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ABSTRACT

Climate change, construction of the Mongu-Kalabo Road coupled with increased mining activities
in the upper catchment of the Barotse Wetland could alter the inundation extent dynamics and
impact the flood dependent ecosystem. There is very little information available in public domain
on inundation extent dynamics of the wetland. This study investigated trends in inundation extent
in the Barotse Wetland in Western Zambia. The study methods included statistical analysis of
inundation extent time series generated with the Desert Flood Index from MODIS satellite
imagery, in-situ hydrological and climatological time series, and land cover change assessment
with Landsat imagery. Variations in inundation extent were analysed with the one-way Repeated
Measure Analysis of Variance test. The Mann-Kendall trends test was used to characterise trends
in inundation extent, hydrological and climatological time series. The Pearson r and the Paired t
test were used to analyse correlations between hydrological and climatological time series. The
Pettit test was used to test for homogeneity in the time series. Land cover change statistics were
derived from the Maximum Likelihood algorithm classified maps which were validated with
ground truthing data.

The results show that across the period 2003 to 2013 there were significant variations in inundation
extent with the F-Ratios (27.21 and 15.73) greater than the F-critical values (2.35 and 2.17) and
p-values <0.05 in the ascending/peak and descending periods respectively. In the same period
inundation extent showed a significant (p value <0.05) rising trend with a Mann-Kendall Z statistic
of 1.87. A very strong correlation, with coefficient of determination (R?) of 0.91, between
inundation extent and discharge was observed. From 1984 to 2015 the change in forest cover was
observed at 9.78 percent with an annual rate of decrease of 0.32 percent. Overall, the Mann-
Kendall trend test showed significant declining trends in mean annual discharge for the period
from 1952 to 2003 at Senanga and 1952 to 2004 for Lukulu (Z statistics of -3.38 and -2.88, p-
values <0.05 in both scenarios, at alpha level 0.05). For the period 1974 to 2012, the rainfall time
series at Kabompo Station, upstream of the wetland catchment, showed a generally insignificant
declining trend with Z statistic of -1.14 and p-value of 0.12 at alpha level 0.05. Rainfall and
discharge showed a significant (p-value < 0.05) positive correlation with a coefficient of 0.36.
Maximum temperature correlated negatively with discharge and inundation extent with correlation
coefficients of -0.44 and -0.16 respectively. The study shows that trends in inundation extent
follow trends in discharge. By inference, between 1952 and 2004 inundation extent in the Barotse
Wetland was in downward trend as was the trend in discharge. Between 2003 to 2013 inundation
extent trend was on the rise as was the trend in water level (from 2000 to 2011).

Overall, the downward trend in discharge and reduction in forest cover could negatively affect
inundation extent patterns and the Barotse wetland’s ecosystem as a whole. In view of the results
of the study the Government of Zambia must ensure that deforestation in the wetland catchment is
addressed and that no extensive alterations are made to the current wetland landscape as such
actions have potential to alter the flow regimes and inundation extent patterns with consequences
on the wetland ecosystem.
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CHAPTER ONE: INTRODUCTION

1.1  Background

According to the Convention on Biological Diversity (CBD) “the future of humanity depends on
wetlands” (UNEP, 2015). This is because many future challenges such as food, water security,
human health, disaster risk reduction and climate change resilience can be addressed through
conservation and sustainable utilization of wetlands. Wetlands particularly provide water-related
services and are productive areas for plant life, animals and wetland agriculture. They are known
to regulate water quality, flow regimes, groundwater recharge and flooding. They are also key in
carbon sequestration and storage (Bullock and Acreman, 2003; Foster et al. 2012; UNEP, 2015).
Despite the highlighted significant roles of wetlands, it is estimated that over 64 percent of the
world’s wetlands have disappeared since 1960, which implies a degradation in freshwater supply
to billions of people worldwide as well as a 76 percent decline in biodiversity between 1970 and
2010 (UNEP, 2015). Global climate change and land use change are the major drivers of the
degradation in freshwater, biodiversity and impact on the flooding regimes of wetlands (Erwin,
2009; IPCC, 2014; UNEP, 2015).

Flooding is a significant natural occurrence for continued existence and the ecological functioning
of wetlands (Millennium Ecosystem Assessment, 2005). The European Flood Directive (EFD)
defines “flood” as “a temporary covering by water of land normally not covered by water”. This
definition encompasses floods from rivers, mountain torrents, Mediterranean ephemeral water
courses, floods from the sea in coastal areas, and may exclude floods from sewerage systems
(EXCIMAP, 2007). Flooding is key in the delivery of many wetland ecological services to the
millions of people who are dependent on it for flood-recession agriculture, pasture and fishing
activities (Erwin, 2009; Foster et al. 2012). However, Erwin (2009), IPCC (2014) and the UNEP
(2015) point to the fact that climate change will have effects on the hydrology of individual wetland
ecosystems due to changes in precipitation and temperature regimes. Climate change impacts on
wetlands will vary globally and adaptation to these effects will be anchored on information

generated in individual habitats (Erwin, 2009). One of the basic information in wetland



management is the understanding of the hydrological dynamics such as base flows, extent, depth
and hydro-period that govern the function of the wetland (Erwin, 2009). The Barotse Wetland, is
an annually flooded wetland susceptible to the effects of climate change (Beilfuss, 2012), is rich
in biodiversity and supports a diverse human systems including agriculture, fisheries, transport
and other livelihood streams (Timberlake, 2000; IUCN, 2003; Fanshawe, 2010). Erwin (2009)
points to the fact that key to the efficient management of wetland resources is availability of habitat
based information. In the case of the Barotse Wetland, one of the fundamental habitat specific
piece of data is inundation patterns. This is significant because crucial precondition for tackling
future challenges of the Barotse Wetland is foresighted management. The challenges include
resource over-exploitation, flood control (to protect house and technical infrastructure such as the
newly constructed Mongu-Kalabo Road), land drainage, encroachment for agriculture, and
interference with river hydrology for large-scale hydropower and irrigation schemes (Turpie et al.
1999). However, due to the difficulty associated with traditional ground based inundation mapping
there is paucity of data on inundation regimes. The difficulties associated with traditional ground
based (field survey) inundation mapping methods underscore the importance of employing
techniques that effectively capture the spatial and temporal distribution of inundation.
Nevertheless, earth observation methods such as the use of satellite based remote sensing provides
a pragmatic platform that facilitates the acquisition of the type and quantity of data needed to assess
inundation dynamics across a vast area and time space. Various water feature extraction algorithms
have been developed and successfully used to map inundation extent (McFeeters, 1996; Xu, 2006;
Wang, 2007; Di Baldassarre, 2012; Meire, 2012, Wang et al. 2013).

Application of satellite based remote sensing techniques in inundation extent assessments provides
an important avenue for data collection on the dynamic state of inundation, especially for vast
wetlands where ground based methods are virtually impractical. With the advantage of area
coverage (spatial resolution), regular revisit time (temporal resolution) and acquisition of data in
a wide range of the electromagnetic spectrum (spectral resolution), the remote sensing approach is
best suited for study of inundation dynamics as compared to conventional mapping methods
(Ticehurst et al. 2013; Ticehurst et al. 2014). A host of satellite sensors are currently generating
enormous amounts of data at various resolutions that form the core for both historical and

continued monitoring of inundation regimes and other landforms. Among the vast spectrum of
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uses, earth observation based data has increasingly become an important source of information for
water use planning, monitoring and management at various levels of management such as field,

catchment and regional scale (Mu et al. 2007).

1.2 Statement of the problem

It has been noted that one of the major challenges that constrains adaptation to climate change, in
Africa and Southern Africa in particular, is lack of skills, access to tools and the information
needed to make decisions on climate change (Boko et al. 2007). This scenario makes it difficult to
perform detailed synthesis and understanding of hydrological implications and analysis of the
significance of the different flow components (Stisen et al. 2008). In the Zambezi Basin, this
challenge is compounded by inadequate and dilapidated hydro-meteorological stations (Cohen et
al. 2014). In many cases, this problem is so severe that even the application of conventional
prediction tools is severely limited in this part of Africa (Cohen et al. 2014). In Zambia, like in
many Southern African countries, the scantiness of geological, hydrological and land cover change
data implies paucity of habitat based information on ecosystems such as wetlands (Stisen et al.
2008; Cohen et al. 2014). However, use of earth observation-based remote sensing is seen as a
cheaper and more efficient method of acquiring the kind and quantity of data needed for effective

management of ecosystems and water resources in general (Mu et al. 2007; Schumann et al. 2007).

It is critical that hydrological variables such as wetland inundation patterns in the Barotse Wetland
are monitored. This is because the continued function and resource utilization of the Barotse
Wetland ecosystem, as is the case with wetlands worldwide (Erwin, 2009), is largely dependent
on the flow regimes and flooding extent, which are prone to climate change (Erwin, 2009). There
is irrefutable evidence that the Barotse Wetland is prone to climate variability (Thurlow et al. 2009;
Yamba et al. 2009; Beilfuss, 2012; GRZ, 2013) manifesting through variables such as
temperatures and rainfall which directly impact on the hydrological regimes. Further, the wetland
is located in a region with high rates of evapotranspiration (Kasimona and Makwaya, 1995;
Beilfuss, 2012; Phiri, 2013) which could cut into the residence time of the water and consequently
affect the efficient ecological functioning of the wetland. The wetland is also the most agriculture
productive area in western Zambia (GRZ, 2013) where agricultural systems and changes in land
cover for agriculture have been noted (Erwin, 2009; Millennium Ecosystem Assessment, 2005;
UNEP, 2015) as being some of the major drivers of wetland degradation. Further, the construction
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of the Mongu-Kalabo Road across the wetland entails modification in the flow regimes within the
wetland and can potentially affect the flood extent patterns and biodiversity in the wetland. Despite
the noted significance of the hydrological dynamics, such as inundation extent, to the existence
and functioning of the wetland there is paucity of data on inundation extent regimes and the
potential drivers of these regimes as they relate to hydrological, climatological and anthropogenic
variables. There is also a general assumption that has not fully been verified for the Barotse
Wetland: that wetlands attenuate flow, thus, reduce the risk of downstream flooding (Millennium
Ecosystem Assessment, 2005) by acting as a sponge that soak up water during wet periods and
release it during dry periods. It is plausible that the behaviour of the Barotse Wetland may be at
variance with this assumption as the case is with other wetlands (Millennium Ecosystem
Assessment, 2005). Thus, this study employed a coupled approach in which satellite remote
sensing and in-situ hydrological and climatological data were used to assess trends in wetland
inundation extent regimes. This was done in order to ascertain the nature of trends in inundation

extent regimes and the potential contributing factors to these trends.

1.3  General objective of the study

The general objective of the study was to provide an assessment of the spatial and temporal trends
in inundation extent using satellite remote sensing data thereby contribute a valuable data resource
in the water resources, biodiversity and disaster management framework for the Barotse Wetland
of Western Zambia.

1.3.1 Specific Objectives
The specific objectives of the study were:

= To quantify the inundated area in each flood cycle between 2003 to 2013 using
MODIS satellite data;

= To establish trends in the wetland’s inundation extent for the period 2003 to 2013;

= To evaluate the role of the Barotse Wetland in downstream flow regimes;

= To establish long term trends in discharge, rainfall and maximum temperature time
series for the study area; and

= To ascertain land cover changes over time,1984 to 2015, in the immediate
catchment of the Barotse Wetland.
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14 Research Questions
The study sought to answer the following questions:

= What are the estimates of inundated area in each flood cycle for the period 2003
to 2013 in the Barotse Wetland?

= What trend(s) existed in inundation extent over the period 2003 - 2013?

=  What relationship (s) exist between stream discharge/water level and the inundation

extent?
= Does the Barotse Wetland play any role in downstream flow regimes?

= What are the potential drivers of the noted (if any) trends/variations in inundation

patterns in the Barotse Wetland?

Q) Are there changes in stream flow, precipitation and temperature in the
Barotse Wetland? If these changes exist, what are the patterns of the
changes, for instance, are the changes increasing or decreasing? Are the
changes gradual or abrupt? In which year and months do these changes
occur? What correlations exist between the variables?

(i)  What changes have occurred in the land cover overtime? If the changes have
occurred, what are the potential impacts on inundation extent regimes in the

wetland?
1.5  Significance of the study

It has been noted that habitat based information is fundamental in the application of wetland
climate change adaptation strategies (Erwin, 2009). This assertion by Erwin (2009) is in tandem
with the view by Agrawal (2008) that climate adaptation is inevitably local and that adaptation
strategies must be tailored around locally-generated information. The impacts of climate change
on the hydrology of the Zambezi River Basin, in which the Barotse Wetland is located, have been
adequately highlighted by Beilfuss (2012) and have been particularly noted in GRZ (2013) and
IFRCS (2008) with flood and drought events as some of the major impacts. Further, Fanshawe

(2010) indicated that there is increasing pressure on land covers such as forests due to a rising



population. A rise in developmental activities and population quintessentially results in clearing
of forests for settlements, agriculture and other livelihood streams. Coupled with climate factors,
changes in land cover and land use are likely, in the long term, to have a negative impact on the
flood regimes, the role of the wetland in flow-regime regulation and consequently biodiversity in
the Barotse Wetland. Flood extent patterns and the role of the wetland in flow-regime regulation,
is very important. Turpie et al. (1999) pointed out crucial future climate challenges in the Barotse
Wetland which included resource over-exploitation, flood control to protect house and technical
infrastructure, land drainage, encroachment for agriculture, and interference with river hydrology
for large-scale hydropower and irrigation schemes. Such challenges require a foresighted wetland
management plan which requires habitat based data. The need to assess the trends in inundation
extent and the potential drivers is key in the provision of baseline data for the implementation of
climate adaptation strategies for the Barotse Wetland. Further, in light of the construction of the
Mongu-Kalabo Road across the wetland, there is need for constant generation of inundation extent
data so as to progressively monitor the impact of the infrastructure on the wetland’s inundation
extent regimes. It is impractical to employ ground-based methods in the assessment of temporal
and spatial trends in inundation extent as the wetland is vast and changes in inundation extent
would not be effectively captured. The satellite based technique therefore, is not only affordable
but provides for instant detection in time of the wetland and archives of data exists for comparison
across temporal space which is critical in change or trend assessment studies (Ticehurst et al. 2013;
Ticehurst et al. 2014).

The results of this study could prove useful to many stakeholders involved in natural resources
management both at local government and community level. Institutions such as the Ministry of
Energy and Water Development, Ministry of Lands, Natural Resources and Environmental
Protection, Ministry of Agriculture and Ministry of Livestock and Fisheries Development as well
as the Disaster Management and Mitigation Unit under the office of the Vice President in Zambia
might find this information useful. These institutions are key planners in the utilization of the
Barotse Wetland and the implementation of key climate adaptation strategies. The inspiration of
this study was anchored on the fact that flooding regimes play a critical role in determining the
ecological health of the wetland which is a source of livelihood for many households and further

effects downstream flow regimes.



1.6 Description of the study area

1.6.1 Location of the study area in the larger Zambezi River Basin

The Barotse Wetland is situated in the Barotse Sub-basin within the larger Zambezi River Basin
(Figure 1) and is geographically located between 13-17° South and 22-24° East of western Zambia
in Southern Africa. The wetland is defined as the area extending from Lukulu to downstream of
Senanga (Figures 1 and 2).
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Figure 1: Location of the study area in the larger Zambezi River Basin in Western Zambia,
Southern Africa.

Flooding in the Barotse Wetland is a consequence of the breaking of the banks of the Zambezi
River during periods of high water flows in the rainy season between October and May of a
hydrological year. The actual size of the wetland is unknown but is estimated to be at 1.2 million
hectares (IUCN, 2003).
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Figure 2: Google Earth image showing the location of the Barotse Wetland in Western Zambia.

The wetland is a sanctuary to variety of biodiversity both flora and fauna some of which are
confined to the wetland. The flood provides aquatic habitats for fish such as tiger fish and bream,
crocodiles, hippopotamus, water birds, fish-eating birds, lechwe and the wading antelope. After
the flood, the plain is a habitat for grazing animals such as wildebeest, zebra, tsessebe and small
antelope such as oribi and steenbok, and their predators (Timberlake, 1997; IUCN, 2003).

1.6.2 Topography and Drainage

The land elevation over the study area ranges from 1192 metres above sea level in the north eastern
part to about 900 metres above sea level in the southern part (Figure 3). The lower areas form part
of the floodplain. The drainage pattern is trellis with all major rivers/streams, which include the
Luanginga and Kabompo, being tributaries of the Zambezi River. The Zambezi River and its
tributaries account for the flooding in the Barotse Wetland (Timberlake, 1998; IUCN, 2003).
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Figure 3: Elevation (m) of the study area as derived from the ASTER 30 m resolution digital
elevation model (DEM), Western Zambia.

1.6.3 Soils

The Kalahari sands are underlain by rocks of the Karoo Supergroup. The sands are a Pleistocene
deposit, the erosion product of the weak Upper Karoo sandstones. They vary in colour from pallid
to orange, are moderately acidic and contain 3 to 12 percent silt plus clay. The sands are not very
fertile; the nitrogen content is 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).



1.6.4 Vegetation and land use

The Barotse Sub-basin is predominantly grassland with breaks of semi-evergreen forest, evergreen
forest, deciduous forest and shrub land. Other land cover types include mosaic cropland, water
bodies and regularly flooded vegetation which covers the Barotse Wetland (Figure 4). The
evergreen and semi-evergreen forest is composed of swamp and riparian woodlands while the
deciduous forest is of Kalahari and Munga Woodland. The major land uses are cropland and timber
production (Fanshawe, 2010; Mukosha, 2014). There are a variety of underground trees or
suffrutices some of which are confined to the wetland. They have a dwarf habit with the main
woody stem underground. The underground growth nature is attributed to adaptation to the high
water table and anaerobic conditions on seasonally-flooded plains. The above ground shoots are

often destroyed by fire or frost. The trees spread by means of rhizomes (Timberlake, 2000).
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Figure 4: Land cover and use map of the study area in Western Zambia extracted from the
ZFD/FAO 2005 ILUA I land cover and use map.
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1.6.5 Precipitation, temperature and humidity

Monthly precipitation for Kabompo illustrates the rainfall pattern for the upper catchment of the
wetland (Figure 5a). Much of the discharge into the Barotse Wetland is from upstream in Angola
and North Western Zambia, which receives an average of above 1000 mm of rainfall as illustrated
by the Kabompo annual rainfall time series (Figure 5 b). Rainfall over the study area is a result of
the movements of the Inter-Tropical Convergence Zone (ITCZ) over Zambia between October and
April of a hydrological year (IUCN, 2003; Fanshawe, 2010). High temperatures are experienced
between October and April with maximum temperature of around 34 degrees Celsius and
minimum temperature of about 12 degrees Celsius (Figure 5 c). The highest relative humidity is

about 70 percent in the months November to March (Figure 5 c).
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Figure 6: (a) Monthly (October-April, 2003/2004) precipitation for Kabompo Station (b) Annual
mean precipitation for Kabompo Station from 1974 to 2004, (upstream of the wetland), (c)
2003/2004 annual temperature and humidity at Mongu Station in the study area, Western Zambia.
(Source: ZMD, Mongu, Western Province, Zambia). (Refer to Figure 1 for location of
meteorological stations).
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1.6.6 Population and social- economic attributes in the study area

The Barotse Wetland hosts about 250,000 people with settlements concentrated along the levee of
the Zambezi River and at the edge of the floodplain. The Zambezi River forms a critical life line
in the wetland for both humans and wildlife. The population is largely involved in crop, livestock
and fisheries activities. The wetland is cited as the most agriculturally productive area in western
Zambia. Flooding plays a crucial role in agriculture as the flood waters bring into the plains
sediments that are rich in nutrients essential for crop production when the flood recedes. Crops
grown include maize, cassava, rice, sweet potatoes and sugar cane. The population of cattle in the
wetland is as much as the human population estimated at over 250,000 with the grassland in the
wetlands providing grazing pasture for cattle. Fish consumption is five times higher than the
national average. At the peak of the flood, fish traps and spears are used for fishing while gill nets
and spears are used in the lagoons left behind by the falling flood. The wetland is also home to a
rich cultural ceremony known as the Kuomboka which entails annual migration with the coming
of the flood to the upland. It is an annual event whose hosting is dependent on the flood water
levels (Timberlake, 2000; IUCN, 2003; CSO, 2010).
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CHAPTER TWO: LITERATURE REVIEW

Globally and in Zambia some studies have been done on wetland inundation mapping and trends
assessment. From the review, it was observed that there was scanty information on wetland
inundation dynamics in Zambia and the Barotse Wetland in particular. This chapter highlights the
reviewed literature on climate change trends and the impact on wetlands. Furthermore, the
interlinkages between wetlands and other ecosystems such as forests were reviewed. Earth
Observation-based methods to map wetland inundation and how to analyse trends in hydrological
and climatological variables such as discharge were also reviewed. Thus, through the review, gaps
in knowledge were noted and thereafter this study was formulated to contribute to the narrowing

of the gaps in inundation extent dynamics in the Barotse Wetland.

2.1.1 Regional Studies on Climate Change Trends

According to New et al. (2005) there had been little work on precipitation or temperature related
extremes in Africa. They attributed this to a lack of easily available data for the various regions of
Africa. However, reviewed literature such as Frich et al. (2002), Christensen et al. (2007) including
New et al. (2005), indicated that there has been more variability in precipitation than change in the
pattern of rainfall. Historical evidence through the use of multi-model data indicated that in the
late 20" Century, Southern Africa experienced a 20 percent increase in the frequency of extreme
dry austral winters and springs while the frequency of extremely wet austral summers doubled
(Christensen et al. 2007). Further, Christensen et al. (2007) projected that rainfall in the Southern
African region was likely to decrease in much of the winter rainfall region and on western margins
as well as a delay in the onset of the rains. The picture on the large-scale is one of drying in much
of the tropics and/or little change in precipitation in the tropics, increasing the rainfall gradients.
“This is a plausible hydrological response to a warmer atmosphere, a consequence of the increase
in water vapour and the resulting increase in vapour transport in the atmosphere from regions of

moisture divergence to regions of moisture convergence” (Christensen et al. 2007).

New et al. (2005) indicated that “there are few consistent and statistically significant trends in
precipitation indices. Regionally-averaged dry spell length, average rainfall intensity and annual

1-day maximum rainfall all show statistically significant increasing trends, and a general pattern
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of increasing trends across the region, but few trends at individual stations are statistically
significant”. Additionally, the study revealed that “there is an indication of decreasing total
precipitation, accompanied by increased average rainfall intensity; the fact that extreme
precipitation indices (R95p, R99p, RX1day and RX5day) have on average increased while total
precipitation and less-extreme precipitation (R10 mm and R20 mm) have decreased suggests that
increased average intensity is concentrated on extreme precipitation days. This indicates that time-
averaged measures of rainfall may fail to capture these changes as increases in intensity may

compensate for decreases in frequency” (New et al. 2005).

The Frich et al. (2005) global analysis which included precipitation data from Southern Africa
region capturing countries such as South Africa, Zimbabwe, Mozambique and Zambia indicated
that there had been more variable patterns over the region revealing an increase in maximum five-
day rainfall during the second half of the twentieth century. The general rainfall trend for the
Southern African region shows an increasing trend in dry spells with decreasing total precipitation

and less extreme precipitation.

2.1.2 Climate Change Trends studies on Zambia

Several studies have been done on Zambia’s climate scenarios. Thurlow et al. (2009), Yamba et
al. (2009), Jain (2007) as well as the UNDP country climate profile for Zambia gives an overview
of the country’s’ climate scenario. The results of these studies with regard to precipitation are
highlighted below. Both the historical trends as well as projected future trends are presented. The
focus of the review was on rainfall as it is the major contributor to hydrological scenarios. Thurlow
et al. (2009) who considered the period 1976-2007 in the three Agro-Ecological Regions(AER) of
Zambia (Figure 6), revealed interesting and valuable aspects of the country’s rainfall patterns. The
study looked at all three Agro-Ecological Regions I, Il and 11l (AER 1l is subdivided into lla and
I1b).
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Figure 6: Agro-ecological Regions of Zambia (Ministry of Agriculture and Cooperatives, 2005
map).

Their study revealed that year to year, variations in rainfall patterns were generally higher in
regions (from the south) with low rainfall and low in wetter regions towards the north. Annual
precipitation coefficients differed over the agro-ecological regions with regions | and 11 having the
highest inter-annual rainfall variability with coefficients of 0.18 and 0.20 respectively (Thurlow et
al. 2009). Agro-ecological region Il showed more stability in rainfall with a precipitation
coefficient of 0.09 (Thurlow et al. 2009). The study established that rainfall deviations in regions
I and 11 frequently exceeded 20 percent of the mean and approached 30 percent deficits in major
drought years. These variations have negative impact on agriculture productivity (Thurlow et al.
2009). The situation is different for region 111 which showed only moderate inter-year rainfall
variation, with rainfall in most years lying within 10 percent of the mean and rarely failing below
1100 mm (Thurlow et al. 2009). The report indicated that agro-ecological regions | and Il were

predominantly disposed to both floods and droughts whereas region Il showed fairly stable
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weather conditions with no severe drought over the last three decades (Thurlow et al. 2009). The
report concluded that “Zambia is prone to droughts and floods” and that there was “a high chance
that at least one agro-ecological region will experience an abnormal weather event in any given
year” (Thurlow et al. 2009). Jain (2007) established that rainfall variability across the Agro-
Ecological Regions of Zambia was not uniform. The report indicated that from the 1990/1991 to
2003/2004 rainfall seasons each one of the AER’s had experienced at least 10 years of below
normal rainfall (Jain, 2007). Further, Jain (2007) revealed that from the year 1970 to 2000 the
southern region (Agro-Ecological Region 1) experienced more severe dry seasons than the other
regions (AER Il and I11). Jain (2007) clearly agreed with Thurlow et al. (2009) in asserting that in
any given year normal rainfall is not guaranteed in any of the Agro-Ecological Regions of Zambia

though AER 111 is more stable than the other regions.

