry (c) and wet (d) season

The dsturbanceof the relationshipdue towater was also clearly visible in the scatterplots, shown in
Figurell. Satterplotsa and bin Figurell show asubstantialpoint cloudin the lower left corner of
the grid. These values are clearfluencingthe general downward pattern of the valueghe
regression lineare thereforealso highly influenced in both the dry (Y577 - 0.833x, R2=0.00P
<.00) and wet(y = 0.568 1.138x, R? = @33 p < .00} seasonThe disturbing valueare alsahose
with the lowest NDVI value§Vhen water was excluded from the sample, theakigs did not show

on the scatterplots anymore, proving that these disturbing points were points on wHiertwo
scatterplotsc and din Figurell showa significantand strong relationship between Lsfaxand

NDVI in both the dry (y = 2.038.221x, R2 = 0.66(@ < .00) and wet (y= 1.8893.296x, R2 = 0.648

p < .00) season.

3.22. Relationship between the LST and the land cover composition in the surraueaing

within the administrative boundary.

There was statistically significant negative correlation between thesL.a.alues and the

percentage of UGS for every radius in both the wet and dry se@sdlel10 & Tablell). So, this

means that when the density of green cover around a pixel increased, the.d«8i that pixel

tendedto decreaseTK S t S NE2y Qa O2NNBf A2y O2SFFAOASY(H oI
window was about 90 metersq(y, oo=-.508, p < 0.01 &kt 90=-.614, p < 0.01)Tablell. These 90

meter correlation coefficient$or the dry and the wet season bo#ihow that LSmaxand UGS
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density have a large and negative relationst@ohen, 1988)Since the correlation coefficientas
lower when the radius of the moving window surpassed 90 meters and started decreasing when the
radius increased to 200 meters, the process was stopped.

Table11 shows the results of the S | NJ&d?refafignsbetween the pixel LS Taxvalueand the

PLAND of UGS for an increasing raditie results showed a statistically significant negative
correlation between the LgThaxvalues and the percentge ofUGSor every radius in both the wet

and dry seasor50,this means that when the density of green cover around a pixel increased, the
LST maxon that pixel tended to decrease. Averaging over the wet and dry season it is SEsiplén
11that thet S I NJedtrgfa@lan coefficientvas highest when the radius of the moving window was
about90 meters(rary, 90=-.508, p <01 & hwet, 90=-.614, p <01). Bothof these correlation

coefficients show that L§haxand UGSdensity have d&argeand negative relationshifCohen, 1988)
Since the correlation coefficient flattened out when the radius of the moving window surpassed 90
meters and started decreasing whehe radius increased to 200 meters, the process was stopped.

Tablell.t S| NEdreglafian(r) of seasonal L§haxvalues and PLAND for different radii used in the focal analysis.

Pearsom @orrelation Coefficient
Radius (m) Dry season| Wet season
10 -ATT* -.564*
20 -.486* -.575*
30 -.496* -.589*
40 -.502* -.597*
50 -.506* -.604*
60 -.508* -.608*
70 -.509* -.611*
80 -.509* -.613*
90 -.508* -.614*
100 -.507* -.614*
110 -.506* -.614*
120 -.505*% -.614*
130 -.504* -.613*
140 -.502* -.613*
150 -.500* -.612*
160 -.499* -.611*
170 -497* -.610*
180 -ATT* -.564*
190 -.493* -.607*
200 -.491* -.605*

Number of observations 12064 11364

* Statistically significant at theDO1level(2-tailed).

After the optimal radius of influence was determined at 90 meters by using the combiB&llass

the individual relationship of all eight land cover classes with the LST was analysed. This was done by

running the PLAND metric, using a mowivigdow of 90 meters, for each class individually. This
resulted in eight different rastensithin the administrative boundaryyith each pixel displaying the
percentage of land covered by a certain land cover type inr@&@r radius around the pixefigure
12 shows he result of this process for the combined land cover di#sSn the dry and wet season.
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Figure12. Percemage ofUGSn a 98meter radius around focal cell in the Administrative boundary in théajand wet
(b) season.

Note:White spots are areas where clouds were present in all the images used to create the seasonal composites,
these clouds were removetherefore, the white spots in the seasonal images indicate no data

The results of S | NEd@refafignsof LST with the PLAND values of the individual land cover types,
after 0% values were filtered outre shown inrable12.

Tablel2.t S| N& 2 y Q & (r) of 2eedali L § Tbkafigs and PLAND valusfthe combined land cover class UGS and
of all individual land cover tygs, after 0% values were filtered obit= number of pixels in sample.

Pearson's Correlation
Land cover UGS | Urban | Infra Bafe Grass Mixed Trees | Mangrove = Water
solil low veg

10723 | 7210 | 8222 | 8695 | 9674 9669 3399 1933 2830
Dry Season

-.822% | 772* | \792* | .247* @ -.146* -576* -475* -.553* -.670*

10120 = 6772 | 7707 | 8177 | 9144 9134 3238 1855 2695
Wet Season

-.848*  .789* | .816* .155* | -.258* -611* -.392* -.409* -.514*

* Statistically significant at thedO1level (2tailed).

To correctly interpret the results shown Trable12 scatterplotswere producedfor each ofthe
individual relationships between the land cover PLANDn{9¢alues and the LSFaxvalues.These
scatterplotsfor the dry seasomre shown irFigurel3, andfor the wet seasorin Appendix10. Table

12 showsthat LST maxand the PLAND values for the different land cdypescorrelated in
approximately the same direction and magnitude in the dry and wet sed$@nL SJmaxand the
PLAND of the land covBlGS mixed low vegetation trees,mangrove andvater showed a large
negative relationshiplf these land cover types inaised around a pixel the LST on that pixel tended
to decrease, or vice vers@iable12 indicatesthat several types 0 GSool the surfaceThe PLAND

of the land covetypesurbanand infrastructureshowed a very strong positive relationship with _ ST
max Sinceif these land cover types increased i@@meter radius around a pixgthe LST value on

that pixel tended to increase, or vice ver3ais resit confirmed the basis of the SUHI effect, namely
that impervious mammade urban surfaces heat the surfadée PLAND of the grasisowed a small

to medium negative effect on the LST, while the PLAND of bare soil showed a small to medium
positive effect orLSTThese land cover typesere not correlatedhat strongly with LSWhichis

also clearly seen in the scatterplotsRigurel3. It is clearly visile that therewere as manypixels

around bare soi{d) andgrass(e)that had a higher than average LSiax as pixels that had a lower
than average LS Thax
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a) LSTs, max vs PLAND UGS (90m) b) LSTs, max vs PLAND Urban (90m)
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Figurel3. Scatterplotsincluding regression linef LST maxvsPLAND (90m) value$ the combined land cover class UGS
and of allindividual land cover typdn the dry seasoafter the 0%PLANDvalues were filtered out
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Toassesshe heating or cooling effemf the different land cover types in more detail, limea
regressions were performed on the k&3x(°C) values and the individual PLAND (%) values. These
linear regressins predicted the LS Taxvalue (y) from the PLAND value (x) of a land cover fiipe.
results of these linear regressions are shown as a red line in the scatterpkatpinel13 and as
equation inTablel3. From the coefficient in the regression equation, the difference in k&Value

on a pixel anbe predictedwhen the coverage, of the land cover in question, in arfer radus
around that pixel increased by 1%. The R?, as a percentage, regéseamount of va@tionin the
LST maxthat can be explained by the model.

