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Abstract

Urban green spaces (UGS) improve air qualiy and he hydrological cycle, which, in urn,
resuls in a cooling eec on he microclimae. However, he mainenance o UGS in
erms o waer demand may be cosly, parcularly in arid and semi-arid environmens,
hus, achieving a balance is imperave. Marienal is siuaed in an arid zone and has
he highes average emperaure variaons among he urban areas in Namibia. This
sudy was hereore aimed a assessing biomass and vegeaon waer conen (VWC)
o green spaces in Marienal as proxies or gauging is eor owards ameliorang he
own’s microclimae in a waer-decien environmen. The deecon and assessmen
were based on wo indices, he Modied Soil Adjused Vegeaon Index 2 (MSAVI2)
and Normalised Dierenced Waer Index (NDWI), derived rom a dry season Sennel-2
image, acquired in Augus 2018. Field validaon, ocusing on he ypes o UGS, was
carried ou during he same week as he image acquision. MSAVI2 depiced UGS and
oher non-biomass classes beer han NDWI. Approximaely 1% (6.6 ha) o Marienal
is occupied by UGS as esmaed using MSAVI2. The NDWI and MSAVI2 recorded mean
values o 0.14 (very low) and 0.61 (low), respecvely. The maximum values, derived or
he cenral business disric (CBD), were caegorised as very high or he moisure (0.38)
and biomass (0.79) indices. The esmaed green space area ranslaes o a per capia o
5m2, wih he minimum o he global average ranging beween 5m2 and 50m2 per capita.
Assessing he waer demand or exisng vegeaon ypes will complemen hese resuls
or a knowledge-based decision o expand Marienal’s UGS while mainaining eecve
water management and improving its microclimate.

Keywords: Arid environmen, microclimae, Modied Soil Adjused Vegeaon Index,
Normalised Dierenced Waer Index, sennel.

Inroducon

Urban green spaces (UGS) are privae and public open areas in he urban
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environmen covered by vegeaon (Haq, 2011). These vegeaed spaces have a posive
impac on he microclimae o an area as hey help reduce solar radiaon absorpon
hrough shading and evaporanspiraon (Kurn e al., 1994). The biodiversiy in UGS, he
posive role o UGS owards he hydrological cycle and healhy plans urher improve
he air qualiy, and, ulmaely, migae global warming (Fam e al., 2008; Shojaei e al.,
2018; Environmenal Proecon Agency, 2010). Conversely, he shorage o UGS in arid
urban environmens in parcular ofen leads o high land surace emperaure, srong
winds and requen sand or dus sorms (Pearlmuer e al., 2007). Urban greeneries also
conribue o social benes in he orm o recreaon, social ineracon, psychological
and physical needs o a healhy communiy, while simulaneously supporng economic
benes hrough employmen opporunies and enhanced ourism value (Cilliers, 2015;
Fam e al., 2008; Mensah, 2014).

Despie hese benes, UGS is depleng a a as rae across he world, wih he
siuaon in Arica being crical (Mensah, 2014). McDonald e al. (2010), or example,
repor ha beween 1990 and 2000, approximaely 1.4 million hecares o UGS were los
o oher orms o land developmens in 274 meropolian areas across he USA. In Asia,
UGS in Indonesian cies decreased rom 35% o less han 10% (Kirmano e al., 2012). In
Ausralia, minimised urban irrigaon and waer resricons conribued o a decline in
UGS (Fam e al., 2008). Challenges ha hinder he developmen oUGS in Arica, include,
among ohers, he deciency o appropriae echnology or waer harvesng wihin he
urban cenres, climac condions such as prolonged dry seasons (Zakka e al., 2017),
social-economic and polical challenges, he pressure o urbanisaon, and insucien
operaon o urban planning regulaons (Mensah, 2014).

Mainenance o UGS is challenging in arid environmens where daily hermal
exremes are common (Shojaei e al., 2018) and may exer a heavy oll on he waer
resources required or irrigaon, parcularly during he dry season. Deiser (2013) or
example esmaed ha UGS in arid areas wih high waer demand are irrigaed wih
approximaely 6 l/m2 per day, while plans wih moderae waer demand require
approximaely 4 l/m2 owaer per day, and hosewih lowwaer demand require roughly
abou 1.5 l/m2 o waer per day. I is also recognised ha planng mixed vegeaon
ypes, which are common in urban greeneries, have a higher waer demand in susaining
plans wih diverse waer needs and ranspiraon (Deiser, 2013). As a resul, Hussein
(2018) suggess ha UGS be inegraed wih susainable sraegies such as wasewaer
and greywaer usage and sormwaer managemen. Such inegraon can in urn presen
a soluon o chronic echnical problems o wasewaer and waer crisis managemen in
deser cies.

