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ABSTRACT

The seasonal interactions among rivers, floodpjaiegetation and anthropogenic activities result
in highly dynamic systems, which tend to exhibit distinctly differemtybochemical patterns

throughout the wet and dry seasons.

An assessment and characterization of the sgatigboral variability of water qualitpf the

Barotse Floodplain, Western Zambwasbased on three major components: biological, physical
and cherital properties. Samplesere collecéd and analysed for two successive years for both
wet and dry season&urther a hydrological model was developed using the Soil and Water
Assessment Tool (SWAT) for predictirggdimentyields into the floodplain. Thisvas doneto
investigate for any heavy metal presence in water and sediments due to upstream mining activities,

and nutrient transport mechanisms for the separate seasons

Results from bacteriological tests indicated that coliforms were highest on the {8engnga
Transect(85.7%), which had ToeNumerousTo-Count (TNTC> 200 coliforms) readings on
several points due to a number of human induced activibgsiochemical clracteristics
generallyshowed a low pH (6.%.9) for the dry gason as compared to the pH {8.9) for the
wetseasonThe Luanginga Rivertaheconfluence of the ZambeRiver, had the highest turbidity
(87.9 NTU), electrical conductivity (EC) and abtlissolved solids (TDS)

Results from the hydrological model gasediment distribution in the floodplain with609
tons/yealsubbasirmas the highest yield of sediments in the floodplain from the Luanginga. River
The modelcalibrated and validated with iferfaomance monitored bthe P and Ractor. The

paraneters read of:#actor0.5to 0.75; and Ractor0.56 to1.36 respectively

In conclusionthis study showthat the Barotse Floodplais still in a pristine state and therefore
results from this research may be used as baseline information for future work. Dugptsritem
large scale copper miniranpdincreased anthropogenic activitida the Luanginga River leading

to high turbidly a proxy to the high sedimentation obsenaahtinuous monitoring is encouraged

Key Word: Sediments, water quality, Barotse Floodp|&aVAT
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CHAPTER 1: INTRODUCTION
1.1 Background

Floodplains are of great cultural and economic importance as most early civilizations arose in
fertile flood plains Nicholas, 2008)Throughout historypeople have learned to cultivate and use
their rich resources as they served as focal points for aldagiopment and exploitation of their
natural functionsNaiman et al., 2005 Flood plains are also described as dynamic systems that
are shaped by repeated erosion and deposition of sediments, inundation or prolonged hydro
periods during rising water\els, and complegroundand surface water exchange processes.
This dynamic nature makes flood plains among the most biologically productive and diverse
ecosystems on earth (Gregory et 2891; Naiman & Décamps 1997; Tockneiand Stanford,

2002; Naiman et gl2005).

Wetlands or floodplainsaare widely thought to be important locations for the uptake and
transformation of nutrients and sediment in fluvial landscéides and Hupp, 2007pediments

are probably the most influential determinant of the ability of the system to process and sustain
nutrient loadgAhiablame et al2010) This is because floodplains are frequently thought of as
sinks of inorganic nutrients and sources of organic nutrients, in other words nutrient transformers
(Noe and Hupp, 2007Moreover, many agrochemicals, heavy metals and nutrients chemically
bind to sediments which provide a transport mechanism for these contaminants as well as substrate
where they react (Lovett, Price & Edgar, 2007).

All these agrochemical, heavy metal and nutrient contaminants, as described above, may be caused

by anthropogenic perturbations which can lead to alterations of the physical, chemical and
biological propeiies of the water bod¢Bilotta and Brazier, 2008 Nutrient contaminants can be

catewr i zed with respect to where t hanpdelingtte bei ng
relationship between | anldng& Ghen2808)dategarizetinafit e wat
from different types of land use may be enriched with different kinds of contaminants which may
come from agricultural lands enriched with nutrients, highly developed urban areas (mines
inclusive) enriched with rubber fragments, oil, heavy metalsyell as sodiurand subhatesfrom

road deicersWhile Lovett, Price and Edgar (2007) refer to sediments as contamiBands:;

Foron et al (2014have a different stance in thagy view sediments as deposits composed of silt



and humus from vegetatiaand decaying aquatic plantich enrich floodplain areas, creating
fertile arable land for crop production.

In aquatic systems, alluvial sediments use water in their conveyance and therefore it becomes
inevitable to also look at the qualitative aspedtsvater.Bilotta et al 012, Gray (2008) and

Richter et al (2005) explain that one of the most commonly attrilmateses for the impairment

of water quality globally is the presence of suspended particulate matter (SPM), ranging from
nanoscale particles and colloids to sasided sediments. When anthropogenic activities are
enhanced, concentrations of suspendedls@bS) also increase having the potentialter the
physical, chemical and biological properties of water bodies. These alterations may include: i)
reduced penetration of light, temperature changes, infilling of channels and reservoirs when solids
aredeposited (physical aspects); ii) release of contaminants such as heavy metals and pesticides
and nutrients such as phosphorous from adsorption sites on the sediments (chemical aspects), and
iii) depletion of oxygen levels especially when the sediment® f@a high organic content

(biological aspects)Bilotta and Brazier, 2008)

Bilotta et al (2@ 2) and Flaxman(975) bring in the aspect of SS and their effects on water quality.
According to Flaxman1975, p.78) sediments probably have their greatest impact on the water
used for irrigation asc@umulation in canals, lateragsd farm ditches require cleanouts while
Bilotta and Brazier (2008) add to this by stipulating that SS are an extremely important cause of
water quality deterioration leading to aesthetic issues such as high cost of water treatment, a decline
of fisheriesresource and serious ecological degradation of aquatic environments, for example, re

leveling for efficient water applications due to depositions on fields reducing on permeability.

With all this complex hydrological relationship between sediments arel @aality, modHing

seems to be one of the best optidascomprehending such systems. The Soil and Water
Assessment Tool (SWAT) is used to model soil sedimentation yields, identify soil erosion prone
areas, and assess the impact of Best Management& @MPs) on sediment reduction (Betrie

et al.,, 2011). SWAT model seems to be robust and can be relied upon as a tool for catchment
sediment management in the tropics (Preks&dfan Griensven2011). By robustness, we mean

that after specifying the basnput variables and their accurate equilibratvoee can expect quality
outputs of simulations, even if tHell capacity ofthe input database is not filled (Jozef et al.,

2010). Unlike other modleng tools which are either too expensive or have numerous data input
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requirements, SWAT is a freeware, and has been used by a number of researchers all over the
world in variousapplications. These applications range from qualitative aspects to quamtitati
aspects. These may include sediments, river discharge or flows, water quality, nutrients etc. All
this is dependent on what the ultimate expectations of the project are, following the objectives
(SWAT Documentation, 2009)

This research is part of tHeouthern African Science Service Centre for Adaptive Land Use
Management{SASSCAL). SASSCAL is a joint initiative of Angola, Botswana, Namibia, South
Africa, Zambia, and Germany, responding to the challenges of global change. This study is under
a specifc task identity number 191 and the research area is in Western Zambia. Western Zambia
hosts the Barotse Basin which is part of the larger Zambezi Basin shared by eight (8) countries
such as Angola, Botswana and Namibia who will benefit from this taskn@iw significance of

this study is to assist Zambia develop a database to support existing national databases that
classifieswater resources specifically in the Barotse Basiterms of spatial variations in quality

and quantity. In spite of the Baret8asin hosting headwaters of the Zambezi River which have
key economic, environmental and social connotation, no standard database is operational.
Therefore, this study has a direct contribution to the Zambian Water Sector. This includes the

government, @operating partners, private secamdNon-Governmental OrganizationslGOS.

1.2 Description of the Study Area

The Barotse Floodplairs found within the Upper Zambezi Basin (UZBThis is illustrated in
Figure 1.1 The basin lies betwedatitudes 1§S -19°S and longitude 1% -27°E, which covers
part of Western Zambia. Thisdludes parts of Angola, Namib#nd Botswana
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Figure 1.1: Location of the Upper Zambezi BagidZB) covering parts of Angola, Namibia and
Botswana

The floodplain can be accessed via Moigisaka Road (M9) which cuts across the Kafue
National Park or Livingstonkusaka Road (M10) passing through Kazungula District into
Sesheke. The extent of the floodplain is démsatiby Turpie et a(1999) Timberkke (2000) and

the report produced by the Ministry of Finance (2013) on an Investment Project for the Barotse
and Kafue Sulbbasins under the Strategic Progmaenfor Climate Resilience in Zambia.
According to (GRZMinistry of Finance, 2013}he floodplainmeasures approximately 240 km

long and 34 km wide, extending from Lukulu in the north to Nangweshi in the south. The total
wetland area is estimated at 1.2 million hectares (Turpie et al., I889)includes the Barotse
Floodplain, Lungwebungu Wetlandsiiena Flats, Luanginga River and Liuwa Plains National
Park. From the five, the Barotse Floodplaitbroadly estimated at 550,000 hectares. It comprises

of excessive grasslands from Lukulu, which is located near a confluence of three river systems



namely Kabompo, Lungwebungu azthmbezi riverso Senanga District.d@?t of the wetland that
specifically falls in Western Zambia shownin Figure 12.
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Figure 1.2: Location of the Barotse Floodplawithin Western Zambia and its relateder
systens

Timberlake (2000) further defines the area as extending from Lukulu to downstream of Senanga,
and including the Liuwa Plains National Park, Luena Flats, the Barotse Floodplain and the
Lungwebungu RiveWetlands. The Liuwa Plains National Park and associated areas to the north
west of the floodplain are relatively flat and more water logged during the rainy season while
remaining extremely dry during the rest of the year as soils of this region hayke iaftiiration

rate. BaiduForon et al(2014) generalize the floodplain into four categories which are arable land,
canals, lagoons and swampbeestimated area of the Barotse Floodplain and extended wetlands
can be viewed in a summary tableable 11). It is flat and influenced by a number of river

systems.



Table 1-1: Estimated area of the Barotse Floodpkaml extended wetlands (Turpie et. al., 1999

Wetland Area (ha)
Barotse Floodplain 550,000
Lungwebungu Wetland 70,000
Luena Flats 110,000
Luanginga River 100,000
Liuwa Plains National Park | 366,000
Total 1,196,000

1.2.1 Climate

The Barotse Floodplain is described to be in a region with an elevation of about 1000m tilting very
slightly to the south. The Zambezi and its headwaters rise on the higher ground to the north, which
experiences rainfall of about 1400mm annualpwever,a map madey the International
Research Institute  IRI) Climate Library (satellite rainfall data,
http://iridl.Ideo.columbia.edu/SOURCBSgives the 2014 to 2015 annual rainfall distribution

across Zambia and its neighbouring countfieguyrel.3). Of interest is the annual rainfall pattern

in the red bounding box. Rainfall geally ranged from 500mm/yean the Southern parts of
Western Zambia to around 1200nyeérin the North near North Western Province and pairts
Angola further North WestThis clearly shows that the largest contributions to the floodplain
inundation emanate from the northern regiparticularly North Western Zambia which has
pockets of deeper browmndicating higher precipitation following the colour bar or legend

attached to the map.
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Figure 1.3: Annual rainfall distribution according from satellite imagesy 2014 to 2015 seasons
(IRI Climate Library, 2016)

The main wet season runs from November until March, although inundation depends mainly on
rainfdl in the upper catchment arsgepage from the uplan(@mba et al 201.8). In Mongu, the
averge annual rainfall imbout945mm leavingthe floodplainwith green fresh grass capable of
feeding 250,000 cattle. The area is hot from September to December, with a mean maximum for
October o#41.26C, and cool from May to August, with a mean maximum in Jun®.6f7% and

a mean minimum 08.04°C (National Oceanic & Atmospheric AdministratigNOAA), 2018.