The study done by Yamba et al. (2009) was site specific focusing on three districts of Zambia each
representing an agro-ecological region. The study covered a historical time period from 1961 -
2007 and a future time period from 2010 -2070. Yamba et al. (2009) findings were in many ways
similar to those of Thurlow et al. (2009) revealing that precipitation variability differed across the
country depending on the agro-ecological region. Yamba et al. (2009) indicated that
Mwansabombwe in AER I1I had a variability index of 15.63 percent with Kapiri Mposhi in AER
Il having an index of 23.71 percent while that of Sesheke in AER | was found to be 32.80 percent.
These findings clearly agreed with Thurlow et al. (2009) in noting that variability in precipitation
increased as one moved from the north to the south of the country. High variability, such as
reported for regions | and Il, is a crucial factor in wetland inundation extent, crop yield and
livestock productivity. The report further gave a historical trend which showed that regions | and
I1 had been more prone to climate extremes such as drought and floods while region 111 had been
normally stable. Future projections of rainfall seem to align with the historical trends for all three
regions (Yamba et al. 2009). According to the UNDP climate country profile for Zambia
(http://www.undp.org), there were strong indications that mean annual rainfall do not show large
changes. This implies that the future rainfall scenario for Zambia is likely to oscillate within the
historical trends as revealed by Thurlow et al. (2009), Jain (2007) and Yamba et al. (2009) as well
as within the Yamba et al. (2009) future projections. The UNDP Zambia climate profile further

projected that September, October and November (SON) rainfall will decrease while December,
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January, February (DJF) and March, April and May (MAM) rainfall will increase. Projections

were that maximum 1- and -5 day rainfalls may increase in magnitude in DJF and MAM.

From reviewed literature on rainfall trends for the Agro-Ecological Regions of Zambia, the
probability that these trends will continue for a foreseeable future is certainly high. Variations in
rainfall patterns will continue across all regions of Zambia. The variations in rainfall have a bearing
on the wetland inundation extent patterns and effects on wetland biodiversity as has been cited by
Erwin (2009). The Barotse Wetland is in the Agro-Ecological Zone Ila. EAR lla is characterised
by a historic and projected potential for a high precipitation variability index and occurrence of
both extreme wet and dry events. However, AER Ill where much of the discharge emanates has
been noted to be stable (Thurlow et al. 2009) though projections for Southern Africa show a

downward trend in precipitation (Christensen et al. 2007).

2.1.3 Impact of climate change on wetlands

Six percent of the earths land surface is covered by wetlands and contains 12 percent of the global
carbon, hence playing a critical role in global carbon cycle (IPCC, 1996; Sahagian and Melack
1998; Ferrati et al. 2005). How climate change will affect wetland dynamics is one of the biggest
unknowns of the near future as it relates to element dynamics and matter fluxes (IPCC 2001; Paul
et al. 2006). However, evidence of climate change impact on wetlands has now been noted in
numerous studies. For instance, a study by Kim et al. (2012) on the impact of climate change on
wetland revealed that climate change had altered the inundation depth of the wetland. The
Ramsar’s Scientific Technical Review Paper (SRTP) (2008) and Gitay et al. (2011) pointed out
examples of what will result from the projected changes in extreme climate scenarios which
include: changes in base flows, alterations in the hydrology (depth and hydro period); an increase
in soil erosion; an increase in flood runoff which will result in a decrease in recharge of some
floodplain aquifers and a decrease in water resource quantity and quality. According to the
UNESCO (2009), managing water in the past had been about managing naturally occurring
variability. But the advent of climate change threatens to bring about dramatic occurrences
manifesting in greater variability, a shift and increase in intensity in the occurrences of extreme
events, and the introduction of greater uncertainty in the quantity and quality of supply over the
long term. Climate change will lead to a decline in precipitation, surface runoff and groundwater

recharge and a rise in evaporation and transpiration. Climate change can directly affect the
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hydrologic cycle and, through it, the quantity and quality of water resources (UNESCO, 2009).
However, Erwin (2009) indicated that the impact of climate change on the hydrology of individual
wetland ecosystems which is mostly through changes in precipitation and temperature regimes
will greatly vary across the globe. From “the perspective of assessment of climate variability and
the effect on wetlands, these ecosystems need to be viewed in the broader context of their spatial
location in a watershed within a specific region” (Erwin, 2009). Variations in stream flow
(discharge) regimes have been claimed to be “the most serious and continuing threat to ecological
sustainability of rivers and their associated wetlands” (Naiman et al. 1995; Sparks, 1995).
Adducing from the four principles about the influence of flow regimes on aquatic biodiversity
Bunn and Arthington (2002) highlighted: (i) flow is a major determinant of physical habitats in
streams; (ii) aquatic species have evolved life history strategies primarily in direct response to
their natural flow regimes; (iii) maintenance of natural patterns of longitudinal and lateral
connectivity is essential to the viability of populations of many riverine species and the invasion
and; (iv) success of exotic and introduced species in rivers is facilitated by the alteration of flow
regimes. According to Koster and Suarez (1999) and Zhao et al. (2011), spatial rainfall variability

is the main source of variability in discharge.

2.1.4 Changes in forest cover and its impact on wetlands

Given the critical role of wetlands to biodiversity and human livelihoods, it is necessary to consider
how various ecosystems are linked to wetlands (Blumenfeld et al. 2009). One critical example is
the link between forests and wetlands. In most cases these interdependent ecosystems are viewed
as total independent entities instead of an interrelated unit with a critical role in the hydrological
cycle and preservation of water resources. Understanding the linkage between forest cover and
wetlands will provide critical information for formulation of policies and management practices
to protect water resources (Blumenfeld et al. 2009). Deforestation has been cited as one of the
major contributors to wetland degradation mainly through increased catchment erosion and
nutrient loading (Blumenfeld et al. 2009; Fanshawe, 2010). However, some studies like
Woodward et al. (2014) pointed to contrary effect of deforestation on wetlands in which they
showed that wetland extent and water level had increased over time as a consequence of

deforestation in the catchment.
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2.1.5 Studies on the role of wetlands in flow attenuation in the Zambezi River Basin

Wetlands are known to regulate flow (Millenium Ecosystem Assessment, 2005). Bullock and
Acreman (2003) argue that many studies draw conclusions on the categorisation of wetlands in
terms of reducing or increasing river flows which in many cases are taken out of context and do
not answer the basis for the conclusions. They argue that categorization of wetlands must be based
on comparative scenarios. They give a set of comparative scenarios used internationally for
categorization of wetlands among which is the comparison of inflows and outflows of a wetland
system as a baseline for inference. In the Barotse Wetland two notable studies , Beilfuss and
Santos (2001) and McCartney et al. (2013) attempted to assess the role of the wetland in flow
attenuation. Beilfuss and Santos (2001) compared the before and after catchment volumes to arrive
at their conclusion that the wetland attenuated flow. McCartney et al. (2013) used hydrological
models to quantify the voulumes that were attenuated by the wetland. However, they indicated that
their method had many limitations and that the results were inconclusive. At regional level,
Murwira et al .nd compared rates of change in upstream and downstream time series with a paired
t-test to evaluate the role of the Okavango wetlands in flow attenuates. Using this method they
concluded that the Okavango wetlands attenuated flow.

2.1.6 Studies on change detection and trends analysis in the Zambezi River Basin

Some studies such as Beilfuss (2012) and Kampata et al. 2008 analysed trends in hydrological and
meteorological variables in the Zambezi Basin. Beilfuss (2012) observed a significant abrupt
change in the annual means of discharge in the entire Zambezi River Basin in 1980. Kampata et
al. (2008) analysed trends in rainfall in the headstreams of the Zambezi River Basin in Zambia.
They used the Mann-Kendall trends test to analyse trend in rainfall between 1945 and 2005. They

concluded that the trend was insignificant but that the rainfall was generally decreasing.
2.1.7 Studies on Land cover change assessment in Zambia

A major land cover assessment project by the Zambia Forest Department (ZDF) and the Food and
Agriculture Organization (FAO) was carried out to ascertain land cover changes for Zambia for
the period 1990 to 2005. The Integrated Land Use Assessment programme used Landsat TM
imagery with a supervised classification method. The overall picture for the country was that of

downward trend in forest cover with an estimated annual loss 0.62 during the period. Western and
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North Western provinces (which is part of the Barotse wetland catchment) in the same period had
forest annual rate of loss of 0.07 and 1.04 respectively. A total of 816,020 hectares of forest cover
was lost in the 1990 to 2005 period for Western and North Western Provinces (Mukosha, 2014).

2.1.8 Satellite imagery data based methods for detecting inundated area

The argument for satellite remote sensing is that it provides a platform for collection of data in a
timely, cheap and efficient manner than the conventional in-situ based mechanisms. Further,
satellite data are readily and uniquely suitable for automated processing in computers (Okoye and
Koeln, 2003; Ticehurst et al. 2014). In a lower income country like Zambia where resources for
conducting in-situ data collection are scarce, availability of satellite data provides an affordable
and reliable platform for data acquisition for natural resource management and monitoring.
Various satellite-based remote sensing pragmatic algorithms and techniques have been developed

to detect inundation extent on the earth’s surface from both optical and radar satellite imagery.

Several satellite data from sensors such as Landsat, MODIS, MERIS, ENVISAT, RADARSAT,
ASTER, SPOT and many more are available on various platforms and can be used to detect
inundation extent (Townsend, 2002; Xu, 2006; Kudahetty, 2012; Meier, 2012; Long et al. 2014;
Zhai et al. 2015). For instance, Kudahetty (2012) mapped flood extent with SAR data in ENVI
using the Parallelepiped, Minimum Distance, Maximum Likelihood and Mahalonobis Distance
algorithms to map flooding scenarios in Kelani Ganga and Bolgodo basins in Siri-Lanka.
Townsend (2002) used Radarsat SAR to map seasonal flooding in a forested wetland using the
arbitrary recursive classifier (classification tree). Long et al. (2014) mapped flood extent in the
Chobe Floodplain in Namibia using Synthetic Aperture Radarsat (SAR) using band math and
image thresholding and segmentation method. The method included the use of image subtraction,
decision-based classification with threshold values, and segmentation of SAR images. The study
looked only at flood peak period (Jan-Mar) and considered only a period of 6 years. There was no
attempt to relate the flood patterns to any hydrological or land cover and use variables. For optical
data the Modified Normalized Difference Index (MNDWI) developed by Xu (2006) is mostly used
in mapping open water features. For instance (Meier, 2012) mapped inundation in the Kafue
floodplains using the MNDWI on MODIS data. Supervised classification methods are also used
as evidenced by Cai et al. (2015) who used the supervised classification with the Maximum

Likelihood algorithm, with Landsat data, to map flood extent in the Barotse Wetland from 1984 to
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2014. Surface water extraction methods based on satellite data can be classified into four types:
thematic classification, linear spectral immixing, single-band threshold, and two-band spectral
indices (Zhai et al. 2015). When it comes to satellite imagery data mostly used for flood extent
mapping the MODIS data presents a better option for large wetland inundation mapping (Ticehurst
et al. 2013; Ticehurst et al. 2014). Despite the inherent limitation of cloud cover MODIS is
advantageous because all historical data from 2000 to the present are readily available for free, its
near-global spatial (250m — 1km) and a better temporal scale (1-2 times/day) and can easily be
processed with most available satellite imagery data processing software such as ArcGIS, ENVI,
QGIS and many more (Ticehurst et al. 2013; Ticehurst et al. 2014).

As for the mapping of open water features with optical satellite imagery what was noted from
literature is that the use of indices is the most common practice. There are various spectral based
water features extraction indices which have been developed and include the Normalised
Difference Vegetation Index (NDVI) (Rouse et al. 1973), Normalised Difference Water Index
(NDWI) (McFeeters, 1996), Modified Normalised Difference Water Index (MNDW!I1) (Xu, 2006),
Automated Water Extraction Index (AWEI) (Feyisa et al. 2014), and the Desert Flood Index
(DFI) developed by Wang et al. (2013). The NDWI developed by McFeeter (1996) and the
MNDWI by Xu et al. (2006) are the most utilized water feature extraction indices in the extraction
of water features from satellite imagery (Wang et al. 2013). However, Wang et al. (2013)
discovered that under all the experimental conditions they subjected the DFI and MNDWI, the
DFI performed better. The performance assessment of the two indices was carried out on MODIS
and Landsat images in a flooding season of the Indus River in Pakistan. The DFI focuses on more
precision in the calculation of water proportion at sub pixel level and the increasing of the contrast
between water and non-water features. The other multi-band based indices such as the NDWI and
the MNDWI are focused on differentiating the water body information from the non-water-body
information by using pixel scales instead of the proportion of the water area, which critically

affects precision in water information extraction (Wang, 2007; Wang et al. 2013).

2.1.9 Satellite remote sensing based wetland mapping in Zambia
Wetland flooding in Zambia occurs in the rain season between November and May of each
hydrological year (IUCN, 2003; Meire, 2012). Wetland inundation in Zambia, like world over, has

significant biodiversity, economic and cultural implications (IUCN, 2003; Baidu-Forson et al.
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2014). Very few remote sensing based studies on wetland inundation extent have been done in
Zambia. Notable among the few are the Tiger Initiative (2008), Aduah and Mantey (2012), Meire
(2012) and the Cai et al. (2015). Tiger Initiative (2008), Aduah and Mantey (2012), Meire (2012)
studies were conducted in the Kafue wetlands in the Kafue River sub-basin while the Cai et al.
(2015) study was conduceted in the Barotse wetland in the Barotse sub-basin. Tiger Initiative
(2008) used ASAR AP, MODIS and LANDSAT data and employed various supervised and
unsurpevised image classification methods to map the inundation extent. The study also assessed
vegetation cover with Landsat and ASTER data. Aduah and Mantey (2012) used Landsat data
employing the supervised classification with the maximum likelihood algorith to map inundation.
The study also performed regression analysis to establish the relation between rainfall and
inundation extent. The study by Meir (2012) used satellite imagery to detect and quantity
inundation extent in the Kafue flats using MODIS (MODO09) and and radar (ENVISAT ASAR)
imagery. The study used the NDWI to map inundated area with MODIS data while the stepwise
classfication approach was with ENVISAT ASAR data. The generated inundated area data derived
from MODIS and ENVISAT ASAR were used as input in the Real-time hydrologic and flood
model for the Kafue Wetland. Cai et al. (2015) used Landsat 5 TM to generate time series for flood
extent in the Barotse Wetland which was compared to the perceptions that the locals had on the
pattern of flooding in the wetland. Cai et al. (2015) used Landsat data with the Maximum
Likelihood supervised classification algorithm to generate the flood extent time series data for the
Barotse Wetland from 1984 to 2014. They discovered that inundation extent varied from year to

year and that the frequency was reducing but the magnitude of the floods was on the rise.

2.2.1 Band characteristics of MODIS and Landsat data

The MODIS was launched by NASA in 1999 and 2002 on board the Terra (EOS AM) and the
Aqua (EOS PM) satellites respectively. The MODIS is designed for acquisition of large scale
global dynamics measurements. The MODIS MODOQ9A1 data provides surface reflectance Bands
1 to 7 (Table 1) at 500-meter resolution in an 8-day gridded level-3 product in the sinusoidal
projection. Each pixel in the Level-3 product MODO09AL contain the best possible L2G
observation during an 8-day period. It has high-observation coverage, low-view angle, absence of
clouds or cloud shadow, and aerosol loading (Vermote et al. 2011) and has been espoused as

suitable for mapping floodplain inundation (Ticehurst et al. 2013).
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Table 1: Band characteristics of MODIS data

Band Wavelength Spectral Range (nm) Resolution (m)
1 Visible(Red) 620-670 500
2 Visible(NIR) 841-876 500
3 Visible(Blue) 459-479 500
4 Visible(Green) 545-565 500
5 Visible 1230-1250 500
6 Visible(SWIR) 1628-1652 500
7 Panchromatic 2105-2155 500

Landsat 5 TM was launched by NASA in 1984 and continued to acquire imagery in 7 spectral

bands (Table 2) until November 2011 while Landsat 8 OLI-TIRS was launched in 2013 and
acquires imagery in 11 spectral bands (Table 3). The Landsat satellites were intended to be of use

to a diversity of fields like forestry, agriculture, geology, and land-use planning. The selection of

spectral bands for the Landsat satellites was biased toward discriminating different types and
amounts of vegetation (Chander and Markham, 2003; USGS, 2015).

Table 2: Band characteristics of Landsat 5TM data

Landsat 5 TM
Band Sl (I;lne)solutlon Sensitivity Spectrum (um) Nominal Spectral Location
1 30 0.45-0.52 Blue
2 30 0.52-0.60 Green
3 30 0.63 - 0.69 Red
4 30 0.76 - 0.90 Near IR
5 30 155-1.75 SWIR-1
6 120 10.40 - 12.50 Thermal IR-1
7 30 2.08 - 2.35 SWIR-2
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Table 3: Band characteristics of Landsat 8 —OLI-TIRS data

Landsat 8 OLI-TIRS
Band Groynd Sensitivity Spectrum (um) Nominal S_pectral
Resolution (m) Location
1 30 0.435-0.451 Costal/Aerosol
2 30 0.452-0.512 Blue
3 30 0.533-0.590 Green
4 30 0.636-0.673 Red
5 30 0.851-0.879 Near IR
6 30 1.566-1.651 SWIR-1
7 30 2.107-2.294 SWIR-2
8 15 0.503-0.676 Panchromatic
9 30 1.363-1.384 Cirrus
10 100 10.60 11.19 Thermal IR-1
11 100 11.50 12.51 Thermal IR-2

2.2.2 Radiometric calibration for Landsat data

Whenever multi-temporal Landsat or satellite-based data are used for change analysis there is need
for radiometric calibration (Coppin et al. 2004; Varjo, 1996). This is done to reduce the effect of
the variations in atmospheric conditions which may arise due to differences in relative radiometric
response between sensors and changes in satellite sensor calibration over time such as aging. Also
differences in illumination and observation angles, variation in atmospheric effects, reflectance
anisotropy as BRDF effects, topography for instance slope-aspect effects, and actual changes in
target reflectance (Chander and Markham, 2003; Paolini et al. 2006). Radiance is the amount of
radiation from an object and is influenced by both the properties of the object and the sun energy
hitting the object. Radiance is therefore, not the preferred data value for analysis as it varies with
time of day and atmospheric conditions. Converting radiance data to reflectance data provides

more useful information about the properties of the object being analysed (Paolini et al. 2006).
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Equation [1] is used to performed radiometric calibration (Chander and Markham, 2003; Lillesand
et al. 2004; USGS, 2015);

LMAX y—LMIN
Ly = (B Qugy + LMINy oo [1]

Qcalmax

Where

L,: Spectral Radiance at the sensor’s aperture in W/ (m2. sr. um)

Q.a:: The quantized calibrated pixel value in Digital Number (DN)

Qcamin: The minimum quantized calibrated pixel value (DN=0) corresponding to LMIN;,
Qcaimax: The maximum quantized calibrated pixel value (DN=255) corresponding to LMAX,
LMIN,: The spectral radiance that is scaled to Qcalmin in W/ (m?2. sr. pm)

LMAX,: The spectral radiance that is scaled to Qcalmax in W/ (m?2. sr. um)

Equation 1 can also be expressed as (Eqg. 2) (Chander and Markham, 2003):

L)l = Grescale * Qcal + Brescale ............................................... [2]
Where
LMAX y—LMIN
Graseate = [P0 e 3)
calmax
Broscate = LMINA....oooo oo, [4]

Grescate (UNits of (W/ (2. sr. um))/DN) (Eq. 3) and B,-¢scqie (Units of W/ (m?. sr. um)) (Eq. 4) are
band-specific rescaling factors typically given in the NLAPS product header file (.h1) and the
product generation work order report (. wo). Band-specific LMAX; and LMIN, parameters and the
corresponding Gyescaze N0 Birescare Values used at different times for the NLAPS are provided in
Table 4.
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Table 4: Post-Calibration Dynamic ranges for Landsat 5 TM used in this study.

L-5 TM Post-Calibration Dynamic Ranges for U.S. Processed NLAPS Data
Spectral Radiances, Lmin and Lmax in W/(m?2.sr.um)

Processing | From March 1st 1984 to May 4th 2003 After May 5" 2003

Date

Band Lmin | Lmax | Grescale | Brescale | Lmin | Lmax | Grescale | Brescale

1 -1.52 | 152.1 | 0.602431 | -1.52 -1.52 193 | 0.76282 | -1.52

-2.84 1296.81 | 1.1751 -2.84 -2.84 365 | 1.44251 | -2.84
-1.17 | 204.3 | 0.805765 | -1.17 -1.17 264 | 1.03988 | -1.17
-1.51 | 206.2 | 0.814549 | -1.51 -1.51 221 | 0.87259 | -1.51
-0.37 | 27.19 | 0.108078 | -0.37 -0.37 | 30.2 | 0.11988 | -0.37
1.2378 | 15.303 | 0.055158 | 1.2378 | 1.2378 | 15.303 | 0.05516 | 1.2378
-0.15 | 14.38 | 0.05698 -0.15 -0.15 16.5 | 0.06529 | -0.15

N[O~ WwN

2.2.3 Atmospheric calibration for Landsat 5 TM data

For water delineation it is a recommended practice that raw (radiance based) imagery be processed
to reflectance products that can then be used to extract water features as evidenced by Gilmore et
al. (2015). The spectral radiances obtained from equation [1] are converted to Top of Atmosphere
(exoatmospheric) reflectance using equation [5] (Chander and Markham, 2003; Lillesand et al.
2004):

P _ TL’.Ll.dz
S ESUNpcos By [5]

p

Where:

p®: Unit less planetary reflectance

L;,: Spectral radiance at the sensor's aperture

d: Earth-Sun distance in astronomical units
ESUN,: Mean solar exoatmospheric irradiances

6, Solar zenith angle in degrees

2.2.4 Atmospheric calibration for Landsat 8 OLI-TIRS

Digital Numbers (DN) values of Landsat 8 OLI level 1 products can be converted to Top of
Atmosphere (TOA) reflectance (Eg. 6) (USGS, 2015) as follows:
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Py =My *Qear +Ap et [6]

Where:

p; = Top-of-Atmosphere Planetary Spectral Reflectance, without correction for solar angle
(Unitless).
M, = Reflectance multiplicative scaling factor for the band (REFLETANCE_MULT_BAND_n
from the metadata).

A,= Reflectance additive scaling factor for the band (REFLECTANCE_ADD_BAND_N from

the metadata).

Q.1 = Level 1-pixel value in DN

It is of significance to note that p;', does not contain a correction for the solar elevation angle
hence is not true TOA Reflectance. To convert to true TOA reflectance solar elevation angles for

each scene is used according to equation (USGS, 2015):

SI(G) e

Pa

where:
ph = Top-of-Atmosphere Planetary Reflectance. (Unit-less)
0 = Solar Elevation Angle (from the metadata, or calculated).

2.2.5 Atmospheric correction with FLAASH algorithm

The interaction between the electromagnetic radiation (EMR) from the sun, the atmosphere and
the earth’s surface results in distortions in the radiation characteristics. The EMR recorded by
satellites in the solar spectrum is modified due to the scattering and absorption of the EMR by
gases and aerosols as it passes through the atmosphere from the earth’s surface to the sensor. What
determines the need for correction of these distortions is the information needed from the data and
the corresponding analytical methods employed to extract the information (Song et al. 2001;
Lillesand et al. 2004; Gilmore et al. 2015). The First Line-of-sight Atmospheric Analysis of
Hypercubes (FLAASH) is an Atmospheric Correction Algorithm (ACA) used in application of
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remotely sensed Hyperspectral Imagery (HSI) data to correct for the effects of atmospheric
propagation on measurements acquired by air and space-borne systems (Cooley et al. 2002;
Lillesand et al. 2004). It corrects for HSI in the visible through the shortwave infrared (vis-SWIR)
spectral regime. FLAASH physics-based mathematics is derived from MODTRAN4 (Cooley et
al. 2002; Lillesand et al. 2004).

2.2.6 The Desert Flood Index

The Desert Flood Index focus on more precision in the calculation of water proportion at subpixel
level and increases contrast between water and non-water features. The other multi-band based
indices are focus on differentiating the water body information from the non-water-body
information by using pixel scales instead of the proportion of the water area, which critically

affects precision in water information extraction (Wang, 2007; Wang et al. 2013).
The Desert Flood Index (Eg. 8) (Wang et al. 2013) is a multi-band index expressed as:
DFI = (pCree™ pSWIR + 0.1)/[(pTe™ + pSWIRY(NDVI + 0.5)] covcev ceveereee eereer evr eve e o [8]

NDVI (Eqg. 9) is the Normalized Difference Vegetation Index, expressed as:

(pNIR _ pRed)

in which p"'R and pRé4 are the values of reflectance for the 4" and 3" bands of Landsat TM while
2" and 1% bands of MODIS respectively. The (NDVI + 0.5) in the denominator is for the
reduction of the influence of vegetation on DFI values. NDVI in denominator is used to preclude
the inclusion of vegetation as water in those pixels where water proportion is relatively small and
thresholds for vegetation are also set at relatively low values. An empirical value of 0.5 is added
to the NDVI in order to prevent out of range results which may arise from the NDV1 value of the
pure water pixel which may be at zero or negative. For the numerator (p"¢¢" pSWIR 4 0.1), it
considers the background and the DFI values of the water body with the constant 0.1 having been

obtained through a large number of experimental observations (Wang et al. 2013).