To harness requisie resources or he conservaon and managemen o UGS in
arid regions like Namibia, he dries counry in sub-Saharan Arica, and where waer is
projeced o ge scarcer in he uure (Amakali, 2017; Bosworh e al., 2018), sriking a
balance is imperave. Inormaon abou he emporal and spaal shif o vegeaon
biomass and vegeaon waer conen (VWC) is crical or balancing he modicaon
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o he urban greeneries and waer resources. VWC is also one o he vial biophysical
eaures o vegeaonhealhand is remoeesmaon canbeused omonior vegeaon
waer sress in real-me (Zhang & Zhou, 2019), hus guiding irrigaon managemen.
This sudy was designed o employ remoe sensing or characerising and appraising
he vegeaon biomass and vegeaon waer conen (VWC) o UGS in Marienal, a
medium-sized own in Souhern Namibia, siuaed in a ho deser climae (Peel e al.,
2011). A own-wide assessmen o vegeaon biomass and VWC in UGS conribues o
improved conservaon o local waer resources while maximising urban greenery, which
is collecvely undamenal or a susainable own (Hussein, 2018). Such inormaon
urher benes urban planners, especially hose who operae in arid and semi-arid
environmens. By acvely making provisions or appropriae UGS in urban designs,
planners can help minimise urban hermal emperaures, shape urban aeshecs and
inuence urban biodiversiy in andem wih adaped conservaon measures o waer
resources.

Sudy Area

Marienal is he regional capial o heHardap Region, one o he 14 polical regions
in Namibia. I is he only urban area in he counry ha experiences he coldes (below
2 ºC) and hoes (over 36 ºC) average emperaures, as well as he highes average
number o hours o sunshine per day (Figure 1). These exreme emperaure variaons
are aribued o is connenal climae, aggravaed by he inerplay o is proximiy (120
km) o he Tropic o Capricorn, moderae elevaon (1100 masl), and inrequen cloud
cover.

The own receives summer rainall averaging 175 mm annually (Mendelsohn e
al., 2002). The poenal average evaporaon rae in he own is esmaed a 3300 mm
per annum, which is abou 18 mes higher han he annual rainall (Mendelsohn e al.,
2002).
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Figure 1. Average emperaures during he coldes and hoes monhs and he number
o hours o sunshine per day in Namibia. Noe he locaon oMarienal where he coldes
and hoes emperaures inersec, agains he backdrop o he highes number o hours
o sunshine per day
(Daa Source: Mendelsohn e al., 2002; carography: his sudy)

The own is locaed in he dry Nama Karoo biome and is dominaed by calcisol
soils (Muche e al., 2012). The las census in 2011 placed he populaon o Marienal
a 12,478 inhabians (Namibia Sascs Agency, 2014). Is surace area (607 ha) is
parcelled ino he CBD, hree suburbs and hree inormal selemens (Figure 2). The
own obains is waer supply rom he Hardap Dam, siuaed some 20 km o he norh.
The Namibia Waer Corporaon (NamWaer), he naonal bulk supplier, provides waer
o he own in boh reaed and unreaed saes. In 2018, he cos o poable waer in
Marienal was N$18.41 per m3 or he rs six unis, afer which i increased o N$18.85
per m3; unreaed waer was charged a a a rae o N$2.17 per m3 (Ngovu, 2018). UGS
in Marienal is predominanly irrigaed wih unreaed waer, bu in some cases, reaed
waer is used.

Figure 2. The layou and zones oMarienal
(Source: This sudy)



21

Remoe Sensing-Based Deecton and Assessmen of Vegeaton Biomass and Waer Conen of Urban Green Spaces in Marienal, Namibia

Methodology

Sennel 2 image covering Marienal acquired on 7 Augus 2018 (ID: L1C_T33JYN_
A016320_20180807T084755) was downloaded rom he Unied Saes Geological
Survey (USGS) websie. Preliminary indices o biomass and vegeaon moisure conen
(discussed below) were derived rom ha image o aciliae and guide eld vericaons.
Field daa were hen colleced beween 20 and 24 Augus 2018. To address he wo
weeks’ me gap beween he pre-eldwork image and eld visi, anoher image (ID
L1C_T33JYN_A007626_20180822T085344) coinciding wih he eldwork period was
laer obained rom USGS o aciliae he nal assessmen o he sudy area. The
ming o eldwork and acquision o a dry season image were benecial or capuring
he vegeaon condion wih diminished inuence rom direc rainall and hereore
accenuang areas under irrigaon. Boh images had a cloud cover o 0%.