The climatic features of the study area from JanuaByeiwembe2016 are outlined for some of

the weather parameters (Tabi@)1



The climate of a watershed pides the moisture and energy inputs that control the water balance
and determine the relative importance fefent components of the hydrologicycle (SWAT

Documentation, 2009).

Table 1-2: Climatic parameters fronaduary through to Auguss monitored at MongWestern
Zambia(NOAA, 2016)

PARAMETER | WS50M | T2M_MAX | T2M_MIN | PRECTOTCORR | PRECTOTCORR_SUM
YEAR 2016 2016 2016 2016 2016
JAN 4.06 35.13 18.62 8.9 274.22
FEB 3.23 34.24 18.69 4.19 89.65
MAR 3.55 30.86 18.19 6.14 189.84
APR 5.17 31.34 12.19 0.63 21.09
MAY 5.22 30.33 9.7 0 0
JUN 5.47 29.67 8.1 0 0
JUL 5.57 32.67 8.04 0 0
AUG 6.64 35.22 9.48 0 0
SEP 6.07 38.74 14.21 0 0
OCT 6.12 41.26 18.12 0.09 0
NOV 4.07 41.05 18.84 2.17 58.01
DEC 3.45 39.15 18.95 4.46 126.56
ANN 4.89 41.26 8.04 2.22 759.38
Parameter(s) Meaning
WS50M MERRA Wind Speed at 50 Meters (m/s)
T2M_MAX MERRA?2 Temperature at 2 Meters Maximum (C)
T2M_MIN MERRA2 Temperature at 2 Meters Minimum (C)
PRECTOTCORR MERRAR Precipitation Corrected (mm/day)
PRECTOTCORR_SUM MERRZ Precipitation Corrected Sum (mm)




1.2.2 Hydrology

Beilfuss(2012 gives aninsightinto the hydrology of the Zambezi River Basfallowing Balek

(1971) who gave the first detailed description. After risinblanth-Western Zambia and passing
southward through Angola, the Zambezergers Zambia in Western Province and becomes larger
and moe consolidated, giving rise to a series of floodplains. The onset of annual flooding varies
greatly and may occur anywhere between December and March, although northern parts of the
floodplain are generally inundated earliest. The maximum flood levetamed in April, after

which floodwaters gradually recede over May, June and(Balgin, 2003)The omplexty of the
hydrologcal network of the study areds given in Figure 1.4 and Table 13.
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Table 1-3: Hydrological variables for natal (unregulated) flos/(Beilfusset al., 2012)

Potential
Area | Mean Annual ET Runoff Mean annual | Cumulative Zambezi mean
Sub-basin (km? | Rainfall(mm) (mm) efficiency | runoff(m md) annual runoff (Mm 3)
UPPER ZAMBEZ| REGION
Upper
Zambezi 91,317 1,225 1,410 0.21 23,411 23,411
Kabompo | 78,683 1,211 1,337 0.09 8,615 32,026
Lungwe-
bungu 44,368 1,103 1,472 0.07 3,587 35,613
Luanginga | 35,893 958 1,666 0.06 2,189 37,802
Cuando/ | 148,99
Chobe 4 797 1,603 - 0 37,802
115,75
Barotse 3 810 1,578 - 553 37,249
Figure 1.4 above shovess r eam net wor k made i n Ahelydré&dgys 6 s

tool to give us an impressiarf where water flows to the main streams and eventually into the

inundated areas. A picture is alsobedded in the map to give a pictorial overview of thesde

SPp

vegetation along the river course supporting the tortuous water resources. Sharp changes in

vegetation can quickly be noticed as the land immediately after the thickiiegleanksare

grasslands.

1.2.3 Geomorphology

According tothe Japanese Inteft@nal Cooperation Agency)CA (1995), most parts of Zambia

are classified athe Central African Plateau. The elevation of the plateau ranges &@0 to

1,850m above mean skesvel. The highest parts of the plateau are located in the northern direction

and Northwest of Zambia. Elevation gradually reduces in the southwest/south to the Zambezi

River. This is the regiom which the Barotse Floodplais found. The region is desised to be a

flat plateau at an elevation of about 1000Ctilting very slightly to the south ashown by the

geomorphological flow direction of the Zambezi River.

1.2.4 Geology

The geology of Western Zambia inclad the Barotse Floodplain which fall withthis region
was first described by Money (1972). Money (1972), Haddon and McCarthy @0@®)ate that
Western Zambia is predominantly made up of Higal windblown desert sand cover (the

Kalahari Sands) considered to represent the end of the heeBgesion surface on the west and
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south- east. Thoma& Shaw(1991) describe that these Aeolian Sands have a predominant grain
size of 0.2mm and are well sortedhndstone with clays, gravels and fine sands typically sccur

in deeper Kalahari beds. Alluvium, laterite and colluvium sediments are found in the more central
region within rivers systems or terracéisese second order landforms which are due to- post
Neogene cycles of erosion and deposition, most of which are probably initiated by a series of
downwarps and alternating wparps (Haddon & McCarthy, 2005). Furthermore, Haddon and
McCarthy (2005) describ#hatthe strateconstitute the Kalahari Groupormaion that varies in

depth and may reach up to 450m attlteekest butis more typically 18100m thick. Surface
outcrops of Basement Karoo rocks are infrequent, howasdhe Zambezi approaches Senanga
Habour, these can be clearly seen.

Otherresearchersuch asVilliams et al. (2009, explain thathe geology of Zambia is dominated

by the northeasirending Kibaran Mobile Belt (KMB)which separates the Archaean Congo
Craton (ACC) to the northwest from the Kalahari and Zimbabwe Cratons to the southeast.
Furthermore, the KMB was probably initiated in the Palaeoproterozoic (ca 1800 Ma), but is
dominated by Neoproterozoic rocks and structukdswever, Western Zambia is underlain
predominarly by Palaeozoic to Recent Age Rodksgure 1.5) This includes parts of Angola,
Namibia and other countries to the south of the area under study. Abigvihé Lufilian Arc, a

large domdike geological structure that dominates the geology of Nortiste@ve Zambia and
extends into the southern part of the Democratic Republic of Q&f)dA et al, 2013.

11
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Figure 1.5: Western Province is largetjominated by Kalahari Group witbgsil sief dunes with
UpperKaroo (Zambezi ValleyKaroo undifferentiated (elsewhere) in the floodplain
(Haddon and McCarthy, 2005)

1.2.5 Soils

The soils of Zambia can be classified using three-agotogical zones. Theaim soils are loamy

sand or sand alfisols, interspersed with c{@ZEMA et al, 2013. The Kalaharisands are

underlinal by rocks of the Karoo Superaip. The sand are a PleistocenepDsit, the erosion

productof UpperKaroo sandstonesThey vary in colour from pallid to orange, are moderately

acidc and contain 2% silt + clay.The sands are not very fertile, the niteagcontent being

particularly low where the humus has been disturbed by cultivation. There is no erosion problem

as the area is so flat, but heavy population pressure in some areas has resulted in land degradation

(Fanshawe, 2010).
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According toMuzumara (203) following after JICA (1995), large parts of Western Province are
covered by Acrisols distributed in pan complex zones, while cleyseldistributed in floodplain
alongmain courses and tributaries tife Zambez River. Redzils are distributed ithe middle of
Western Provingenamelythe eastern part of Mongu. A more detailed spatialv of the soil
distribution in Western Zambis givenin Figure 1.6and Table 34 based on FAO/UNESCO
classification angoil descriptiorfollowing the map units (numbetrs)
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Figure 1.6: Soil distributon of Westerrzambia(FAO, 2M9)

The main soils typein the floodplain described dise depression land type Table 14 are
Dystric Gleysol Rumic GleysolndDystric Fluvisol These are bordered by Ferric/Cambic
Arenosols on the eastern side which fall under the low relief area (western plateau). The mapping

units are 29 and 17 foreldepressed land type (Dystric Gleysol, Rumic Gleysol and Dystric
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Fluvisol) and low relief area (Ferric/Cambic Arenosols), Figure 1.6 aliawéhe western side

of the depression land type ar€arralicCambic Arenosolsire under a mapping unit of 19.

Table 1-4: Soil classificatiorfor Western Provincbased on the FAO/UNESCR009)

SOIL REFERENCE F.A.O./UNESCO CLASSIFICATION
Map Description of soils (and Major unit(s) Associated soil unit(s) Important inclusions
Unit vegetation)
HIGH RELIEF AREAS

2 1  Lithosol
Shallow and gravelly soils derived 9 Ferric Acrisol
from acid rocks, occurring in 1  Ferric Luvisol
rolling to hilly areas, including
escarpments (fe
(Miombo)

8 Associated o$trongly (60%map 1  Othic/xanthic Dystric Gleysol
unit 7) and moderately (40-%hap Ferralsol
unit 9) leached reddish to brownis 1  Ferric Acrisol
clayey to loamy soils derived from
acid rocks (Miombo)

9 Moderately leached reddish to 1  Ferric Acrisol 1  Orthic/Xanthic Dyetric/eutric
brownish clayey to loamgoils, 1  Ferric Luvisol Ferralsol Gleysol
derived from acid rocks (Miombo)

10 Moderately leached reddish to T Rhodic/orthic T FerricAcrisol Dyetric Gleysol
brownish clayey to loamy soils, Ferralsol 1  Dystric Nitosol
derived from acid rocks (Miombo)

LOW RELIEF AREAS (western plateau)

17 Red sand soils on Kalahari Ll Ferralic/cambic Dystric Gleysol
(Balkiaea) Arenosol

18 Podzols on Kalahari sands 1 Humic Podzol 1 Ferralic T  Humic
(Kalahari) Arenosol Gleysol

1  Dystric 1  Albic
Gleysol Arenosol

19 Non or weakly podzolic sandy soil 1  Albic Arenosol Dystric/ humic Gleysol
on Kalahari sands (Kalahari and 1 Ferralic Arenosol
Cryptosepalum)

20 Association of moderately leachec 1  Cambic Arenosol 1  Dystric
reddish clayey to loamy soils, 1  Dystric Gleysol Gleysol
derivedfrom basic rocks, often 1 Ferric Acrisol
with acid rock admixture (50%
map unit 9) (Munga) and sandy
soils on Kalahari sands (50ftap
unit 19) (Kalahari)

21 SenangaNest floodplain soils 1  Cambic Arenosol | Humic Gleysol
(Miombo andtermitary associated 1  Dystric Gleysol
vegetation)

22 Hydromorphic sand plain soils or 1  Dystric Gleysol 1  Humic Gleysol | Gleyic Cambisol
very poorly drained soils in large
dambos (Grassland)