2.2.7 The Otsu thresholding method
Image segmentation is based on separating the foreground from the background. The Otsu

thresholding method (Otsu, 1979) is one of the best and the most widely used in image
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segmentation processes (Jassim and Altaani, 2013). In Otsu's method, the aim is to determine the
threshold that minimizes the intra-class variance (the variance within the class), defined as a

weighted sum of variances of the two classes (Eq. 10) (Otsu, 1979):

62, (1) = @ (D0Z(E) + W (£)0Z(L) v vee e et e et ee e e et et eer een eer [10]

Where w; are the probabilities of the two classes separated by a threshold (t) and o/are variances
of these classes. Otsu (1979) shows that minimizing the intra-class variance is the same as

maximizing inter-class variance (Eq. 11):

af(t) = 0% — 03(t) = w1 ()W (O)[ug (£) = Uz (E)]? vevoee e e e e e e [11]

which is expressed in terms of class probabilities w; and class means y;.

The class probability o, (t) (Eqg. 12) is computed from the histogram as (t) (Eq. 13):

AP YN () I | V]

while the class mean y, (t) is:

(o = ZPOXOL e 13)

wq

where x(i) is the value at the centre of the i*" histogram bin. Similarly, w,(t) and u, can be
computed on the right-hand side of the histogram for bins greater than (t). The class probabilities

and class means can be computed iteratively.

2.3.1 The one —~way Repeated Measure ANOVA

The one-way RM ANOVA is a typical parametric test which helps to ascertain whether samples
in more than two groups have the same central value (mean or median) or whether one of the
groups has the central value different from others (Hirsch and Helsel, 2002). Reliability of the one-
way ANOVA is dependent on the fulfilment of the following assumptions;

= Response variable residuals are normally distributed (or approximately normally
distributed).
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= Variances of populations are equal.

Based on these assumptions the data is corrected for outliers, tested for equal variance and
normality test (Kolmogorov-Smirnov Test) (Hirsch and Helsel, 2002). Equal variance analysis can
be done by comparing the standard deviations of the data. In general, if n observations are sampled
from each of k populations (groups), the total number of observations is N = nk (Hirsch and

Helsel, 2002). The following notation is used:

y;; represents the j* observation in i;
=y, represents the mean in group i; and
=y represents the mean of all the observations.
The total variation of all the observations about the overall mean is measured by what is called the

Total Sum of Squares, given by equation 14 (Hirsch and Helsel, 2002):

SSy; = Zk:zn:(yij ) e e e e e e [14]

If there is need to ascertain within and between groups variations, there is need to split into two
components:

= the variation of the group means about the overall mean (between-group variation); and

= the variation of the individual observations about their group mean (within-group variation)

The two components are segregated as in equation 15 (Hirsch and Helsel, 2002):

Zk: z”:(yij -7)" = nzk:(i’i - )%+ zk: zn:(yij = 5) e oo e e e [15]
i-1

i=1j=1 i=1 j=1

In another form it can be expressed (Eq. 16) (Hirsch and Helsel, 2002);

Where:

SSr=total sum of squares;
S$Sg= between groups sum of squares; and

SSy= within the group sum of squares.
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The null hypothesis (Ho) is that there are no differences in the population means while the

alternative hypothesis (Ha) is that there is difference in the population means. To test for the null

is used in

hypothesis (Ho) iy = pp, = +-- =y, = p the F statistic which is expressed as F = 3553
w

which MS; and MS,, are mean of squares between groups and mean of squares within groups
respectively. The F statistic is compared with the F distribution with k — 1 and N — k degrees of
freedom. The F statistic is approximately equal to 1 if the null hypothesis is true but will be larger
than 1 if there are differences between the population means. Significance of the variations in the
population means is ascertained by the p-value which simply expresses the probability of having
the means constant or not constant. If the means are constant or are not further apart, the p-value
is very large (no significant variations) whereas if the means are wide or further apart (significant

variation exists), the p-value is very small (< 0.00001) (Hirsch and Helsel, 2002).
2.3.2 The Pearson’s r

Pearson’s r is the most commonly used measure of correlation. It is sometimes referred to as the
linear correlation coefficient because of its measure of linear association between two variables
(Hirsch and Helsel, 2002). Pearson’s r is a dimensionless property obtained by standardizing,
dividing the distance from the mean by the sample standard deviation as shown in Equation 17
(Hirsch and Helsel, 2002).

r=- i 1211: (xiS: f) (yis; y) RN | 4

=1

The significance of r is determined by testing whether r differs from zero. The test statistic is
computed by the following equation [18] (Hirsch and Helsel, 2002) and compared to a table of the
t distribution with n-2 degree of freedom.

n—2

te = T [18]

The null hypothesis is that y is not linearly dependent on x. The alternative hypothesis is that y is
linearly dependent on x. Before the Pearson r test is conducted the data has to be examined for
outliers. This is because outliers influence the reliability of statistical results and it is recommended

that they are appropriately dealt with before the data are analysed (Hirsch and Helsel, 2002). The
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Dixon test for outliers is mostly used (Hirsch and Helsel, 2002). The null hypothesis (Ho) is that
there is no outlier in the data whereas the alternative hypothesis (Ha) is that the minimum or
maximum value is an outlier. If the computed p-value is higher than the alpha threshold, the Ho is
accepted and if less than the alpha threshold, then the Ho is rejected and Ha is accepted.

2.3.3. The paired t-test

The paired t-test [eq. 21] (Hirsch and Helsel, 2002) is the most commonly used test for evaluation
of matched pairs of data. The Paired t-test is a parametric approach used to compare two population
means in samples that are correlated. Observations in one sample are paired with observation in
another sample. Normally, the paired t-test is used when there is one measurement variable and
two nominal variables. It is used in ‘before-after’ studies, or when the samples are the matched
pairs, or when it is a case-control study (Hirsch and Helsel, 2002). The paired t-test is performed

based on the following assumptions:

Let X = before observation(s); Y = the after observation(s).

To apply the test equations 19 and 20 are used (Hirsch and Helsel, 2002), let

DEESN 0. CE=D ¢ IR b L)
Y= (Y= 7)o s e e e e v e e e e [ 20]

Then t is defined by equation 21 (Hirsch and Helsel, 2002).

t=(X — 7)] n(n: 11 RN 5 |
?:1(XL - Yl)

With n — 1 degrees of freedom a table of Student's t-distribution confidence intervals is used to
ascertain the significance level at which two distributions differ. When the computed p-value is <
0.05 it implies that the two distributions differ significantly (Hirsch and Helsel, 2002).
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2.4.  Supervised classification - Maximum Likelihood classification algorithm

The Maximum Likelihood classification is one of the most widely used systems in remote sensing
(Ahmad and Quegan, 2012). The maximum likelihood method is derived from the Bayes Theorem
which states that the posteriori distribution P (i |o), for instance the probability that a particular
pixel with a feature vector @ belongs to class i is given by the equation 22 (Lillesand et al. 2004;
Ahmad and Quegan, 2012):

P(w]))P ()

Where P(w]i) is the likelihood function, P (i) is the priori information such that the probability
that class i occurs in the study area, P(®) is the probability that o is observed and can also be
expressed as equation 23 (Lillesand et al. 2004; Ahmad and Quegan, 2012):

P(@) = Y P(®IDP@) oo oo o s e e oo e [23]

Where m is the number of classes while P(®) is regarded as the normalization constant to ensure

", P(il®) sums to 1. Pixel X is assigned to class i by the rule (Eq. 24):
Xeiif P(il@) > P(Jl®) forall J # i .ot v e e [24]

Maximum likelihood assumes that the data within a given class obeys a multivariate Gaussian
distribution. It is therefore appropriate to define the log likelihood or the discriminant function as
(Eg. 25) (Lillesand et al. 2004; Ahmad and Quegan, 2012):

i 1 tr-1 N 1
gi(w) =InP (w|i) = —*/5 (@ — )" C; (0 — pp) — 3ln(2n) - Eln(ICil) e eeeees [25]

Since log is a monotonic function it implies that equation 25 is equivalent to equation 26 (Lillesand
et al. 2004; Ahmad and Quegan, 2012).

X€eiifgi(@)>gi(®) forall J#1 .o vie v [26]

Each pixel is allotted to the class with the Maximum Likelihood or characterised as unclassified if
the probability values are all below the chosen threshold by the user. A general procedure for

Maximum Likelihood classification used in the classification is as outlined below:

33



= Determine the number of classes to be investigated based on the knowledge about the study
area and the imagery data;
= Delineate training regions or areas of interest (ROI’s) and measure their separability using
the Jefferies-Matusita (JM) Distance. The ROI’s with the best JM statistics are used for
classification. The Jefferies-Matusita measures class separability of the chosen ROI’s
(Ahmad and Quegan, 2012). For normally distributed classes, the JM separability measure
for two classes J;;, is defined as equation 27 (Lillesand et al. 2004, Ahmad and Quegan,
2012):
Jij=v2(l —e ™) [27]
Where o is the Bhattacharyya Distance given by equation 28 ((Lillesand et al., 2004; Ahmad and
Quegan, 2012);

o [ |
o= %(Mi —u) l(Clz;CJ)l (i — ;) + %m Il—JI oo e e [ 28]

Where u is class mean and C is class. J;; ranges from 0 to 2.0, where J; > 19 indicates good
separability of classes, moderate separability for 1.0 <J; =19 and poor separability for]ij < 1.0

(Lillesand et al. 2004; Ahmad and Quegan, 2012):

= The training pixels are then used to estimate the mean vector and covariance matrix of each
class; and
= Finally, every pixel in the image is assigned into one of the desired land cover types or
labelled as unclassified.
In Maximum Likelihood classification, each class is bounded in a region in multispectral space in
which its discriminant function is larger than that of all other classes. The decision boundaries
separate class regions and the decision boundary between class i and j occurs when (Eq. 29)
(Lillesand et al. 2004; Ahmad and Quegan, 2012);

gi(w) =g;(W) e v v e [29]
In the case of multivariate normal distribution, it is expressed as [eq. 30] (Lillesand et al. 2004;
Ahmad and Quegan, 2012);
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1 . N 1
—E((U — ‘Lll')tCl' ((U - .uz_) - 511’1(277.') - Eln(lcll)
1 N 1
- (-5 (@=1)"¢ (=) - S@m) - 5n(|G])) = 0.....[30]

The expression can also be written as a quadratic function in N dimensions as follows (Eq.31)
(Lillesand et al. 2004; Ahmad and Quegan, 2012):

—(w— )¢ w — ) — In(|C;]) + (w — ,uj)th_l(w - ,uj) +ln(|Cj|) =0...... [31]

This implies that if only two classes are considered, the decision boundaries are conic sections

such as parabolas, circles, ellipses or hyperbolas (Lillesand et al. 2004; Ahmad and Quegan, 2012).

2.4.1 Supervised classification — validation with the Error (confusion) matrix

A confusion matrix (sometimes called error matrix) compares, on a class-by class basis, the
relationship between reference data (ground truth) and the corresponding results of a classification
(Lillesand et al. 2004). Such matrices are square, with the number of rows and columns equal to
the number of classes. The confusion matrix is used to establish the following statistical parameters
about the classification (Lillesand et al. 2004):

(a) Overall accuracy: The overall accuracy is calculated by summing the number of pixels
classified correctly and dividing by the total number of pixels. The ground truth image or
ground truth ROIs define the true class of the pixels. The pixels classified correctly are
found along the diagonal of the confusion matrix table which lists the number of pixels that
were classified into the correct ground truth class. The total number of pixels is the sum of
all the pixels in all the ground truth classes;

(b) Commission: Errors of commission represent pixels that belong to another class that are
labelled as belonging to the class of interest. The errors of commission are shown in the
rows of the confusion matrix;

(c) Omission: Errors of omission represent pixels that belong to the ground truth class but the
classification technique has failed to classify them into the proper class. The errors of
omission are shown in the columns of the confusion matrix;

(d) Confusion matrix (Percent): The Ground Truth (Percent) table shows the class

distribution in percent for each ground truth class. The values are calculated by dividing
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the pixel counts in each ground truth column by the total number of pixels in a given ground
truth class;

(e) Producer accuracy: The producer accuracy is a measure indicating the probability that
the classifier has labelled an image pixel into Class A given that the ground truth is Class
A,

(F) User accuracy: User accuracy is a measure indicating the probability that a pixel is Class
A given that the classifier has labelled the pixel into Class A; and

(9) Kappa Coefficient: The kappa coefficient (k) is another measure of the accuracy of the
classification (Lillesand et al. 2004). It is calculated by multiplying the total number of
pixels in all the ground truth classes (N) by the sum of the confusion matrix diagonals
(Xkx), subtracting the sum of the ground truth pixels in a class times the sum of the
classified pixels in that class summed over all classes (XkZXZ k), and dividing by the total
number of pixels squared minus the sum of the ground truth pixels in that class times the
sum of the classified pixels in that class summed over all classes expressed as indicated in
equation 32 (Lillesand et al. 2004);

Ng Xy — Xy Xy i
N? —XpyXy

2.5.1 Pettit test for data homogeneity — Change point detection

The Pettit (1979) Homogeneity test approach is a common non-parametric application in change
point detection studies involving hydrological or climate series which are known to be non-normal
data (Pohlert, 2014; Hirsch and Helsel, 2002). It tests the null hypothesis (Ho) that the T variables
follow one or more distributions that have the same location parameter (no change) or simply put
the data are homogenous. The alternative hypothesis (Ha) is that there is a point at which a change
in the data occurs. The test verifies whether two samples Xi..., Xtand Xi+1..., Xn are from the
same population or not. The test statistic counts the number of times a member of the first sample
exceeds a member of the second sample. The test statistic is given as in equation 33 (Hirsch and
Helsel, 2002):
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N
Uy =U_1n+ Z sgn(X; — X;) fort=2,...N e ccc cce e .. [33]
j=1

Its statistic K; and associated probabilities employed in significance testing are given as in
equations 34 and 35 (Hirsch and Helsel, 2002):

Kr = max|UeT| o v oo e e e e o [34]
Where  UeT = Xfy BT r41 Sgn(Xi = Xj) v vee e cee e e o [35]

The change-point of the series is located at K; provided that the statistic is significant. The
significance probability of K; is approximated for p < 0.05 as in equation 36 (Hirsch and Helsel,
2002).

_ —6K?
p=2exp TR E e e e e e [36]

When the change point is found significant, the time series is divided into two parts at the location
of the change point t.

2.5.2 Accounting for serial correlation

It is recommended that time series data is corrected for serial correlation before trends analysis is
executed (Hirsch and Helsel, 2002). Serial correlation is when a variable correlate with itself over
successive time intervals (past and future). Serial correlation is also sometimes referred to as
autocorrelation or lagged correlation. The consequence of serial correlation is that chances of
detecting a trend where it is non-existent are increased and the opposite is also true that chances to
not detect a trend when it actually exists is increased. A modified Mann-Kendall trends test that
corrects for serial correlation by removing the apparent trend was proposed by Hamed and Rao
(1998) in the form of an adjusted variance (Equations 37 and 38) (Hirsch and Helsel, 2002) given

as:

1 N
Var [s] = T8 [N(N=1)(2N +5)]

G e [37]

Where,
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N 2 p
NS LtRNNC DN Z)Zi=1(

N—DN—=i—1DN=i—2)ps@) e e e oro...[38]

N is the number of observations in the sample, NS* is the effective number of observations to
account for autocorrelation in the data, pg(i) is the autocorrelation between ranks of the
observations for lag i, and p is the maximum time lag under consideration (Hirsch and Helsel,
2002).

2.5.3 The Mann-Kendall Test statistic

The Mann-Kendall Test possesses advantage over other tests because it is a non-parametric test
which does not need the data to be normally distributed and has low sensitivity to abrupt changes
due to inhomogeneity in time series data (Hirsch and Helsel, 2002). In general terms, the Mann-
Kendall Test seeks to establish whether monotonic changes are present in a given set of random
values. It is a test for whether Y values tend to increase or decrease with T expressed in the
following relationships (Eq. 39) (Hirsch and Helsel, 2002):

HO: Prob [Y; > Y;] = 0.5, where time T; > T; .. cce cce e o s s s e [39]
H1:Prob [Y; >Y; # 0.5 (2 — sided test).

There is no need for assumption of normality in data but it is required that there be serial correlation
if the resulting p-value is to be correct. The test is typically applied to ascertain whether the central

value or median changes over time (Hirsch and Helsel, 2002).

The Mann-Kendall Statistic is given as in equations 40 and 41 (Hirsch and Helsel, 2002):

S = ni Zn: SGN(T) = Ti) e et et et e e e e o [40]

=i j=i+1
1 if T, _T;>0

sgn(Tj—T,) ={ 0 if Tj = T; =0 ......eoee e [41]
—1if T, —T; <0
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Where T; and T; are sequential data values for the time series data of length n.
T; and T; are the n values in years j and i,j > i respectively. The test statistic represents the
number of positive differences minus the number of negative differences for all the differences
between adjacent points in the time series. Positive values indicate an upward trend while negative
values indicate a downward trend. If n < 10 the value |S| is obtained by direct comparison to the
theoretical distribution of S derived by Mann and Kendall (Hirsch and Helsel, 2002). At a set
probability level (o) level, the Null Hypothesis (Ho) is rejected in favour of the Alternative
Hypothesis (Ha). In the case where the absolute value of S equals or exceeds a specified value S;/,
‘Where S;/, is the smallest S which has the probability less than a/z to appear in case of no
trend. Trend interpretation is such that a positive value of S shows an upward trend while a negative
value indicates a downward trend. The two tailed test is used. For n > 10, the statistic S is
approximately normally distributed with the mean and variance as follows (Eq. 42) (Hirsch and
Helsel, 2002):

E(S) =0 e e e e o [42]

The variance (a2) for the S-statistic is given by equation 43 (Hirsch and Helsel, 2002):

(- D@ +5) - Tt — D(2i +5)

(0?) = e e [43]

Where t; denotes the number of ties to the extent i. The summation term in the numerator is applied
only when the data series has tied values. The standard test statistic Z; (Eq. 44) is calculated as
follows (Hirsch and Helsel, 2002):

1
( ifS >0
o
4:!0 IS = 0 oo oo o [44]
S+1
L ifS <0
o
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The Z; statistic is used to test the null hypothesis and is a measure of the strength of the trend. For
instance if [S| is greater than  S;/,, where a shows the chosen significant level, such as 0.5 with

Zyo25 = 1.96, the trend is concluded to be insignificant (Hirsch and Helsel, 2002).

2.5.4 The Kendall’s Tau

Another significant statistic that is coupled with the running of the Mann-Kendall Test is the
Kendall’s Tau. Kendall’s Tau is a correlation parameter that measures the strength of the
relationship between variables. Kendall's Tau is performed on the ranks of the data. This implies
that for each specific variable the values are put in order and numbered for instance, 1 for the
lowest value, 2 for the next lowest until the n** value is numbered. As is the case with other
measures of correlation, Kendall's Tau takes values between -1 and +1, in which a positive
correlation indicates that the ranks of both variables increase together while a negative correlation
denotes opposite directions in the ranks of the variables (rank of one variable increases, the other
decreases). In essence, Kendall’s Tau represents a difference between the probability that the
observed data are in the same order versus the probability that the observed data are not in the
same order. The Kendall’s Tau (Eq.45) (Hirsch and Helsel, 2002) is expressed as follows:

N — Ny

n(n 1)/2

e e [45]

where n. denotes concordant pairs and ng are discordant pairs. When the rank of the second
variable is greater than the rank of the former variable the pair is said to be concordant. When the
rank of the second variable is equal to or less than the rank of the first variable, the pair is

considered as discordant (Hirsch and Helsel, 2002).

If there are tied values (same values) then 1, (Eq. 46) (Hirsch and Helsel, 2002) is used:

S
Jinm=1/2=-%t  t;t;—1)/2][n(n—1)/2] = X% ,u; (w; — 1)/2 S

Tp =

.. [46]

Where t; is the number of observations tied at a particular rank of x, and u; is the number of ties
at a rank of y (Hirsch and Helsel, 2002).
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2.5.5 Accounting for seasonality — Seasonal Kendall Test

Hydrological variables are influenced by seasonality within and across the temporal space and
seasonality is a major source of variations. To discern the trend in these hydrological variables,
overtime there is need to account for the seasonality by the use of the seasonal Kendall Test as
proposed by Hirsch et al. (1984). Accounting for seasonality by the Seasonal Kendall test is done
by computing separately the Mann-Kendall Test on each of the m seasons and thereafter combining
the results (Hirsch and Helsel, 2002). Kendall’s statistic S; for each season is summed up to form
the overall statistic S;, (Eq. 47) (Hirsch and Helsel, 2002):

sk==:E:sin."n".n.n".“.““.[47]

Estimation of S, by a normal distribution can be made quite well when the product of number of
seasons and number of years is more than 25 since the expectation equals to the sum of
expectations (zero) of the individual S; under the null hypothesis with the variance equalling the
sum of their variances. Standardisation of S, (Eq. 48) (Hirsch and Helsel, 2002; Salmi et al. 2002)
is by subtracting its expectation u; (Eq. 49) and dividing by its standard deviation Qg (Eg. 50):

%ol e >0
if s
st K
| Sx+1 |
ifs, <0
sk
Where
Use = 0, [49]

Qs =2 () /18) x (n; — 1) * (2n; +5) i, [50]

n; = number of data in the i**season.
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The null hypothesis is rejected at significance level a if |Zg,| > Zcrit where Zcrit is the value of the
standard normal distribution with a probability of exceedance of a/2 (Hirsch and Helsel, 2002;
Salmi et al. 2002).

2.5.6 Sens’s slope estimates

To estimate the true slope of an existing trend the Sen's nonparametric method is used. The Sen’s
method can be used in cases where the trend can be assumed to be linear using equation 51 (Salmi
et al. 2002):

where f(t) is a continuous monotonic increasing or decreasing function of time, Q is the slope and
B is a constant. To get the slope estimate Q in equation 51 first calculate the slopes of all data

value pairs using equation 52 (Salmi et al. 2002):

Where j > k.

If there are n values x;jin the time series, get as many as N = n(n-1)/2 slope estimates Qi. The Sen’s
estimator of slope is the median of these N values of Qi. The N values of Qi are ranked from the

smallest to the largest and the Sen’s estimator equation 53 or 54 (Salmi et al. 2002) is used:
Q= Q[(N+1)/2] iFNisodd.........cooovviiiii . [53]

Q= %(Q[N/Z]) + Qqv+2)/2) iFNiseven............... [54]

A 100(1-a) % two-sided confidence interval about the slope estimate is obtained by the
nonparametric technique based on the normal distribution. The method is valid for n as small as
10 unless there are many ties (Salmi et al. 2002). The procedure in MAKESENS computes the
confidence interval at two different confidence levels; o = 0.01 and a = 0.05, resulting in two

different confidence intervals. With equation 55 (Salmi et al. 2002) the first interval is computed.

Ca = Z1-a/anJVAR(S) woovooeeeeeeeeeee [55]
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Where VAR(S) has been defined in equation 37, and Z;_/, is obtained from the standard normal
distribution. Then M; = (N — C,)/2 and M, = (N — C,)/2 are computed. The lower and upper
limits of the confidence interval , Q,,i,, and Q.45 are the M;" largest and the (M, + 1)" largest of
the N ordered slope estimates Q;. If M; is not a whole number the lower limit is interpolated. In
like manner, if the M,is not a whole number the lower limit is interpolated. To obtain an estimate
of B in equation 51 the n values of differences xi — Qtj are calculated. The median of these values
gives an estimate of B (Sirois, 1998). The estimates for the constant B of lines of the 99% and 95%

confidence intervals are calculated by a similar procedure.

2.6 Gap analysis

The impact of climate change on wetlands and the need for habitat based information for
adaptation to the same has been clearly noted (Diaz, 2006; Agrawal, 2008; Erwin, 2009). Globally,
a number of studies on inundation extent mapping have been done using a variety of satellite
imagery and methods (Kudahetty, 2012; Wang et al., 2013; Long et al.,2014 and many others as
highlighted in section 2.1.5 of this chapter). In Zambia a few studies mapped wetland inundation
extent with satellite imagery mostly in the Kafue Flats (Tiger Initiative, 2008; Meir, 2012; Aduah
and Mantey ,2012 and Cai et al., 2015). However, the studies did not statistically establish trends
in inundation extent and never attempted to link inundation patterns with trends in hydrological
and climatological variables. The only study (Cai et al. 2015) in the Barotse Wetland was
inconclusive on the characterisation of inundation patterns and did not ascertain variables that
could be impacting on the spatial extent trends. For instance, Cai et al. (2015) used Landsat
imagery to assess inundation patterns. They used Landsat data to generate time series across the
seasons (1984 to 2014) and came up with the average inundation extent for each year. However,
they experienced difficulties in generating sufficient cloud free images thus failed to ascertain
inundation extent for some years (1996, 2010, 2011 and 2012). They also did not statistically

ascertain the trend in inundation extent.

Some studies on the role of wetlands in flow attenuation in the Zambezi River Basin have been
done (Murwira et al. nd; Beilfuss and dos Santos, 2001; McCartney et al. 2013). Beilfuss and dos
Santos (2001) and McCartney et al. (2013) concluded that the Barotse Wetland attenuates flow.
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Beilfuss and dos Santos (2001) compared the hydrographs of the Barotse sub-basin inflows and
outflows after which they attributed the differences to the wetland. Despite the complicated
modelling methods used by McCartney et al. (2013) they admitted that the study had numerous
limitations and that it was inconclusive. Unlike Murwira et al. nd, the studies in the Barotse
wetland did not statistically show how significant the differences in the changes in the volumes of

the before and after scenarios were.