Figure 3. The mehodological approach wih conen or he MSAVI2 and NDVI equaons
(Source: This sudy)

Using ArcGIS 10.3 (Esri, CA), he sudy employed he Modied Soil Adjused
Vegeaon Index 2 (MSAVI2; Figure 3; Equaon 1) and he Normalised DierencedWaer
Index (NDWI; Equaon 2). Boh indices are commonly used or exracng inormaon
such as vegeaon healh and VWC rom digial remoely sensed daa (Jensen, 2014).

The MSAVI2 addresses some o he limiaons o he Normalised Dierenced
Vegeaon Index (NDVI) when applied o areas wih a high degree o exposed soil surace
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(Qi e al., 1994). This index is bes known or reducing he eec o soil brighness, which
is noorious or aecng resuls rom areas wih low vegeaon cover; i also permis
improved vegeaon vigour assessmen (Dunno & Weber, 2001). The MSAVI2 also
increases he dynamic range o he vegeaon signal, which makes i less dicul o
ascerain a hreshold value or vegeaon (Qi e al., 1994). Dunno and Weber (2001)
ound ha MSAVI2 values approaching 1.0 are associaed wih vegeaon cover and/or
vigour and hose approaching 0.0 are areas o low vigour or low vegeaon cover.

Equaon 1 where NIR is he near-inrared and RED is he red specral band
(Source: Qi e al., 1994)

The NDWI is a measure o liquid waer molecules in vegeaon ineracng wih
he incoming solar radiaon (Gao, 1996). This index was mainly inroduced or he
applicaon o remoe sensing o vegeaon liquid waer conen rom space using he
near-inrared and he shorwave (SWIR) bands (Gao, 1996). The SWIR reecance reveals
changes in he spongy mesophyll srucure and he waer conen in he vegeaon,
while he NIR reecance is aeced by he lea drymaer and he lea inernal srucure.
The combinaon o he NIR and he SWIR bands removes he variaons induced by he
lea’s inernal srucure and he lea’s dry maer conen (Gao, 1996). The NDWI values
o areas o dead grass or no grass are negave, while he posive values are depicng
waer conen or areas o living vegeaon (Gao, 1996). This remoe sensing algorihm is
known or accuraely esmang vegeaon waer conen (Colombo e al., 2012).

Equaon 2where NIR is he near-inrared and SWIR is he shorwave specral bands
(Source: Gao, 1996)

Thresholds and classes o heMSAVI2 andNDWI assigned in his sudy are indicaed
in Table 1. The respecve oal area sizes o derived classes were obained hrough he
reclassiying, conversion, Srucured Query Language and he clip ools in ArcGIS. For
he NDWI, band 11 (SWIR) was resampled o 10 m resoluon, o harmonise i wih he
resoluon o band 8 (NIR), he oher inpu band.
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Table 1. Assigned hresholds values and classied classes or he wo employed
indices, MSAVI2 and NDWI

(Source: This sudy)

For eld vericaons, only vegeaed areas wih an area size equal o or larger
han 600 m2 were eligible or sampling. The minimum hreshold area o 600 m2 was se
by aking cognisance o he coarses (20 m, original) spaal resoluon o he employed
bands, and he GPS accuracy. Tha means ha he sampling area on he ground should
be covered by a leas one pixel a 20 m resoluon. Random sracaon was used o
obain 30 eld vericaon sies rom each classied biomass and VWC class.

Field vericaons enailed he idencaon o land cover, ype o UGS, areal
esmaon o UGS (m2), average plan canopy o gap rao and plans’ heigh (m).
Accessing some privaely owned UGS proved o be a challenge, especially when he
owners were no available; his liming acor resuled in 39 ground vericaon sies.

The exen o agreemen beween vegeaon biomass and vegeaon waer
conen levels was assessed hrough a marix able o he classied MSAVI2 and he
NDWI images, which was creaed hrough cross-abulaon. UGS area sizes were used o
esmae he amoun o waer needed o irrigae UGS using Deiser’s (2013) esmae as
well as he waer cos o hese UGS using he 2018 waer aris or Marienal.