DEPRESSION

25 Association oimoderately to T Ferric Acrisol T Ferric Luvisol
strongly leached reddish to 1  Dystric Gleysol 1  Orthic
yellowish loamy to clayey soils 1  Cambic Arenosol Ferralsol
(40%map unit 8) (Miombo) and 1  Xanthic Ferralsol
poorly drained soil in large
depressions or valleys (60fbap
unit 29) (Termitary associated
vegetation)

27 Back swamp soils (Mopane) 1 Chromic/pellic 1  Orthic/gleyic

Vertisol Solonetz

29 Floodplain soils (Termitary 1  Dystric Gleysol 1  EutricGleysol 1  Dystric

associated and grassland vegetati 1 Rumic Gleysol 1  Gleyic Histosol
1 Dystric Fluvisol Cambisol 1 Humic
Cambisol
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1.2.6 Vegetation

The floodplain is mainly comprised of grasslantges are largely absent from seasonally flooded
areas, where only a number shall, woodedareas on higher ground, and swamp forests are
scattered over the aréBlJCN, 2003) These may be described as shiads especially in the
northern parts of thedbdplain towards Kalabdlarine Biologists describe the floodplain as being
found ina flooded grasslanecaregion, bordered bthe slightly higher sandy ground on which

grows grass (Western Zambian grasslafettilized by decayed nutrients of the gras$ore with
woodlands savanna (Zambian Baikiaea woodlands) to the east and south, and patches the
evergreen forest (Cryptosepalum dry forest) in the north and easluddated byUCN (2003),

ZEMA et at, (2013) also adds to the reason why draee largely absent in these constantly

indunated. This is due to the permathe high water table.

1.3. Social Economic Characteristics

In the Barotse Floodplaininundation is of great importance as it has a cultural and economic
benefit. People from around the world and from within Zambia travel to witness a traditional
ceremony called O6Kuombokad which is (Knpafr act er
Barase Land)from his lowand capital to his uplanchpital(ZEMA et al.,2013) Thisceremony

is dependent on annual flooding. This implies that if the flood levels are low, the ceremony does

not take place.

Sefula was identified for its rice field&fter some water has receded from the floodplain in the
latter part of the rainy season, the community farms rice. The irrigation network infrastructure was
historically used to regulate and manage water levelloaa plains so that communities could
grow two crops annually rather than just one utilizing rain fed farr(@tgleshe, Trottier and
Wilson, 2009.

1.3.1 Population

In total, the fourdistricts (now further subdivided by the new governmeot)the Barotse
Floodplain are estimated to contain just fewer than 225,000 people or 27,500 households.
Population density, which is generally low in Western Province with fewer than 5 people®per km

increa®s steeply around the floodpldituCN, 2003)
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1.3.2 Economic Activities

Most of the population in the Barotse Floodplain depends on a mixed livelihood strategy,
combining crop farming, livestockeeping (especially cattle)fishing and natural resource
exploitation (Basin, 2003) Recession irrigation is widely practiced; crops are planted in moist
soils of receding wetlands and emerge at the onset of the dry season. The main growing season in
the floodplain is between November and Apmilwhich maize, ri@, sweet potatoes, gar cane,

fruits and vegetableare producedin the upland area, the main vegetabére cassava leaves
especially in KalaboFloodplain farming systems area diverse, and include raised gardens
(Lizulu), rainfed village gardens (Litongo), seepage gardens (wet Litongo), drained seepage
gardens (Sishango), lagoon gardens (Sitapa) and river bank gardens (L{iBasiia)2003)

Other activities that can be tied to the floodplain include the provision of employment to the local
people such azoxswairs and tradersansporting people and goods across the p(&igsire 1.7)
A business of mats, fences, and houses etc. that are made out efatdedeeds (locally called

aso M adtisaquite lucrative as the materials are locally sourced.

Figure 1.7: Tradestravelling from Kalabo to Mongu via the Luanginga River vattanoe fully

loaded with reed@Credit: Bioversity International/E.Hermanowjc020
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With game parks such as the Liuwa Plain National Park, local people are employed by the
Department of Wildfe and National Parks (DWNP) formally known as Zambia Wildlife
Association (ZAWA) to assst in discouraging and stopping people frpoaching activities.

1.4 Problem Statement

According to the Ministry of Finance Investment Project for the Barotse and KafubaSins

(2013), over the past three or four decades, Zambia has experanicerdeased incidence of
climatic hazards. Drought, seasonal floods and flush floods, extesnperatures (such as frost)

and dry spells have been the most serious. With increased frequency, intensity and magnitude
over the last two decades, these extreme climate events have severely impacted the livelihoods of
rural canmunities (GRZ, 2013 Amongthose most vulnerable to the effects of climate change are

the rural communities in the Barotse Shdsin.Furthermore, Richar(2012)addsthat more than

a decade ago, the Intergovernmental Panel on Climate Change,(lBt@&@ge and Basis, 2001)
categorized the Zambezi as the river basin e
change among eleven major African basins, due to the resonating effaotimérease in
temperature and decreaserainfall resulting in thepotentialfor evaporation and runofAdding

on to the stipulated climatic varidiby in the Barotse Floodplaifin the Zambezi River Basin),

floods leave behind a fertile grey to black soil overlaying the Kalahari Sandezhiy silt
deposited by the flood as well as humus from vegetation that has perished due to long inundation
periods by the initial flood, and from decaying aquatic plants left to dry out in the mud. This

provides good soils, but in the late dry sea#as bakedoy the heat of the surGRZ, 2013).

Fish is a source of livelihood for about 28,000 hous#halong the Barotse Floodplaandowed

with an estimted 122 fish species (CSO, 2Q1Riowever, sedimentation poses a danger in
reducing thespawning areas for fiskurther,Southern African Science Service Centre for Climate
Change, and Adaptive Land U$8ASSCAL) Task 191 (2012) asdgsthat most of the population

in Western Zambia is heavily dependent on nutrieatl associated with floiagy. This heavy
dependence on raied riverbank agriculture (including livestock production) and fishing means
thatthe communities in this basins are most exposed to climate change and its impacts, at the same
time, have the least capacity to adequately adapt and protect themselves from the adverse effects
of weather (GRZ, 2013). THRADC/SARDC et a(2012)furtherindicatedthat the main recorded

17



threats are loss of habitat due to agricultural encroachment int@ngetireas and the
eutrophication and sedimentation of the riverine habitat.

All these stipulated exacerbating environmental challenges attract a sound scientific intervention.
This can only be done lrgsearchhat allowsfor a thorough collection of datind its coalescence.

Since measurements of key weather and climatic data sets are not done on a continuous basis, there
isapaucity of data. It has, therefore, become inevitable to use models that implore remotely sensed
data to manage the challenge at hand. The information will be essential in developing watershed
management plans and so as to have a picture on climate htgriabi

This researchtherefore uses SWAT interface to model sedimentation in terms of yields. Water
quality and nutrient loading within the sediments amdrbank(alluvial) soils are all taken into

account. The goal is thave holisticand scientifially guided decisios on how theBarotse

Floodplain can be managed in terms of its land and water resources.

1.5. Overall Objective

The overall objective is to determine the dynamics of water quality and quantity of the Barotse

Floodplains.

1.51 Specific Objectives
The following specific objectivesvere framed to aid in achievirthe overall objectiveof the
research
) To assess the spataldtemporal variability of water quality parameters in the Barotse
Floodplain; and

(i) To investigate the hagtet areas for sediment deposition due to the floodplain
hydrology using AreSWAT.

1.6 ResearchQuestions

To achieve the research objectivies) study questiongereformulated. Answerto the following
guestionsveresought:
() How do the spatial anigmporal water quality parametefgry onthe Barotse Floodplain
during the high and low flow periods&nd
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(i) Can SWAT suitablplot sedimenyieldsanddistributionsfor aflat nonrmountainous area

such as the Barotse Floodplain?

1.7 Hypothesis

It is assumed thatements and nutrients conveyed by water and sediments inbsesgmdinear

relationshipduring the high flow peods in the Barotse Floodplain

1.8 Significance of Study and Scientific Contribution

The everincreasinganthropogenic actities and infrastructure development on water resources
such as the construction of Mon#alabo Road, mining in the upstream Kabompo Basin,
abstractions by Commercial Utilities (CU), fishing dadming onalluvial have a way of altering

and reshaping thieydrologicalbehaviour of the floodplain

The significance of the study watherefore,to provide hydraulic and hydrological data and
models that can be used by environmental agenciesZeugbia Environmental Management
Authority ZEMA, Disaster Managaent and Mitigation Unit (DMMU) for planning to deal with
future flooding drought and food challenges (Ndomba &ieBsven, 2010; GRZ, 2003)
Furthermore, the target of this research was not only to answer to academic requirements, but to
provide baseline data for industry. It was envisioned that Zambia Electricity and Supply
Cooperation (ZESCO), Zambezi River Authority (ZRA), Water Resource Management Authority
(WARMA) and Zambia Environmental Management Agency (ZEMA) would find this baseline
datauseful in their dayto-day decision makingAccording to SASSCAL Task 191 (2012he

basin has had very little or no scientific studdser tharethical and social basetudiessuch as
Mutonga (2012pand Banda et al (2015)

Finally, SWAT has the capdy to producdand usevegetatiorandsoil fertility maps by means
of sediment distribution maps since sedimentsanek fornutrients and elements from upstream,

that can be used by the farming communities.

1.9 Benefits of ProjectOutputs

The research is expected to have the following outcomes/outputs:
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(i)

(ii)

(iii)

(iv)

Improved livelihoods through sustainable agricultural practicecharacterizingsoil
fertility patterns associated with flooding regitmeough the SWAT modeas reeded by

the Ministry of Agriculture and Livestock (MAL)This also includes grassland areas for
cattlegrazing;

Provide status of the chemistfwater quality)within flood waters, sedimermnd soils to
assess potential mining contamination from upstream Kabompo River within proximity to
large-scale mining activities. This will be integrated into the catchment management
systemincludingthe ZEMA database;

Following (ii), the watersector in Zambia has undergone several changes since the 2011
Water Act that has seen the birth of the WARMAIebhis mandated to monitor and
manage both ground and surface water resources. Therefore, the inforematicell as

the database to be develdpg abaseline information to WARMASs it regulates the water
resources in thg) catchmentsf the country; and

Encouragsefurther research to improve on the database and build long period dataset for

future management of water resources and climatigrventions
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CHAPTER 2: LITERATURE REVIEW

This chapter describes the literaturefobjowing the order of the two specific objectives of the

study mentioned in the previous chapter

2.1 Water Quality

Wamulume et al(2011) states that anthropogenic disturbances to flooding regimes can thus
substantially alter wetland habitat and biogeochemistry. Conferring to the Ramsar Convention on
wetlands, water quality and monitoring are considered part of the basic performana®rnsdic
when designing a wetland management barrio, 2005;Taylor, 2002) This implies that the

water quality samples collected and analyzetiesight step towards fulfilling the requirements

of the treaty. The Convention on Wetlands,jgeed in Ramsar, Iran, in 1971, wam
intergovernmental treaty thaprovided a framework or guide for both national action and

international cooperation for the conservation and wise use of wetlands and their resources.