Though some publications (Kasimona and Makwaya ,1995; Timberlake,1998, 2000; Beilfuss and
Santos, 2001; Fanshawe, 2010) cited minimal or negligible change in land cover in the Barotse
Wetland they presented no quantified evidence of change. The land cover change assessment by
FAO and the Zambia Department of Forest (Mukosha, 2014) is limited in temporal coverage (1990
to 2005) and the spatial extent was too wide (entire Zambia) which could have affected the
accuracy of the classification. At the time of this study, there were no publications in public domain
on both short and long-term trends of hydrological and climatological data for the Barotse
Wetland. Significantly, most studies done on the Barotse Wetland such as Simwinji (1997), IUCN
(2003) and Baidu-Forson et al. (2014) have tended to focus on the biodiversity and the social-
economic value aspect of the wetland.

Arising from the observed gaps in data on inundation extent, role of the wetland in flow
attenuation, land cover change and trends in hydrological and climatological variables this study
was formulated to add to the body of knowledge on the highlighted aspects and thus contribute to

filling of the gaps for the Barotse Wetland.
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CHAPTER THREE: METHODOLOGY

3.1  Study approach and data used

From the literature review, it was noted that supplementing the detection, quantification and
characterization of inundation regimes with land cover change detection, as well as the analysis of
some hydrological and climate variables such as discharge, rainfall and temperature would provide
a widened perspective and valuable platform for identification, planning and implementation of
targeted adaptation measures for the wetland. Therefore, the formulated objectives of the study as
outlined in Chapter 1 gave rise to a multidimensional methodological approach, as given in Figures
7 (a — b). The remote sensing approach (Figure 7a) involved the use of MODIS and Landsat
satellite imagery. The arrows show the flow of the data analysis process (Figure 7a). The MODIS

data were used to generate inundation extent masks through the use of the Desert Flood Index.
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Figure 7a: Study approach to assess spatial and temporal trends in inundation in the Barotse
Wetland, Western Zambia.
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The flood masks were then validated using Landsat 8 OLI-TIRS land cover classified maps data
after which inundation extent for each MODO09A1 day was calculated for the temporal space 2003
to 2013. The RM ANOVA and Mann-Kendall tests were then applied on the inundation extent
time series to analyse the variations and trends. Other than being used for validation of the
inundation extent maps the Landsat 5 TM and Landsat 8 OLI-TIRS images were used to perform
the land cover change assessment, as indicated with the arrows in Figure 7a. The Landsat data
based land cover classifications were validated using the error matrix with ground truth data after
which change statistics were evaluated by comparing the changes in the land cover classifications
across the time space June 1984 to June 2015. The in-situ hydrological and climatological analysis
approach involved the analysis of time series of stream discharge, rainfall and temperature using
statistical methods to establish correlations and trends in the variables. The land cover change
assessment, correlations and the trends established among the variables were then used to make
inferences on the potential contributing factors to the trends in inundation extent (Figure 7a).
Further, the correlations were used to analyse the role of the wetland in regulating flow. Figure 7b
shows how each objective of the study was achieved using given data sets, methods applied, data
processing and analysis tools used.
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Figure 7 (b): Objectives, data, methods and analysis techniques used to assess spatial and
temporal trends in inundation in the Barotse Wetland, Western Zambia.
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The arrows show the flow of the processes and the interlinkages of objectives. For instance, the
results from objective one were the inputs for objective two. The results from object two were part
of the inputs for objective three. All five objectives of the study were interlinked as indicated by
the arrows (Figure 7b). The assessment of inundation was categorised into two phases based on
the characterization of discharge (flows) and these were: the rising or ascending/peak and the
falling or descending periods. The ascending/peak period is normally from November to April of
each hydrological year (October to September) (Figure 8). The peak in flows is ordinarily achieved
between March and April while the descending to regular flows generally is from May to July
(Figure 8). The temporal space considered was an eleven-year period from 2003 to 2013. This
period was chosen primarily based on two considerations; availability of MODIS imagery and the
representative nature of hydrological and climatological regimes experienced during this period.
The MODIS platform started capturing data in the year 2000 hence no assessment of inundation
could be done with MODIS prior to this period. In terms of climatological and hydrological
variables the period 2003 -2013 experienced a myriad of both extreme wet and dry events which

were critical for inclusion in the assessment of inundation trends.
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Figure 8: Hydrograph of mean monthly discharge (m®month) for Senanga Gauge Station
Western Zambia, in the hydrological year 2003/2004 characterising flow regimes.
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The satellite approach was anchored on the spatial and temporal robustness of MODIS and Landsat
platforms. MODIS provided temporal leverage as the product used in this study, the MOD 09A1,
has an eight-day repeat cycle with a 500 m spatial resolution suitable for assessment of inundation
covering large areas. The MOD 09AL1 gives the best image available in terms of absence of cloud
cover and other parameters in the eight-day period. Since the focus of the study was the rainy
season, which is prone to cloud cover on most days, the eight-day revisit time was deemed
adequate for the purposes of this study. Landsat 5 TM and Landsat 8 OLI-TIRS on the other hand
have a relatively higher spatial resolution (30 m) than MODIS but have a longer revisit time, 16
days, which proved difficult to generate “sufficient” data sets for adequate time-series analysis of
inundation extent. Very few cloud free Landsat imagery were available during the flooding period.
The Landsat images available, during the flood season, differed on the dates they were acquired
each year hence the decision to settle for MODIS imagery which had several images available on
the same dates each year. The MODIS imagery data made it possible to compare inundation extent
on each particular day of the year across the years. However, taking advantage of its spatial
resolution and the ground truthing process, Landsat data was used to validate inundation extent as
detected by MODIS. Further, Landsat imagery was used to assess the land cover changes over
time. Details of each of the satellite data used in the study are given in the proceeding sections of
this chapter. To enhance the characterisation of inundation behaviour in the wetland, there was
need to understand the relationship between inundation extent and hydrological parameters
discharge and water level. This was done by first establishing relationship(s) between discharge,
water level and inundation extent in the wetland. Thereafter, the established relationship(s) was
used to further understand and characterise water retention and discharge behaviour of the wetland
drawing conclusions on how such phenomenon potentially affected downstream stream flooding
regimes. The relationship between inundation extent and discharge was also used to draw
conclusions on the potential effects of the observed changes in land cover on inundation in the
wetland. Finally, statistical analysis of hydrological and meteorological variables to establish
general trends was performed. Establishing the general trends in the hydrologic and meteorologic
parameters was, by relational inference, aimed at establishing whether there was a trend in

inundation extent and the direction of this trend.
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3.2 Acquisition of satellite data

The Moderate-resolution Imaging Spectroradiometer (MODIS) MOD 09A1, Landsat 5 TM and
Landsat 8 OLI-TIRS (Operational Land Imager Thermal Infrared Sensor) imagery were accessed
from NASA (National Aeronautics and Space Administration) via the internet portal glovis
(http://glovis.usg.gov). The shape file covering the study area was used to cut out and download
MODIS 09A1 data for the years 2003 to 2013. Landsat TM and OLI-TIRS data were downloaded
from scenes at paths 174 to 176 with rows at 070 to 071. Details of the Landsat data used in this

study are in Appendix 1.

3.3  Satellite imagery data pre-processing

The web based MODIS Reprojection Tool (MRT) was used to pre-process MODO09A1 data. MOD
09AL1 is a reflectance product hence there was no need to convert from digital numbers (DN) to
reflectance values before use in the study. The data were first re-projected and thereafter converted
from the native HDF to GeoTIFF a usable format in ArcGIS 10.3. Data and information by Landsat
5 TM and Landsat 8 OLI-TIRS is acquired and stored as digital numbers ranging between 0 and
255 and 0 and 65535 respectively. Hence, needed to be converted to reflectance through the

process of radiometric and atmospheric calibration as explained in the proceeding sections.

3.4  Radiometric and atmospheric calibration

In this study, the critical information needed from satellite data was the detection of change in land
cover across years. For land cover change studies, it is a recommended practice that raw (Digital
Number-based) imagery be processed to reflectance products that can then be used to extract the
desired information (Lillesand et al. 2004; Gilmore et al. 2015). The spectral radiances obtained
from equation [1] are converted to Top of Atmosphere (exoatmospheric) reflectance using
equation [5] (Chander and Markham, 2003; Lillesand et al. 2004, USGS, 2015).

3.4.1 Radiometric and atmospheric calibration for L5 TM and L8-OLI-TIRS data

For Landsat 5 TM, the meta data file (MTL.txt) for each scene was used to input data in the
radiometric calibration module (RCM) in ENVI 5.1 classic (Figure 9). Recommended calibration
parameters from Table 4 were inputted for each band after which the radiance product was

obtained.
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Figure 9: Radiometric calibration for Landsat 5 TM.

For Landsat 8 OLI-TIRS, radiance was calculated using the Radiometric callibration tool in ENVI

5.1. The data was inputted using the MTL.txt file. The output interleave was set to Band-

Interleaved by —Line (BIL) format. The output data type was set to float point data. The scaling

factor was automatically set at 0.1 (Figure 10).
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To obtain an atmospheric corrected refelectance product, in both L5TM and L8 OLI-TIRS, the
radiance file was inputted in the FLAASH atmospheric calibration module (Figure 11). The
module automatically inputs some parameters from the radiance image while other parameters
such as the flight date and time and ground elevation had to be manually inputted. Atmospheric
model was set to tropical, Aerosal model to rural, Aerosal retrieval was automatically set to 2 —
Band K-T (Kaufman-Tanre method). The input paramaeters differed from scene to scene. All
reflectance products had values between 0 and 1. Landsat 5 TM bands 3,4,5 and 7 and Landsat 8
OLI-TIRS bands 4,5,6 and 7 were used.
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Figure 11: FLAASH atmospheric calibration for Landsat 5 TM a
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nd Landsat 8 OLI-TIRS.

To come up with the complete image for the study area the reflectance products for individual
scenes were mosaicked in ENVI 5.1 using the seemless mosiac tool.

3.5  Detection and quantification of inundated area

Detection of the inundated area was done using the DFI for MODIS data and the Maximum
likelihood classification process for Landsat data. Quantification of inundated area was based on
the number of pixels within the delineated study area that were detected to contain water. The

processes are explained in the proceeding sections.
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3.5.1 Detection of inundated area

The detection of the inundated area from MODIS MOD901A was done using the Desert Flood
Index algorithm (Equation 8; section 2.2.6). The raster calculator in ArcMap 10.3 was used to
calculate the DFI from the MODO09A1 bands 1, 2, 4 and 6 as given in Table 1. For Landsat 8 OLI-
TIRS the inundated area was detected using the maximum likelihood classification (equations 22
to 32; Section 2.4) in ENVI 5. (Full classification process is explained in section 3.8).

3.5.2 Determining image thresholding values for the DFI

The generated DFI indices from MODIS data were transferred into the Matlab environment for
stretching and thresholding. The indexed greyscale images had intensities between -1 and 1 which
had to be stretched to convert to all positives for thresholding in Matlab environment. After
stretching, the threshold values were obtained using equation 10 in Matlab. Threshold values were
then used to generate binary images with the 0:1 scale where 0 represented non inundated pixels
and 1 for inundated pixel. See appendix 2 for calculated threshold values. In a few instances when
the Otsu method in Matlab couldn’t generate suitable threshold values, google earth image and the
thermal band were used to aid with manually select threshold value. The object identifier tool was
used to select the stretch value from pixels that were inundated. The raster calculator was then

used to get a binary mask from the greyscale index with the manually generated value.

3.5.3 Pixel based validation of inundation extent with ground truth data

Validation of the DFI derived inundation extent maps was based on the use of classified image
with Landsat 8 OLI-TIRS data. The Landsat flood mask was generated from a land cover
classification class wetland/regularly flooded grassland, as explained in Section 3.8. The class
wetland/regularly flooded grassland was extracted from the classified image which was validated
with ground truth data as described in Sections 3.8 and 4.7. The extraction was done using the
class identification number with the raster calculator in ArcMap 10.3. The portions of the same
area for MODO09AL1 and Landsat 8 OLI-TIRS binary masks were then compared.

3.5.4 Quantification of inundated area

Quantifying inundation extent was based on the number of pixels detected in the image as having

been containing water at the time the image was captured. In the inundation mask, all pixels
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containing water had a value of 1 while non-water containing pixels had a value of 0. The number
of flooded and non-flooded pixels was obtained from the attribute table of each binary mask. The
inundated area was then obtained by multiplying the number of water containing pixels with the
pixel size, 500m by 500m in the case of MODO09AL and 30 m by 30 m for Landsat 5TM. To obtain

inundated area equation 56 was used (Wang et al. 2013).

Y P () ) T = USSR 1151

Where; A; = area inundated, (n)P= total number of inundated pixels in the image and P,= pixel
size of the imagery.

3.6 Analysis of variation, trend and correlation in inundation extent, hydrological and
meteorological variables

Analysis of variation in inundation extent was done to ascertain the significance of the variations.
There was need to characterise the direction of the trend in inundation extent for the period 2003
to 2013. Correlation analysis of inundation extent, hydrological and meteorological variables was
done to appreciate the degree to which they are tied together. Daily discharge and water level data
where obtained from the Department of Water Resources Development in Mongu, Western
Zambia. Meteorological data was obtained from the Zambia Meteorological Department in

Mongu, Western Zambia. The analyses were carried as described in the proceeding sections.

3.6.1 Analysis of variation in inundation extent with a one-way Repeated Measure ANOVA

After estimating inundated area for each given day of the study period a one-way Repeated
Measure Analysis of Variance (RM ANOVA) was performed on selected dates (based on the
MODOQ9AL1 capture dates) from each data set, for ascending/peak and receding flood periods from
2003 to 2013, to test for significance in variations in inundation extent. In this study the inundation
extent data for the period 2003 to 2013 was taken to represent the entire population. Each year
represented a sample population made up of inundation extent on selected MODO9A1 based days
of the year falling within the defined ascending/peak and receding categories of inundation cycles.
The different compound hydrological, climatological and anthropogenic parameters experienced
in each different year were taken as the treatments (categorically independent). The resultant
inundation extent in each year was taken as the dependent variable. The rates of change in

inundation extent were calculated using equation 57:

53



(I — 1)

e e e [57]

Where I; is inundation extent on day i, I; is inundation extent on day k and AT is the change in
time (number of days in this case). The changes in inundation extent were obtained and analysed

using graphs.
3.6.2 Ascertaining trend in inundation extent

To ascertain the trend in inundation extent the Mann-Kendal test (equations 39 — 46; section 2.5.3)
was used (Hirsch and Helsel, 2002). The inundation extent for the ascending and descending
periods in each year were added and the mean obtained. The means were then used to determine
the trend with the Mann-Kendall trend test for the period 2003 to 2013.

3.6.3 Correlation analysis of inundation extent, hydrological and meteorological variables

The Pearson r correlation (equations 17 and 18; section 2.3.2) was used to ascertain the extent to
which inundation extent, discharge, water level, rainfall and temperature correlated. All data sets
used were tested for outliers using the Dixon test (Hirsch and Helsel, 2002). Thereafter, the data
sets were tested for homogeneity using the Pettit test (equations 34 to 37; section 2.5.1). The
Pearson r correlation test was applied after the data sets were tested for outliers and homogeneity
(Hirsch and Helsel, 2002). The data were analysed as guided in sections 2.3.2. and 2.5.1).

3.7  Evaluation of the role of the wetland in downstream flood regimes — the visual
analysis of hydrographs and the statistical approaches

After establishing the correlation between inundation extent and the hydrologic variable discharge,
the role of the wetland in downstream flow modulation was investigated using the rate of change
in discharge upstream at Lukulu and downstream at Senanga Gauging stations. The assumption
was that the flow into the wetland must equal the flow out of the wetland with Lukulu Gauge
Station upstream as the entry point whereas Senanga Gauge Station at the downstream as the outlet
as per recommended international guidelines by Bullock and Acreman (2003) for assessing if the
wetland regulates flow. The difference between the inflows and the outflows was taken to account
for the retention capacity of the wetland. Daily discharge data for each month during the

ascending/peak and receding periods for the two stations for the year 1997 were used for analysis.

54



Prior to the construction of hydrographs, the two data sets were tested for normality in data
distribution using the Kolmogorov-Smirnov Test (Hirsch and Helsel, 2002) and established their
correlation using the Pearson r coefficient of correlation (equations 17 and 18; Section 2.3.2). The
normality and correlation tests were prerequisite for determining the type of statistical test with
which to analyse the data. For normality testing the data sets were split into three parts; the
ascending/peak period from January to April, the receding period May to July and overall January
to July. Normality tests were carried out for each month in the three splits of the data. The data
were normally distributed, hence, a parametric test —paired t-test was used to test for significance
in variations in the rate of change of daily discharge for the two stations. Hydrographs of daily
discharge data were constructed and visually analysed. Then rates of change in daily discharge for
each gauging station during ascending/peak and receding flood periods were calculated and
analysed for variation using the paired t-test algorithm. The rate of change was calculated using
equation 58 where Qjand Qk were the discharge for day i and day k. AT is the change in time
between Qi and Q..

Qo9 i [58]
Murwira et al. (undated) used this approach to assess the role of Eastern Caprivi Wetland in
downstream flood mitigation. In this study the rates of discharge for Lukulu and Senanga Gauge
stations were paired. The data were drawn from the period January to July 1997 which was
considered based on the analysis of discharge characterisation of the hydrological year (October
2003 to September 2004) hydrograph (Figure 8) and in tandem with flooding regimes in the
wetland. The alpha threshold was set at 0.05. The results are presented in Chapter Four in form of

descriptive statistics, tables and hydrographs.

3.8 Detection of land cover changes using the Maximum Likelihood Algorithm

Land cover-use change detection and analysis were done based on Landsat 5TM and Landsat 8
OLI-TRS imagery for the month of June in the years 1984, 1996, 2004 and 2015. The month of
June was chosen to avoid overestimation of grassland and underestimation of forest land if the
assessment is done when deciduous plants would have shade off leaves. Land cover classification

maps were generated for each of the aforementioned years. The classification maps were then
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compared in ENVI 5.1 and change statistics generated. Reflectance products as explained in

Sections 2.2.2 to 2.2.5 were used in the land cover change detection exercise.

3.8.1 Supervised classification with Maximum Likelihood algorithm

Classification was done in ENVI 5.1 using the Maximum Likelihood Classification algorithm
(Equations 23 — 32). Classification was based on Regions of Interest (ROI’s) also known as
training areas for each class. Selection of ROI’s was based on uniformity and representation of the
same class across the image. During the reconnaissance survey, a number of coordinate points
from various land cover and use scenes were taken using a handheld Trimble Juno 3D Global
Position System (DGPS) with accuracy level of 2 to 5 metres. These points were used to facilitate
for creation of ROI’s. Before classification was done statistics were generated to establish spectral
separability. The ROI’s and bands with the best separability statistics were used to construct, for
instance, the spectral separability graph for Landsat 8 OLI-TIRS (Figure 12). The selected bands
and ROTI’s for each year were eventually used for classification.
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Figure 12: Spectral separability graph for Landsat 8 OLI-TIRS land cover classification for June
2015 for the study area in Western Zambia.
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Landsat 5 TM bands 3,4,5 and 7 and Landsat 8 OLI-TIRS bands 4,5,6 and 7 were used in the
study. The Jefferies-Matusita (JM) distance for all classes was between 1.99 and 2 which is an
indication of good class separability (Lillesand et al. 2004; Ahmad and Quegan, 2012) of the
selected ROI’s. The Maximum Likelihood classification algorithm was then applied using the
ROT’s. In all Landsat images processed (for the years 1984, 1996, 2004 and 2015) and analysed
the grassland/shrubland/bareland class had the highest separability factor and was followed by
water bodies. Wetland and grassland were also relatively easy to separate from other classes.
Forest classes had very similar spectral characteristics. Shrubland class had spectral characteristics
similar to forest and grassland classes. For easy of extraction of statistics for analysis classes with
similar parameters such as forest types and grasslands were merged to form compound classes

such as forest land and grassland.

3.8.2 Post classification cleaning

Post classification cleaning was done before performing the accuracy assessment and the
extraction of classification statistics. To solve the problem of isolated pixels occurring in
classification images, the classes were sieved. Sieving of classes serves to remove isolated
classified pixels using blob grouping. The sieve classes method looks at the neighbouring 4 or 8
pixels to determine if a pixel is grouped with pixels of the same class. If the number of grouped
pixels in a class is less than the chosen value those pixels are removed from the class leaving black
or unclassified pixels (ENVI user guide, 2009). In this study the sieving parameters were a group
mean threshold of 2 and 4 neighbouring pixels. The parameters for the majority analysis were a
majority kernel size of 7 by 7 with the centre pixel weight of 2. The majority analysis is used to
change spurious pixels within a large single class to that class. When a chosen kernel size is applied
the centre pixel in the kernel will be replaced with the class value that the majority of the pixels in
the kernel has (ENVI user guide, 2009). Classes with similar attributes such as the various forest

types were merged into a single class for easy of quantification and change assessment.

3.8.3 Accuracy assessment using the Confusion Matrix with ground truthing data

In this study, accuracy assessment of the land cover classification was done using the confusion
matrix. The confusion matrix was generated based on ground truthing data. A minimum of 50
ground truthing points per class (the number of points increasing with the size of land cover

classes) were generated using the stratified method in ENVI 5.1. A total of 350 points for ground-
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truthing were generated. The shape file of the generated ground truthing points in ENVI 5.1 where
converted to a compatible format KLM file in ArcGIS 10.3 for use in the Trimble Juno 3D GPS
and Google Earth. The 2015 land cover classification map was validated with ground truth points.
A hybrid method of obtaining ground truth data was used in which field obtained data and Google
Earth based data were combined to validate the classification. During the field work campaign in
June 2015 a total of 10 points for each class was validated based on actual ground data while the
rest of the points for each class were validated using high resolution Google Earth software with
the image for the month of June. The 10 ground based data were used as control for the Google
Earth data. Accuracy assessment for the 1984 and 1996 classification map was done based on the
1986 and 1997 topographical maps while the 2005 FD/FAO land cover map was used to assess
the accuracy of the 2004 land cover classification map. The accuracy assessment was done using
the ground-truth with ROI’s tool in the post classification module in ENVI 5.1.

3.8.4 Change detection and extraction of classification statistics

After the accuracy assessment, change detection was done using the Change Detection Module in
ENVI 5.1. There was no need to perform a manual image co-registration as the input images were
pixel based and the ENVI1 5.1 change detection module automatically performs the function when
the “initial state” and “final state” classification images are fed into the module. The co-registration
is done using the initial state image as the base if re-projection or resampling is required (Lillesand
et al. 2004). Change statistics were obtained for each period 1984 -1996, 1996 — 2004 and 2004 -
2015. Finally change statistics between 1984 and 2015 were obtained and analysed.

3.9  Trends analysis of hydrological and meteorological variables

Trends analysis is done to establish whether the probability distribution from which a given set of
series of observation of a random variable arises has changed overtime. In this study, it was crucial
that trends in some hydrological and meteorological variables were ascertained so as to help make
inferences on the possible historical trends in inundation extent. The hydrological variable
considered in this study was discharge and water level. The meteorological variables considered
were rainfall and temperature. Data from two gauging stations namely Lukulu in the upstream and
Senanga at the outlet of the wetland (Figure 3) were evaluated. Point based rainfall data for Mongu

on the edge of the wetland and Kabompo Station in the upstream were considered. To validate the
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rainfall trends for Kabompo Station, the Mansa Meteorological Station rainfall data were used.
Mansa Station is in the same agro-ecological zone as Kabompo Station but in the far north east in

Luapula Province of Zambia (Figure 13).
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Figure 13: Location of meteorological stations used in the study in the Agro-Ecological Regions
of Zambia.

Hydrological and meteorological data are known to be non-normal (Hirsch and Helsel, 2002);
hence, for this study, a non-parametric test approach by way of the Pettit (equations 34 to 37;
section 2.5.1) and the Mann-Kendall Test (equations 38 to 49; section 2.5.3) was used to evaluate
data homogeneity and monotonic trends in discharge data for the period 1952 — 2003, 1952 — 2004
at Lukulu and Senanga hydrometric stations respectively. Only water level data for Senanga Gauge
Station was available for the period 2000 to 2011. Hence, the trend in water level data was used to
compare with the trend in inundation extent in the period 2003 to 2013. First, abrupt changes and
trends were investigated in the mean monthly discharge time series with the seasonal Mann-
Kendall Test. This was done to establish the months in which the changes occurred and also to

evaluate the trends in monthly time series. Then the abrupt changes and trends in mean annual
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discharge, rainfall and temperature time series were investigated. Based on the correlation between
discharge and inundation extent, the trends in inundation extent were inferred from the trends
analysis of the discharge data. The Pettit homogeneity test and the trends analysis with Mann-
Kendall tests were performed in XLSTAT and MAKESENS. The change point detection and the

trends test were done following procedures outlined in sections 2.5.1 to 2.5.6.

3.10  Data processing procedure in XLSTAT and MAKESENS

All data sets were prepared and inputted as per each software specifications. Computations of the
time series data for trends analysis were done using statistical packages XLSTAT and
MAKESENS. The homogeneity and seasonal Mann-Kendall tests were also performed in
XLSTAT and the MAKESENS software. In XLSTAT, test parameters were pre-set, as
highlighted below, before running the analysis. For the Pettit Homogeneity Test the alpha level
was set at 0.05. For the Seasonal Mann-Kendall trends test, on the mean monthly discharge values,
the parameters set were; alpha level (a) at 0.05, Hamed and Rao auto-correction at 0.05 and 0.01
confidence intervals and run at 12-month cycle serial dependence. In the two tailed test the Null
Hypothesis (Ho) was that there was no trend in the time series while the Alternative Hypothesis
(Ha) was that there was a trend. If the computed p-value was < 0.05 the Ho was rejected and the Ha
accepted. If the computed p-value was > 0.05 the Ho was accepted. For the mean annual discharge,
rainfall and temperature time series, the Excel based application Makesens was used to analyse the
trends with alpha levels at 0.1, 0.01, 0.05 and 0.001. The Sens slope helped to visualise the trends
and also gave the annual rate of change values for each variable. The results of the trends analysis

are presented in Chapter Four in form of descriptive statistics, tables and graphs.
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CHAPTER FOUR: RESULTS

The findings of the study are addressed in this chapter with reference to the five objectives given
in Chapter 1.