Table13. Linear regression results of k&iand PLAND values the combined land cover class U&%! of allthe
individual land cover types

PLAND Land Cover Dry Season We‘F Season
Equation R? Equation R?
a) PLANDUGS90m) y =1.566 0.022x | .676* y =1.456 0.024x | .720*
b) PLAND Urban (90m) y =0.012 + 0.038x | .596* | y=-0.324 + 0.045x | .623*
¢) PLAND Infrastructure (90m) y =-0.234 + 0.044x | .628* | y =-0.588 + 0.051x | .666*
d) PLAND Bare soil (90m) y =0.317 + 0.020x | .061* | y=0.187 + 0.014x | .024*
e) PLAND Grass (90m) y =0.637%0.007x | .021* y =0.556 0.014x | .067*
f) PLAND Mixed low vegetation (90m| y=0.7680.017x | .331* y =0.6130.019x | .373*
g) PLAND Trees (90m) y =-0.289-0.012x | .225* | y =-0.467-0.008x | .153*
h) PLAND Mangrove (90m) y =-0.171-0.012x | .306* | y=-0.330-0.007x | .167*
i) PLAND Watef90m) y =0.360 0.013x | .449* y =0.1470.009x | .264*

* Statistically significant at th@01level (2tailed).

Tablel13 shows that much of the variation in LSikxcould be explained by the variationWGS
(R%iry =.68 &R3vet =.72), urban(.60 & .62) and infrastructur€63 & .67)However variation in

mixed low vegetation, treesmangrove and wateslsoaccounted for substantial amounts of
variation in LSTmax Bare soiland grasslid not show a substantial influence on the LST. The
coefficients of theegression equations ifiable13 showed thatinfrastructureand urban land cover
werethe largestheaters of the surfaceAnincrease of 1% in infrastructusmveragen a 90meter
radius around a pixevouldincreasethe LSJ maxon that pixel with 0.044C in the dry season and
with 0.051°C in the wet seasoWhen the different types oJGSare consideredJablel3indicates
that mixed low vegetation {0.017 &-0.019) was the biggest cooler of the surfaftlowed by trees
mangroves and grasHowever, observation of the scatterplotskigurel3revealsthat the average
temperature on land covered with trees and mangrove is on average cooler than land covered with
mixed low vegetation.

Due to the laclof information on land covered by a different land cover type than the selected one,
the relationships between LST and land cover types were disturbed at lower PLAND percentages.
Therefore, in order to test the influence of different land cover types ®$h more extensivelgl
possible combinations of seven out of the eight land cover type densities (PLA&IBombined

in sevenmultiple linear regression model®uring the selection process for the best model, it
appeared that the model had to explaiwo patterns, namely a heating pattern and a cooling
pattern. When one of the heatg variablesvas left out of the regression model (infrastructure or
urban), then the coahg variabledhad a venstronginfluence and the modedxplained the cooling
pattern. However the influence of the other heatdsecamenegligible. When one of thetrong

coolng variablegtrees or mangrove) was left out of the model, the moeeplained the heating
pattern and the heaing variablesyad a vey stronginfluence while theinfluence of theother strong
coolng variablebecame negligible.
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For allsevenland covercombinationsthe proportion of variancén LST maxexplained by the model
(R?)wasaround thesame valueThe land cover typeshich switched signs most were grass and
bare soil.Consequentiallythe best explaining model walsat without the inclusion ofyrass or bare
soil. The best moddbetween the twowas then selectethasedon the coefficiehof each land cover
minus the averageoefficient of that land cover in all the possible model3 ¢dnd cover typedAs a
result,the modeldid not contain the PLAND value for bare sdihe results of these multiple linear
regression models are shownTablel4.

Table14. Multiple linear regressiosto predictLST maxin the dry (upper) and wet season (lowleased orPLANDor all
land covetypes except bare soil

Coefficients Dry Season
Unstandardized = Standardized
Land Cover Model Dry Season coefficients coefficients . R2
t Sig.
B Std. j
Error
Constant 0.221 | 0.035 6.242  .000
PLAND Urban (90m) 0.018 | 0.001 0.287 34,997 | .000
PLANDnNfrastructure (90m) 0.018 | 0.001 0.288 32.450 @ .000
PLAND Grass (90m) -0.002 | 0.000 -0.042 -4.841 | .000 862
PLAND Mid low vegetation (90m)| -0.008 @ 0.000 -0.222 -20.437 .000 | °
PLAND Trees (90m) -0.016 | 0.000 -0.246 -39.428 .000
PLAND Mangrove (90m) -0.014 | 0.000 -0.229 -34.531 | .000
PLAND Water (90m) -0.011 | 0.000 -0.356 -30.039  .000
Coefficients Wet Season
Unstandardized Standardized
Land Cover Model Wet Season coefficients coefficients i Sig R2
B Std. J. '
Error
Constant -0.622 | 0.035 -17.888 | .000
PLAND Urban (90m) 0.029 | 0.001 0.461 56.452 | .000
PLAND Infrastructure (90m) 0.029 ' 0.001 0.461 52.220 | .000
PLAND Grass (90m) 0.001 | 0.000 0.011 1.263 | .207 871
PLAND Mid low vegetation (90m)| -0.002  0.000 -0.053 -4.885 .000 |-
PLAND Trees (90m) -0.005 0.000 -0.071 -11.361 ' .000
PLAND Mangrove (90m) -0.003| 0.000 -0.051 -7.608 | .000
PLAND Water (90m) -0.001 0.000 -0.024 -2.075 @ .038

The results imablel4 show that when all land cover types except for bare soil were taken into
account urbanand infrastructure had a similar heating effectbioth seasongBuy =0.018 &Byet =
0.029) Land coveed with grass showed a very small cooling effect in the dry seaB@92) and a
non-significant influence in the wet season. Watd).Q11 &-0.001) and mi&d low vegetation {
0.008 &-0.002)were significant coolers of theurfacein both seasons, altugh this effecwas
larger in the dry than in the wet seasohhe second most effective coolibgSype was mangrove
(-0.016 &-0.003).However the land covetype that cooled the surface most was tre€8.018 &-
0.005).
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3.23. Relationship between the LST and configuratiiGS

The previous sections showduht the presence olGScooled the surfaceThis cooling effect was
investigated in more detailiaanalysiof the configurationaktlass metricg\l, LSI, ED and PBy
YSFEya 27 t SloNSagdfeQressionanalyses reldtidn between LST and the
distribution of UGSwvasstudied.The statistical analysis was performed only on pixels that contained
someUGSn their environment¢ K S NXB & dzf i

Tablel5.t SI NE2Yy Q&

were filtered out.

a 2 Flationku® showd imdde25/ Q &

O 2 NNB § naibluied yind the uset Sonfiy @ afidreihsshefrids after 0%UGSvalues

: , : Pearsoif2 Gorrelation
ConfigurationalClass Metric
Dry season, Wet season

Aggregation index (90m) - 712* - 745*
Landscape shape index (90m) .560* 521*
Edge density90m) .406* .336*
Patch density (90m) .598* .599*
Number of observations 10723 10120

* Statistically significant at th@®01level (2tailed).

The results show that all relations were statistically significant, and that theseasignificant,
strongandnegative relationship betweebST maxand Al in both the wet and dry seasdrhis
impliesthat if the aggregation ofJGSncreasedhen the LSWwould tendto decrease. Thelass

metricsLSI and PD showed a large positive correlation with ki both seasons whiléhe LSJ max
and ED showed a medium correlation with each otlitowever, to correctly interpret the results of

iKS

t S+ NA 2 ysoaiterp® Ndididotreated?ayd compared to the correlation results.
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Dry season LSTs, max vs Al (90m) Wet season LSTs, max vs Al (30m)

~ 4
o 2 kel 5 g
L — 3 B 2 a ;
é g & LV_J e g
E E.. < -)l-i [P o
= W 0% C
|2 5 1 8 000 4
L - | fo) v N
| w 0 27 o B
[0} Lealg”
& 2 L
-2
0 20 40 60 80 100
Al (90m) (%) Al (90m) (%)
Dry season LSTs, max vs LSI (90m) Wet season LSTs, max vs LSI (90m)
5 o
L —
% | s e
E E #
- -
[
g 2
5 5
LSI (90m) LSI (90m)
Dry season LSTs, max vs ED (90m) Wet season LSTs, max vs ED (90m)
o 2
= x
x o
©
E - .
- =
(]
B 2
0 200 400 600
ED (90m) (m/ha) ED (90m) (m/ha)
Dry season LSTs, max vs PD (90m) Wet season LSTs, max vs PD (90m)
g 4 é) (;-’- 4
S 3 o z 4 .
© ©
£ 2 E 2
g9 S0 2o
9 2
20 = 0
) 7]
o 1 2 1
=2 i
0 100 200 300 400 500 600 2 0 100 200 300 400 500 600

PD (90m) (n/km?) PD (90m) (n/km?)