Water quality is simply defined as the measure of the state or condition of water resources relative
to the requirements of the biotic species and human needs (Johnson et al., 1997). Acabreling to
United Nations (2007)cited by (Ndungu ¢ al, 2014) it is defined as the physical, chemical,
biological and organoleptic (tastelated) characteristic of watéBased on this definitigrthe

components of water quality to baudiedaredefined

2.1.1 Regulations, Limits and Quality Contto

In order to adhere to the water quality standards of the treaty mentioned above, detection limits
and regulations have been set. A handbook for the technical supervision of water resources, offers
chemical standards to be used in lake investigationrgnoges and wetlands following after the
Ramsar Treaty. It expresses the water quality parameters and regulation limits as:

()  pH values should range from 1.8.0;

(i)  Sulphates values should be below 1 mg/l;
(i)  Phosphate values should be below 0.005 mg/l;

(iv)  Nitratevalues should be below 0.02 mg/l;

(v)  Chloride values should be below 5 mg/I;

(vi)  Calcium should be below 2 mg/l; and

(vii)  Magnesium should be below 1 mg/l (Bayern, 2002).
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With these standards set by other scholars and the Ramsar Treaty, our results may be cross
referenced to see whether they fall within the required standaifdthere is cause for alarm.

In order to inspire confidence in any water quality studiesmic balance is inevitable. The ion
balance describes the relationships between the equivalent concentration of the different cations
and anions. Larger differences indicate that important ions are missing. For these calculations
dominant cations Na, K, Mgnd Ca and the anions chloride, sulphate and hydrogen carbonate
should be taken into account and should fall within an error limit equal to 5 percent(d®tags

2008 Bilotta & Brazier 2008)

2.1.2 Spatial Variability of Water Quality

Studies on Lake Cuitzea Mexico applied ge@tatistical analysis methods for sampling points
thatwere in close proximity using Krigin@barrio, 2005) Thi s met hod wor ks on
Law of Geography, 0 which states everagemoreng i s
related than distant things. This is from a concept referred to as the friction of distance. In other
words, distance itself hinders interaction between places. With the vastnesfiaidptain this

method was used to link some water qugbidyameters by way of creating surfaces that exhibit

changes and trends.

Ndunguet al(2014)approaches the concentration and distribution of nutrients loads with seasonal
changes, that is, high flow periods, medium and low flow periods for nitrates, nitrites and
phosphates to ascertain whether sources are domestic (if presence-NfidlHighe) or from
agricultural effluents via surface runoff (if N, and Total Phosphates (TP) are higher). Using

this approach by way of linear graphs, nutrients are to be compared on one graph for the different

seasons.

A delineated watersheda GISis illustrated with the complex river system and inundatedsarea
areemphasized in blue (Figurel}. The upstreamareas shovinfluenceto the quality of water
flowing into the Barotse Floodplairother than atmospheric conditions. Transportation of
sediments, nutrients and chemicals from upstraseasvaries inquantity andquality aswill be
shownby thedifferent subbasin contributions havingjfferent soils, slopes and land use activities.

The red dotgFigure 2.} are the official hydrometric stations formerly owned by the Department
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of Water Affairs (DWA/DWRD) now taken over by WARMA.In this study, Senanga
Hydrometric Station4-400) was used as the model outlEte data recorded from ghstation is
sharedbetween WARMA an@RA.
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Figure 2.1: Outlet point at Senanga -@00) receiving water influenced from upstream via
surface runoff into the main river course. Each of thelsmagins upstream has some
level of influence to the quality of water, Barotse Floodplain, Afasfambia
(Source of mapArc SWAT delineation by researcher/ student, 2015)

2.1.3 Non-Spatial Analysis

Boxplots and histogramwere used to present nespatial data in studies on Lake Cuitze to
understand there distributig®barrio, 2005). Using similar appoach, data ithis research uses
boxplots, histograms and linear graphs to reveal relationships that exist between water quality
components and sediment constituents. This is because graphs provide crucial information to the
data analyis, whichis difficult to obtain h any other way because computing statistical measures
without looking at a plot is invitation to misunderstanding data. Graphs provide visual summaries
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of datathatmore quickly and completely describe essential information than do tables of numbers
(Gotway, Helsel& Hirsch 1994)

2.2 Hydrological Moddling

Hydrological modelling is a method used sonplify the complex rainfallunoff processes
occurring in the realvorld using computer aided environments (Ruk@06). The first step

(input data quality) in developing a hydrological model is critical in #ihthe output results
produced will be determined by this (Abbaspetial, 2015) However, a few guiding principles
should be based on the objectives ofghely at hand, function and level of spatial and temporal
resolution.Rukuni (2006)explains why it is essential to be specific with the criterion for model
selection. In his argument, beings outwo important things that a researcher requires in order to
qgualify a model for use after observing that in recent years the number of water resources models
available hae increasedSome of the preliminary guidelines in the selection pladeadethe

nature of the problem being investigd and the resourcesaaable.The following were some of

the issues considered in the selection of the model to be used in the Barotse Floodplain as guided
by Loucks& Van Beek(2017) and Schulze (1995)

() The vastness of the area under study, making it difficuttotlect spatial data at every
location. This meant that a model that uses reinsensed data and capable of using
different spatial resolutions coupled with different gatistical packages had to be
considered. Moreover, the area is largelygangd hence the need to generate useful
information from limited or missing daut

(i)  The study area falls in an area that experiences three different seasonal chaagasmper
with various land use typeblencethe model selection stage had to look at a mti!
encompasses varying climatic and land vesgeties

(i) A model that could synthesize hydrological data both measured and remotely sensed in
order to produce a coherent and holistic perspectiveedbéhavior bthe entire system;
and

(iv) A model that iscost effective in the sense that it can assist in making assumptions,
predicting impacts, and ultimately aid in decision making in water and land resources
(Schulze, 1995)

Besides the spatial and temporal changes in water quality parametet®ned earwr, this

chapternarrows down tdhe reasons behind the selection of SWAT as the hydrological model
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suitable for this researchhesuitability of theSWATmo d el 6 s ¢ a p a chugebasins o b e
is givenby itscapability of dividing the large area into Hydrologic Response Units (HRUsgh

are simply small pieces of land that experience similar precipitation and have comparable soill,
slope and land use distributi@Rrancos et al., 2001). This is done to eaééthe hydrologywith

respect to weather, sediment yield, nutrients, pesticides, soil temperature, crop growth, and
agricultural management practices at a smaller and precise scale for accuracy and representative

results for the entire ar€Arnold et al, 2012)

2.3 Selection of an Appropriate Model

The selection of the model to use in this study maslebased on the guidelines given in the
introductory remarks of the previous ssiction Hydrological modHing is a powerful technique

in theplanning and developmeat anintegrated approach fthemanagement of water resources
(Bakir and Xingnan, 2008 onsequently, many models have been develdpaame models like

the Water and Energy Transfer Processes (WEP), developed to simulate spatially variable water
and energy process in watersheds with complex land covers were good enough for what was
neededhowever, fell outat selection stage as its input requirensamhs much more. Moreover,
sediment modéhg is one of the key objectivemd itis not included in the WERvhich is more
concerned with water allocations and energy processes (Yangwen et al., B@®Ijlosest
software to Arc SWAT was thaVatershed Erosion Prediction Project (WEPWRMich
unfortunately is still under development for use only in America orsarea6m (Brookset al,

2016).

The Hydrologic Engineering Cen{RAS)$olwaewhiElC) Ri v
allows users to perform ortimensional steady and 1D and 2D unsteady flow hydraulic
calculations (Brunner, 2016would have also been ideal for this research. However,-RES

requires a highresolution DEM. Thiscould have been madeusing a differential GP&t short

interval distancesn a square gridhowever, the area under study was too large. Downloading

from free sits also gave @arseresolution DEMs Hence, SWAT being capable of producing

results using a 90m DEM was idehlterature further revealed thedEC-RAS is moresuitable

for stream geometries, dge and culvert design.

Thesucceedingub-headingdurtherunearth the hydrological cycend how it wa incorporated
into the modelagain showindgiowthe SWAT model was the bewbdel suited for the floodplajn
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its applications, processing and technical strucflines is becausmany scholars have written on

the applications of SWAT on a number of different watersheds throughout the world. These studies
range from predicting impacts of land management practices on water quantity and quality to
sedimentation due tslope, land cover and soil type variations. This is because SWAT is a
physically based hydrological model that predicts the parameters mentioned above for large and
complex watersheds over long periods of tiimehell, Rinivansan & Uzip2010)

2.4 The Hydrological Cycle

In order to flly comprehend what happeirs the SWAT model simulation, it is important to
reviewthe hydrological cycleAccording to Schulze (1995), the hydrological cycle is the pathway

of water as it moves in its various forms through the atmosphere to the earth over and through the
land, to the ocean and back to the atmosphere. Water is transferred from one environment t
another through a system that involves evaporation, transpiration, transportation as water vapour,
condensation or transformation from water vapour to, imch then falls on the surface of the

earth and the cycle repeats, hence the name (Shaw, 1983).

Simulation of the hydrological cycle afwatershed in SWAT can be separated into two major
divisions. These are land and water or routing phasesathe land phase precedes the routing
phase. Land phase involves the movement of sediments, nutridqssitides (in farming areas)

from the land surface into the stream network within a basin. As for the routing phase, water
conveys sediments, nutrients etc. through the channel network of the watershed to their respective
outlet(s) (Neitsch et al 20(06). Water flowing in rivers is the residual of two climatically
determined processesamely precipitation and evapotranspiration. This can be determined by the
waterbalance equation for a region of intenesiere P stands for precipitation, Q for runofgE R

for actual evapotranspiration, GW for exchange with groundwater aquifers, and DS for change in
soil storage The wateibalance equation ias given by Dingman (2009, p.3)with all terms

expressed in mm/year

0 0 00"YOw 0O°Y é6éé.eqn
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A schematic overview of the hydrologiogjcle is clearly given showing the land and routing
phases of the hydrological cycle including the three parameters making the water balance equation
(Figure 22). Discharge can further be defined as the sum of theffruateral flow and return

flow. This schematic overview shows the model processes which SWAT uses and this will later
be looked into when we look at calibratidtiease note thatmplifying a model to this fon may

have certain processes ignored due to simplificatmhas a result may not holistically represent

the hydrologicatycleas itoccursin nature Abbagouret al, 2015)

I
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Figure 2.2: Schematic representatiohtbe hydrologic cycle afteBWAT Documentation, 2009

24.1 Land Phase of the Hydrological Cycle

Unlike the water balance eqiat introduced earliein the previous suection documented by
Dingman (2009) which simplifies the hydrology into three n@anameters, SWAArnold et al

(2012) further break down the water balance equation into seven parameters giving more details.
According toArnold et al (2012), the hydrologic cycle simulated by SWAT is based on the water
balancesquation(Neitschet al, 20(b):
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WhereSW is the final soil water content (mkO), SWs is the initial soil water content on a day

i (mmH20),tis time (days)Rday is the amount of precipitation on a dagmm H20), Qsurt is the
amount of surface runoff on a dagmm H20), Eais the amount of evapotranspiration on a day
(mm H20), Wseepis the amount of water entering the vadose zone from the soil profile oni a day

(mmH20), andQgw is the amount of return flow on a dagmm H20).