Resuls

Basedon hebiomass index, approximaely1%(6.6ha)oMarienal’s land is covered
by UGS; buil-up areas occupy 9% and 90% is bare soil. The UGS had a mean biomass
index o 0.61 (low). The maximum biomass index o 0.79 (very high) was obained in he
CBD (Figure 4).
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Figure 4. Area sizes o UGS per biomass class
(Source: This sudy)

The waer conen index revealed an average value o 0.14 (very low) and a
maximum o 0.38 (very high). Similar o he biomass index, he maximum value o he
waer conen was derived rom he CBD.

The area covered by greenery is inclusive o he nave vegeaon in heir naural
setng, as well as hose in cemeeries. The very low, low and moderae biomass classes
make up over 80% o he UGS (Figure 4) and are predominanly locaed in he CBD (over
95%), ollowed by a disan Sonop suburb wih approximaely 3%. The high and very high
biomass classes are only locaed in he CBD (Figure 5).
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Figure 5.Disribuon oUGS inMarienal: a) Vegeaon biomass and b) Vegeaonwaer
content
(Source: This sudy)

Table 2. Marix able o Marienal’s MSAVI2 and he NDWI indices (%; n = 370). The
grey-shaded elds indicae pixels (oalling 64%) alling under idencal bins beween he
MSAVI2 and NDWI indices

(Source: This sudy)

Major variaons beween he MSAVI2 and NDWI (Table 2) occur in areas wih very
low biomass, buil-up area and bare soil. The rs wowere overesmaed by over 80% in
he NDWI, while he same index underesmaed bare soil by over 20% when compared
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wihMSAVI2. A closer look revealed ha cemeeries and nave vegeaonwere hemain
conribuors o such variaons beween hese wo indices. Spaally, NDWI overesmaed
buil-up areas in he CBD, whils hey were underesmaed in neighbourhoods where
building srucures are relavely small, such as in he inormal selemens.

Using he derived 1% o he UGS esmaes or waer demand o UGS in he sudy
area a presen averages approximaely 1000 m3 daily, assuming all plans have a low
waer requiremen. The waer demand nearly riples o 2,600 m3 and quadruples o
4,000m3 or waering plans wihmoderae and highwaer demand, respecvely (Figure
6). This waer volume o 4,000 m3 is roughly 0.32 lires per capia per day or he 2011
populaon in Marienal.

Figure 6. Esmaed daily waer consumpon levels or irrigang curren and expanded
UGS Under varying vegeaon waer requiremens
(Source: This sudy)

Tripling he proporon o UGS in he sudy area rom he curren 1% o 3% and
endowed wih low waer demand vegeaon would require approximaely 75% o he
curren esmaes o highwaer demand levels. The cos involved or keeping currenUGS
under irrigaon wih reaed waer is esmaed o be a daily amoun o around N$2,000
and N$16,000 or low and high waer demand vegeaon, respecvely (Figure 7). The
exac amoun would be lower afer aking ino consideraon he nave vegeaon in a
naural setng.
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Figure 7. Esmaed daily waer coss (N$) or dieren ypes o plans’ waer demand
and he waer qualiy based on he 2018 raes
(Source: This sudy)

Discussion
The main objecve o his sudy was o employ remoe sensing echnologies and

appraise he vegeaon biomass and waer conen o UGS in Marienal as a surrogae
or deermining he exen o which he own invess is eor owards ameliorang he
microclimae. The derived 1% green space coverage in he own ranslaes o 5 m2 o
green space per capia as per he 2011 populaon census (Namibia Sascs Agency,
2014). KheirKhah and Kazemi (2015) repored ha he global sandard or green spaces
per capia ranges beween 5 m² and 50 m². Because o he populaon increase during
he inervening period, he derived gure per capia a Marienal may have marginally
allen shor o his global sandard o green space per capia a presen.

A a own-wide level, he esmaed waer demand o 0.32 lires per capia per day
or mainaining he curren UGS wih high waer demand suggess ha he own placed
a higher premium on waer conservaon han he UGS. Gleick (1996) esmaes ha
domesc waer use in an urban area wih gardens ranges beween 150 and 400 lires
per person per day. Windhoek, or example, has a daily average waer consumpon o
160 lires per person (Uhlendahl e al., 2010). Houses wihou gardens in a similar setng
have an average domesc waer use ranging beween 60 and 100 lires per person per
day (Gleick, 1996). Alhough he daily average waer consumpon rae o Marienal is
unknown, he gap o 50 lires o daily waer consumpon per capia beween houses
wih and wihou gardens is indicave o he minimum waer allocaon or mainaining
a small garden. From ha perspecve, daily waer demand o less han hal a lire per
capia or mainaining UGS in Marienal eecvely ps he balance in avour o waer
conservaon. In oher arid and semi-arid environmens, waer demand or mainaining
UGS is repored oaccoun orup o50%o hemunicipalwaer supplyduring he summer
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monhs (Beard, 1973, cied in Chrisans & Engelke, 1994). Subsequenly, hese gures
illusrae ha he calculaed amoun o waer or susaining curren UGS in Marienal is
rugal.