Figurel4. Scatterplotsincluding regression line and equatiarfi LST maxby the several configurationalass metricgor
the dry (left) and wet (right) season after the 0% PLANE3/alues were filtered out.

The scatterplots ifrigurel4 show a linear relationship between LST and aggregation index. This
relationship was specified by a linear regression analysis, resultirgnificgint negative
relationships between Al and LS#xin both the dry (y = 3.0880.034x, R? = 0.507) and wet (y =
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3.098¢ 0.037x, R2 = 0.555) seasdiis means thathe more aggregated an UGS is, the better it
cools the land surface. More aggregatd@S partly results from a higher presence of UGS in the
pixels 96meter radius environment, since the Al was highly correlated (r = 0.853).

On the contrary, the scatterplots of LiSkxby LS|, ED and PDRigurel4 do not show a linear
NBflFGA2yaKAL 6Si6SSy (KS G4KNBS OflFaa YSUNRO&A I yF
indicated otherwise. However, the scatterplots all show a sort-slfidpeto some extent. These can

be explainedased uporthe nature of the different class mets@and their relationship with the

presence of UGS in the 90eter radius on which they were calculated:

The equation iMable6 shows that the minimum LSI value of one was reached when the shape of a
UGS was as simple as possible. The LSI value does not say anything about the size of this UGS. So,
both an UGS that tally covered the total 9@neter radius environment around a pixel, and the

smallest UGS of just one, simplquareshapedpixel, have LSI values equal or very close to dine.
couldtherefore beeither very cold or very hot at a low LSI value, due todifference in presence

of UGS. When higher LSI are reached there needs to be at least a certain amount of UGS pixels and a
certain amount of noAJGS pixels to beresent in the 9@meter radiusfor a complex shape to be

formed. As a result, a-shape is diglayed inFigurel4representing high and low LSfaxfor low LSI

values and average LSixvalues for higher LSI values.

The VYshape displayed ithe scatterplot of the class metric ED can be explained in a similar way. A
very low value for ED can be a result of just one pixel of UGS in the whole radius. But when the total
90-meter environment is covered by one large UGS there is no border lengglemtrat all, resulting

in an ED of zero. So as with LSI, a low value oa&&ther meana high quantity ofJGS or very

little UGS. An increase in the border length could therefore mean both a decrease and an increase in
UGS abundance. As a result,-ahped pattern emerged.

The minimum PD value is reached when just one patch of UGS was present imtle¢e®@adius
environment of a pixel. However, as with ED this could be an UGS patch that exists of just one pixel
or an UGS patch that covered the wh@&0Ometer radius environment. So, an increase in PD from an
UGS of one pixel could indicate an increase in UGS abundance. But an increase in PD from an UGS
covering the whole 9@neter radius environment, means that there also needs to be-d@®s pixels
present to separate the patches. As a result, the UGS abundance in the pixel environment decreases,
leading to an increase of Lok« High values of PD are most likely reached when around 50% of the
90-meter radius environment consists of UGS. This reduf the Vshaped scatterplot between PD

and LS maxdisplayed irFigurel4.

3.24. Analysis ahermal centre andthe effect on LSaf all land cover features combined

3.24.1.Influence of thermal centres

Tocompletethe influence ofindividualland cover featureghe influence of selected thermal

centreswas analysed. KS NB adzZ G6a 2F GKS t S| Nblelg Dhe re€uBSNNB € | A 3
indicate that thee was a medium to large negative correlation between l.s&nd distance to

centre, and a small negative relation between L S&and distance to rivef-urthermore there was

a small to medium correlation visible between { §&and distance to coast.

However,observation othe scatterplots shown in Appendid reveals thathere is a lack of pattern
visible in the plots of L§Taxby all three distance variables in both seasdgksa result, for the city
of Paramaribdhesethermal centredid not clearly influence the LST.
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Tablel6.t SI NE2Yy Q& O2 NN § hiblues gnd distanceshetd@en/intefestihg{thiermal centres.

. Pearsof2 Gorrelation
Distances
Dry season | Wet season
Distancecentre -.468* -.563*
Distance coast .261* .460*
Distance river -.110* -.244*
Number of observations 12064 11364

* Statistically significant at thed01level (2tailed).

3.24.2. The effect on LST of all land cover features combined.

After the relationships between all variables and LST were analysed, the three stated hypotheses
were tested When all 18 variables were combined in a multiple linear regression model, this
resulted in an adjusted R2 of .878 for the dry sea@gmpendix 2) and .882 for the wet season
(Appendix B), respectivelyAs a resultall 18 variables combined explained around 88% of the
variance in LS Tmax

Variable selection revealed thdte PLAND of wateurbanand a green indicator (PLAND UGS or
NDVIturned out to be essential variables in all three of the models. The PLAND of water was
essential for the variance explained by the model because of the vast Suriname river that runs
through the administrative boundary. All river pixalsdted further than 9@meters from the
riverbankonly contained a PLAND value for water and were zero for all other land covers. Thus, only
the PLAND value of water correlated to L @&values in the river in both the wet and dry season.
The PLAND of urban turned out to besestial, because it provided the heating counterpart for the
mostly cooling UGS and water variables that explained kdn urbanized land cover. Therefore, it
made sure that the variance explained by the model increased, since not only the lowes ghlue
LST maxbut also the higher were explainedice versathe same argument applies to the inclusion of
a green indicator in the model to provide a cooling counterpilidreover,during the variable

selection it became clear that after the essentiatigbles to test the hypotheses were included,
adding one of the configurational class metricglmtance to thermal centre variablekd not

explain any extra variance in kS« This negligible additional influence can also be seen in the total
multiple linear regression models shown in Appendices 12 and 13. Therefore, they have been
omitted in all three models.

As a result, the following variable combinations were found to best descrike.k8Tboth seasons,
while testing the hypotheses:

Model 1: PLANDrban(90m), PLANDVNater (90m) NDVI

Model 2: PLAND UGS (90R)LANDJrban(90m) PLANDNater (90m)

Model 3: PLANDrees(90m) PLANMixed low vegetation(90m) PLANDBGrasg90m),
PLANDJrban (90m) PLANDNater (90m)

The results of theifst model to test if impervious urban surface heats the surfadbe dry season
are shown in
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Tablel7.
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Tablel17. Multiple linear regression modg| used to test the hypothesis: Impervious urban surface heats the sumfttoe

dry season
Coefficients Dry Season
Model 1: Urban Unstandardized Standardized R?
Heats coefficients coefficients t Sig.
B Std. Error w

(Constant) 0.937 0.021 44.228 .000
PLAND Urban (90m| 0.026 0.000 0.422 59.004 .000 781
PLAND Water (90m| -0.021 0.000 -0.671 -74.128  .000 |°
NDVI -1.797 0.029 -0.569 -62.172 ~ .000

*Dependent variabledry season LgThax

The R2 value shows that the model variables accounted for 78.1% of the variation in LST in the dry
season. So, the explained variance that was lost by just using these three variables instead of all 18,
only amounted to 9.7%l he adjusted R2 of modehewas equal to R2, meaning thtte model

generalizes very welBecause there is a unit difference between the PLAND values and the NDVI,
0§KS &l y-coefidiBnishévdbeen considered for the sake of comparability.
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Tablel7 shows that urban land cover in a-‘8@eter environment of a pixel has a significantly strong

positive effect on the L§Taxon that pixel.So,model one confirmed the first hypothesis, that
impervious urban land cover does heat the surface.