2.4.2 Routing Phase of the Hydrological Chgc

This is a complex phase of the hydrological cycle and has two main divisions for the model. These
are routing the main channel (reach) and routing in the reservoir. As mentioned, the phase is
complex,and each division has subdivisions to ensure precision in thelingd&bcess. Routing

in the main channel has four components namely: water, sediment, nutrient and organic chemical

componentwhich aethoroughly explainethy Arnold et al (2012).

Rouing in the reservoir works on the principle of the continuity equation. The water balance for
reservoirs includes inflow, outflow, rainfall on the surface, evaporation, seepage from the reservoir

bottom and diversions.

2.5 The SWAT Model and Some Applicéions

In order toqualify SWAT as being an appropriate model for this study, a literature survey was
conducted on some studies that have employed SWAT to model their Fasidamentally, the

SWAT model is a physical model. The fact that physical models generally réispqatysical

essence of simulated processes sets these models apart from empirical ones. This is due to their
higher accuracy and better representativeness of their outputs and because these models have a
wider range of use concerning the parameters bmisgrved in the study area. In contrast to the
empirical models, the group of physical models is much more demanding for input data, which
logically results from the structure of the model as a complicatdrayof differential equations.
Thesedefine tre individual factors of complex rainfalrunoff and erosion processes in a

simplified way (Jozef et al, 2010).
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Betrie et al (2011) uses SWA®D find out the Best Management Practice (BMP) scenario to be
applied in the Upper Blue Nile Basin as erosionsadimentation were reported to lpeimmense
problem that threatenedater resources development in this area. Sedimentation and erosion
mitigation methods which were compared are:

()  Maintaining existiig conditions;

(i) Introducing filter strips;

(i)  Applying stonebunds (parallel terracesgnd

(iv)  Reforestation.
SWAT was used to model soil erosion, identify soil erosion prone areas and evaluate the effect of
BMPs on reducing sedimentation. SimilarhDuan, Song& Liu (2007) used SWAT in a
mountainous agricultural basin that is serid to monitor or get an understanding of the sources
of erosion and the worst affected area by sedimentation. This was done on the Chaohe Basin the
main contributingarea to Miyun Reservoir, the largest reservoir in North China. Béee et al
(2011), Duan, Son@nd Liu (2007) also concludghat SWAT could be applied in a rugged
mountainous region for erosionrdool and watershed managemeéttiis is contrary to the study
area ahand which is generally smooth with an elevation ranging from 1001m to 1619m based on
a 90m DEM (Digital Elevatn Model). What makeshe study by Duan, Songnd Liu (2007)
interesting is that not only did they plot tirseries plots of measured monthly sedimentation at
the outlet of the basin, but they also added on a spatial view by developing soil loss class maps
Further studies in 2013 add on to the advantages of using SWAT in that they clearly stipulate that
SWAT is designed to simulate management impacts on water and sediment movement for un
gauged rural basinglabte, Mamo and Jain, 2013)his description properly suitee study area

at handwhich hadittle, or no dataneasured from the various monitoring points

In summary, the demaridr the SWAT model for input data is quite high as it has the following
design advantage; the model has a certain rate of robustness, which means that after specifying the
basic input ariables and their accurate equilibration we can expect quality outputs of simulations,

even if the whole capacity of input database is not filled (Jozef et al, 2010).

2.6 SWAT Processing Stages

In order forthe SWAT model to work effectively, one needs two dataset formats. These are

thematic layers and database formats. All these have to be in the same coordinate system to avoid
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any errors when running the model. The coordinate system to be used is theGAfodletic
System 1984 or simply WGS 84. Thematic layrcdudea digitalsoil map,aland use mapnd a
DEM. The other format is a database format and this includes rainfall, rdtatwility, solar
radiation wind speedand temperature data. Note that these database format data can either be

remote sensed or measured dependintp@availability of data for your project.

The first step in setting up of SWAT model on any study area is the physiographic analysis based
on catchment topography. Then SWAT automatically delineates a watershed iwateubheds

based on the DEM to account for catchment heterogeneities. It is worth noting that inputs for
SWAT are defined at one of the several different levels of detail: svetdr sudbasin, or
Hydrologic Response Units (HRWsPreprocesse®0m resolution DEM of the study area is to

be supplied to SWAT for topographic analysis, delineation ofvgatiershed and stream network
generation as mentioned (Kaleab and Manoj, 20480m DEM is chosen because the study area

is large and choosing a coarse resolution DEM makes the model run faster-@ggassing, all

gaps are closed and the DEM becomes what is calledlsssmaster dataséfthis helps in the

snapping of the streashapefiles.

In the delineation stage, the DEM is preprocessed for the purpose of calculating the flow directions
which are slope or elevation based with respect to the pixel or cell values, and flow accumulations
as pits in the DEM are filled so that flow is smootbt&that the flow accumulation stage precedes

the flow direction stage.

In the moddling of sedimentyield from AnjenigaugedWatershed, Ethiopia usinfpe SWAT
model, ahigh-resolutionDEM (2m X 2m) was used. This was supplied dyproject at the
University of Bern, Switzerland, which was used to delineate watershed abdsintboundaries,
and to calculate subasin average slopes and delineate the stream net®eidgfet al, 20D).
Such a higkresolutionDEM is suitable for a small area; however, in this studyhese used a
90m resolution DEM.

Secondly, land use amwmiibital soil mags along with their respective look up tables prepared earlier
need to be supplied to the model for reclassification acogrdithe SWAT coding convention

(Kaleab and Manoj, 2013). This is during a stage that compounds the slope, soils and land use.
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The entire watershed will then need to be classified into appropriate slope categories using the
interface based on the elevatidifferences between the maximum and minimum DEM elevations
(heights). All three maps will then need to be overlaid to create HRidéscatchment is divided

into HRUs based on soil type, land use and slope classes that allow a high level of spatial detail
simulation (Betrie et al, 2011). Subdividing the area into HRUs enables the model to reflect the
evapotranspiration and other hydrologic conditions for different land cover/crops and soil (Kaleab
and Manoj, 2013). In a nutshell, SWAT subdivides a waggsimto different sulbasins
connected by a stream network, and further into HRUs. When land use, soil and slope layers are
set for the project, their threshold inputs need not be neglected as they define the level of spatial
detail Setegret al, 20D).

A location table of weather data that has daily precipitation data files, maximum and minimum
temperatures, wind speaddrelative humidity should be loaded to link them up with the required

files already created for the purpose. This is through appetitimglata into the database. For
example, ten years of precipitation, air temperature, sediment measurements, and river discharge
on Minchet River were used for the simulation of the stream flow and sediment yield in-Anjeni
gaugedNVatershed$%etegret al, 200). When part of weather data is missing, a Weather Generator
abbreviated as WGEN can be usedtbg model itself. At this stage, two radio buttorere
available Theseare gauged station button for actual measured or observed data and simulated

station radio buttosifor estimated weather data.

After loading all the input data and generating the required databas¢hi#&VAT model is to

be initially run on a set time basis using default parameter values (Kaleab and ManojA2013)

the modeis about to be n, the interface prompts the user to set the period of simulation, that is,
the starting year and the ending year. The interface requires warm up years for the model. These
can be set in thBlumber of Years to Skip abbreviated M¥SKIP representing the number of

years the model has to use to warm up and these will not be included in the report produced

eventually(Abbaspour, 2015)

A summay of the spatial data inputs required in order for the SWAT model tesrshown in
Table 21(Betrie et al.2011).
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Table 2-1: Spatial data sstother related data satbtained from government departmeaitsl
remote sense@Pdapted fronBetrie et al., 2011)

Data Type Description Resolution Source
Topographic Digital Elevation Map 90m SRTM
map
Land use map Land use classification 1km GLCC
Soil map Soil types 10km FAO
Weather Daily precipitation and minimum and 10 Stations/ | Metrological Department o
maximum temperature or remotely Zambia
sensed /http://swat.tamu.edu/

A summay of the processes used by SWAT in form of a flow cisatlustrated giving the datasets
needed and the various successive steps (FigglceNaticethat these are the main platformsin
model that is cost effective in the sense that it can assist ingredsamptions, predicting impacts,

and ultimately aid in decision making in water and land resouBmsi(ze, 1995)

The flow chart illustrate® summary othe successive steplsat must be followed to have a
successful Arc SWAT modelling process@sgure 2.3).From left to right, Shuttle Radar
Topographic Mission (SRTM) elevation data (DEM)eds to be downldadand this will lead to
watershed and stream dedation based on the topograpfihis then is merged with reclassified
land use and digitaoil maps to form HRUs. Once the land based characteristics are put together,

weather parameters (far left) are introduced to the model. At this level, the model can be run.
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Figure 2.3: Flow chart illustrating the main stages, requirements and processes involved in the Soil
and Water Assessment Tagled in this studgAnon, 2012)

2.6.1Model Inputs
In order forany SWAT model to run, the following are the input data sets and the format in which

SWAT can read them.
a) Digital Elevation Model

In order to understand what a DEM is, let us briefly have a look at its history and what Digital

Terrain Modéeling is.
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Int he 19500s, t wo engineers at Massachusetts

concept of digital models of a terrain. These were M#ldra Flamme (1958).

A Digital Terrain Model (DTM) is a statistical representation of the continuous surface of the
ground by a large number of points with known, X-, and Z coordinates in an arbitrary
coordinatefield (Miller & La Flamme 1958). This basically means thaseries of points define

the surface, and this surface does not stop abruptly or suddenly (continuity). These points have
numerical values assigned to them following a particular coordinate system in 3D. A coordinate
system essentially brings out an ordemegathematical representation of a surf@gBegi, Brovelli

& Zambonj 2011)

Nowadays t he information provided by DTM repres
Sullivan & Unwin, 2003)used ina number oflarge scientific and technical applicatisnThese
are geodesy, geomorphology, geology, hydrologyyil and environmental engineering,
seismology, geophysics, territorial planning, remote sensing, mappin@tle¢c.terms have been
used to describe this process and are often used as synonyms, but thiexablyaiaed to refer to
distinct products. Some of these synonyms are:
() DEM: Digital Elevation Model
(i)  DHM: Digital Height Modej
(i)  DGM: Digital Ground Modeland
(iv) DTED: Digital Tearain Elevation Data.