The proporon o more han 90% o UGS being siuaed in he CBD shows
an imbalance in he spaal disribuon o green spaces in he sudy area. This high
percenage o greenery in he CBD suggess he social, environmenal and economic
value ha is assigned o his zone, as documened elsewhere (Cilliers, 2015). Imay also
reec he age o occupaon o he CBD as vegeaon planed over me grows in heigh
and exen. As Dimoudi and Nikolopoulu (2003) repored, he reducon o ambien
emperaure is proporonal o he green area; in oher words, he larger he green area
he more lowering o ambien emperaure. In ha ligh, he CBD is expeced o are
beer in erms o ambien emperaure han he res o he own.

Furher, a vegeaon waer index o up o 0.38 was deeced in he CBD.
Benabdelouahab e al. (2016) rerieved similar values or ood-irrigaed whea waer
conens in a semi-arid area in Morocco. These vegeaon waer conen values reec
he presence o high waer requiremen plans and regular irrigaon aMarienal. Values
or he vegeaon biomass o up o 0.79 in he CBD also suppors he exisence o lush
green vegeaon in some areas in he own.

There was a good correlaon beween he wo indices or UGS. However, he
NDWI underesmaed he buil-up areas, parcularly in he inormal selemens, and
overesmaed he buil-up areas in he CBD. This was aribued o he original 20 m
spaal resoluon o he SWIR band ha was acored ino generang he NDWI. Smaller
building srucures ha predominae in inormal selemens can hereore be easily
underesmaeda a20mpixel size. Similarly, smallerUGSnex o largebuilding srucures
in he CBD could also be underesmaed by a 20 m spaal resoluon band. In conras,
boh he Red and NIR bands used or he MSAVI2 have a 10 m spaal resoluon, which
may have enhanced is perormance in depicng UGS and he non-biomass classes.

Collecvely, he overall spaal disribuon and relaed imbalance o green spaces
in he sudy area sugges ha he abiliy o he curren UGS a Marienal o eecvely
conribue o he improvemen o is microclimae is modes a bes. There is hus a need
o expand and inensiy UGS in he sudy area.

Wih careul planning, he own is well-posioned o address his demand. One
such sraegy is o inroduce waer-eciency plans and harness wih prudence he
available waer resources rom he nearby Hardap Dam. The pervasive calcisols soil in
he sudy area is anoher advanage. This soil ype is known o be erle under a sound
irrigaon regime (IUSS Working Group WRB, 2015) and i has adequae waer sorage
capaciy (Zhang e al., 2011). An example o an arid area ha expanded is UGS is Urumqi
ciy in China, which ulised greening policies during hree sages rom 1992 o 2019 (Shi
e al., 2020). During hese sages, he oal land occupied by UGS increased six-old, rom
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24 km² o 152 km² (Shi e al., 2020). Green spaces are considered a viable adapaon
sraegy o climae change (Mees & Driessen, 2011); heir expansion in Marienal will
hus also conribue o he susainable developmen o he own.

Conclusion
Vegeaon biomass and VWC o UGS in Marienal were eecvely deeced and

assessed using remoely sensed daa. Values o high vegeaon biomass and VWC
indices were mainly locaed in he CBD. The esmaed green space per capia o 5 m2
or Marienal is barely wihin he global sandard. The unique climac condions o
Marienal, being he urban area wih he highes emperaure variaons in Namibia,
warran he amelioraon o ismicroclimae. An eecve, naural approach or improving
microclimae is hroughUGS. Eors direced aexpanding he green spaceper capiamay
hereore consider he promoon o, and invesmen in plans wih low waer demand.
Coupled wih he availabiliy o unreaed waer rom he Hardap Dam and he relavely
producve soil in he sudy area, green spaces wih low waer demand vegeaon can be
increased susainably o generae climac, environmenal and socio-economic benes
associaed wih urban green spaces. Furher sudies may ocus on assessing he waer
demand o curren plan species in his area and help direc he planning eor.
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