Table18. Multiple linear regression model 2, used to test the hypothesis: UGS cools the sutifecdry seasan

Coefficients Dry Season

Model 2: UGS Cool Unstandardized Standardized ' R2
coefficients coefficients t Sig.
B Std. Error w
(Constant) 1.458 0.021 68.767 @ .000
PLAND UGS (90m)| -0.021 0.000 -0.792 -87.061  .000 892
PLAND Urban (90 0.008 0.001 0.123 14580 .000 | -
PLAND Water (90m -0.023 0.000 -0.756 -97.795 .000

*Dependent variabledry season LS Thax

Table18 shows the results of model twwhichwas used to test the second hypothesis: UGS cools
the surface As in model one, the variance of £&xin the dry season explained by model t¢Rr?)
was close to the amount of variance explained by the total model containing all 18 variatpes,

the adjusted R? was equal to R2 meaning that the model generalizegwiélS
coefficient of UGS points out that the presence of UGS inaé&@r radius has a strong and

significant cooling effect on LSilaxin the dry seasoriThecoefficients of urban land cover weraso

positivein this modelindicating a heating effect
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Table19. Multiple linear regression model 3, used to test the hypothesis: Trees atkSfgpe that cools the surface most
effectivein the dry seasan

Coefficients Dry Season
Unstandardized Standardized
Model 3: Trees Cool Most coefficients coefficients . R2
T Sig.
B Std. j
Error

(Constant) -0.014 0.018 -0.768 442
PLAND Trees (90m) -0.015 0.000 -0.225 -44.034  .000
PLAND Mid low vegetation (90m) | -0.005 0.000 -0.157 -23.063  .000 274
PLAND Grass (90m) 0.003 0.000 0.054 9.159 .000 | °
PLAND Urban (90m) 0.039 0.000 0.616 82.457  .000
PLAND Water (90m) -0.009 0.000 -0.282 -38.793  .000

*Dependent variabledry season LS Thax

Tablel9, shows he results of model 3 that was used to test the third hypothdbist trees are the

UGSype that coolthe surface most effectivgd® ¢ KS Y2 RSt Q& Sdstilthighyithi 2 NB L2 ¢
an R2 of .774. élvever, it lost some of the explanatory power compared to model two. This was a
consequence of the exclusion of mangrove in the model, wdtevas included in the combined

flryR O20SN) Oft aa ! D{ A ycoeffi@eRtid Tabléloshow thatfr@n thied I Y R NR A
three different types of UGS included in the madedes hadthe strongest significantly negative

relationship with LSTmaxin the dryseasonMixed low vegetation showedo have a smaller but still

negative effect on the LSThax Where land covered with grass showed a slight heating effect in the

dry season.

From the results of the three models, all of the stated hypo#segere confirmed for the dry
season.Three modelsvere rancontaining the same variable combinatiomsly this timefrom
within the wet season and predicting LSEin the wet seasonThe results of these models are
shown in Appendix4 The results slightly differ in value, but resulted in the same conclusions.
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3.25. Detailed cooling effects of green features specific for Paramaribo

3.25.1. Green features
Thelocation of the32 selectedtypical green features for the city of Paranbo, based on remote
sensing imagery and field work experienase shown irFigurel5.

Cold spots wet season

e '8, 4

Kilometers

MO, 13N, &nd

Figurel5. Location of selectegreen features and cold spoiacluding their group number (explainedrigurel16, Figure
18and Appendix 15)n the city of Paramaribo.

Figurel6 shows six imagesken at green features belonging to six green feagmaups These

pictures were selected because they give a good representation of the land cover that is common for
each geen feature groupThe green features groups differed in vegetation cover. In addition, some
green feature groups did not differ in vegetation cover but only in size. These green features are
indicated with either small (@ 1,300 m?), noderate(3,400¢ 4,500 m?) or large (400,00 m2-

8,320,00 m?).Appendix B showssimilar representativémages for all the othegroupsof green

features that were studied.
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it

7 - Small park with trees 12 - Bare land 13 - Moderate park with palm
trees

Figurel6. Typical land cover foixsof thethirteen selected green feare groups

Theaverage LS]naxvalue in the dry and wet season for all the groups of selected typical green
features for the city of Paramaribo are showrFigurel?.
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Figurel?. Average LSTmax0On the selected green featuggoups including error bars displaying the standard deviation,
the city of Paramaribo

Figurel7 shows the average LSiaxvalues per green featurgroup of all the pixels that were
contained in the polygons that were drawn around the green features of the gmoup. The results
showed that the size of a green featumaspivotal for the obtained cooling effect aswas seen
that all the lowest LS Tmaxvalues prevailed ogroups existing athe larger green features. In
addition, Figurel7 showsthat trees had a larger cooling effect than mixed vegetatind grass.
Whenconsideringree type there is a slightlgtrongercooling effect visible on land covered by
deciduous trees than land covered by palm trees. THikdly because of the larger leaf area index
of deciduous trees. In terms of coolinfjext, it does not matter if a grass fieldasproperly
managed or abandoned according to the results. LaBityurel7 showsthat although the effect
was small with regard of cooling the surfacevésbeneficial to plant treeslong streets

After this descriptive analysis, a random point san{ple= 448was takerof LST, maxpixels on the
sdectedgreen featuresThe KruskaWallis teston the sampleshowed that there was a statistically
significant difference in LShaxbetween different green featurgroups inthe dry season and wet
season, kh(12) = 177.62, p ©01and He(12) = 214.32, p D01 Afterwhich aposthoc Bonferroni
correction was applied on the paivise comparisons that were performed using Mamhitney
tests of which detailed results are shown in Appendix Tte tests showed thatin the dry season
the LST maxwas significantly lower oa verybig green area with treethan onall the other green
featuresexcept for very big parks with trees and abandoned grass fiatlt#that LST maxwas
significantly lowewon a very big park with treethan onbare land and ostreetswith and without
trees.

The Wilcoxon signethnktest, showed in detail in Append® showed that the differencebetween
LST maxin the wet and dry season were only significant for thklowing green features: Very big
green area with trees (z-8.64, p <001, r =-.44), Bg green area moderate tree cover (2203, p <
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.05, r =-.54), and Bare land (z-3.11, p <01, r =-.61). These results are also visible when looked at
Figurel?, where temperature differences between the wet and dry seasere generallyvery
small.

3.25.2. Cold spots

The land cover was documented on tBiécold spots that were selected purely based on the lowest
LST maxvalues that prevailed within the administrative boundafe locatios of these cold spots

are shownon the World Imagery ArcGIS base niapigurel5and on the two sasonal LS Tnaxin
Appendix 17Figurel9shows the average LSHaxon the cold spots after they were grouped based
on land cover characteristicRepresentative images of the characteristic land cover defining each
group are shown ifrigurel8.

1 - Mixed vegetation in large 2 - Patch of high-density trees in 3 - Patch of high—density palm
green area large green area trees in large green area

4 - Patch of high-density trees in 5 - Mixed vegetation in urban 6 - Patch of trees in urban
urban

Figurel8. Representative land cover for each of the cold spot groups.