Essentialyeach of these means something el se. I n I
measurement of height above a datum in the absolute altitude or elevation in a model. This is the
most common among the fouhd others are seldom used. Téso depends ohé geographical

region which is under study. DHM originated from Germany and is the same as DEM and DGM.
Sometimes the term DTM (Digital Terrain Model) is used. However, this represents a more
complex concept involving not only height and elevation, md ather GIS features such as rivers

and ridge lines. A DTM can also include other derived data about the terrain such as slope, aspect
and visibility (Figure2.4). Lastly the term DTED is used by the US defense mapping agency and

is specifically used fogrid based dat§g Biagi, Brovelli& Zambonj 2011).
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Figure 2.4: Example of a DEM illustrating elevation differences by different pigmente
(alloverthmapproject.blogspot.com,Illovember2015)

b) Weather Data

The data is | oaded using the first command
Arc SWAT toolbar. This tool allows loading weather station locations into the project andsassign
weather data to suvatershed§SWAT Documentation2009) However, obtaining representative
meteorological data for watershedale hydrological modleng can be very difficult and time
consuming. Larbased weather stations do not always accurately represent the weather occurring
over a watershed bagse they can be far from the watershed of interest and can have gaps in their
data series, or recent data are not avail@bdestonet al, 2008) Moreover, another complication
anses in data such as rain gaugdich effectively poind measurement, implying that it may

poorly present precipitation distribution across a watergspecially in areas exhibiting large
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hydro-climatic gradients (WMO, 1985; Ciach, 2003). With this in mind, it is evident that the
watershed under sly is poory gauged and exhilsitthese characteristics of a shifting Inter
Tropical Convergence Zone (ITCZ) between the northern and southern parts, hence precipitation

is unevenly distributed.

According to Kouwen et al (2005) and Mehta et al, (2004) a commoregpalin modding
watershed hydrology is obtaimg accurate weather input dathich is almost always one of the

most important drivers for watershed models. With these challenges, researches have resorted to
remotely sensed weather data approaches. Sesearnchers have utilized radar data to provide
precipitation inputs in hydrological moldieg studies (Habib et al., 2008; Muzumara, 201
However, radar data is only available for a s
is a need to awsider additional methods to estimate weather conditions for watesshkd
moddling (Fukaet al., 2@4). In this research, Climate Forecast System Reanalysis (CFSR) global
meteorological datasets were employed. The elimination and qualification argedavere based

on: (i) an openly available global reanalysis dataset that included temperature and precipitation
rate; (ii) a spatial resolution on the order of 30km; and the period of record should include adequate

historical coverage to allow model tahtion and validatiofEaston et al., 2010)

The CFSR dataset consiststbEhour | y weat her ser vBndrenentalNat i or
Prediction (NCEP) global forecast system. Forecast models are reinitialized every 6 h (analysis
hours = 0000, 0600, 1200 and 1800 UTC) using information from the global weather station
network and satelliteerived products. At each analybsur, the CFSR includes both the forecast

data, predicted from the previous analysis hours, and the data from the analysis utilized to
reinitialize the forecast models. The horizontal resolution of the CFSR is 38 km. This dataset
contains historic expectguecipitation and temperatures for each hour for any landeldrathe

world. In addition, as the precipitation is updated in teat time every 6 h, these data can provide

reattime estimates of precipitation and temperature for hydrologic forega&tastonet al,

2010)

The CFR weather datasets where downloaded from theSMWAT website for a thirty five (35)
year period. This was from 1979 to 2013. A period of 35 years is meteorologically acceptable for

monitoring hydreclimatic weather variations.
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2.6.2 Model Calibration, Vdidation and SensitivityAnalysis

Calibration is adjusting model inputs (parameters, structures, variables, etc.) with the purpose of
achieving the best simulation match with observation. In other words best match between what the
model gives and what yoabserve. Therefore, calibration boils down to the optimization of an
objective function. For examp(@&bbaspour, 2015, p.57)

Minimize: "YYO Y- B 0y 0

¢
D
D
D
—
D
Q
-]
w

It could be some kind of errtwetween the observed data and the simulated data. So the idea is to
reduce the error and catch the dynamics of your observations. There are many different types of
objective functions (Abbaspour et al, 2015).

Validation is the process of testing the bedied parameters with an independent set of data
without further changes to the parameters. Once you have calibrated your model, you use certain
amounts of your observed data. You need to show that your model is not just conditioned on those
observationg/ou use for calibration, but it can also simulate beythednput that you use to
calibrate the model. So you need to save part of your data to validate the model. Once you calibrate,
there will be no further adjustment to the parameters. jMsineed torun your model and see

how it behaves during the validation period. So validation is sort of an independent dataset to that
one you use for calibration (Abbaspour et al, 2015; Betrie et al, 2011; Ndon@@elsven,

2010.

Sensitivity analysis is the pcess of determining the significance of one or a combination of
parametersvith respectto the objecive function or a model outputy dhe process where you
define which one of your parameters has the highest impact on the objenttierf that yoware
using. Wually this is important to know for many reasoighen this is known, it is easier to
interpret and understand the system being modeled bguanaseeters represent processas SO

the dominant parameters are the controlling processes. Wilone maywantto know, for
example, whaprocesseare dominant in particularwatershedyeing modeledThis also includes

knowing the most sensitive parameteirs the hydrologicalcycle Those parameters from
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whichever objective function being are usal then representdhe dominant processes in your
watershedThesewith any small change may change the entire systéegood example i€urve
Number, abbreviated &N2. CN2 is the factor that partitions rainfall into infiltration and runoff.

It depicts how different land pieces characterized by different soil and land uses accept and or
reject water. Sat is a very important parameter. This is the parameter you go to in order to control
the peaks in your discharge agaitist time hydrograp. Whenonedoesa sensitivity analysis
whereadjustments are made the CN2 value from0.6 to 0.0andthen finally to 0.6, it canbe
observedthat thechangesare evident either in the peaks or the base flow on the hyptogr
(Abbaspour et aR015)

The sensitivity analysis tool is helpful to model users in identifying parameters that are most

influential in governing stream flow or water quality response. Sensitivity analysis allows for two

types of analysis:

(i) The first analysis may help to identiparameters that improve a particular prooass

characteristics of the model; and

(i)  The second analysis identifies the parameter that are affected by the characteristics of the
study watershed and those to which a given project is most sensitive (Veith and
Ghebremichael, 2009).

The autecalibration option provides a powerful, labesaving tool that can be used to
substantially reduce the frustration and uncertainty that often characterize manual calibration
(Van Liew, Arnold & Bosch 2005).
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CHAPTER 3: METHODOLOGY

In order toanswer the resech questions as mentionedChapter one, a well thought out and
carefully planned series of methods had to be put in pEftective methods to assess spatial
temporal patternm water qualityandsediment yieldsvere essentidbr possible future remedial

or protective managemenedasions Therefore, his chapter focuses on the methodology used to

achieve theséA summary of thenethodsused is giva in Figure3.1
I D
MEMete Sensee Pata

ﬁ!‘ !!t Sampling
Scoop %El Bottle
p _} (CelliorEtion & Validation
Laboratory

Coat I

‘ Data Collation and
| Interpretation

Figure 3.1: Summary of the methodolognd the instruments used to capture the ohthis

study. Calibration and validation incorporated actual flow measurements

Surface water quantity, quality and sediments of the Barotse Floodplain were characterized during
low and high flows. Water samples were collected across the floodplain and tested for their
physical, bacteriological and chemical characteristics. Streameeid were only tested for their
chemical elements. This was done over aywar field campaign: during the wet (April to June)

and dry (September to October) seasons of 2014 and 2015.
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A summary of thenstrumentssymbols their purpose and who and whethe samples were
analysed is given in TableB

Table 3-1: Instrumentsymbol function and who and where the various samples were analysed
FIELD MEASURED DATA
INSTRUMENT/SYMBOL USED FOR ANALYSED BY

i. Scoop Used for collecting riverbesediments School of Mines, UNZA

ii.  Sampling Bottle Used for collecting water quality samples | School of Engineering
UNZA
iii. XRF/AS Used for elemental analysis of alluvi School of Mines, UNZA

sediments

iv.  Laboratory Coat | Represents the Ilaboratory whengater| School of Engineering

samples were analysed UNZA
v. ADCP Used for measuring river flows Measurements done |
students

REMOTE SENSED DATA

TYPE DOWNLOADED FROM PURPOSE
i. DEM http://www.cgiarcsi.org/data/srtr®0m Topographic analysi
digital-elevationdatabase/4-1 leading to stream and bas
delineation
ii. Soil Map http://www.fao.org/soilgportal/soit Spatial classification of so
survey/soidmapsanddatabases/en/ types clipped to the study
area
iii. Land Use http://www.mapcruzin.com/free/orld- Spatial classification of lan
landusemaps.htm use clipped to the study are
iv. Weather http://globalweather.tamu.edu/cmip Inclusion of precipitation
temperature, relativ

humidity, wind speed an

solar radiation to the projeq
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3.1 Conceptual Framework

In order to visualize how each component of our study fits tegedhconceptual framewovkas
designed. It was divided into three columns namely field measured paramefgits)the model

used, and remotely sensed thematic dats(Figure 3.2)

Field Measured Parameters Model Remote Sensed Data Sets
Arc GIS/SWAT SRIMGED
Processing DEM
A
l \ ——

Map

Simulation

Calibration &
Validation

Soil Map

Quality

Weather
Attributes Data

‘7

River Bank
Profiles

1

‘_

A 4 ' River Bed Sediment
Sediments .

Yields

Figure 3.2: Conceptual Framework showing how water quality, quantity and sediments are related

In Figure 3.2, lhe arrows show the relationships or linkages established in this regbareby
answering the research questions. Remote sensed datasgisgraphy DEM), land use, soil
and weather attributded into the model and these after careful processing gimulation results.
However, in order to bring the results to realitalibration and validation werdone. Both
calibration and validation were done usirmn independent dataset from the discharge
measurementsvhich is fully explained later under the calibration and validasiobsection in
order to give devel of confidence in the results. Furthermothe sediments modeled after
calibration and validatiomare ideally supposed to be compared with actual sediment quantities
collected from sedimerttaps. However, no sediment traps were availableese were nowo be
compared with the qualityesultsfrom the field sampled sedimenBefore weproceedo the next
subsection, it isessential to make ttlear that it was plannefdr waterto be analysed in two
categores, that is, qualitatively and quantitatively itwas perceived to be intimately linked with
theriverbanksoil profiles as well as theverbedsediments. This is becauseerbedsediments
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act as a sink and hence a signature of wizein the wateras itremains in the sedimentShe
mechanismor link between water and sediments is due to the hydrodynamic forces of water
(quantitative part) that detach lose soil and convey it as sediments from upstreathroligh
repeated actignseason after season as watendes and deposits soils downstrenform
sediment bankdHowever, channelization takes place upstream leadigglt@s and eventually
formation of reachegver timewith riverbanksdownstreanas historical repository of sediments
This can be clearlgbservedhrough a variation afomposition €.g.,pigmentatiof and grain size

variationon a sediment profile

3.2 Equipment Used

The pieces of equipment uséat the insitu measurementsere divided into four categries.
Theseare:
0] Water quality:-Theseincluded:
Multi-metres for physical parameters (with batteries)
Cooler boxes

Sampling bottles, glass for bacteriological samples

1

1

1

1 Ice packs
1 Global Positioning System (GPS)
1 Scoop and

1 Syringe (for Nitric Acid addition)
()] Water quantity: These included:

1 ADCPfor discharge measurements

1 Taglinefor safety and ensuring that straight path is followed;

1 Speed boat with a seating capacity of 8 plus a coxswain

1 Tough book withBroadBand BB) Talk software for communicating with

ADCP; and
1 Life jackets
(i) Riverbedsediments: These included:
i A Scoop and
i Sampling bottles

(iv)  Riverbankprofiles These included:
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1 A Measuring typge

1 Spade

1 Pick;

1 Sampling bottlesand

1 A Niton XRF for elemental analysis

Other pieces of equipment includeodtebooksstickers, mikers, pengnd a camera for capturing

photographs at locations marked by the GPS.