4.1.  Detection of inundated area with the DFI and extraction of inundation binary masks

The inundation binary mask generated from the DFI grey scale image aligned with the composite
image of the MODIS data (Figure 14A-C). The number of inundated pixels were extracted from
the attribute table of each binary mask (Figure 14 C). The pixels with the value 0 (Black in Figure
14 C) represented non-inundated areas whereas pixels with the value 1 (White in Figure 14 C)

represented inundated areas.

km

A B C

Figure 14: Images of the false colour composite (A), Stretched greyscale DFI (B) and the resultant
binary mask (C) for the Barotse Wetland, Western Zambia.

4.2  Pixel based validation of flood maps

Segments of Landsat 8 OLI-TIRS (A) and MODO09AL1 (B) flood masks for the month of June, 2015
obtained on the 06th and 07th of the month respectively were compared (Figure 15). Landsat and
MODIS have different capture and revisit times. The inundation extent on 7" June, 2015 under
MODO09A1 was at 1,356 Km? while inundation extent for Landsat 8 OLI-TIRS on the 6th of June,
2015 was 1,341.71 Km? a difference of 14.29 Km? (Table 5).
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Figure 15: Comparison of Landsat 8 OLI-TIRS (A) and MOD09A1(B) inundation masks. Images
acquired on the 6th and 7th June, 2015 for Landsat and MODIS respectively. In C is an overlay
of Landsat 8 OLI-TIRS mask on MODO09A1 inundation mask for the Barotse Wetland, Western
Zambia.

Table 5: Comparison of estimated inundation extent under Landsat 5TM and MODO09A1 DFI
indices for April in the Barotse Wetland, Western Zambia.

Pixel
Data Type Day Date Pixel count size(Km?)  Area (Km?)
Landsat 160 06" June, 2015 1490790 0.0009 1,341.71
MODIS 161 07" June, 2015 5424 0.25 1,356.00
Difference Area 14.29
Accuracy Percent(%) 98.95

The accuracy percentage between the DFI generated flood mask and the Maximum Likelihood
Classification, validated with ground truthing data, was 98.95 (Table 4). The difference in
inundated area can be attributed to the differences in the spectral and spatial resolutions of Landsat
8 OLI-TIRS and MODIS as well as the methods used to extract the flood masks. For instance,
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Landsat has a spatial resolution of 30m by 30m while the MODO09A1 used has a 500m by 500m

resolution.

4.3  Quantification of inundated area

Inundation extent at different days of a flood cycle was detected (Figure 16). For example,
inundated areas at varying flows, ascending/peak (days 313, 033 and 097) and for receding period
(days 113, 161 and 185) of the hydrological year 2003/2004 were observed (Figure 16).

30 80 120 Base river channel flow

DAY 113 DAY 161 ' pay 185 [

Figure 16: Changes in wetland inundated area (Blue) on; (A) 9th November, 2003 (Day 313), (B)

2" February,2004 (Day 033), (C) 6" April (Day 097) (D),22™ April (Day 113), (E) 9" June (Day
161) and (F) 3rd July (Day 185) of the hydrological year 2003/ 2004 - overlaid a Digital Elevation
Model (DEM).

Flood maps showed that the first areas to be inundated were also the first to have the floods recede
and the last areas to be inundated were also last to have the flood recede. For instance, in Figure
16, on day 033, the upstream and the middle part of the wetland was more flooded than the
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downstream. On the other hand, day 161 shows receded inundation in the upstream while the
middle and downstream areas were still inundated. This phenomenon indicates differences in the
onset and recession of flood within the wetland. Quantification of the detected inundated area was
pixel based as shown in the calculations for the year 2004 in Table 6. The calculated area during
ascending/ peak and receding flood periods in the study period (2003 to 2013) is given in Appendix
2. Two inundation extent peaks in 2004 with the first occurring on day 089 in March at 6102.24
Km? and the second on day 105 in April at 6372.75 Km? were observed. The day 097 in April
showed a minimal reduction in the inundation extent from 6102.24 Km? on day 089 to 5,837.5
Km? on day 097 rising to 6,372.75 Km? on day 105 and eventually starting to steadily decline from
day 113. Inundation extent starts to increase from day 305 in November (Table 6 and Figure 17)

which is at the start of the rain season.

Table 6: Computed estimates of inundated area based on the MODO9A1 derived DFI's for the
year 2004, Barotse Wetland, Western Zambia.

Day Pixel _ Pixel , Areg Day Pixel . Pixel , Areg
count size(Km®) (Km?) count size(Km?) (Km?®)
33 14304 0.25 3576.00 | 209 3977 0.25 994.25
89 24409 0.25 6102.24 | 217 3759 0.25 939.75
97 23350 0.25 5837.50 | 225 1851 0.25 462.75
105 25491 0.25 6372.75 | 233 1320 0.25 330.00
113 19191 0.25 4797.75 | 241 1205 0.25 301.25
121 18450 0.25 461250 | 249 1188 0.25 297.00
129 16754 0.25 4188.50 | 257 1123 0.25 280.75
137 15028 0.25 3757.00 | 265 1105 0.25 276.25
145 13910 0.25 347750 | 273 1098 0.25 274.50
153 11671 0.25 2917.75 | 281 1088 0.25 272.00
161 9938 0.25 248450 | 289 1069 0.25 267.25
169 7849 0.25 1962.25 | 297 1078 0.25 269.50
185 4486 0.25 112150 | 305 1835 0.25 458.75
193 5088 0.25 1272.00 | 313 2532 0.25 633.00
201 4646 0.25 1161.50 | 345 2589 0.25 647.25

The differences in inundation extent within a hydrological year is shown in Figure 17. As expected,
inundation extent was widest during the high flow and water level period between day 089 and
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day 105 (March — April) of the year 2004 (Figure 17). It was difficult to obtain cloud free images
for the ascending/peak period, between day 297 to day 081, hence inundation on those cloudy days
could not be assessed resulting in fewer data as compared to the receding period, day 105 to day
257 which had more due to many cloud free days (Figure 17).
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Figure 17: (a) Inundation extent and discharge (b) Inundation extent and water level at Senanga
Gauge Station in the hydrological year 2003/2004 in the Barotse Wetland, Western Zambia.

Inundation extent related to discharge and water level in the same way. Inundation extent increased
or decreased with increase or decrease in discharge and water level (Figure 17). The annual
distribution of inundation extent was very much similar to the annual distribution of stream
discharge and water level with peak periods between the 75" and 105" day of the year (March-
April) (Figure 17). Even during the driest period, from about day 225 to day 281 (August to
October), there was a significant area of about 300 Km? inundated (Table 6 and Figure 17). The
inundation extent begins to recede from Day 113 (end of April) and completes retreats by Day 217

(end of July) and thus follows the stream discharge and water level pattern (Figure 17).

4.4  Variations and trend in inundation extent during the period 2003 to 2013

4.4.1 Within and inter-annual variations in inundation extent for the period 2003 to 2013
The one-way repeated measure ANOVA test revealed significant (p-value = 0.005) variations

across inundation cycles from 2003 to 2013. During the ascending/peak period the lowest mean in
inundation extent was noted in 2005 at 2856.5 Km? while the highest mean was recorded in the

year 2010 at 6362.75 Km? (Table 7). Varying standard deviations (SD) were observed in each year
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within the ascending period with the highest SD + 513.91 recorded in 2009 and the lowest SD +
30.748 recorded in 2010 (Table 7). The value of the SD’s indicates the magnitude of the variations
in inundation extent within a particular year.

Table 7: ANOVA statistics for the inundation extent during the ascending/peak period for the years
2003 to 2013 in the Barotse Wetland, Western Zambia.

Year N Missing Mean SD SEM
2003 3 0 5408.98 428.90 247.63
2004 3 0 6104.16 267.63 154.52
2005 3 0 2856.50 274.07 158.23
2006 3 0 5429.67 340.86 196.80
2007 3 0 5508.08 377.84 218.15
2008 3 0 5568.00 466.66 269.43
2009 3 0 5930.75 513.91 296.71
2010 3 0 6362.75 30.75 17.75
2011 3 0 6214.42 148.58 85.78
2012 3 0 5785.75 376.97 217.64
2013 3 0 6214.58 67.69 39.08

N= Number of observations, SD = Standard Deviation, SEM = Standard Error of Mean

With degrees of freedom (10,20) (Table 8) a critical value of 2.35 was obtained from the F-
distribution table at a = 0.05. According to the RM-ANOVA (Hirsch and Helsel, 2002) if the Fcal
(27.211) > Fcrit (2.35) and p-value of <0.001 (which is < 0.05), the results are significant at the 95
percent confidence level. The null hypothesis (Ho) for the ascending/peak period was that there
was no variation in inundation extent while the alternative hypothesis (Ha) was that there was

variation in the inundation extent.

Table 8. ANOVA statistics of inundation extent during the ascending/ peak period for the period
2003 to 2013 in the Barotse Wetland, Western Zambia.

Source of Variation DF SS MS F P
Between Subjects 2 424666.26 | 212333.10

Between Treatments 10 27997791.80 2799779 27.21 <0.01
Residual 20 2057798.64 | 102889.9

Total 32 30480256.70

DF= degree of freedom, SS= Sum of squares, MS = Mean of squares, F= F-ratio (test statistic),
P=significace level
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As the test was significant (p-value < 0.05) the Ho that there was no difference was rejected and
the Ha that there was difference was accepted. This result means that differences in the mean values
of inundation extent among the ascending/peak days in each year assessed (2003-2013) were
greater than would be expected by chance indicating existence of a statistically significant
differences. The box plots (Figure 18) augment the RM-ANOVA test results (Table 8) as they
show that the location of mean values in inundation extent during the ascending/peak period
differed in each year confirming existence of variation. The smaller the box plot the less within
group variations existed and the bigger the box plot the more within group variations existed. Year
2010 had the highest mean and the least within group variations while the year 2005 had the lowest
but the year 2009 had the most within group variations (Figure 18).
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Figure 18: Box plots showing location of the mean in inundation extent during the ascending/peak
period from 2003 to 2013 in the Barotse Wetland, Western Zambia.

Isolation of the significant from the non-significant difference of means with all Pairwise Multiple
Comparison Procedure (Holm, 1979) at overall significance level = 0.05 showed that only the
years 2005 differed significantly with other years with the highest mean difference between the
year 2005 and 2010 and lowest between 2003 and 2005 (Table 9) (full results in Appendix 3a).
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Table 9: All Pairwise Multiple comparison results for the ascending/peak period in the Barotse
Wetland, Western Zambia.

Comparison Difference of Means P value P value <0.05
2010 vs. 2005 3506.25 <0.01 Yes
2013 vs. 2005 3358.08 <0.01 Yes
2011 vs. 2005 3357.92 <0.01 Yes
2004 vs. 2005 3247.66 <0.01 Yes
2009 vs. 2005 3074.25 <0.01 Yes
2012 vs. 2005 2929.25 <0.01 Yes
2008 vs. 2005 2711.5 <0.01 Yes
2007 vs. 2005 2651.58 <0.01 Yes
2006 vs. 2005 2573.17 <0.01 Yes
2003 vs. 2005 2552.48 <0.01 Yes

In the receding period the year 2005 had the lowest SD at +294.508 Km? while the highest SD was
recorded in the year 2011 at +1107.71 Km? (Table 10). The different SD’s indicate existence of
variations in inundation extent within flood season across the years. The lower the SD the less the
variation and the higher the SD the more the variations in inundation extent within a flood cycle.
The lowest mean in inundation extent was observed in 2005 at 2470.63 Km? while the highest
mean was recorded in the year 2011 at 5099.56 Km? (Table 10).

Table 10: ANOVA statistics for the inundation extent for the receding period for the years 2003
to 2013 in the Barotse Wetland, Western Zambia.

YEAR N Missing Mean SD SEM
2003 4 0 4185.69 848.35 424.17
2004 4 0 4338.94 464.27 232.13
2005 4 0 2470.63 294,51 147.25
2006 4 0 4300.50 778.40 389.20
2007 4 0 4135.06 672.13 336.07
2008 4 0 3883.44 523.24 261.62
2009 4 0 4059.63 739.05 369.53
2010 4 0 4680.94 585.95 292.98
2011 4 0 5099.56 330.23 165.11
2012 4 0 4450.81 471.23 235.61
2013 4 0 4377.44 1107.71 553.85

N= Number of observations, SD = Standard Deviation, SEM = Standard Error of Mean
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The RM-ANOVA test produced degrees of freedom (10,30) and F-value of 15.73 (Table 11). From
the F-distribution table a critical value of 2.17 was obtained at o = 0.05. The Fcal (15.733) > Fcrit
(2.17) and p-value of <0.01 (which is < 0.05) indicating that the results were significant at the 95
percent confidence level. The Ho that there was no variation in inundation extent during the

receding period was rejected and the Ha that there was variation was accepted.

Table 11: ANOVA statistics for the inundation extent for the receding period for the year 2003 to
2013 in the Barotse Wetland, Western Zambia.

Source of Variation DF SS MS F P
Between Subjects 3 11142465 | 3714155

Between Treatments 10 17100357 1710036 | 15.733 | <0.01
Residual 30 3260753 | 108691.8

Total 43 31503575

DF= degree of freedom, SS= Sum of squares, MS = Mean of squares, F= F-ratio (test
statistic), P= significace level

The box plots for the mean values (Figure 19) show that there were variations in the location of
mean of inundation extent during the receding period with the highest and lowest means recorded
in 2011 and 2005 respectively. The year 2005 had the least within group variation while the year
2013 had the highest within group variation.
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Figure 19: Mean inundation extent during the receding period between 2003 and 2013 in the
Barotse Wetland, Western Zambia.
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The all Pairwise Multiple Comparison Procedures (Holm-Sidak method) with an overall
significance level of 0.05 showed significant diffrences in the means of inundation extent between
several years. The highest difference of mean of 2628.94 Km? observed between the year 2005
and 2011 and the lowest of 1412.81 Km? observed between 2005 and 2008. Other significant
variations were observed between the year 2011 and 2007, 2008, 2009 with the lowest mean
difference of 964.50 Km? between the year 2007 and 2011 (Table 12). The results of the all pair
wise comparison (Table 12) which shows the highest mean difference between the year 2005 and
2011 augments the observations made in Figure 19 (full results in Appendix 3b).

Table 12: All Pairwise Multiple comparison results for the receding period inundation extent for
the year 2003 to 2013 in the Barotse Wetland, Western Zambia.

Comparison Difference of Means P value P value <0.050
2011 vs. 2005 2628.94 <0.05 Yes
2010 vs. 2005 2210.31 <0.05 Yes
2012 vs. 2005 1980.19 <0.05 Yes
2013 vs. 2005 1906.81 <0.05 Yes
2004 vs. 2005 1868.31 <0.05 Yes
2006 vs. 2005 1829.88 <0.05 Yes
2003 vs. 2005 1715.06 <0.05 Yes
2007 vs. 2005 1664.44 <0.05 Yes
2009 vs. 2005 1589.00 <0.05 Yes
2008 vs. 2005 1412.81 <0.05 Yes
2011 vs. 2008 1216.13 <0.05 Yes
2011 vs. 2009 1039.94 <0.005 Yes
2011 vs. 2007 964.50 <0.005 Yes

When the rates of change in inundation extent were computed and analysed it was observed that
from year to year there were differences in how long it took for the inundation extent to increase
or decrease. For example, the year 2004, during the ascending period between day 033 and day
089 there was a positive rate of change indicating an increase in the inundation extent (Figure 20).
On the other hand, the period between day 089 and day 097 showed significant negative rate of
change indicating decrease in inundation extent. From day 113 the trend is that of reduction in
inundation though at varying rates. The downward trend seen from day 113 signifies the onset of
the recession in the inundation extent (Figure 20) and corresponds to the start of reduction in stream

discharge as indicated in Figure 8.
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Figure 20: Indexes of the rate of change in increase and decrease in inundation extent during the
ascending period and the descending period for the year 2004 in the Barotse Wetland, Western
Zambia.

Further analysis showed negative rate of change between day 201 and day 305. From day 305 (end
of October) inundation extent begins to increase with a significant rise in the rate of increase
between day 305 and day 313 (November) (Figure 20). Inundation extent rate of change indices
for each year were as shown in Appendix 4. The rates of change in inundation extent across the
period 2003 to 2013 showed that there were variations in the rates (appendix 4). For instance, on
day 081 (March) the rate of change in inundation extent was highest in the year 2006 and lowest
in the year 2012. On day 129 (May) the year 2010 recorded the highest rate of change while 2005,
2006 and 2011 had the lowest rates of change in inundation extent during the same period. In
contrast, on the same day 129 the year 2007 recorded a negative rate of change as opposed to the
rest of the years that recorded a positive rate of change in inundation extent (appendix 4). On day
137 in the year 2010 there was a significant positive rate of change in inundation extent while the
rest of the years assessed recorded a negative rate of change (appendix 4). Other interesting
observations made are those for the years 2007 and 2013 on day 049 (in February) and day 073
(in March) respectively (appendix 4), that recorded negative rates in inundation extent in the time

when the flood extent is expected to increase.
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4.4.2 Trend in inundation extent for the period 2003 to 2013

For the period 2003 to 2013, the Mann- Kendall test showed a significant rising trend (Figure 21)
in inundation extent with Z statistic of 1.87 and p-value <0.05 at alpha level 0.05 (see full results

in Appendix 3c).
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Figure 21: Mann- Kendall Trend of the annual means of inundation extent for the time space 2003
to 2013 in the Barotse Wetland, Western Zambia.

45  Correlation between inundation extent, discharge and trend in water level

The inundated area and the outflow at Senanga Gauge Station for the year 2004 were significantly
correlated throughout the year with correlation coefficient of 0.95. The coefficient of
determination (R?) was 0.91 with p-value < 0.01 at alpha of 0.05 (Table 13 and Figure 22). When
compared water level with inundation extent showed a similar relationship as was the case with
discharge with a coefficient of correlation (R) of 0.94 and coefficient of determination (R?) of 0.89
(Table 13). The interpretation is that inundation extent increases or decrease with increase or
decrease in discharge and water level (Figure 22 a-b). The Mann-Kendall trends tests showed a
rising trend in water level for the period 2000 to 2011 with Z statistic of 2.67 with p-value <0.05
at alpha level 0.5 (Figure 22 c) (full test results in appendix 3 d). The trend in water level is very
similar to the trend in inundation extent (Figure 21) for the period (discharge data for the period

2003 to 2013 was not available. Water level data was only available up to 2011).
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Table 13: Pearson r correlation for inundation extent, discharge and water level at Senanga
Gauge Station for the year 2004, Barotse Wetland, Western Zambia.

Var | Obs Min Max Mean SD R R2 Pvalue | Alpha
Q 26 | 263.54 | 2905.43 | 1251.49 | 1096.03 | 0.95 | 091 | <0.05 0.05
WL | 26 0.7 5.29 2.61 1.91 094 | 0.89 | <0.05 0.05
IE 26 | 267.25| 6372.75 | 2146.01 | 2139.34

Var = Variable, IE = Inundation Extent, Q = discharge, Obs = Number of observations, SD =
Standard Deviation, R = Coefficient of Correlation, R? = coefficient of determination
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Figure 22: (a —b) Relationship between inundation extent, discharge and water level for the year
2004 at Senanga Gauge Station, (c) Trend in water level for the period 2000 to 2011 at Senanga
Gauge Station in the Barotse Wetland, Western Zambia.
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4.6  Evaluation of the role of the Barotse Wetland in downstream flooding

The Jan — Jul discharge at Lukulu and Senanga stations were significantly correlated with a
Pearson Coefficient of 0.67 and a p-value < 0.0001 as shown in Table 14. This correlation implies
that discharge at Senanga Gauge Station increases or reduces with increase or decrease in discharge
at Lukulu Gauge Station.

Table 14: Pearson correlation for Lukulu Gauge Station discharge and Senanga Gauge Station
discharge data from January to July during the year 1997, Barotse Wetland, Western
Zambia.

Variable Obs Min Max Mean SD R R? p-value
Lukulu (Q) 207 272.67 | 1703.76 | 815.65 482.24
Senanga(Q) | 207 | 336.05 | 1747.80 | 1017.57 | 497.73

Q = discharge (m®), SD = Standard Deviation, Obs = Observations, Min = minimum, Max=
maximum

0.67 | 0.45 < 0.0001

This relationship was then used to analyse the behaviour of the wetland with regard to retention
and release of water in the months during the ascending/peak and receding flood period using
discharge hydrographs (Figure 23).
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Figure 23: (a) the discharge (m®.day?) hydrographs for Lukulu, Senanga and Katima Mulilo
gauge stations on the Zambezi River for the year 1997 and (b) Location of the gauge stations.

74



During the rising limb (Figure 23), discharge at Lukulu Gauge Station in the upstream is higher
than the discharge downstream at Senanga and Katima Mulilo. However, this scenario begins to
change after day 70 (March). The difference in the discharge at Lukulu and Senanga gauge stations
during the rising limb is indicative of water “absorption” or “soaking” capacity of the wetland.
During the peak period, day 073 to day 105 (March to April) Lukulu and Senanga hydrographs
show a similar flattened nature signifying similarities in the discharge values at both stations. This
scenario may imply that the wetland has reached the “water absorption™ capacity resulting in
almost similar inflow and outflow volumes in the wetland. During the falling limb the scenario
changes with Senanga Station exhibiting significantly higher discharge values than Lukulu Station.
This behaviour signifies the end of the rain season and results in inflows being lower than the
outflows. The noted behaviour suggests that the wetland “soak’ in water during the rising and peak
periods and releases it afterwards in the receding period. This behaviour suggests a wetland that
regulates flow. Further investigation of the hydrographs with the rate of change in discharge
(Figure 24) between the upstream at Lukulu and downstream at Senanga showed significant
differences. For instance, during the rising limb, high positive rates of change in discharge at
Lukulu Gauge Station where not matched by high positive rates of change at Senanga Gauge
Station between day 001 - 025, and between day 037 and day 45 (Figure 24).
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Figure 24: Rate of change in discharge at upstream Lukulu and downstream Senanga gauge
stations from January to June 1997, Barotse Wetland, Western Zambia.
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A look at the period between day 061 — 083 showed that decrease in the rate of change of discharge
at Lukulu station did not translate into a corresponding behaviour at Senanga Gauge Station but
showed an increase in the rate of discharge at the downstream station. Between day 001 and day
025 the rate of change of increase in discharge at Lukulu was significantly higher than that of
Senanga (Figure 24). On day 028 and day 029 the rate of change in discharge at Senanga was
higher than that of Lukulu. However, from day 039 to day 060 Lukulu Gauge Station had a higher
change in discharge than Senanga. From day 061 to day 083 Senanga Gauge Station had a higher
rate of change in discharge than Lukulu Gauge Station. Between day 101 and day 129, the change
in discharge showed higher rates for Senanga than Lukulu Gauge Station (Figure 24). This
phenomenon can be attributed to reduced inflow at Lukulu due to reduced rainfall as this is the
end of the rain season. But for Senanga Gauge Station this is the period when the flood is just
starting to recede and most of the water reaching the downstream as a result the outflows from the
wetland are maintained. Overall, peak in discharge at Lukulu and Senanga gauge stations does not
occur at the same time. Peaks at Senanga are delayed and do not seem to be of corresponding

magnitude as those for Lukulu station (Figure 24).

4.6.1 Role of the wetland - Statistical analysis of discharge and rates of change

The Lukulu and Senanga discharge time series were found to be normally distributed with the
Kolmogorov-Smirnov test with p-value < 0.05 in all cases and an overall Pearson Correlation
Coefficient of 0.67 (Jan-July) with monthly correlation coefficients of between -0.38 and 0.99
(Table 15).

Table 15: Pearson r Correlation Coefficients (CC) and correlation determinants (CD) between
Lukulu and Senanga gauge stations for the year 1997, Barotse Wetland, Western

Zambia.
Month 1997
Jan Feb Mar Apr May Jun Jul Jan-Jul
p-value | <0.05 | <0.05 <0.05 | <0.05 | <0.05 | <0.05 <0.05 <0.05
r (CC) 0.99 0.99 0.88 -0.38 0.91 0.99 0.99 0.67
r’(CD) | 0.99 0.97 0.78 0.15 0.83 0.99 0.99 0.45

The month of April was the only one with a negative correlation between Lukulu and Senanga

discharge time series in the seven months considered, January to July. The significant negative
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correlation, R = - 0.38 with p-value < 0.05, in discharge time series between Lukulu and Senanga
stations in the month of April, 1997 (Table 15) augments the observations in Figure 24 in which a
decrease in discharge values at Lukulu did not correspond to declining values at Senanga (day 101
to day 126).

The Paired t-test (Tables 16) revealed differences in the rate of change in discharge at the two
gauging stations for the rising limb. For the rising limb, the calculated t = 0.32 was less than the t
= 1.990 obtained from the t test distribution table and had a p-value = 0.75 (Table 16). Since the t-
cal was less than the t-crit with p-value greater than the alpha 0.05 the Null Hypothesis that the
mean of the discharge time series of Senanga was not greater than or equal to the mean of the

discharge time series of Lukulu could not be rejected.