TheLST maxvalues inFigure19 show that the coldest spots in Paramaribo were all covered by
vegetation.The cold spot results also configghithe conclusions drawn on the analysis of green
features, that size of green arésan essential aatribution to the cooling effect of alGS Besides
size,Figurel9also confirng that within the cold spotthe coldest areasvere found on lancdcovered
with trees over land coved with other vegetation.
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large green trees in large palm trees intrees in urban  urban
area green area moderate
green area
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Figurel9. Average LSTs, max on the selected coldgmeips including error bars displaying the standard deviatiorthe
city of Paramaribo

Anon-parametricKruslal-Wallis test was performed on a randomly taken sample of 156 points
within the selected cold spot3he detailed results of this test are shown in Append@ixtlit in
conclusion his test showed that the distribution of dry and wet seasor l.advas rot the same
acrosghe six different groupsf cold spots, ky(5) = 96.09, p 001and H.(5) = 87.12, p 001
Following thisa posthoc Bonferroni correction was applied on the paise comparisons that were
performed using MarniWhitney tests. The test showed that in the dry season there were statistically
significant differences between the groups:

1. Patch ofhigh-densitytrees in big green area
a. Patch of highkdensity palm trees in big green area
b. Mixed vegetation in big green area
c. Patch of higkdensity trees in urban
d. Mixed vegetation in urban
e. Patch of trees in urban
2. Patch of higkdensity palm trees in big green area
a. Patch oftrees in urban
3. Mixed vegetation in big green area
a. Patch of trees in urban

In the wet season differences in kSkkbetween the same groups were significant except for the
differences between, patch of higiensity treesn big green area and mixed veggta in urban.

A Wilcoxon signedank test Appendidd, showed that the difference between LSTaxin the wet
and dry season were only significant for the cold spot categories: Patch edéngiity trees in big
green area (z =2.75, p < .01, r =32)and Patch of trees in big green area (822, p < .01, r =42).
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Only two of the cold spotategorieswvere significantly different, even though differences sdange
between seasons in momategories Thiswas a consequence of the small samprewhichwas
unevenly distributed between groups.

3.25.3. Neighbourhoods
Fieldwork pointed out thategetation typedid differ in neighbourhoods of different SE®gétation
patternsthat weretypical for each neighbourhood type are showrigure20.

S

N
N

Middle SES

Middle to low SES Low SES (Poor)

Figure20. Characteristic street image, including vegetation pattern, in neighbourhoods of differebaSttSorresidential
class

The associatedifferences in 8T, maxbetween neighbourhoods differing BE®ased on residential
classare shown inFigure21. A KruskaWallis(Hvet(3) = 407.25, p 001& Hur(3) = 342.06, p 001,
pointed out that differences in LS axin both the wet and dry season between neighbourhoods of
different residential class were all significant except for the difference between resideasaks
middle and richi(details in Apendix B).
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Mean LST ., Across Neighbourhoods Sorted by SES
Based on Residential Cla&s)(

2
1.5
1
I
0 1
Rich Middle Middle to low Poor
-0.5

B Mean LSTs max dry season (°C) @Mean LSTs max wet season (°C)

Figure21. Mean LSd maxin neighbourhoodsincluding error bars displaying the standard deviatiorRaramaribo differing
in SE®nce based on residential class

The resultdrom both graphs ifFigure21 show thatboth seasonahverage LS Tnaxvalues were
significantlyhighest in neighbourhoods with a middle to IGE£S and significantly lowesthin low
SES neighbourhoodBhe differences in LShaxbetween neighbourhoods of middle and top SES on
the other hand were negligible.

3.3. Analysis of the relationship between the LST and air temperature
3.3.1. SUHIGLHI

¢CKS O2YLI NRaz2y o0SGsSSy GKS I NHSNJI { ¢NHzNIfyeR
indicator value shown in
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Table9 and on air temperaturelatafrom the urban coreoutdoor temperature logges 1 and 2, and

rural outdoor temperature logget 3 (Appendix 3 &0). Outdoor temperature logger1 and 2 serve

as the urban core reference, since thesgdoor temperature logges are the only two that are
situatedat a location with more than 67 percent of urban cover in its 9 km2 surroundings. This is the
same definition as was used for the urban core in the SUHI indicator.

Sincethe ruraloutdoor temperature loggewas not ogrational at the time when théandsat
images were obtained, a direct comparison on the same dates was not po3sibk.was chosen to
compare mean air temperature results from thkort rainy season (early Decemi2€19¢ late
Januan2020 to mean LSValues from the wet seasoifhe resulting CLHI during this short rainy
season is shown iRigure22.

Average Daily CLHI in the Short Rainy Seasjn (

32
30
28
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24
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20
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——Rural Drop Urban core drops

Figure22. The average daily CLHI during the short rainy seasehZ@D19¢ 31-01-2020) between the urban core
(outdoor temperature logget & 2) and ruralqutdoor temperature logget 3).

Figure22 shows that during the short rainy season, according toaheloor temperature logger

results, the CLHI is present during the night, but almost absent during the day. The CLHI reached its
maximum ofaround2.4 °C at 0100 a.m, a more or less constant value that prevailed during the

night. However, the CLHI decreased quickly to 0 or even slightly negative values after sunrise, to
increase again from the late afternoon onwards.

For the comparison with the SUHI, the aage difference between the urban cooatdoor
temperature logges and the rurabutdoor temperature loggewas takerat 14:00 hrs, local time
The CLHI during the short rainy season amounted to a negligible negative differeQ@36€.
Therefore air temperatures on average were equal in the rural hinterland and the urban core at
14:00 hrs, local timeduring the short rainy season. The SUHI averaged to an amount diGdt4
14:00 hrs, local timeduring the wet seasan

3.3.2. Relationship between 80 air temperature foundithin the administrative
boundaryof Paramaribo

The results othe air temperature measuremestind LST values at the location of the measuring
stations Cultuurtuin and Zomgn Hoop on the time the when all the analysed Landsat images were
taken are shown ifrigure23. From the results it can be seen that at both locations and in both

sea Yya GKS AN GSYLISNI §dzNB&a 6SNBE KAIKSNI KFy GKS
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Comparison LST and Air Temperature at Air
Temperature Stations

34
32

28 O u o ®
n 26
24 ")
22
20
30.0 31.0 32.0 33.0 34.0 35.0 36.0

Air TemperaturedC)

LSTdC

@ Cultuurtuin Zorg en Hoop

Figure23. LST and air temperatures measuredldn00 hrs, local timegt the locations of the measuring stations,
Cultuurtuin and Zorg en Hoop, of the meteorological ser@urinameln the figure air temperatures measured
at Cultuurtuin are depicted in blue and temperatures measured atetotdoop are depicted in blue.
Temperatures measured in the dry season are depicted with squares, while temperatures measured in the wet
season are depicted in circles.

The magnitude of tatemperature differencebetween air temperature and LS&ensto berelated

to both season and location. Firstly, LST valuex® higher for all dates on the industrial location

Zorg en Hoop than on the highly vegetated and green station Cultuurtuin, while the difference in air
temperaturebetween the two locationsvasnot that obviousin the dry seasonAlthough it seemed

that air temperatires in the wet season tended to be lower at Zorg en Hoop G24°C)than at the
Cultuurtuin (avg34.6°C) Secondlythe resultsshowedthat differences between LST and air
temperature were larger on the highly vegetated and green location at the Cultuurdig. 6.3C)

than on the industrial site Zorg en Ho¢gvg. 1.9C) Lastly, the temperature differences between
surface and air temperaturesere larger in the wet seasofavg. 68°C)than in the dry seaso(avg.

3.4°C)
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LST and Air Temperature at Outdoor Temperature Loggers
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Figure24. LST and air temperatures @#:00 hrs, local timegn August 8, 2019 at thdocations of theoutdoor
temperature logges.