3.3 Field Measured Parameters

The parameters sampled/measured in the field were water quality and quasmityanksoil
profiles (Imx1m pits)riverbedsedimentand nutrient loadingThe following subsections give a
detailed description of the field campaigns and the tasks invatvedpturing meaningful and

representative data.

3.3.1 Water Quality Sampling
Water quality samplings indicated earlier, wemrdivided into seasonal field trips each with a
different number of samples collected depending on stretch or route takere avadutte of tasks
involved during that tripln 2014 and 2015, five separate field campaigns were undertaken. In the
first year, three trips were made and two in the second year. The timing of the trips was targeted
at capturing the high, and low flow hydperiods.

a) Field Trip One
The first field trip was in Apri014during the high flow period. A total ébrty-four (44) samples
were collected during this field campaign. These samples were collected in triplicates at each point,
that is, one sample for anion analysis, the other for cation analysis, and the third one for
bacteriological analysis. The capacity o€ teampling bottles used was 250illilitres. When
collecting the water samples, the bottles were rinsed three times together with their respective lids.
The depth at which the samples were collected wasblmetres from the water surface and the
samewater was used for rinsing. Upon completing each sampling collection procedure, the
samples were immediately put into cooler boxes containing ice pdtkdographs and
coordinateswere captured before moving to the next point. These samples were meant for
laboratory analysis and were transported withirhd8rs. Two percent (2%) of 250illilitres of

nitric acid was added to water samples meant for cation analysis. Acidification of water samples
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preserved most trace metals and reduced precipitation, ngiceaivity and sorption losses to

container walls.

As the amples were being collected;situ measurements were simultaneously taken using-multi
metres. Multimetres measured the physical components of the water. The components measured
were Dissolvd Oxygen (DO) inmilligrams perlitre, Temperature inlegreescelsius, pH and
Electrical Conductivity (EC) imicro-siemens per centnetre. The 44 samplesllectedand their
respective coordinate dbcation are shown in Apperatis 1a and 1b This includes both the
physical insitu parameter readings mentioned. The samples were labeled as I1B1 through to IB 44
and their spatial locations are shown (F&3.3).

22°0'0"E 23°0"0"E 24°0'0"E

15°0'0"S

16°0'0"S

Figure 3.3: Spatial distribution of water quality sampling points during the high flow period,
April 2014 (KalabeMongu-Senanganto the mouth of the Matebele Plain and
down), Barotse Floodplain, Wesrn Zambia

Sample collection started at Mongu Habour all the wagalabo Habour using a 90 Horse Power
(HP) speed boat used for transporting people between the two towns (hired public trakigort).
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this, theroute taken was by road (Mon@enangahear the banks of the Zamb&ver. Samples
collected were on theatnbezi RiverThis includectollecting samples at confluences of tributaries
entering the Zambezi River on tkastern bank of the floodplaas we travelled southwards to
SenangaFrom Senangaye crossed the ZambeRiver using apontoonat Kalongolainto the
western bank of the floodplaiS8amples wer¢hencollectedon the western bank of the floodplain

while maintaining a nortlwesterndirectionuntil Kalaboafter Sitoti and Matebele Plain samples

This made a closed loggnd therefore marked the end of tdpe (see Appendix & and b for

resulty. In some instances, river sediments were also simultaneously picked at the same sampling

points as the water quality sampfescomparisons

b) Trip Two

This trip was inOctobe& 2014,and this was during the low flow period. The same procedure for
collecting water samplewas followed. A total of thirty (30) water samples were picked with
riverbedsediments at appropriate sites where watessshallow. The same isitu parameters were
measured for every sampling point. The labels this time were from IB 45 to IB74, a continuation
from where we left off from the first field campaign. The routes wgede MonguKalabo and
Mongu-Lukulu. A map Figure 3.4 illustrates the location of the points where samples were
picked and Appendia and bgives a tabular display of the samples, parameters and their

respective geographic coordinates.
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15°0°0"'S

Figure 34: Spatial distribution of water quality safimg points during the low flowperiod,
September 2014 (MonekialaboLukulu Transacts)Barotse Floodplain, Western
Zambia

c) Trip Three

This trip was inSeptembeR014 and used for collecting watguality sample. A total of thirty-

one (31) samples were collected and the same collection/sampling criteria were observed.

However, this time around the samples were not sent to The University of Zambia Environmental

Engineering Laboratory for analysis like the ones before. They wet®$ermarat a hboratory

called Federal Institute for Geoscience and Natural Resources (BGR).

In-situ parameters were collected following the same routine, and a table containing the field
measurements and their respective coordinagggesin Appendix 3 The water levels were very

low and hence the boat had to be pushed at a number of satbiogshe Zambezi RiveAnother
map(Figure 3.5xhows thelocations of the sampling points with respect to where these-timgy

(31) samplesverecollected The labels on the sampling bottles were IBG 1 to IBG 31. The route

taken this time was almost identical to that one for trip two; however, the Moaganga stretch
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was also included so as a way of having low flow reading to be compared with the high flo
reading of the first field campaign.

22°0'0"E 23°0'0"E 24°0'0"E

15°0'0"S

Figure 35: Spatial distribution of water quality sampling points during the low flow period,
October 2014, Batee Floodplain, Western Zambia

d) Trip Four

Trip four wasin September 2014 and wamstly used for soil moisture sample collection within

the Luanginga Basin and flow measurements at Kalabo Hydrometric Station. This was for the

development of a rating cunat Kalabo Gauge StatioSeveral flow measurements wenade

using the Acoustic Doppler Current Profiler (ADCPatgment the already existing data obtained

from the Department of Water AffairB{VA). In essence, the exercise acted as ground truthing.

This time the team was joined by a PhD student from Uamnersity, Germany(cooperating

partners) whavas also monitoring flows of the Luanginga River at Kalabo Hydrometric Station.
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e) Trip Five

The trip was in June 2015 and a total of 21 water samples were collected following the criteria
above. These wereumbered from IB 76 to IB 96 using the Mor§enanga route/traest
(Appendix 4a and b)This was during the high flow period and a table shgwhe results is in
Appendcesd4a and bA map that shows the locations and the path taken during this tripen

in Figure 3.6 The path was characterized by a lot of meandering due to the thick denfsity

vegetation mostly reeds callédd t alky thélocal people.

23°0'0"E

16°0'0"S

Figure 3.6: Spatial distribution of water quality sampling points during the high flow period,

June 2015, Batse Floodplain, Western Zambia
3.3.2 Water Quantity Measurements
Discharge measurements where done on two main hydrometric stations located in Senanga and
Kalabo. As indicated earlier,raeAcoustic Doppler Current Profiler (ADCP) was used in these
measurements. A tagline was attached to the two ends of a chosen river cross section in order to
have a straight line that cuts across the river section. This wasvent the sagging or curving of

the path taken during the flow measurement due to the strong river current of the Luanginga and
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the Zambezi. However, the ADCP had inbuilt compensation functionality for curvilinear

measurements.

Due to the depth of the two cross sectiom@ntioned, the wadding method was not used and hence
the ADCP had to be tied to the boat for the measurements done. Before commencement of the
measurement, the ADCP had to be calibrated using what is called agmneerbedtest. After
completion of the movingiverbedtest which requires about ten (10) minutes in order for the
machine to stabilize, the distance of the ADCP with respect to the nearest bank was taken. This
was either théeft-HandBank (LHB) or thke RightHandBank (RHB). Acoustic signals were sent

to theriverbedand the bouncing back signals were captured. These were done in three ensembles.
A Win River Il ADCP (the model used for this research), makes one ensemble per second. This is
plotted in eal time on the screen as the measurements are beingAafleatograph was taken

on a pontoon in Kalabto showthe toughbook computerand the ADCP alignmerds the

dischargemeasuremeryrocess was in progreffsigure 3.7)
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Figure 3.7: Method used in measuring discharge at Kalabo Hydrometric Station using a tagline
tied end to end with the ADCP tied to the boat, Barotse Floodplain, Western Zambia
A toughbook computer communicated with the ADCP via Bluetooth settings. This made the
reading easier and convenient unlike the serial connections that required cables. The software
programme used in the communication between the tebgbk and the ADCP isalled Broad
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Band BB) Talk. A closer view of the ADCP screen as it plots the river profile with the tracking

systemdisplayshowingthe path takegFigure 3.8)
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Figure 3.8: River profile of varying depth done in three ensembles. The colour codes shi
variation of velocity following the colour bar above (left). A track and its curve
(right) is also givenThis measurement was done at Kalabo Gauging Station, B
Floodplain, Western Zambia

3.3.3 River Bed Sediment Sampling

Riverbedsediments were collected alongside with water quality samples. This was at the same
locations as the water quality samples for the trips mentioned in the previous subs&bign
werenamed as IB1 through to IB96 following the same nomenclature as the water quality samples

for easier identification and comparison.

Once collected using a perforated scoop (for draining water), the samples were placed in sampling
bottles. This was followed by tightly closing the lid and placing the sample into the cooler box for
soil samples. The samples were preserved in this mantiezach field campaign came to an end.

The samples were then transported to the University of Zambia, School of Mines Geochemical
Laboratory for analysis. Thesamples were analysed usintpe Atomic Absorption
SpectrophotometrydAS). The results of thelemental constituents of thiverbedsediments are

shown in Appendix 5
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3.3.4 River Bank Soil Profiles

Severalriverbankswere viewed and those selected samples were collected and taken to the
laboratory for analysi©one metre by one metréng x 1nj pits were alsouly around the floodplain

area for qualitative comparisons in terms of spatial changes in elemental constituents, both
riverbedsediment and water quality.

For analysis of soil profiles, a Niton XL2RF gun given inFigure 3.9with componentsuch as
the X-Ray source that sends timeident irradiation ray that excites the electrons of the material
and forces them out of the energy levels for the detector to finally read the reflected irradiation

ray.
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Figure 3.9: XRF analysis diagram showing the interaction @fys with matter thereby causing
emission of otherxays that are characteristic of the elements present in the material
being irradiated (XL2 Usero6és Guide v 7.
Western Zambia

The gun was used on samples having percentage moisture content of 10% and below. The gun had

a standvhereit was placed for easy handling within the laboratory. Saswpéee properly ground

and mixed in order tbave a homogeneous mixture. This also helped increase the surface area for
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the sample in order for the XRF gun to shoot on several grains so that the reading is unbiased.
Shooting on coarse grains would have led to biased results as only one (1) griairhaweu
produced the irradiation.

An average of three (3) reading was taken for each sample. The sample was given a maximum
exposure time possible in the XRF, that is, $26ondsIn order to protect the lens for the XRF

from damage, a thin plastic cawsas placed on the sample for the whole period of expo&are.