Table 16: Paired t-test summary statistics for the mean rate of change in discharge between Lukulu
and Senanga gauge stations, for the year 1997 for the rising limb January to March,
1997, Barotse Wetland, Western Zambia.

Treatment N Mean SD SEM | d-f | t-cal t-crit | p-value
Q-Lukulu 90 13.53 15.02 1.58
Q-Senanga 90 12.96 6.93 073 | 89 | 0.32 1.99 0.75
Difference 90 0.56 16.47 1.74

N = Number of observations, SD = Standard Deviation, d-f = Degree of freedom, t-cal =t —
calculated, t-crit = t-critical, Q = Discharge (m*/day), SEM = Standard Error of Mean

Analysis with box plots (Figure 25) showed that the rate of change in discharge at Lukulu Station
during the rising limb was 13.53 m3.day? and Senanga Station had 12.96 m3.day™®. The rate of
change in discharge for Lukulu Station during the rising limb was not significantly different from
that for Senanga Station (p-value > 0.05) in the same period (Table 16 and Figure 28). The higher
SD * 15.02 indicate more variation in the rate of change in discharge at Lukulu as compared to
Senanga Station which showed a small SD + 6.93 (Table 16 and Figure 25).
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Figure 25: Box plots for the rates of change in discharge for Lukulu and Senanga gauge stations
during the rising limb (January - March) 1997, Barotse Wetland, Western Zambia.

This result show that the inflows during this period at Lukulu Gauge Station were not significantly
higher than the outflows at Senanga Gauge Station. For the falling limb, the calculated tca = 2.88
was greater than the tcrit = 1.99 obtained from the t-distribution table and had a p-value = 0.00491
(Table 17). As the t-cal was greater than the t-crit with p-value less than the alpha 0.05 the Null
Hypothesis that the mean of the discharge time series at Lukulu was greater than or equal to the
mean of the discharge time series at Senanga was rejected. Therefore, the rate of change in
discharge at Senanga Station for the falling limb was significantly higher (p-value < 0.05) than
that of Lukulu Station (Table 17). The two stations show almost the same amount of variation in

the rates of change with SD’s of + 11.64 and +11.44 for Lukulu and Senanga stations respectively.
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Table 17: Paired t-test summary statistics for the rate of change in discharge between
Lukulu and Senanga gauge stations, for the year 1997 during the falling limb May to
July, Barotse Wetland, Western Zambia.

Observation N Mean SD SEM | d-f | t-cal | t-crit p-value
Lukulu (Q) 93 -9.50 11.64 1.21
Senanga (Q) 93 -14.85 11.44 1.19 | 92 2.88 | 1.99 <0.05
Difference 93 5.36 17.92 1.86

N = Number of observations, SD = Standard Deviation, d-f = Degree of freedom, t-cal =t —
calculated, t-crit = t-critical, Q = Discharge (m3/day), SEM = Standard Error of Mean

Table 17 and box plots (Figure 26) showed Senanga had -14.85 m*.day* daily change in discharge
while Lukulu had -9.50 m3.day™ during the failing limb. This means that, during the period May
—July, the outflows were higher than the inflows into the wetland. This occurrence suggests a type
of wetland which stores water during the high flow period which it gradually releases during the

flood recession period.
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Figure 26: Box plots for the mean rates of discharge for Lukulu and Senanga gauge stations,
during the falling limb (May to July) 1997, Barotse Wetland, Western Zambia.
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4.7.0 Land cover —use classification and change detection for the period 1984 — 2015
The results of the land cover classification and change statistics are presented here.

4.7.1 Ground truthing and the Error Matrix accuracy assessment

The result of the 2015 land-cover classification was as in Figure 27. The five classes were assessed
based on ease of identification and separability. The classes were forest/woody vegetation,
wetland, water, grassland and grassland/shrubland/bare sand land. Ground truthing points for the
five classes were collected from the study area as described in Section 3.8.3 in Chapter 3 and

shown in Figure 27.
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Figure 27: Some of the ground truthing points for the June, 2015 Maximum Likelihood supervised
land cover classification map of the study area, Western Zambia.
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The results of the ground truth point based accuracy assessment for the June, 2015 land cover

classification map are shown in the error matrix (Table 18) as evidenced by the photos in Figure

27.

Table 18: Error Matrix for the 2015 land cover classification of the study area in Western

Zambia.
Ground Truth Points( Field and visually interpreted points from high Users Acc.
resolution google earth imagery) (percent)
FWV | GL | WTL | WT | GSB TOTAL
FWV 128 15 6 0 1 150 85.33
GL 6 43 0 0 1 50 86
WTL 2 3 47 0 0 52 90.39
WT 0 4 3 41 0 48 85
GSB 2 3 2 0 43 50 86
Total 138 68 58 41 45 350
Overall Acc.: 86.29 percent
Prod Acc (percent) | 92.75 | 63.24 | 81.03 | 100 | 95.56 Kappa statistic  0.83

FWV= Forest/woody vegetation, GL = Grassland, WTL = Wetland, WT = Water, GSB =
Grassland/Shrubland/Bare sand land, Prod Acc = Producer Accuracy, Users Acc = Users
Accuracy

The overall accuracy of 86.29 percent and Kappa coefficient of 0.83 were deemed sufficient for
the study as the results were an indication of a very good agreement between the June, 2015
classification map and the obtaining real world land cover as observed during the ground truthing
mission. ROI’s based on the 1986 and 1997 topographic maps and the 2005 Zambia Forest
Department land cover classification map were then generated and used as basis for the pixel based
accuracy assessment of the 1984, 1996 and 2004 land cover classification maps and the results of
which were as presented in Table 19. The land cover classification maps for the periods 1984,
1996, 2004 and 2015 are shown in Figure 28. All classified maps had overall accuracy of above
80 percent with lowest at 86.29 percent for the 2015 classification and highest of 94.43 percent for
the 1984 classification with Kappa coefficients of 0.83 and 0.91 respectively (Table 19). The
results of the accuracy assessments (Table 18) indicate a very good agreement between the image

classifications and the real world. Detailed error matrix results are in Appendix 5.
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Table 19: Error Matrix accuracy assessment results for the 1984, 1996, 2004 and 2015 land cover
classification maps of the study area in Western Zambia.

1984 1996 2004 2015
Prod. User Prod. User Prod. User Prod. User

Class Acc. Acc. Acc. Acc. Acc. Acc. Acc. Acc.
GL 9599 | 87.48 | 96.78 | 85.40 | 67.52 | 96.15 | 63.24 86
WTL 87.14 | 98.61 | 83.21 | 94.17 | 97.48 | 91.76 | 81.03 | 90.39
WT 46.48 100 65.68 | 95.33 | 85.64 | 32.38 100 85
FWV 99.93 | 96.43 | 9856 | 95.05 | 99.13 | 94.19 | 92.75 | 85.33
GSB 5424 | 80.04 | 28,57 | 65.82 | 82.36 | 63.23 | 95.56 86
Overall Accuracy 94.43 92.16 91.65 86.29
Kappa Coefficient 0.91 0.87 0.86 0.83

FWV= Forest/woody vegetation, GL = Grassland, WTL = Wetland, WT = Water, GSB =
Grassland/Shrubland/Bare sand land, Prod. Acc = Producer accuracy, User Acc = User

accuracy.
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Figure 28: Land cover classification maps in June for the years 1984, 1996, 2004 and 2015 in the
study area, Western Zambia,
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4.7.2 Land cover change statistics

The estimated areas of different land cover classes and rates of change at each time step are
summarized in Table 20. The FWYV class was the largest and had a total percentage of area cover
of 55.14 percent in 1984 decreasing to 51.46 percent in 1996 and then to 47.39 percent in 2004
and again declining to 45.37 percent in 2015. The GL was second in size occupying 21.16 percent
of the total delineated catchment area in 1984, increasing to 28.96 percent in 1996, reducing to
21.07 percent in 2004 and further declining to 18.78 in 2015. The GSB class was 13.12 percent of
the total delineated catchment area in 1984, reducing to 3.59 percent in 1996, then increasing to
13.36 percent in 2004 and finally increasing to 21.42 percent in 2015 (Table 20).

Table 20: Land Cover Change in Percentage (%) of Land Cover Classes over the
assessed period, Western Zambia.

1984 | 1996 2004 2015
Forest/Woody vegetation 55.14 | 51.46 47.39 45.37
Grassland (Dry grassland) 21.16 | 28.96 21.07 18.78
Wetland (wet grassland) 9.92 | 15.44 14.81 13.28
Water 0.67 0.55 3.36 1.16
Mosaic Grassland/Shrubland/Bare sand area | 13.12 | 3.59 13.36 21.42
Total 100 100 100 100
Time Step
Class 1984 - 1996 | 1996 - 2004 | 2004 - 2015 | 1984 - 2015
PC -3.68 -4.07 -2.02 -9.77
FWV ARC -0.31 -0.51 -0.18 -0.32
GL PC 7.80 -7.89 -2.29 -2.38
ARC 0.65 -0.99 -0.19 -0.07
WL PC 5.52 -0.63 -1.53 3.36
ARC 0.46 -0.08 -0.14 0.11
WT PC -0.12 2.81 -2.20 0.49
ARC -0.01 0.35 -0.20 0.02
GSB PC 9.53 9.77 8.06 8.30
ARC 0.79 1.22 0.73 0.26

PC = Percentage Change, ARC= Annual Rate of Change

There was a notable decrease in the class FWV of 9.77 percent in the period 1984 to 2015 with an
annual rate of decrease of 0.32 percent. The lowest annual rate of decrease in the class FWV of
0.18 percent was noted between the period 2004 to 2015. The highest rate of decrease in the class
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FWV of -4.07 percent was between 1996 and 2004 with an annual rate of decrease of 0.51 percent
(Table 20; Figure 29). For the period interval 1984 to 2015 a decrease in the class GL of -2.38 with
an annual rate of change of -0.07 was noted. Overall annual rate of decrease in GL cover was
0.07 percent per annum with the highest rate of decrease of 0.99 percent noted during the period
1996 to 2004. There was an increase of 7.80 percent in grassland class between 1984 to 1996 while
a decrease of a similar magnitude at 7.89 percent occurred during the period 1996 to 2004. The
annual rates of change in the class GL during the increase and decrease were 0.65 and -0.99
respectively (Table 20). There were increases in the class GSB of 9.53, 9.77 and 8.06 percent with
annual rates of increase of 0.79, 1.22 and 0.73 percent during the periods 1984 to 1996, 1996 to
2004 and 2004 to 2015 respectively. Overall, there was an increase of 8.3 percent with an estimated
annual rate of increase of 0.26 in the class GSB for the overall period 1984 to 2015. During the
periods when the classes FWV and GL decreased/increased, an increase/decrease in the class GSB

was noted (Figure 29).
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Figure 29: Land Cover Change in Percentage of Land Cover Classes over the assessed period
June, 1984 to June, 2015 in the study area, Western Zambia.

As for the class WL, except for the period 1984 to 1996 when there was an increase of 5.25
percent, all other periods had decreases: 0.63 percent in the1996 to 2004 and 1.53 percent in 2004
to 2005. The annual rates of decrease of were -0.08 and -0.14 percent for the periods 1996 to 2004
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and 2004 to 2015 respectively. The overall change in the class WL between 1984 to 2015 was an
increase of 3.36 percent with an annual rate of increase of 0.11 percent (Table 20; Figure 29). The
highest reduction in forest cover was noted during the period 1996 — 2004 (127,257.38 ha)
followed by the period 1984 — 1996 (107,057.54 ha) with the period 2004 — 2015 (60,491.42 ha)
having the least reduction (Figure 30). Between the periods 1996-2015, there is reduction in forest
and grassland land cover class and a notable rise in the grassland/shrubland/bareland land cover
class. This is in contrast to the period 1984-1996 in which the grassland land cover class increased
while the forest and the grassland/shrubland/bareland classes reduced (Figure 30).
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Figure 30: Land Cover Change in hectares of Forest, Grassland and Mosaic
Grassland/Shrubland/Bareland classes over the assessed period June, 1984 to June, 2015 in the
study area, Western Zambia.

Regarding the intrinsic changes in land cover classes, Table 21 reveals how the various classes
transitioned over time. The main focus of this study was the assessment of the changes in the class
FWV. During the period 1984 to 1996 about 14.42 percent of the class FWV was converted into
the class GL, 1.25 percent was converted to class GSB while about 10.04 percent was converted
into class WL. Through the period 1996 to 2004 about 5.19 percent of FWV was converted
into WL, 9.01 percent was converted into GL while about 6.21 was converted into GSB. During
the period 2004 to 2015 about 8.89 percent of FWV was converted into GSB, about 7.28 percent
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was converted into GL while about 3.25 percent was converted into WL. Overall, during the period
1984 to 2015 about 30 percent of the FWV was converted to other classes of which about 12.45
percent was converted into GSB, 9.70 percent was converted into GL while 7.10 percent was
converted into WL.

Although transitions from FWYV to other classes was noted in all periods there were also transitions
from other classes to FWV. For instance, for the period 1984 to 2015, about 10.4 percent of GL,
about 30 percent of GSB, about 4.80 percent of WL and about 3.80 percent of WT transitioned
into FWV (Table 21). Overall, there was a downward trend in the class FWV and an upward trend
in the class GSB (Figure 29). The major drivers, as noted during the field surveys, of the transitions
from FWV to other classes, especially GSB and GL, are the conversion to agricultural land and
timber harvesting and for energy purposes. It was difficult to classify agricultural land because
the spectral signature of grassland and that of crop fields were very similar and the crop fields were
too small to be efficiently mapped separately. Figure 31 shows the major drivers of FWV class

changes in the delineated catchment as observed during the ground truthing mission in June 2015.
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Table 21: Land Cover Change Matrix Showing estimates in the change in Percentage of Land Cover Classes in the study area,

Western Zambia.

From 1984 to 1996 1996
Wetland Grassland Water Forest/woody vegetation Grassland/shrub land/bare land
Wetland 73.38 8.55 18.05 10.04 7.06
1984 Grassland 8.64 74.72 9.80 14.42 36.63
Water 0.75 0.05 62.48 0.04 0.15
Forest/woody vegetation 16.77 12.61 6.50 74.18 37.95
Grassland/shrub land/bare land 0.45 3.96 7.74 1.25 18.14
From 1996 to 2004 2004
Wetland Water Grassland Forest/woody vegetation Grassland/shrub land/bare land
Wetland 59.86 10.11 11.29 5.19 3.77
1996 Water 4.83 84.79 3.95 1.18 2.26
Grassland/shrub land/bare land 6.65 2.45 22.92 6.21 58.80
Grassland 4.94 0.59 46.92 9.01 25.31
Forest/woody vegetation 23.72 0.85 14.86 78.31 9.81
From 2004 to 2015 2015
Grassland/shrub land/bare
Wetland Grassland Water Forest/woody vegetation land
Wetland 70.01 18.93 8.42 3.25 16.14
2004 Grassland 14.24 48.96 18.50 7.28 18.91
Water 0.66 0.05 26.06 0.05 0.34
Grassland/shrub land/bare land 5.35 31.09 12.84 8.89 61.97
Forest/woody vegetation 9.73 0.94 34.16 80.51 2.61
From 1984 to 2015 2015
1984 Grassland Water Wetland Forest/woody vegetation Grassland/shrub land/bare land
Grassland 51.27 3.08 7.58 9.72 12.28
Water 0.62 67.24 2.46 0.17 0.44
Wetland 7.56 21.31 81.90 7.13 2.90
Forest/woody vegetation 10.37 3.76 4.83 70.50 29.96
Grassland/shrub land/bare land 30.10 4.62 3.22 12.45 54.39
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Figure 31: Major drivers of forest cover change in the delineated catchment: (A) Forest land cleared in June 2015 in preparation
for crop production — Lukulu District, Western Zambia; (B) Firewood and charcoal on sale along the Mongu-Senanga Road and;
(C) A truck loaded with logs of timber enroute to the urban market, Lukulu District, Western Zambia.
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4.8.0 Change point detection and trends analysis of time series

The results of the abrupt change detection and trends analysis of hydrological time series data at
Senanga, Lukulu and Kalabo gauge stations as well as the meteorological time series analysis for
Mongu, Kabompo and Mansa are given in this section. Mansa Meteorological Station data was
used as a validation for the Kabompo Station data as the two stations are located within the Agro-

Ecological Region, I11, with a similar rainfall pattern.

4.8.1 Change point detection — Mean monthly discharge time series

From the homogeneity Pettit Test, it was observed that there were changes in the mean monthly
and annual discharge for all three hydrometric stations evaluated. Lukulu and Senanga stations
showed changes in the mean monthly values in the same year but different months, May 1981 and
July 1981 respectively and December 1997 for both stations (Table 22; Figures 32 and 33). For
Lukulu Station, at confidence level of 99 percent with p-value < 0.01, a change point was observed
in May 1981 from 846.52 m*. month™ to 614.97 m®. month* after the change. Further examination
of data showed another change point in February 1991 from a mean monthly value of 647.38 m®.
month™to 606.15 m3. month™. A final change point was observed in December 1997 from 487.02
m3. month™? to 888.70 m*. month® (Table 22). For Senanga Gauge Station mean monthly
discharge time series, only one significant abrupt change was observed in July 1981 from a mean
monthly discharge of 1065 m3. month™ to 828.48 m®. month™ detected at 99 percent confidence
with the computed p-value of <0.01 (Table 22).

Since the mean monthly values were based on the hydrological year, October to September, the
changes in the mean monthly values of discharge at the two stations occurred in the same
hydrological year, 1981.
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Table 22: Homogeneity test for hydrological and meteorological mean annual and monthly time series data, Western Zambia.

Station Period t Year P-value | Alpha(a) Selin || LAl Mean Test Decision
Level From To
LK mean | 1967 -2003 | May-81 | 1981 | <0.05 0.05 | 99% | 84652 614.97 p< a, Ho rejected
monthly | 1982-2003 | Feb-91 | 1991 | <0.05 0.05 | 99% | 647.38| 606.15 p< a, Ho rejected
discharge | 1992-2003 | Dec-97 | 1997 | <0.05 0.05 | 99% | 487.02| 888.70 p< o, Ho rejected
LK mean
annual 1952-2003 | 1980 1980 | <0.05 0.05 | 99% | 810.42| 604.66 p > 0, Hoaccepted
discharge | 1980-2003 | 1998 1998 | >0.05 0.05 | 99% | 604.66 p > a, Ho accepted
SNGt r:?ean 1967 -2004 | Jul-81 | 1981 | <0.05 0.05 | 99% 1065 | 828.48 p< o, Ho rejected
monthly
discharge 1982 -2004 Dec-97 1997 > 0.05 0.05 99% 819.70 p > o, Ho accepted
ir']\:ﬁarlnea” 1952-2004 | 1979 | 1979 | <005 | 005 | 99% 1078 | 873.26 p< o, Ho rejected
discharge 1980 - 2004 1997 1997 > 0.05 0.05 99% 833.26 p > a, Hoaccepted
KLB flnea” 1959-1998 | 1981 1981 | <0.05 005 | 99% 69.09 | 43.15 p<a, HO rejected
annua
discharge 1982 - 1998 1997 1997 > 0.05 0.05 99% 43.15 p > o, Ho accepted
KBM(Prec) | 1974 - 2004 1991 1991 > 0.05 0.05 99% 970.29 p > a, Hoaccepted
MAS(Prec) | 1974-2012 | 1986 1986 | >0.05 0.05 | 99% | 1150.48 p > o, Hoaccepted
MNG(Prec) | 1974 -2014 | 2006 2006 | >0.05 0.05 | 99% | 942.32 p > o, Hoaccepted
MNG(Max
Temp) 1975-2002 1990 1990 > 0.05 0.05 99% 30.48 p > o, Hoaccepted

LK, SNG, KBM, MAS and MNG are respectively Lukulu, Senanga, Kabompo, Mansa and Mongu station; t = time of change.

(discharge in m?, rainfall in mm and temperature in degrees Celsius)
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Figure 32: Abrupt change in mean monthly discharge time series for the period 1967 to 2003, for
Senanga Gauge Station, Western Zambia.
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Figure 33: Abrupt change in mean monthly discharge time series for the period 1967 to 2003, for
Lukulu Gauge Station, Western Zambia.
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4.8.2 Change point detection — Mean annual discharge time series Pettit Homogeneity
Test

The mean annual discharge time series showed similar time space for abrupt changes as
exhibited in the mean monthly discharge time series. For Lukulu Station, an abrupt change in
the annual mean discharge is observed in the hydrological year 1980/1981 from a mean of
810.42 m3. year™ to 604.66 m®. year. Senanga Station time series revealed an abrupt change
in the 1979/1980 hydrological year from 1078.00 m®. year! to 873.26 m®. year™ while for
Kalabo Station an abrupt change was observed in the 1981/1982 hydrological year from 69.09
me. year? to 43.15 m3. year®. The changes in the discharge mean in 1997 for Senanga and
Kalabo, and 1998 for Lukulu were not adequate to register significance at alpha level 0.05
(Table 22). Generally, significant abrupt changes in the monthly and annual mean rate of
discharge were observed in the hydrological years 1979/1980 and 1981/1982 and showed a

downward trend.

4.8.3 Change point detection — Mean annual precipitation and maximum temperature
time series Pettit Homogeneity Test.

For all meteorological time series examined, the data were found to be homogenous. The p-
values, in all precipitation and maximum temperature time series, were greater than the
significance level alpha =0.05; the Null Hypothesis (Ho) that the time series were homogenous
could not be rejected (Table 22). The abrupt changes in the mean annual and monthly discharge
values were not reflected in changes in the means of the precipitation and temperature time

series for Kabompo, Mongu and Mansa Stations (Table 22).

4.8.4 The Seasonal Mann-Kendall Test analysis on mean monthly discharge time
series data.

For Lukulu Station data, with the seasonal Mann-Kendall Test, no significant trends in the
mean monthly discharge were observed in the segmented periods 1967 — 1981, 1982 -1997 and
1998 — 2003. However, there was a significant downward trend with a Kendall Statistic of -
0.21 with computed p-value < 0.05 between the time space 1967 and 2003 (Table 23). Further
investigations with the fitting of the linear regression with ordinary least squares revealed
insignificant upward trends for the periods 1967 — 1981, 1982-1997 (Table 24).
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Table 23: Seasonal Mann-Kendall statistics for the discharge time series at Lukulu and Senanga Gauge Stations, Western Zambia.

M-K, S and p are respectively the Mann-Kendal/’s Tau statistic, the Kendall Score and the two-sided p-value. [N-T] indicate no trend detected, (+ and — indicate respectively

Station M-K S p-value Trend Period M-K S p-value Trend Period
-0.07 -96 0.53 [- *] 1967 -1981 | 0.09 22 0.33 [+ *] 1982 - 1991
LK (Q) 0 0 1 [N-T] 1992 - 1997 0 0 1 [N-T] 1998 - 2003
-0.21 -1266 <0.05 [-+] 1967 - 2003
-0.09 -110 0.44 [- *] 1967 -1981 | 0.12 468 0.10 [+ *] 1982-2004
SN(Q)
-0.23 -2250 <0.05 [- +] 1967 - 2004

positive trend and negative trend, +, * indicate respectively significant and not significant at confidence level a = 0.05), LK(Q) = Lukulu Station discharge, SN(Q) =

Senanga Station discharge.

Table 24: Slope (m®. year?) and the linear regression coefficient R? for the trends in mean monthly discharge at Senanga and Lukulu
gauge stations, Western Zambia.

Senanga Lukulu
Period 1967 - 1981 1982 - 2004 1967 - 2004 1967 -1981 | 1982-1997 | 1998 - 2003 | 1967 - 2003
Slope -0.04 0.02 -0.02 0.01 0.02 -0.09 -0.03
R? 0.01 0.01 0.01 <0.05 <0.05 <0.05 0.03
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Significant downward trend was noted for the overall period 1967-2003 with slope coefficients of
-0.03 and R? of 0.03 (Tables 23 and 24). Therefore, the overall trend for monthly discharge at
Lukulu Station for the period 1967 to 2003 was downward.

For Senanga Station the Mann-Kendall trends test detected no significant trend in the mean
monthly discharge time series for the periods 1967-1981 and 1982-2004. The Kendall Statistic and
the computed p-values for the two periods were -0.09, 0.12 and 0.44, 0.10 respectively (Table 23).
With computed p-values > 0.05 in all scenarios the Ho that there is no trend in the data was
accepted. However, the overall Mann-Kendall Test for the period 1967 - 2004 detected a
significant downward trend. The Kendall Statistic and the computed p-value for this period were
-0.23 and <0.05 respectively (Table 23). The computed p-value was less than 0.05 the Ho was,
therefore, rejected and the Ha that there was a trend in the discharge time series was accepted.
Further investigation with the fitting of the linear regression with ordinary least squares revealed
a downward trend for the 1952 - 1981 with a slope coefficient of -0.04 and R of 0.01. The periods
1982-2004 had a slope coefficient of 0.02 and R? of 0.01 indicating an upward trend. The overall
period 1967 - 2004 had a slope coefficient of -0.02 and R? of 0.01 indicating a downward trend

in the time series (Table 24).

There was a generally decreasing trend in the mean monthly base flows for the most part of the
period 1967 to 2003/4 for both Lukulu and Senanga stations (Figures 32 and 33).