The results of air temperature measurements of theédoor temperature logges are shownn

Figure24. Only the temperature values obtained}4:00 hrs, local timegn the 8" of September,

2019 are displayed, becaudgig was the only time and date that one of the analysed Landsat
images was obtained during the operational period of tuedoor temperature logges. The results
showed that at all locations the air temperature was higher than the LST, independent of the
landcover.The range across altdoor temperature loggevalues wasgn the same order of

magnitude for the LST as for air temperature. However, when looked at the ranks of the individual
outdoor temperature logger when they were ranked from high to lomae for LST and once air
temperature, only the ranks of theutdoor temperature loggeplaced in the Cultuurtuin matched as
the coldestoutdoor temperature loggeof all. While, from their temperatureresults obtained on

all the dates through thair measuring stations of the meteorological seryittee Cultuurtuin did

not show to be extremely lowl'his could be a consequence of the difference in exact location of the
air measuring station (open grass field within the urban forest) and the outdogp¢eature logger

(in the middle of highly dense tropical forestaking this into account, this temperature difference
should still not be so greadll results of both the air temperature measuring stations as the outdoor
temperature loggers are display@amore detail in AppendiR0.

4.Discussion

4.1. Reflection on results

The resultsshoweda meanSUHht 14:00 hrs, local timegf 5.3°C in the dry season and of 5@ in
the wet seasorbetween the urban core in the administrative boundary and the rhinaterland in
the Greater Paramaribo regidsee sectiorB.1.) As a result, it is concluded that the SUHI in
Paramaribo in the dry season is slightly larger compared to the SUHI in the wet s&as@ye daily
SUHI magnitudes found in the few SUHI stad@nducted in the tropics that also included the wet
season, range from 3 to°’€(Acero & Gonzaleasensio, 2018; Amorim, 2018; Ayanlade, 2016)
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However, these studieshow different results regarding the difference in SUHI between seasons.
Similar to the results of this study, the study of Ayanlade (2016) who studied the SUHI in Lagos,
showed a slightly larger SUHI (3Clvs 3.4C) in the dry seasorccording to thenthis is due to the
thermal heating influence of urban surface, which they consider to be larger than the thermal
cooling influence of vegetation. This might be explained by the fact that in Lagos, like in Paramaribo,
temperatures and the amount of sun hisuare larger in the dry season, which leads to a larger
increase in the LSTs in urban areas in the dry season compared to the wet. dadhenvet season
there is more vegetation present, mainly within the rural area, leading to lower LSTs in rusal area
However, this does not outplay the excessive heating influence of the urban surface in the dry
season. Together these effects result in a slightly larger SUHI in the dry season in Lagos and in
Paramaribo as reported by the present stubljpwever, sincéhe heating influence of urban surface

is larger, the SUHI is also slightly larger in the dry se&sothe contrary, Amorim (2018nd Acero

& GonzalezAsensio (2018) found the SUHIbe larger in the wet season in the cityRrfesidente
Prudente in sothern Braziland San Salvador in El Salvad@spectively The studiegoint outthat

this is caused by the increase of vegetation in the wet season, that subsequnaitily cools the

rural surface.This may be explained by differences in distributioteafperatureand precipitation
across seasons in these cities compared to Paramaribo. As opposed to Paratearji@atures in
these cities were higher during the wet seasesulting in larger heating of urban surfaces. In
FRRAGAZ2Y S K $seftudledvere bakey ondsatdllite imagés taken in themuithing,

when the influence of vegetation thermal inertia in relation to the loss of head by latent heat flux is
largestand therefore larger than at the time of measurement in this studyQQ#rs, local timé

(Weng, Lu, & Schubring, 2004)so,the difference in precipitatiommount between the dry and the
wet season was substantially larger in the two studies thanempiilesentstudy.

When all the SUHI indicator values found in this study are compared to those reported in Schwarz et
al. (2011)Yound at 13:30 on July 2002, across 263 European cities, some are found to differ and
some are found equal. However, this is expected due to the difference in climate, vegetation cover
and urban design.

To mitigate the heating effect of €6SUHI, this study poiabut thatimplementingUGS is an
effectivecoolingmeasure(see section 3.2. & 3.24.2)). This finding is consistent with a large
number of previous studig®Bowler et al., 2010; Demuzere et al., 2014; Huang, Cui, & He, 2018a;
Marando et al., 2019; Mirrahimi, Lukman Nik Ibrahim, & Surat, 2B the four studied UGS
types, trees and mangrove appear to be the most effective coolers of the sukéaaaesult, the
mean LS{axmeasured on land covered with trees was arourfi€6ooler than the mean L&k

found on urban surfaceBhese differences in L&Iwere slightly larger thathe 4 °Cdifference

found inthe studyby Du et al. (2019) in Shanghai and th&Cglifferencefound in the study of
Marando et al. (2019) in RomEowever, he use of LSk«in the present study istead of LST makes
comparisons of absolute results difficult general however this finding is consistent with previous
research indicating that UGS with higher tree densities reduce LST more thamtb@Sver trees
(Brown et al., 2015; Jaganmohan et al., 2016; Kong et al., 2014; Vanos et2)l.TA&lresults from
the fact that shading is the most effective cooling mechanism of B&Svn et al., 2015; Kong et al.,
2014; Vanos et al., 2012)heefore, thesestudies conclude that to cool an urban area focus should
be on designing shaded U@Bown et al., 2015; Vanos et al., 201Phe lower LST values found on
land with deciduous trees compared to palm trees in the city of Pardoo underline this
conclusion.

In addition to the composition of the UGSis study did not show a clear relationship between LST
and most of the configurational characteristics of th&Sgsee section 3.2.3.10nly Al seemed to
have a negative relainship with LST, meaning that a single aggregatedredise LSimore
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effectively than multiple disaggregatédlGS®of the same total area. This conclusion is confirmed by
the research of Simwanda et §2019) and Cao et al. (201The studyby Kong et al (2014)
concludes that ian UGSof 3.45 ha or largeis presentclose to disaggregatesmallerUGSs the
cooling dfect of the large UGS can extend to the smaller disaggregated UGSs difiectivaty cool

a larger areaAn UGS of 3.45 ha isdmr than the area of the used moving windawthe present
study, so this negative effect of disaggregated smaller UGSs on LST was not founprastnt
study.The other class metrics (LSI, PD, ED) did not sluateagrelationship with LSih the presat
study, althoughrelationships between these class metricsldrSTwerereportedin other studies

(Du et al., 2019; Maimaitiyiming et al., 2014) the presenstudy these other class metrics showed
an odd Vshaped relationship with LST, which may have ento the small areg@0-meter radius
circle) used in this studp calculate these class metriddue to the properties of these class metrics
they provedto be not suitable for the chosen analysis methbldwever, the effect of the

distribution and shape class metrics on lirgdrevious studies is alsoconclusiveThe study by
Huang et al. (2018rgues that a simply designed UGS is beneficial for coolimgreas the study by
Maimaitiyiming et al(2014) indicates that complexly shaped UGS are desirable.

Regardlesthe shapethis study showdthat the size of the UGS is essential for the cooling effect of
the UGS. The analysis of the green features and the cold spotgedthat the larger the UGS, the
lower the LSTsee section 3.8.1 & 3.25.2.). Previous studies confirm this negative retatship
betweenUGS sizand LSTCao et al., 2010; Huang et al., 2018a; Jaganmohan et al., 2016; Kong et
al., 2014)

The distances from the selected thermal centres (city centre, Surinanre Aitlantic Ocean) did not
have a relationship with LST in the administrative boundary of Param@eleosection 3.2.4.1.Jhe
study by Simwanda et.gR019)also showed nelear relationships between LST and the distance to
the city centre in the citie of Addis Ababa and Lusakimwever, these findings are not in line with
the study by Cai et al. (2018) that reported a positive relationbbipveen thedistance to large
waterbodiesandthe prevailing LSTn addition, the study of Marando et al. (201#)owed a

negative relationship between the distance from city centre of Rome and the prevailingHeST
specific situation inthe administrative boundary of Paramaribeherethe city centre lies directly on
the border ofthe large Surinameéver, mayexplain why no relation was fourltetween these
distances and LSThis makes it is plausible thdhe positive influence of the city centre on the LST
and the negative influence of the water body on LST more or less cancel each other out.