XRF with a tough book computercluding the protective case for cang the gun are given in

Figure 3.10. Asoftware calledNiton Data Transfer(NDTr) was installedon the tough book
compuerfor viewing and eventuallgownloading the results. The reswiisre in two file formats,

NDTr (.ndt) and Comma Separated Values (.csv).

Figure 3.10: XRF, case and tough book computer where the N&ftware was installed for
downloading readings, used for measurements on the Barotse Floodplain, Western

Zambia

Samples for the profile/pits welabelledfrom top to bottom. For example, if a one (1) metre pit
had three (3) layers or horizons, eacletayas designated by a letter followed by a number. These
werelabelledas L1, L2 and L3. Ait at one of locations where three samples were collected as it

had three different soil textures and pigmentaisogiven inFigure3.11
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Figure 3.11:Labelingof collected samplesom oldest to youngest, we have oxidized sandy soils
(L3) at the bottom, followed by sandy soils (L2) in the middle, and finallyldye
rich soils (L1) at the topBarotse Floodplain, Western Zambia

Some of theuseful points takenote ofin sample preparationcluded
()  Ensuring that theample selected frombulk material and used to prepare the specimen
had b be representative of the bulk;
(i)  The prepared specimen hado®representative of the sample;
(i)  The volune of the specimen analyzed had to be remtesive of the entire specimeand

(iv)  Therefore, the analyzed volume of the specimen was representative of the bulk material.

3.4 Arc SWAT Modelling

The Arc SWAT ArcGIS extension is a graphical user interface foS¥WWAT model(Arnold et

al., 1998). As was described earlier, SWAT is a river basin, or watershed, scale model developed
to predict the impact of land managerpractices on water, sedimemtd agricultural chemical

yields in large, complex watergtewith varying soils, land usenxd management conditions over

long periods of time. The model is physically based and computationally efficient, uses readily
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available input and enables userstiady longterm impacts (SWAT Documentation, 2008lis
model has been extensively tested in mountainous Bozdaine et al., 2002; Duan et al., 2007
and Mutenyo et al., 20180, however, as wasentionedthis research sought toethis model

in flat nonrmountainous wetland aréa simulate sediments.

Arc SWAT is open source software. It was downloaded from the SWAT website

(http://swat.tamu.edy/and was attached to Arc GIS aplag-in under the extensions menu by

checking the box corresponding to it.

34.1 Installing the Arc SWAT Interface
In this study, SWAT 2012/ Arc SWAT Interface was used. The hardwarck software
specifications were as follows:
(i) A personal computarsing Intel(R) Core (TM) i81210UCPU @ 1.70GHz 2.40 GHz
(i) 4 GBRAM;
(i)  Software (Arc SWAT for 10.0 10.2 versions)
(iv)  Microsoft Windows 10 operating system
(v) PDFX Change viewer for reading the manual was downloaded
(vi)  ArcGIS: ArcView 10.2 was installed as thatibrm for Arc SWAT and
(vii)  ArcGIS Spatial Analyst extension (ArcGIS 10.2) was checked so that the functionalities
were available

With these basics, we were set for setting up the SWAT project.

3.4.2 Setting up the SWAT Project

The ArcSWAT interface for SWT2012 is installed by default in the foldeAEWAT\ArcSWAT\

or in a folder of t haserpesressiand$or all hser®is ieqorgmendEde t t i r
when installing ArcSWATSWAT Documentation , 2009)

To start up a new SWATProject, six (6) windows were avallle namely: SWAT Project Setup;
Watershed Delineator; HRU Analysis; Write Input Tables; Edit SWAT Inpang SWAT
Simulation. These are arranged chronologically, that is, in order for the next window/menu to be
accessedne has to complete the processing in succession. In other words, access to the next stage

is dependent on completion of the stage being worked on.
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It is during this first step that the SWAT Project was named and saved via a Project Setup Menu
with clear indication of the path where the project is stored or locatedPiidject was named
0 T a s k afterahk 8ASSCAL Task 191 Project name.

3.4.3 Watershed Delineation
This is the menu right after SWAT Project Setup. This menu had five sectionseaadtk:

() DEM Setup;

(i)  Stream Definition;
(i) Outlet and Inlet Definition;
(iv)  Watershed Olrt(s) Selection and Definitiomnd

(v)  Calculation of Sutbasin Parameters.
Watershed delineation is derived from the basic premise that water flows downhill, andiimgso do
it will follow the path with the largest gradient (steepest slope) wsmgdel calledhe8-direction
pourpointmodelThe f ol |l owi ng procedure was foll owed f
Firstly, when the new project was setup, the Automatatershed Delineation command of the
Watershed Delineation menu was enabled. A DEM for the region of interest wed foaa the
disk. This was a 9@ resolution SRTM DEM downloaded from the CGIAFSI GeoPortal
website (http://srtm.csi.cgiar.org/). The axender study was large and smarseresolution DEM
was preferred over a fine 30m ASTER DEM which took more processing time and at times did
not give the desired results. Once the DEM was successfully loaded, a DEM projection setup was
clicked. This iswhere the Zcoordinate or elevation unit was adjusted to metres with our DEM

indicating a cell size of.B0m and a cell area of 20.25m

Once this was done, the specific area of interest was masked. Masking aids in reducing the
processing time as only theasked area will undergo hydrological processing. Three options were
available during the masking of the DEM. These were, loading from the disk, or selethérom

map, or manually delineag. The later one was used. When manually delineating, the paitet

was first selected so that it helps in knowing where the basin will end or pour out its water. After

the masking shape file was overlaid on the DEM, it was made hollow for easier visibility.

Next was the fAiBurn | no fetinusddiodorcethe/SWATBsbasim | no ¢
reaches to follow known stream locationseThhe st r eams b eeremgde fidBter n e d
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spatial analysis tool of ArcGIS. This was specifically under the hydrology tool wagfuhctions
such as sink, filand flow directions.

When masked area was def i nseedmsdaddo bé detnedsTwo e a ms
options wereoffered,and these were to either define theams based on a drainage threshold,

or, importing predefined watershed boundaries and streams. The earlier option was used while

|l eaving the radi-wmadadd onheakmeed. A DEM

The flow direction and accumulation button was clicked and the processing began. This segmented
theareaundst udy into 28,686 cells with an area of
streams and outleto function was activafted. T
processing, streams were form&d. illustrate this,wo DEMsare given. Oa had a higlstream

density due to the clipped digital streamserlaidand the other had processed streams at 580,

891.5 hectarethreshold. Thesare given in Figure3.12 and 3.13espectively.
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Figure 3.12: Clipping digital streams to the DEM with outlet point coloured in redoBar
Floodplain, Western Zambia
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Figure 3.13: Formation of streams on DEM followed by filling in of the sinks to enable proper
flow directions based on the elevation differencéshe individual cells of the
DEM, Bamtse Floodplain, Western Zambia

After the streams are delineated, a point for the entire watershed outlet was selected. This is at
Senanga kdrometric Station (red dot inidgures 3.12 and 3.1&bovg. This point was selected
sincethe floodplain narrows inthere is an already established gauge statitmhistorical data

and the rivebanks/bed beconrecky and definedThis point also capturesostof the entire flow
coming out from thdloodplain even though Kalongola would have been the best .pdms is
becaus&alongola would have been ideal for capturing the entire fiom upstream

Drainage inlets and subatershedutles wereautomaticallya d ded when t he A Whol
outl et (s) o f Thsewasdane by waestingute eutlet drawibgx around it for

automatic selection. Al l ot her unnecessary |
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manual | y oA délineatedtwatrshed with 159 subasinsis givenin Figure 3.14and the

description of these stiesinsin details from 1989 to 201&re given in Appendi®. Thisis the

detailed database generated by SWARe delineation was done after selecting the outlet point

iDel

being grayed out. When the delineation was completed, a prompt window appeared stating,
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Figure 3.14: Barotse Floodplain delineateddanl59 subbasins following the stream threshold

The next stage watheiCal cul athasi nofpasuwbmet er s o.

that was set for the model. Sbhsins are coloured differently for distinction

Thi

processing contained functions that aided in calculdtiageomorphic characteristics of the sub

basins and reaches formed in the preceding steps. This step was also important o ttefinin

locations of reservoirs within the watershed. However, in our case we had no reservoirs as water

is not impounded at any sectiontbé floodplan as it flows freely (except natural ponding in some

isolated sections within which were ignored in theedel). When this stage was completed, another

59

neate

S

W ¢

S



prompt message appeared in formof a-pop wi nd ow <Dasip parageter dalSulation
successfully doneo. When the okay button was
began vinere the datavas exported to a MfARast ethe wlGaashatlat a b a

delineation waslone,and an exit button was clicked to predeo the next stage.

3.4.4 HRU Analysis

This stage in the SWAT analysis allowed to load land use and soil layethe po j ect , 6 Tas
1 9 1 dtdalso enabled the ewmltion of slope characteristicand determination of land
use/soil/slope class combinations and distributions for the delineated watershed and each
respective suwvatershedSWAT Documentation, 2009)

As indicated earlietHRU can be thought of as a small area within atsagin that is expected to
behave about the same way to a precipitation event. So within eabhsabthere will be several

HRUs. These for instance may have the same land use and soil cover, but different slopes. These
are expected to respond differently to a precipitation event due to the spatial distribution of rainfall

and variant land use, sle@nd soil characteristics.

The first key step was defining the land use dataset. Initiating the Land Use/Soil/Slope Definition

t ool was done by selecting fALand Use/ Soil / SI
dialogue box was opened that enableatlithe required datasets. Thesere/to be in the same
projection as our earlier loaded raster (DEM, in WGS 84). Upon loading the land use raster, it was
clipped to our watershed and only showing changes for our region of infelast use map with

numkers in the legend before reclassificatismgiven in Figure 3.15
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Figure 3.15: Land use characterization based of the FAO 2009 raster classificBaaise
Floodplain, Western Zambia

A ALOUpkTabl edo was pr ep a clases deian the dpteonsavaitahlean | an:
the A SWAT Model also calledldr ¢ SWAT Categ-UOpi daabl Ao ibbbdbkr
advantage of putting land use classes once and for all instead of manually entering them every
time we start the projecUp T ahbatteadibswiswedrdrom v i d u e
Appendix7. It was in notepad text format. Please note that this stage requires a personal judgment
call. This is because the land classes used in SWAT are predefined (USA), hence, one has to choose

a class/classes that are nearer or similar to erégi®n of interestThe illumination of the new

reclassified land use magpdisplayedn Figure 3.16
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Figure 3.16. Re-classified land use accordingttus study Barotse Floodplain, Western Zamb
AGRL = Agricultural Land FRSD =ForestDeciduous FRST =Forests RNGE =
RangeGrassesWETF =Wetland ForestedVETL = Wetland andVATR = Water.

Once the land use is reclassified, the next stage is to define our soil type. The soil data was loaded
from the disk as the prompt window gave three optionsw#ssbefore, the projection was put in

WGS 84. The soil data was successfully loaded and clipped to the watershed boundary. This was
downloaded fron the FAO websiteThe following mags the same map as Figure 3.16, however,

a digital soil map has been ovard on it. This isbefore reclassificationof the soil classeby

SWAT (Figure 3.17)
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