4.8.5 Mann-Kendall trends and Sens’s slope estimates for mean annual discharge,
precipitation and temperature.

The Mann-Kendall Test and Sens’s slope results for the hydrometric and meteorological stations
considered in the study are presented in Table 25 and Appendix 6. For the period 1952 — 1979
Senanga discharge time series had no significant trend (p-value of 0.56) and no significant trend
from 1980 — 2004 (p-value of 0.74). However, when the entire period 1952 — 2004 was considered
there was a significant trend with a Z statistic value of -3.38, a p-value of <0.05 at alpha levels
0.001 with an annual rate of decrease in discharge of 6.94 m®. year? (Table 25; Figure 34). For
Lukulu Station, upstream of the wetland, there was no significant trend in discharge during the
period 1952 to 1980 or the period 1981 to 2003. For the period 1952 — 2003 however, there was a
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significant downward trend with a Z statistic value of -2.88, p-value of <0.05 at alpha level of 0.01
with an annual rate of decrease of 4.68 m®. year? (Table 25; Figure 35). As for Kalabo Station,
the discharge time series for the period 1959 - 1998 showed a significant downward trend with a
Z statistic value of -3.58 with p-value of <0.01 at alpha level of 0.001 and annual rate of decrease
of 1.12 m®. year* (Table 25; Figure 36). For the period considered the observed general trend in

discharge into the wetland was downward.

Table 25: Mann-Kendall test and Sens's slope statistics for hydrological and meteorological time
series, Western Zambia.

Mann-Kendall trend Sen’s Slope

Time series First year Last Year n TestZ Signific. Q

Discharge-Senanga 1952 2004 51 -3.38 Fkk -6.94
Discharge-Lukulu 1952 2003 51 -2.88 okl -4.68
Discharge-Lukulul 1952 1980 29 1.76 + 6.25
Discharge-Lukulu 2 1981 2003 22 -0.28 -1.97
Discharge-Senangal 1952 1979 28 0.14 0.42
Discharge-Senanga 2 1980 2004 23 0.63 5.83
Discharge- Kalabo 1959 1998 40 -3.58 ok -1.12
Precipitation-Kabompo 1974 2004 30 -1.14 -4.65
Precipitation-Mongu 1974 2013 40 1.22 4.23
Precipitation-Mansa 1974 2012 38 -0.05 -0.33
Maximum temperature Mongu 1975 2002 28 -1.66 + -0.07

Interpretation of the level of significance and the Sen’s slope
Sen’s slope variable

Level of significance
if trend at a = 0.001 level of Sen's estimator for the true slope of linear
*** | significance. Q | trendi.e. change per unit time period (in this
case a year).

** | iftrend at o= 0.01 level of significance.

* if trend at a. = 0.05 level of significance.

+ | iftrend at a = 0.1 level of significance.
If the cell is blank, the significance level
is greater than 0.1.
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Figure 34: Overall trend in annual mean time series of discharge between 1952 — 2004 for
Senanga Station, Barotse Wetland, Western Zambia.
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Figure 35: Overall trend in annual mean time series between 1952 — 2003 for Lukulu Station,
Barotse Wetland, Western Zambia.
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Figure 36: Annual mean time series and trend of discharge between 1952 - 1998 for Kalabo
Station, Barotse Wetland, Western Zambia.

As for precipitation in the stations representative of locations in the wetland, wetland catchment
and a comparison station, Mansa, from the same rainfall belt as the upstream catchment for the
wetland, they showed a generally insignificant downward trend (Table 25 and Figure 36).
Generally, there were variations in rainfall patterns for Mongu, Kabompo and the validation station
Mansa showing cycles of high and low rainfall periods. For the Mongu station, the period 1980 —
1997 had rainfall values below the mean value with an exception of 1990 and 1993 when the
annual rainfall was above the mean value. For instance, in the period 1998 — 2005, Kabompo
Station time series showed oscillatory behaviour between above and below the mean annual
rainfall. During the period 1994 — 2010 there was annual rainfall above the mean value (Figures
37 and 38). For Kabompo and Mansa, the stations recorded mostly above the mean annual rainfall
with a substantial number of years (10 out of 35) in which the annual rainfall was below the mean
(Figure 37). The mean annual maximum temperature time series (1975-2002) for Mongu Station,

representative of the temperature scenario over the wetland, showed a significant declining trend
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in the mean annual maximum temperature with Z-test score of -1.66, p-value of 0.049 at alpha

level of 0.10 with an annual rate of decrease of 0.07 degrees Celsius. year (Table 25; Figure 38).
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Figure 37: Comparison of annual mean time series of precipitation between Kabompo and Mansa
Stations.

4.9.0 Correlation between hydrological and meteorological variables with the Pearson’s r

The mean annual rainfall recorded at Kabompo Station correlated with mean annual discharge
recorded at Senanga Gauge Station with a correlation coefficient of 0.36 and a p-value < 0.05 at
significance level alpha = 0.05. This implies that discharge at Senanga Station increases or
decreases with increase or decrease in rainfall at Kabompo Station (which is representative of the
upstream catchment of the wetland). When mean monthly time series of discharge, maximum
temperature, and inundation extent were analysed, the results (Tables 26) showed that there was a
significantly strong correlation between discharge at Senanga Station and inundation extent with
coefficient of correlation of 0.81 and a p-value of <0.05 at 0.05 significance level alpha (Table
26).
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Table 26: Pearson correlation coefficients for mean monthly discharge, inundation extent,
maximum temperature in the study, Western Zambia.

Variables '\Iélzé(ot;n;g Q-Senanga | Extent Max temp Mongu
Max temp Kabompo 1 -0.43 -0.38 0.89
Q-Senanga -0.43 1 0.81 -0.44
| Extent -0.38 0.81 1 -0.16
Max temp Mongu 0.89 -0.44 -0.16 1
Values in bold are different from 0 with a significance level alpha=0.05, Q = Discharge
(m¥month), | = Inundation, Max = Maximum, Temp = Temperature.

A key negative correlation between inundation extent in the Barotse Wetland and maximum
temperature at Mongu Station was observed with a coefficient of correlation of -0.16 and p-value
of 0.63 at 0.05 significance level alpha (Tables 26).
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CHAPTER FIVE: DISCUSSION

5.1  Detection and quantification of inundated area

Despite the difficulty in acquiring cloud free MODIS imagery for all eight-day interval period for
the considered time space 2003 to 2013 the cloud free images processed and used in this study
were adequate to provide data for statistical analysis of trends in inundation extent. The challenge
of cloud cover is an inherent attribute of optical satellite data such as MODIS which has been noted
by many (Wang, 2007; Di Baldassarre, 2012; Meire, 2012; Ticehurst et al. 2014; Proud et al. 2011;
Ticehurst et al. 2013). As noted by Ticehurst et al. (2013) concerning MODO09A1 product, few
cloud free MODIS images were available during the ascending/peak period as compared to the
receding period. Inundation detection and thresholding was easier for images captured during the
period when there was a lot of water and high flow period in the wetland. For instance, MODIS
images captured in the months January to May were easier to detect inundation extent using the
DFI algorithm than the months June to December. This is because during the high flow period,
January to April, there was less or no spectral signal interference from under laying elements such
as soil and grass. Further, MODIS data is known to detect high moisture content and dark soils as
being flooded area while in reality it is not flooded (Ticehurst et al. 2013). This challenge was
addressed with the aid of google earth image and the thermal band as explained in section 3.5.2.
By implication, inundation extent is likely to be overestimated during the flood receding period
than the peak period. Calculating the threshold value proved a challenge for low periods. The
thresholding challenge was also noted by the developers of the DFI algorithm (Wang et al. 2013).
Nerveless, from the acquired imagery, MODIS and Landsat, and with the application of the DFI
algorithm detection and estimates of inundation extent in the delineated study area were made as
indicated in Table 6.

Although Ticehurst et al. (2013) observed that some temporal information is lost when mapping
wetland inundation with the composite 8-day interval on the MODO09A1 product the temporal loss
was considered not to be significant because the flooding in the Barotse Wetland can be assumed
as not fast flowing as evidenced by the long resident time of water in the wetland (Kasimona and

Makwaya, 1995). Considering the purpose of this study, variation and trend across the years and
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not necessarily within a flooding season, the 8-day interval MODO0O9AL1 product was adequate.
From the study it is evident that acquiring information on the extent of inundation in a wetland is
much easier and faster using the satellite based method, as proved with MODIS supplementing

with ground truthing, than employing the costly and time consuming in-situ field surveys.
5.2  Variations and trends in inundation extent

There were differences in inundation extent across seasons (Figure 38 a) with maximum and
minimum inundated area estimated at about 660,000 hectares in 2009 and 170,000 hectares in
2005 (Figure 38 b-c). Cai et al. (2015) estimated the maximum and minimum inundated area at
about 552,000 hectares and 250,000 hectares respectively. Hughes and Hughes (1992) estimated
the total inundated area of the floodplains at 7700 Km?. The difference in the maximum inundated
area could be due to the delineation of what were termed as wetland in the two studies as well as

the imagery and methods used in each study.
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Figure 38: (a) Comparison of inundation extent for Day 097 for the years 2003, 2004, 2005, 2012
and 2013. Trends in inundation extent on given days during the ascending period (a), receding
period (b) for the time space 2003 to 2013 in the Barotse Wetland, Western Zambia.
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Cai et al. (2015) stated that “the flooding patterns are changing, that the magnitude increased, and
the timing of on-set and recession also changed”. From Figure 20 a-c it was observed that
inundation extent on a given day of each year differed from year to year with an increasing trend
observed from year 2006 to 2013. Based on the observations in Figure 38 the findings by Cai et
al. (2015) that “the flooding patterns are changing” has been augmented. For instance, an overlay
of inundation masks for day 097 (Figure 38 a) showed that in 2004 there was more inundated area
than there was in 2005. Inundation extent on a given day of each year differed from year to year
(Figure 38 b, ¢). This answers to Cai et al. (2015), in view of the perceptions by the local people,
that the inundation patterns change. That the magnitude of flooding increased can be augmented
by the findings of this study which observed an increasing trend in the annual means of the
inundation extent (Figure 21). For instance, between 2003 and 2013 the magnitude in inundation
extent increased by 62.20 Km?. This is indicative of increased flood magnitude in the period 2003
to 2013. The rise in inundation extent for the period is validated by the observed rise in the trend
in water level which showed an increase in water level of 0.1 m during the period 2000 to 2011
(Figure 22 ¢ and Appendix 3 d). Annual differences in inundated area affects farming activities
which are flood dependent. Farming activities in the wetland depend on the rate at which the flood
recedes. The higher the rate of recession the earlier the farmers have access to land for farming
activities. The advantage with MODIS imagery used in this study over the Landsat imagery used
by Cai et al. (2015) is that the inundation extent repeat interval is halved hence more images and
inundation extent fluxes were obtained for analysis. Furthermore, the MODIS images are taken on
the same days each year making it suitable for use in comparative and change studies as suggested
by Ticehurst et al. 2014.

5.10.3 Correlation between inundation extent, discharge and water level

Discharge and water level into the Barotse Wetland is influenced by runoff from the upper
catchment in Angola and North Western Zambia (Timberlake, 1998; IUCN, 2003; Beilfuss, 2012).
For instance, the flow data for Senanga Gauge Station at the outlet of the wetland typifies the flows
received from the upper catchment during the period 1952 - 2004 (change in annual mean
discharge) and 1967 — 2007 (monthly mean discharge). There were differences in the mean annual
discharge values with 25 out of the 50 years considered showing mean values which where less

than the previous years value (Figure 39). The magnitude of the differences also varied from each
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year with some years having very high reduction/increase in values like the year 1989 and 2004
which significantly differed from the means of discharge of the previous years (Figure 39). This
implies that in each hydrological year the mean annual discharge values differs. In the recent past
1980 to 2004 the differences in the mean of the annual discharge seem to have taken on a rising
trend in both directions (increase/decrease) (Figure 39). The differences in the mean monthly and

mean annual flows are high as observed from Figures 40.
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Figure 39: Time series showing differences in the mean annual discharge (1952-2004) for
Senanga Gauge Station in the Barotse Wetland, Western Zambia.
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Figure 40: Time series showing the mean monthly discharge for Senanga Gauge Station over the
period 1967 — 2007 in the Barotse Wetland, Western Zambia.
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Between 1967 and 2004 the highest monthly discharge during the flooding period was 2882.69
me.month™ in April, 2004 while the lowest was 1085.46 m3.month™ in April, 1996 (Figure 40).
The discharge regime for Senanga Gauage Station shows cycles of high flows and low flows
typical of the Zambezi River Basin. For instance higher annual flows were between 1974 to 1981
followed by lower flows between 1982 to 1997 and again higher flows between 1998 to 2007
(Figure 40). These discharge cycles are similar to the overall Zambezi River Basin cycles as
demonstarted by Beilfuss (2012).

Drawing on the established correlation between inundation extent and outflows at Senanga
(Figures 17 and 22), an inference is made that there were trends in inundation extent of similar
pattern as discharge trends in the Barotse Wetland during the period 1952 to 2007. This result
show that the outflows from the wetland increase or decrease with increase or decrease in
inundation extent. By inference, trends in inundation extent will show corresponding trends in
outflows. The IUCN (2003) indicated that the onset of annual inundation in the wetland varies
greatly while Simwinji (1997) explained that inundation is a consequence of the rainfall dependent
flow and seepage from the upper catchment. The relationship between inundation extent and
discharge/water entails that trends in inundation extent follow trends in discharge/water level. It
means that trends in inundation extent increases or decreases with increase or decrease in

discharge/water level in the wetland (Figures 22).

5.10.4 Evaluation of the role of the wetland in flow attenuation

Bullock and Acreman (2003) argued that many studies draw conclusions on the categorisation of
wetlands in terms of reducing or increasing river flows which in many cases are taken out of
context and do not answer the basis for the conclusions. They argue that categorization of wetlands
must be based on comparative scenarios. They give a set of comparative scenarios used
internationally for categorization of wetlands among which is the comparison of inflows and
outflows of a wetland system as a baseline for inference. The results of this study were based on
the comparison of the inflows and outflows of the Barotse Wetland, these being inflows as
recorded at Lukulu Gauge Station (including Kalabo Gauge Station) and outflows at Senanga
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Gauge Station. According to the international guidelines as cited by Bullock and Acreman (2003)
the methodology used for the in-out scenario is that hydrological inputs and outputs associated
with a single wetland are measured after which the differences between the outputs are attributed
to the wetland. However, the assumption for the Barotse Wetland, was that the inflows through
runoff, ungauged streams, direct rainfall over the wetland and ground water were negligeable.
Thus, to an extent, this study complied with the international guidelines as regards the method
used to come to the conclusion on the role of the Barotse Wetland in flow modulation. Anchoring
on the suggestions by Bullock and Acreman (2003) and the international guidelines that they cited,
it was infered that the observed differences in the discharge hydrograph (Figure 24) and the
differences in the rate of change in daily discharge time series (Figures 25, 26) between Lukulu
and Senanga gauge stations during the ascending/peak and the receding periods typifies the
regulatory role the Barotse Wetland plays in flow regimes. The findings of this study validates the
assertions by Beilfuss and Santos (2001) that “overall, the Barotse Plain attenuates runoff from a
catchment area of more than 335,000 Km? (27 percent of the total Zambezi catchment), with an
average annual storage capacity of 8.5 x 109 m®”. The results of this study also give credence to
the observations by Kasimona and Makwaya (1995) who suggested that “Although peak runoff
from the Northern highlands typically reaches Lukulu by February-March (following the period
of peak rainfall), Zambezi floodwaters take 4-6 weeks to pass through the Barotse Plain and peak
discharge near the downstream outlet (Senanga Gauging Station) is often delayed until April or
early May. Floodwaters recede slowly from the Barotse Plain during the six-month dry season,

with high evaporation losses throughout the year”.

The behaviour of the Barotse Wetland in flow attenuation is similar to that observed in the
Okavango wetlands, also in the Zambezi River Basin, by Murwira et al. (undated). It was observed
by Murwira et al. (undated) that, depending on the period, high and low flows, the rate of change
in daily discharge for the upstream and downstream of the Okavango Wetland were different. This
phenomenon made them conclude that the Okavango Wetland regulated flow regimes. Therefore,
based on the guidelines as cited by Bullock and Acreman (2003), the results of this study coupled
with the observations made by Kasimona and Makwaya (1995) and Beilfuss and Santos (2001),
the Barotse Wetland can be characterised as one that regulates flow. Bunn and Arthington (2002)

suggest that flow is a major determinant of physical habitat in streams which in turn is a major
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determinant of biotic composition. Bullock and Acreman (2003) indicate that flow regulation by
a wetland may mitigate downstream flooding. Therefore, this study has augmented the
understanding of the role of the Barotse Wetland in flow regimes which is key in the management
of the wetland as an ecosystem.

5.10.5 Land covers change assessment

“Given the crucial importance of water to life on Earth, it is necessary to consider how various
ecosystems are linked through the hydrological cycle. One key example is the relationship between
forests and wetlands. Far too often, these interdependent ecosystems are viewed as completely
separate entities instead of a linked unit that plays a crucial role in the hydrological cycle and the
preservation of our water resources. A better understanding of the role that these bodies play in
the hydrological cycle will enable us to more effectively consider these ecosystems when
formulating policies and management practices to protect our water resources” (Blumenfeld et al.
2009). The above extract from Blumenfeld et al. (2009) underscore the need for land cover
assessments when trying to analyse the inundation dynamics of a wetland such as the Barotse
Wetland. Though studies such as Timberlake (1998, 2000) and Fanshawe (2010) could not
quantify the forest cover changes they all recognised the loss in forest cover in and around the
Barotse Wetland. They attributed these losess to a host of anthropogenic induced factors which

included:

(i) the increased pressure for agricultural land expansion; (ii) settlements; (iii) timber

production; (iv) energy; and (v) harvesting for other livelihood purposes.

This study, however, undertook to quantify the forest cover changes within the confines of the
relief based delineated catchment. Through ground truthing campaigns the study also validated
some of the drivers ( Figure 31) of forest cover loss as advanced by Timberlake (1998, 2000) and
Fanshawe (2010). The estimated total loss in forest cover for the period 1984 to 2015 was
294,806.34 hectares and confirms Tmberlake (1998) and Fanshawe (2010) assertions on the loss
of forest cover. The estimated overall annual rate of loss in forest cover of 0.3 percent and the
general downward trend in forest cover is in tandem with the Zambia Forest Department (ZFD)
and the Food and Agriculture Organization (FAO) 2005 Integrated Land Use Assessment report
presented by Mukosha (2014). The Mukosha (2014) report indicated an estimated annual loss of
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0.07 percent and a total loss of 101,964 hectares in forest cover for the period 1990 to 2005 for
Western Province. The delineated study area is 23.87 percent of the Western Province but captures
most of the populated areas of the province with districts such as Mongu, Lukulu, Kalabo and
Senanga included in the assessment. Therefore, the results of this study are potentially within the
boundaries of actual forest cover loses. Furthermore, the loss of forest cover and its impact on
wetlands and water resources in Zambia as a whole have been noted in the World Water
Assessment Programme report (UNESCO, 2009) and Blumenfeld et al. (2009). Clearly, the
highlighted general loss of forest cover in Zambia by the UNESCO (2009) report and as connected
to impacts on wetlands by Blumenfeld et al. (2009) is in tandem with the findings of this study
showing that there is very high rate of forest cover loss in Western Province with potential impacts

on the Barotse Wetland.

The observed loss in forest cover is high and is potentially impacting on both the inundation extent
and wetland biodiversity (Blumenfeld et al., 2009). This study has, at broad forest level, validated
the assertion that “Deforestation in the woodlands flanking the floodplains, both Miombo and
Baikiaea-dominated, has been marked over the last 40 years, resulting in an opening of the tree
canopy and accompanying increase in fire risk and hazard. Soil erosion and loss of valuable
nutrients from the generally dystrophic soils has possibly also occurred” (Timberlake, 1998). The
loss in forest cover in the wetland catchment exposes bare land, which is largely sandy, and
exacerbates soil erosion resulting in high generation of sediments that end up in tributary water
bodies and finally pouring into the wetland. From June 1996, there is a notable increase in the
grassland/shrubland/bareland land cover class (Figure 30) which implies that more land has
become susceptible to sediment yielding. Yields of sediments in water bodies were validated with
the field observations made at Sefula Rice fields in Mongu District (Figure 41). The canals that
take water into the fields from the upland catchment showed yields of sediments which had
blocked some of the side irrigation canals. This accumulation of sediments derived from upland
erosion may bring about a decrease in the volume of a wetland, a reduction in the duration the
wetland retains water and can, over time, change the structure of the plant community in the
wetland (Jurik et al. 1994; Blumenfeld et al. 2009).
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Figure 41: Photographic evidence of sedimentation yield in river channels and the main Barotse Floodplain: (A) and (B) main irrigation
canal showing sediment accumulation, (C), (D) and (E) shows sedimentation in the branch irrigation canals and (F) shows
sedimentation in the main Barotse Floodplain on the banks of the Zambezi River, Western Zambia.
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It is the reduction in the wetland volume and the decrease in the residence time of water in the
wetland that can, overtime, contribute to significant variations in inundation extent. This study
has already established a significant correlation, with a coefficient of determination of 0.91,
between discharge into the wetland and the inundation extent hence factors that impact on the
discharge into the wetland consequently contribute to the variations in the inundation extent. It
has been observed that there is sediment accumulation taking place in the Barotse Wetland
(Figure 41); however, what this study has not determined are the quantities of sediments
resulting from the changes in forest cover and the extent to which these sediments affect the
inundation extent in the wetland. Pressure on forest resources is likely to take a rising projection
due to a rising population, and increased demand for food and timber products has already been
noted by Simwinji (1997), Timberlake (1998) and Fanshawe (2010). These pressures will
quintessentially result in increased sediment generation if adequate mitigation measures are not
put in place by relevant authorities to reduce the rate of deforestation as has been suggested by
Blumenfeld et al. (2009) and UNESCO (2009).

However, Beilfuss and Santos (2001) argued that “land use and land cover changes are unlikely
to have had a significant effect on Zambezi runoff patterns”. Kasimona and Makwaya (1995)
also argued that “the Zambezi headwaters region, covered by relatively infertile Kalahari sands,
is frequently burned and cleared for small agricultural plots (machambas) but retains dense
forest cover over most of the region. Beilfuss and Santos (2001) further, pointed out that “water
diversions are currently negligible relative to the mean annual flow, and unlikely to affect

runoff patterns in the near future”.

5.10.6 Abrupt change point detection and trends analysis

Studies, which include Githui et al. (2005) and Khaleghi et al. (2014), have been done in
various parts of the world to determine abrupt changes and trends in hydrological and
meteorological data using the Pettit Homogeneity and Mann-Kendall Trends Tests. For
instance, Githui et al. (2005) analysed the time series of annual values of rainfall and discharge
for the time space 1963-1998 of Yala River Basin in Kenya. The results showed a decreasing
trend for the rainfall data, a decreasing slope in the upstream station, and an increasing trend
in the downstream station for the discharge data. Khaleghi et al. (2014) investigated the trends
of river discharges and rainfall in Jajrood Watershed in Iran. Two river gauging stations,
Roodak (upstream) and Latyan (downstream), and 6 rainfall stations including Latyan, Roodak,

Ahar, Shemshak, Lavasan, and Garmabdarre were used. Their study sought to determine if the
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discharge and rainfall values had generally increased or decreased over four decades. Their
results showed rainfall data increasing upstream but decreasing downstream. The river
discharge variations showed strong negative slope in Latyan station. Both Githui et al. (2005)
and Khaleghi et al. (2014) as well as Hirsch and Helsel (2002) emphasized the need to ensure
that time series data is cleaned before use and that seasonality is taken into account. Hirsch
and Helsel (2002) and Khaleghi et al. (2014) point to the fact that detection or non-detection
of trend in time series is based on the quality, quantity of data and other exogenous variables.
They emphasise that any given test for trend has a definition of what is meant by "no trend". It
includes assumptions generally related to the type of distribution and serial correlation. They
indicate that failing to reject Ho does not mean that it has been adequately proved that there is
no trend. It is rather an indication that the evidence available is not sufficient to conclude that
there is a trend. This study took into account the recommendations on data cleaning and

followed standard procedures as suggested by Hirsch and Helsel (2002).

In Zambia, Kampata et al. (2008) used the Mann-Kendall Test to analyse trends in rainfall in
the headstreams of the Zambezi River Basin. They analysed rainfall time series between 1945
and 2005 for Kabompo, Kasempa, Mwinilunga, Kaoma and Mongu Meteorological Stations.
They concluded that “there was no evidence of significant trends in the annual rainfall at 0.05
significance level for all the individual stations as the computed Z statistics were found to be
less than the critical value of 1.96. Although the trends are not significant, the rainfall is
generally decreasing as evident from the negative values of the Mann—Kendall-statistics, S”.
The results of this study agree with those of Kampata et al. (2008) for Kabompo and Mongu
stations. As observed in this study, the period 1974 to 2012, Kabompo and Mansa time series
showed insignificant downward trends. Mongu station showed an insignificant upward trend
in rainfall (Table 25). Though Mongu Station, representative of rainfall received in the wetland,
showed an upward trend the rainfall received within the wetland does not significantly impact
on the inundation (Beilfuss and Santos, 2001; IUCN, 2003 and Fanshawe, 2010). The study
observed a generally downward trend in rainfall. The downward trend in rainfall is in tandem
with the overall scenario analyses for Southern Africa by Frich et al. (2002), New et al. (2005)
and Christensen et al. (2007), which indicate reduction in rainfall.