This study foad a negative relationship between SES and LST, except for the lowest SEShgroup.
LST distribution across neighbourhoods of different SES showed that LST values were lowest in
neighbourhoods of the lowest SEs®e section 3.2.5.3.This is in contradion with previous studies

that point out that when the SES of citizens in a neighbourhood decreases that LST tends to increase
(Jenerette et al., 2007; Tang et al., 2QThese studiesound that when SES decreas#ie amount

of impervious surface increased and the amount of vegetation decreased, resulting in a higher LST.
This negative relation also holds for the upper three classes of SES in the city of Paramaribo.
However,in the developing city oParamaribo, in contrast to the aboveentioned studies, ithe

hardly urbanizedeighbourhoods of the lowest SEfe impervious surfaces replaced by a sandy
surface This considerably reduces the albedo and heat capatitye surface and therefore

decreases the LSIh. addition, neighbourhoods of low SES were found to have a relatively high
amount of green, however this gre@mostentirely consisted of nopublic and unmanaged green
spaceAs a result, it can be conded that a negative relationshgxistsbetween LST and SES in
Paramaribo, with the exception of the neighbourhoods with the lowest SES.
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One of the main aims of the study was to show the differences in cooling effect of UGS in the dry
and wet seasorilhe resultsshowedthat all analysed UGS typesccept for grasssignificantly
cooledthe surface in both the wet and dry seas@ee section 3.1.2.2. &2.2). The results also
showed that his cooling effecof the UGS types trees and mangrovslighty stronger duringhe

dry seasm in the administrative boundary of Paramaribo, whereas it is found to be slightly stronger
during the wet season for the whole Greater Paramaribo Regibis. might be a consequence of the
fact thatevaporative coolings enhancedby largertemperature riseduring the dry seasarThis only
holds if duringthe dry seasoywater is available for plant growtin Paramaribd GBS, 2016As a
result, the rate of evaporation increases as the temperature rises, as warmer air can retain more
water vapour(North Carolina Climate Office, n.dSince temperatures rise more in the
administrative boundary than in the Greater Paramarfegion this could explain the higher cooling
rate of trees and mangrovie the administrative boundary during the drgason However,anather
factor that increases UGS cooling is the increase in vegetation, since there is more vegetative growth
during the wet season in the Greater Paramarifegion than in the administrative boundary, the
cooling effect also increases more in the Greater Paramdigigion.However the excessive
vegetative growth during the wet season in the Greater ParamdRdgponcompared tathe
administrative boundarymight be responsible for an extr@oling effect in the Greater Paramaribo
Regionduring that seasorThe cooling effect of mixed low vegetatigslightlystrongerin the wet
seasorin both the administrative boundary and the Greater Paramaribo Regtsmight be
explained by the fact that mixed low vegetation mayrbere dependent orthe frequentrain supply

in the wet seasomince they have less access to deeper and more stable groundwater supply.
However this explanation is not found iother studiesand thus eeds further investigation.

Regarding air temperaturespth the magnitude and the pattern of the diurnal ClLilParamaribo
arein line with the general pattern of the CLftlund in other studies, that igresent during the
night but almost absnt during the dayChang, Li, & Chang, 2007; Mutiibwa et al., 201.5.
Environmental Protection Agency, 2008; Voogt, 208if)ce the SUHI is present during the day it is
surprising that air temperatureat 14:00hrs, local timewere found to be larger than LSTs at both
the measuring station andit all locationsof the outdoor temperature loggesin the administrative
boundary(U.S. Environmental Protection Agency, 2008; Voogt, 20®3agdition, no relatiorwas
found between the land coveand the prevailing air temperature, since air temperatures were
higher on the vegetative surface of the Cultuurtuin as on the industrial surface of Zorg enTHop.
is in contrast with previous researglhich investigatedhe relationship between LSTadair
temperatures(Anniballe et al., 2014; Mutiibwa et al., 2015)

4.2. Methodologicadtrengths andimitations

One of themainstrengths of this research is that it is one of the few studies analysing the SUHI in a
city located in the tropicéEstoque et al., 2017; Simwanda et al., 2019; Wardana, 2015; Yusuf,
Pradhan, & Idrees, 2014)nfortunately, te tropics are a very clouded region all year round. This
high cloud coverage complicates optical remote sensing, making aeesvosing study of the SUHI

on a large and continuowsurfacedifficult (see section 2.3.1. & 2.3.4Qonsequently, the few

tropical SUHIs that have been studied are most often done during the dry season, where occasional
cloudless days occuiEstoque et al., 2017; Simwanda et al., 2019; Wardana, 2015; Yusuf et al.,
2014) This study isne ofthe first to study the SUHI in both theydand wet season in the tropics

and therefore yieldgmportant information. There already exighree studieghat provide a link

between UGS and L8ila city in the tropicén both the wet and dry seasdicero & Gonzélez
Asensio2018; Amorim, 2018; Ayanlade, 2018pwever, these three studies provide this
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relationship between UGS and LST dahipugh the use of NDVWhile this study in Paramaribo
complements this link by making a distinction in type or UG8 cloudinesshat was present in the
wet seasordid make severahethodologicahdjustments necessary. For instance, a lot of
information was lost due to cloud correction and the creation of LST informatiorlangenand
continuoussurfacerequired the production of seasonal composites. This made it necessary to
switch from LST to standardized LST. Moreover, to limit the cloud interference, not the average LST,
but the maximum standardized LST values were used for the creation of these sitgspichese
necessary adjustments resulted in compositethefdry andthe wet season wheréhe maximum

LST maxvalue fromfour time steps in the dry season atittee time stepsn the wet seasomnvas
taken.However, many pixels also just display théyguixel value present, as clouds were present at
that location on the other two selected dates. This can result in different patterns between the wet
and dry seasons, as in the dry season only nearly dleedmages were selected and thus almost
every omposite pixel was maximized out of three. In addition, the use afdBithe SUHI

indicators and the use of LS{adn the correlation and regression analysis make it difficult to
compare findings to other studies.

In this study LST valuegre extracted from the satellite imagery using the most widely used
generalized singtehannel method by Jiménédufioz and Sobrino (2008¢.g. Estoque et al., 2017,
Maimaitiyiming et al., 2014; Simwandaal., 2019; Wardana, 201%ee section 2.3.3.The main
advantage of this method is that-gitu radio soundings or effective atmospheric temperature values
are not needed. Instead, this method uses the land surface emissivity to calculate thew8Vel

land surface emissivity values are not directly readable from the Landsat satellite information.
Insteadin the study byliménezMufioz and Sobrino (200& method wasleveloped that estimates

the land surface emissivity values based on NDVI vallresefore, the resulting LST is a priori
influenced by NDVI. Since NDVI is highly correlated with UGS, the method of measurement of LST
might have influenced the association LSTwith UGS. However, after validation tositu

measured LST, the generalizsinglechannel method was found to be the most accurate method
when compared to the other available methods for LST extra¢fitnénezMufioz & Sobrino, 2003)
This justifies the use of these values, as well as their use in the majority of studies in the literature,
even though the LST values have a quadratic meand®aation of 1.3 K of the igitu LST values.
(JiménezMufoz & Sobrin, 2003)

In somestudiesthe negative relationship between UGS and is®Tainlybased on the strong and
negative linear relatiomound between NDVI and L$Huang et al., 2018a; Marando et al., 2019;
Wardana, 2015Yue, Xu, Tan, & Xu, 200Thisnegativerelationship was mainly absent in the
present study due to the vast waterbody, the Suriname river, that resides within the study area.
Previous research shows that water disturbs the relationship between teatyer and NDVI
because water is generally cool, but has a very low NDVI (@hieet al., 2018; X. Zhang et al.,
2017) When the Suriname river was excluded from the study area, a negative linear relationship
was bund between NDVI and LShis exclusion of large water bodies prior to tieéationship
analysis betweemDVIandLST was also carried dotthe SUHI studypy Ayanlade (2014}that
excluded the Lagos Lagoon prior to the analysis of the SUHI in thod ciigosFrom this it is
concluded that NDVM$ a betterindicator for the cooling effect in an urban environment, when there
is little water present.

This study based all UGS composition and configurational var@abkesoving window analysis
using a rcle with a 98meter radius(see sectior2.4.2.2 & 3.2.2.) Since the analysis of the cooling
effect of UGS was the main goal of this research, this radius was chosen based on the highest
Pearson correlation between Lsdaxand PLAND UGS using multigdii. However, the results of
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this analysis do not show large differences in correlation coefficients. The correlation coefficient
difference between the chosen 9@eter radius and a 20Meter radius is just in the order of 0.01
(around 2%)As a result, the radius of the moving window, whildtermined the area on which all

the class metrics were calculatedas determined on small differencéhis uncertainty of the best
radius to investigate the cooling effect of UGS is also reflectethar studies where the optimal
radius varied from 118 to 152 metefiSstoque et al., 2017; Kong et al., 2014; Wardana, 2@ftr

the optimal radius was determined for UGS, this radius was applied for all other land cover types.
This was done for comparability reasons between all the land cover types. However, the optimal
radius of influence can differ between the different types of langer. This may have affected the
influence of the different land cover types on LST.

The choice for the relatively small-@@etre radius also had consequences for the effect of the
configuration class metric in the stu@see section 3.2.3.Jhe studyf Kong et al. (2014) found that

to test the influence of forest patches on LST, the choice of window size is pivotal. If the window size
is chosen substantially smaller than the mean patch of UGS, the large UGSs will be divided into
smaller areas by theralysis window. Therefore, the class metrics Al, LSI, ED and PD in that window
are based on UGSs that were adjusted and fragmented by the analysis method. However, if the
window size chosen is too large, the smaller UGSs could not show a significarg effelit, since

the cooling effect associated with UGS is weakened by the influence of the surrounding landscape
(Kong et al., 2014As a result, the influence of the different configurational class metrics can only be
measured correctly withiareas where sufficient UGS is present and all UGSs in their entirety fall
within that area. In this study, all measuring points of which at least one percent of thaieggr

radius environment consisted of UGS were analysed. Consequentially, sevesaiht@mass metrics

and their cooling relationship were based on a window with a low percentage of UGS. Since on these
windows the LST is determined by other land cover types than UGS, this may have influenced the
relationship between the class metrics ab8T.

Due tothe fact thatonly one ofthe sevenrsatellite imagesvasobtained during the operational

period of the outdoor data loggers, the relationship between air temperature and LST was based on
limited data(see sectior8.3.2.) To compare air tempatures and LST correctly, more data is

needed that can be obtained through the addition of mobile measurements next to the stationary
measurements as is done in the UHI study by Schwarz et al. (20iE2gfore, due to the limited

data, the resultdound in this study of the relationshipetween air temperature and LST should be
interpreted with care.

4.3. Ways forward

This study makes a valuable contribution to the understanding of the spatial characteristics of the
SUHI across different land cover typesn urban area located in the tropics. Ibise of thefirst to

show differences in UHI between the wet and dry season. However, to improve the understanding
of the effect of UGS on the UHI, further research is recommendeckiGteater Paramariboegon.

This research shouldainlyfocus on the effect of form complexity of UGS on LST, since, unlike other
studies, no clear link was found between the two in this stuidyrder to study this relationship
correctly, it is recommended to select larger asghan theareasize used in this study, which

contain a sufficient number of UGSs located entirely withinstblectedareas. Further research into
the relationship between LST and air temperature across different land cover types is also
recommended, aso relationship between LST and air temperature was found in this study,
whereas previous studiedid repot sucha relationshipThis will most likely lead to a more complete
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understanding of the relationship between the SUHI and the UHI across Paranidrib will
provide valuable information that could be expralated to other tropical cities

The study provideevidencethat both water and UGSs lower tipeevailing LST in the city of
Paramaribo. Moreover, it shows that forested UGSstlaeemosteffective coolers of the surface

during both the wet and dry season. In addition, the study highlights how increasing size of an UGS
also increases its cooling effect. Due to the limited amount of, tE&feratures are highest in
neighbourhoods of middl® low SES. Based on these results, the city of Paramaribo can formulate
its first comprehensive green policy to mitigate the temperature increase caused by the UHI effect in
the city. Other cities in the tropics cafsobase such a policy on the resuttfsthis studyin line with

the translation in a greening policy of similar results found in the UHI study by Mirrahimi et al. (2015)
in Kuala Lumputn addition, they can set out to use the present study as an example on how to
study the effects of theiJHI more specifically.

5. Conclusion

Due to the high cloud coverage in tropical areas during the wet season, are SUHI studies rare in cities
in the tropics. The studies that exist only provide information on the influence of UGS based on

NDVI. As a resulthere exists a knowledge gap regarding the influence of different types of UGS on
LST across cities in the tropics. Therefdne,rhain objectives of this study were to analyse the UHI

effect during the wet and dry season in the tropical city of Paramaaitzbto analyse the potential

cooling effect offered by UGSs to mitigate this UHI effect.

From the results it is concluded that there is an UHI effect present between the rural hinterland and
the urban core of Paramaribo. This UHI effect is of approxilyatehe same magnitude during

both the wet and dry season and of similar magnitude as those faonakss othecitiesin the

tropics This study showed that the UHI effect was due to the heating relationship between urban
land use and LST in Paramaribhis study did not find a cooling effect of UGS when NDVI was used
as an indicator of UGS, due to the presence of a very large waterbody within the administrative
boundary of Paramaribo in the form of the Suriname river. However, the results of a land cove
based analysis between the amount of land covered by UGS and the LST did show a strong cooling
effect provided by UGShis cooling effect was strongly dependent on the type of URE&n this

studyit can be concludethat trees and mangrovare the mosteffective surface coolers, while

mixed low vegetation provies asmallercooling effectGrass, a the other hand, did not show a

clear relationship with LST. The cooling effect of UGS was found to be slightly stronger in the dry
season as opposed to iha wet season, most likely due to the prevailing lower humidity and slightly
higher temperatures in the dry seasdm addition to the type of UGS, this studyncludedthat
increasing the size of UGS increases the cooling effect. As a result, a lasgmBghGS is

favoured over a number of smaller disaggregated UGSs.

Although earlier studies indicated otherwise, the shape of an UGS did not affect the LST in
Paramaribo. The amount of UGS was found to differ between neighbourhoods of different SES,
resuting in an indirect negative relationship between SES and LST. This relationship did not apply to
the neighbourhoods of the lowest SES, due to the sandy characteristic of the streets in these
neighbourhoods, their LST is also low. Unexpectedly, the sestithe air temperature analysis do

not show the same relationships between temperature and different land cover types as those

found in the land covebased analysis of LST. This unexpected finding was however based on limited
data.
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Appendixl ¢ Spatiapattern of LSTin the Greater Paramarild®egion

Note: White spots are areas where clouds were present in all the images used to create the seasonal

composites, these clouds were removed. Therefore, the white spots in the seasonal images indicate
no data.

80


































