An insignificant downward trend in the maximum temperatures within the wetland area (as

represented by the Mongu Station Maximum Temperature time series) during the period 1975
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to 2003 was observed (Table 25). On discharge, the change point detection analysis showed
that there were significant changes in the mean discharge in the Barotse Wetland. For instance,
one of the major changes in annual mean discharge between 1952 and 2004 occurred in 1981
from 1123 to 808. 38 m3. year? and 846.52 to 614.97 m3. year? at Senanga and Lukulu Gauge
Stations respectively. This change point is also noted by Beilfuss (2012) for the entire Zambezi
River Basin. Generally, the trend in discharge into the wetland shows a downward trajectory.
At both Lukulu and Senanga stations there was a significant downward trend in discharge
between 1952 to 2004 with p-value < 0.05. This downward trend can also be visually observed
(Figures 34, 35 and 26) as the discharge values varies in a downward direction. Variations in
discharge for the period 1952 to 1974 were higher than variation for the period 1975 to 1981
which was higher than that for 1982 to 1997. Although the variations for the period 1998 to
2004 were higher than for the period 1982 to 1997, the amounts were lower than for the period
1967 to 1974 and 1975 to 1981 indicating an overall downward trend in discharge values. The
variations in discharge observed in this study are very similar to those observed by Beilfuss
(2012) for the Zambezi River Basin. The implications of the trends in discharge on the
inundation extent is that by correlation the downward trend in discharge translates into a
downward trend in inundation extent in the Barotse Wetland. A downward trend or departure
from the normal mean in discharge has significant reparations on water quality and quantity in

a river system (Hirsch and Helsel, 2002).

5.10.7 Hydrologic, climatologic and land cover variables correlation with inundation

There was a strong coefficient of determination of 0.91 between mean daily discharge and 8-
day interval inundation extent (Table 13 and Figure 22) and a correlation coefficient of 0.81
between mean monthly discharge and mean monthly inundation extent (Table 27). These
results correlate with the assertions by Kasimona and Makwaya (1995), Beilfuss and Santos,
(2001), IUCN (2003) Fanshawe (2010), Beilfuss (2012) which state that inundation in the
Barotse Wetland is as a result of the discharge from the Zambezi River and its tributaries into
the wetland. Further, the significant correlation, p-value <0.05, between mean annual rainfall
time series at Kabompo Station and the mean annual discharge time series at Senanga Station
supports the dependence of the inundation extent on the upstream wetland catchment rainfall.
The observed relationship between rainfall at Kabompo Station and discharge at Senanga
Station is supported by Koster and Suarez (1999) and Zhao et al. (2011), who observed that

spatial rainfall variability is the main source of variability in discharge. Thus, based on the
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observed correlation between discharge and rainfall, the overall downward trend in rainfall at
Kabompo Station means that the overall trends in discharge at Kalabo, Lukulu and Senanga
gauge stations in the wetland for the period 1952 to 2004 (Figures 34 — 36) was downward as

well.

The IPCC (2001), Paul et al. (2006) and Kim et al. (2012) point to how climate variables such
as increased temperature and rainfall variability will impact on wetlands globally through
changes in water quantity and quality. According to the Millennium Ecosystem Assessment,
(2005), Blumenfeld et al. (2009) and Woodward et al. (2014) understanding the interlinkages
between wetlands, changes in land cover and use and between climate and hydrological
variables such as discharge, rainfall and temperature is crucial to the mananagment of water
resources in general and wetlands in particular. For instance, changes in land cover and use is
one of the major contributors to wetland degradation mainly through increased catchment
erosion and nutrient loading (Erwin, 2009; Blumenfeld et al. 2009; Fanshawe, 2010).
Woodward et al. (2014) observed that reduction in forest cover increased wetland inundation
extent and water level. Thus, the long term perspective of this study is that the observed
reduction in forest cover in the Barotse Wetland catchment will have significant effects on the
hydrology of the wetland. Based on this study’s observed trends and correlations between
hydrological and climatological variables and the changes in the forest cover Changes in the
wetland catchment, these variables will continue to play a significant role in inundation extent

trends in the Barotse wetland.
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS

The conclusions derived from the study and the recommendations are presented in this chapter

in a summarised form following the study objectives as outlined in Chapter 1. The

recommendations seek to point at areas where intervention by way of further studies and action

by relevant institutions is required.

6.1

CONCLUSIONS

The following were the conclusions:

(i)

(i)

(iii)

(iv)

The highest inundation extent was observed in 2009 at 6,658.75 Km? while the
lowest extent was observed in the year 2005 at 3169.25 Km?.

Based on the quantified inundation extent and analysed with the one-way RM
ANOVA, the Barotse Wetland experienced significant (p-value < 0.05) variations
in inundation extent in the period 2003 to 2013. Inundation extent on the days

assessed during the period 2003 to 2013 differed each year.

Inundation extent showed an increasing trend in the period 2003 to 2013 with a
Mann-Kendall Z statistic of 1.87 at alpha level 0.05. The trend in inundation extent
was similar to the water level trend which also showed a rising scenario (Mann-
Kendall Z statistic of 2.67) for the period 2000 to 2011. The Pearson correlation
coefficient of Inundation extent and water level was 0.89 while discharge and
inundation extent showed a coefficient of 0.91. This implies that trends in
inundation extent increase or decrease with increase or decrease in water

level/discharge trend(s).

Though data on actual evapotranspiration, runoff, ground water flows and rainfall
over the wetland was not obtained to calculate the water balance for the Barotse
Wetland, the differences in the hydrographs of inflows and outflows and the rates
of change in discharge at Lukulu and Senanga gauge stations suggest the wetland
plays a major role in flow attenuation. For instance, during the receding period, that
is from mid-April to end of July of a hydrological year, the inflow (discharge) rate
of change (for the hydrological year 1996/1997) at Lukulu Gauge Station was
lower, 9.50 m3.day?, than the outflow (discharge), 14.85 m3.day?, at Senanga
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(v)

(vi)

(vii)

(viii)

Gauge Station. This phenomenon suggests an attribute that accentuates the Barotse

Wetland as a regulator of flow from the upper catchment(s).

Discharge at Senanga Gauge Station correlates positively with rainfall at Kabompo
Meteorological Station with a correlation coefficient of 0.36 and p-value of < 0.05
at significance level alpha of 0.05. By correlation, variability in discharge in the
wetland follows the variability pattern in the spatial rainfall distribution in the upper

catchment.

There were abrupt changes in mean monthly values of discharge in the study area
for the period 1967 to 2007. For Lukulu Station, a change point was observed in the
month of May 1981 from 846.52 m®. month™ to 614.97 m®. month-! after the
change. Another change point was observed in February 1991 from a mean monthly
value of 647.377 m®. month™ to 606.152 m®. month™. A final change point was in
December 1997 from 487.024 m®. month™ to 888.701 m®. month™*. For Senanga
Gauge Station, only one significant abrupt change was noted in July 1981 from a
mean monthly discharge of 1065 m®. month™ to 828.478 m®. month™*. There was a
significant abrupt change in the annual means of discharge for both Lukulu and
Senanga stations. For Lukulu Station an abrupt change in the annual mean discharge
was observed in the hydrological year 1980/1981 from a mean of 810.417 m3. year
! t0 604.660 m*. year. Senanga Station time series revealed an abrupt change in
the 1979/1980 hydrological year from 1078 m®. year? to  873.256 m®. year™.
Generally, significant downward abrupt changes in the monthly and annual means
of discharge were observed in the hydrological years 1979/1980 and 1981/1982.

The Mann-Kendall test for trends revealed overall insignificant (p-value > 0.05)
downward trend in rainfall at Kabompo Station whereas discharge at Lukulu,
Kalabo and Senanga gauge stations showed significant (p-value < 0.05) overall
downward trend. At alpha level 0.05, Senanga and Lukulu stations discharge time
series (1952 to 2004) showed significant downward trends with Z-statistics of -3.38
and -2.88 respectively.

Significant (p-value < 0.05) correlation with coefficient of correlation of 0.91

between discharge and inundation extent was observed. Based on this established
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(ix)

(x)

(xi)

(xii)

relationship it can be inferred that during the period 1952 to 2004, the overall trend
in inundation extent in the Barotse Wetland was also in the downward direction in

tandem with the downward trend in discharge.

Forest cover (Forest/wood vegetation) reduced by 9.77 percent during the period
June 1984 to June 2015 in the study area. During the same period the class
grassland, shrubland and bare land increased by 8.3 percent. The observed rate of
decrease in forest cover of 0.3 percent is relatively high and could cause
disproportional distortions in the hydrological parameters and affect biodiversity in
the wetland especially when viewed from the entire wetland catchment perspective.
The rate of decrease in forest cover is linked to increase in land use practices such
as agriculture, energy and timber production as observed during the field surveys

as well as from the literature reviewed.

By the correlations between variables established in this study, it can be inferred
that inundation extent follows the patterns in rainfall in the upper catchment,
discharge/water level in the wetland, temperature and also the changes in forest

cover in the wetlands catchment.

Overall, use of remote sensing or earth observation-based systems such as satellite
MODIS and Landsat imagery augmented by ground truthing provide a faster,
cheaper and timely system for acquiring the type and quantity of inundation extent
data needed to inform key wetland management decisions. This is despite the
inherent limitations associated with the use of optical satellite imagery data such as
cloud cover and the time lag associated with the revisit cycle of satellites over a
given location. For developing countries like Zambia where financial resources and
other logistical constraints negate field survey based data collection systems,
satellite remote sensing provides enormous leverage for data collection with

minimal financial resources.

From this study it has been observed that dynamics of inundation extent and its
interactions with other variables such as discharge can statistically be evaluated and
used as basis for drawing management frameworks for adaptation to climate

change.
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6.2

RECOMMENDATIONS

Based on the conclusions of the study the following recommendations are advanced for

intervention:

(i)

(i)

(i)

(iv)

The Government of Zambia through the Ministry of Agriculture and Livestock, the
Ministry of Lands, Natural Resources and Environmental protection and other
relevant institutions must consider using high resolution remote sensing data such
as LIDAR to map and characterize the land cover and use patterns in the entire
wetland catchment so as to enhance climate change mitigation and adaptation

measures.

Noting from the successful detection and quantification of inundation extent based
on the MODIS and Landsat imagery the Government of Zambia, through the
Ministry of Lands, Natural Resources and Environmental protection, must consider
setting up an earth observation based approach to capture data, process and utilize
the information for wetland monitoring and management. These data are available
for free and can easily be processed using simple techniques such as what has been

used in this study.

In view of the high rate of depletion of forest cover in the areas surrounding the
wetland the Government of Zambia through the Ministry of Agriculture, Ministry
of Livestock and Fisheries, the Ministry of  Lands, Natural Resources and
Environmental protection and other relevant institutions must upscale existing or
devise new integrated forest management interventions to curb, to significantly

minimal level, the rate of deforestation going on in the area.

The Ministry of Agriculture and the Ministry of Livestock and Fisheries
Development must pay particular attention to the observed patterns in inundation
extent and its relationship with discharge/water level when developing physical
infrastructure for climate adaptation in the wetland because inundation extent

follows the discharge/water level pattern which is highly variable.
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(V) The Integrated Water Resources Management Centre of the University of Zambia
must help the Ministry of Agriculture to devise new water management practices
and tools especially for small-holder farmers in the Barotse Wetland who are

already experiencing the impact of varying inundation scenarios.

(vi)  The Government of Zambia must ensure that no extensive alterations are made to
the current wetland landscape as such actions have potential to alter the flow regime

modulation role of the wetland.

(vii)  More research should be done on quantifying the impact of the changes in forest
cover and other anthropogenic activities on the wetland inundation regimes and
biodiversity. Also, interested researchers should consider carrying out an in-depth
study in order to identify and characterize the elements that gives the wetland its

capacity to modulate downstream flow regimes.
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8.0

APPENDICES

Appendix 1: Landsat Images used in the study for flood extent mapping and assessment of

land cover changes, Barotse Wetland, Western Zambia.

QTY PATH/ROW RES FORMAT SENSOR 'FI)'$SED CC(%) SCENE TIME DATE
9 174/070 30  GEOTIFF L5T™M L1T 0 07:52:23.4770440Z 1984-07-04
9 175/070 30  GEOTIFF L5T™M L1T 0 07:58:14.0630880Z 1984-06-09
9 175/071 30  GEOTIFF LST™M L1T 0 07:58:38.0370060Z 1984-06-09
9 176/070 30  GEOTIFF LST™M L1T 0 08:05:01.8416 1984 07 18
9 176/071 30  GEOTIFF L5T™M L1T 0 08:05:25.8046 1984 07 18
9 174/070 30  GEOTIFF LST™M L1T 0 07:36:00.8280310Z 1996-06-03
9 175/070 30  GEOTIFF LST™M L1T 0 07:42:34.5820880Z 1996-06-10
9 175/071 30  GEOTIFF LST™M L1T 0 07:42:58.6180310Z 1996-06-10
9 176/070 30  GEOTIFF LST™M L1T 0 07:49:08.1620310Z 1996-06-17
9 176/071 30  GEOTIFF L5T™M L1T 0 07:49:32.1980310Z 1996-06-17
9 174/070 30  GEOTIFF LST™M L1T 0 08:05:36.0340560Z 2004-06-25
9 175/070 30  GEOTIFF LST™M L1T 0 08:11:29.9500000Z 2004-06-16
9 175/071 30  GEOTIFF LST™M L1T 0 08:11:54.0660000Z 2004-06-16
9 176/070 30  GEOTIFF LST™M L1T 0 08:17:25.7930310Z 2004-06-07
9 176/071 30  GEOTIFF LST™M L1T 0 08:17:49.9090310Z 2004-06-07
9 174/070 30  GEOTIFF L8 OLI L1T .6 08:23:04.6330075Z 2015-06-08
9 175/070 30  GEOTIFF L8 OLI L1T 0 08:29:19.42342287 2015-06-15
9 175/071 30  GEOTIFF L8 OLI L1T 0 08:29:43.3646163Z 2015-06-15
9 176/070 30  GEOTIFF L8 OLI L1T 0 08:35:24.6996098Z 2015-06-06
9 176/071 30  GEOTIFF LST™M L1T 0 08:35:48.6391860Z 2015-06-06
9 175/070 30  GEOTIFF LST™M L1T 0 08:18:46.59552317 2003-04-19
9 175/070 30  GEOTIFF LST™M L1T 0 08:10:05.9740000Z 2004-04-29
9 175/070 30  GEOTIFF LST™M L1T 0 08:17:09.1920440Z 2005-04-16
9 175/070 30  GEOTIFF LST™M L1T 0 08:19:07.5710440Z 2007-04-06

QTY = Quality, RES = Resolution, PROD = Product
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Appendix 2: Calculated estimates of inundated area based on MODIS 09A1 imagery data for
the period 2003 -2013 in the Barotse Wetland, Western Zambia.

Year Day Threshold Pixel count | Pixel size(km2) Area (Km?)
33 0.45 8491 0.25 2122.75
97 0.45 19910 0.25 49775
105 0.5 23341 0.25 5835.25
113 0.5 21392 0.25 5348
121 0.45 17018 0.25 42545
129 0.45 14884 0.25 3721
137 0.45 13677 0.25 3419.25

2003 145 0.45 12115 0.25 3028.75
153 0.45 9373 0.25 2343.25
161 0.45 6724 0.25 1681
169 0.45 6106 0.25 1526.5
193 0.45 2429 0.25 607.25
209 0.43 6698 0.25 1674.5
297 0.4 2429 0.25 607.25
313 0.41 3398 0.25 849.5
33 0.47 14304 0.25 3576
89 0.47 24409 0.25 6102.24
97 0.47 23350 0.25 5837.5
105 0.5 25491 0.25 6372.75
113 0.47 19191 0.25 4797.75
121 0.47 18450 0.25 46125
129 0.47 16754 0.25 4188.5
137 0.47 15028 0.25 3757

2004 145 0.48 13910 0.25 34775
153 0.47 11671 0.25 2917.75
161 0.47 9938 0.25 2484.5
169 0.47 7849 0.25 1962.25
185 0.47 4486 0.25 1121.5
193 0.47 5088 0.25 1272
201 0.44 4646 0.25 11615
209 0.44 3977 0.25 994.25
217 0.44 3759 0.25 939.75
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Appendix 2 continued.

0.45

49 7718 0.25 19295
57 0.47 9305 0.25 2326.25
89 0.47 10968 0.25 2742
97 0.47 12677 0.25 3169.25
105 0.47 10633 0.25 2658.25
113 0.45 10791 0.25 2697.75
2005 121 0.45 9489 0.25 2372.25
129 0.45 10860 0.25 2715
137 0.43 8390 0.25 2097.5
145 0.45 8313 0.25 2078.25
153 0.45 6936 0.25 1734
161 0.43 5834 0.25 14585
169 0.42 4896 0.25 1224
177 04 3869 0.25 967.25
73 0.47 25766 0.25 64415
81 0.44 23035 0.25 5758.75
89 0.46 23038 0.25 5759.5
97 0.47 21803 0.25 5450.75
105 0.47 20315 0.25 5078.75
113 0.47 19820 0.25 4955
2006 121 0.48 18635 0.25 4658.75
129 0.47 17623 0.25 4405.75
137 0.48 12730 0.25 3182.5
145 0.47 12409 0.25 3102.25
153 0.45 0.25 0
161 0.45 8377 0.25 2094.25
169 0.45 4499 0.25 1124.75
177 0.47 2893 0.25 723.25
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Appendix 2 continued.

41 0.44 24889 0.25 6222.25
49 0.43 23743 0.25 5935.75
73 0.46 23777 0.25 5944.25
81 0.47 23204 0.25 5801
89 0.47 22587 0.25 5646.75
97 0.47 23188 0.25 5797
105 0.48 20322 0.25 5080.5
2007 113 0.48 18657 0.25 4664.25
121 0.47 16753 0.25 4188.25
129 0.48 18063 0.25 4515.75
137 0.46 12688 0.25 3172
145 0.45 12009 0.25 3002.25
153 0.45 8654 0.25 2163.5
161 0.47 8508 0.25 2127
169 0.42 2475 0.25 618.75
185 0.42 2294 0.25 573.5
81 0.44 23247 0.25 5811.75
89 0.46 23453 0.25 5863.25
97 0.49 23243 0.25 5810.75
105 0.49 20120 0.25 5030
113 0.49 17115 0.25 4278.75
121 0.46 17423 0.25 4355.75
2008 129 0.45 14523 0.25 3630.75
137 0.45 13074 0.25 3268.5
145 0.45 11739 0.25 2934.75
153 0.45 10652 0.25 2663
161 0.45 8053 0.25 2013.25
169 0.45 6733 0.25 1683.25
177 0.45 5526 0.25 13815
81 0.43 26635 0.25 6658.75
89 0.44 25970 0.25 6492.5
97 0.45 23262 0.25 5815.5
105 0.45 21937 0.25 5484.25
113 0.45 19503 0.25 4875.75
121 0.46 17874 0.25 4468.5
2009 129 0.46 14452 0.25 3613
137 0.45 13125 0.25 3281.25
145 0.45 11178 0.25 27945
153 0.45 8874 0.25 22185
161 0.46 6760 0.25 1690
169 0.46 5172 0.25 1293
177 0.45 3368 0.25 842
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Appendix 2 continued.

81 043 25520 0.25 6380
89 0.44 25524 0.25 6381
097 0.45 25309 0.25 6327.25
105 0.45 21147 0.25 5286.75
113 0.43 19791 0.25 4947.75
121 0.44 18278 0.25 4569.5
2010 129 0.45 15679 0.25 3919.75
137 0.45 13821 0.25 3455.25
145 0.45 12187 0.25 3046.75
153 0.45 10031 0.25 2507.75
161 0.46 7169 0.25 1792.25
169 0.44 7623 0.25 1905.75
177 0.44 5000 0.25 1250
81 0.41 24875 0.25 6218.75
89 041 25361 0.25 6340.25
97 0.45 24202 0.25 6050.5
105 0.45 25010 0.25 6252.5
113 0.45 22148 0.25 5537
121 0.45 20439 0.25 5109.75
2011 129 0.45 20036 0.25 5009
137 0.47 18970 0.25 47425
145 0.46 15813 0.25 3953.25
153 0.45 13524 0.25 3381
161 0.45 10924 0.25 2731
169 043 8507 0.25 2126.75
177 0.4 5795 0.25 1448.75
1 0.45 12238 0.25 3059.5
57 043 19488 0.25 4872
73 0.45 23436 0.25 5859
89 0.45 23104 0.25 5776
97 0.45 24670 0.25 6167.5
105 0.45 21655 0.25 5413.75
113 0.45 19762 0.25 49405
2012 121 0.47 18106 0.25 4526.5
129 0.46 18117 0.25 4529.25
137 0.45 15228 0.25 3807
145 0.45 12497 0.25 3124.25
153 0.45 10805 0.25 2701.25
161 0.45 10038 0.25 2509.5
169 0.44 6917 0.25 1729.25
177 0.43 4013 0.25 1003.25
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Appendix 2 continued.

2013

0.39

25 21579 0.25 5394.75
33 041 15158 0.25 3789.5
49 0.35 20727 0.25 5181.75
57 0.42 26296 0.25 6574
65 0.42 24334 0.25 6083.5
73 043 22858 0.25 57145
81 0.44 24524 0.25 6131
89 0.46 25104 0.25 6276
97 0.49 24568 0.25 6142
105 0.49 24903 0.25 6225.75
113 0.5 20386 0.25 5096.5
121 0.48 21223 0.25 5305.75
129 0.45 16965 0.25 4241.25
137 0.44 11465 0.25 2866.25
145 043 11881 0.25 2970.25
153 043 14169 0.25 3542.25
161 0.40 8614 0.25 21535
169 0.39 9388 0.25 2347
177 0.38 8471 0.25 2117.75
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Appendix 3: All Pairwise Multiple Comparison Procedures (Holm-Sidak method) for

inundation extent variations in the Barotse Wetland, Western Zambia.

(@) Ascending period comparisons

Normality Test (Kolmogorov-Smirnov) Passed (P =0.22)
Equal Variance Test: Passed (P =0.76)

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t P P<0.050
2010 vs. 2005 3506.25 13.39 <0.05 Yes
2013 vs. 2005 3358.08 12.82 <0.05 Yes
2011 vs. 2005 3357.92 12.82 <0.05 Yes
2004 vs. 2005 3247.66 12.40 <0.05 Yes
2009 vs. 2005 3074.25 11.74 <0.05 Yes
2012 vs. 2005 2929.25 11.18 <0.05 Yes
2008 vs. 2005 2711.50 10.35 <0.05 Yes
2007 vs. 2005 2651.58 10.12 <0.05 Yes
2006 vs. 2005 2573.17 9.83 <0.05 Yes
2003 vs. 2005 2552.48 9.75 <0.05 Yes
2010 vs. 2003 953.77 3.64 0.07 No
2010 vs. 2006 933.08 3.56 0.08 No
2010 vs. 2007 854.67 3.26 0.15 No
2013 vs. 2003 805.60 3.08 0.22 No
2011 vs. 2003 805.44 3.08 0.22 No
2010 vs. 2008 794.75 3.04 0.23 No
2013 vs. 2006 784.92 3.00 0.24 No
2011 vs. 2006 784.75 3.00 0.24 No
2013 vs. 2007 706.50 2.70 0.40 No
2011 vs. 2007 706.33 2.70 0.40 No
2004 vs. 2003 695.18 2.65 0.41 No
2004 vs. 2006 674.50 2.58 0.46 No
2013 vs. 2008 646.58 2.47 0.53 No
2011 vs. 2008 646.42 2.47 0.52 No
2004 vs. 2007 596.08 2.28 0.66 No
2010 vs. 2012 577.00 2.20 0.70 No
2004 vs. 2008 536.16 2.08 0.80 No
2009 vs. 2003 521.77 1.99 0.82 No
2009 vs. 2006 501.08 1.91 0.86 No
2010 vs. 2009 432.00 1.65 0.96 No
2013 vs. 2012 428.83 1.64 0.96 No
2011 vs. 2012 428.67 1.64 0.95 No
2009 vs. 2007 422.67 1.61 0.95 No
2012 vs. 2003 376.77 1.44 0.98 No
2009 vs. 2008 362.75 1.39 0.99 No
2012 vs. 2006 356.08 1.36 0.99 No
2004 vs. 2012 31841 1.22 0.99 No
2013 vs. 2009 283.83 1.08 1.00 No
2011 vs. 2009 283.67 1.08 1.00 No
2012 vs. 2007 277.67 1.06 1.00 No
2010 vs. 2004 258.59 0.99 1.00 No
2012 vs. 2008 217.75 0.83 1.00 No
2004 vs. 2009 173.41 0.66 1.00 No
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Appendix 3a continued.

2008 vs. 2003 159.02 0.61 1.00 No
2010 vs. 2011 148.33 0.57 1.00 No
2010 vs. 2013 148.17 0.57 1.00 No
2009 vs. 2012 145.00 0.55 1.00 No
2008 vs. 2006 138.33 0.53 1.00 No
2013 vs. 2004 110.42 0.42 1.00 No
2011 vs. 2004 110.25 0.42 1.00 No
2007 vs. 2003 99.10 0.38 1.00 No
2007 vs. 2006 78.42 0.30 1.00 No
2008 vs. 2007 59.92 0.23 1.00 No
2006 vs. 2003 20.69 0.08 1.00 No
2013 vs. 2011 0.17 0.00 1.00 No

(b) Receding Period comparisons

Normality Test (Kolmogorov-Smirnov) Passed (P =0.19)

Equal Variance Test: Passed (P =0.22)

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t P P<0.05
2011 vs. 2005 2628.94 11.28 <0.05 Yes
2010 vs. 2005 2210.31 9.48 <0.05 Yes
2012 vs. 2005 1980.19 8.49 <0.05 Yes
2013 vs. 2005 1906.81 8.18 <0.05 Yes
2004 vs. 2005 1868.31 8.01 <0.05 Yes
2006 vs. 2005 1829.88 7.85 <0.05 Yes
2003 vs. 2005 1715.06 7.36 <0.05 Yes
2007 vs. 2005 1664.44 7.14 <0.05 Yes
2009 vs. 2005 1589.00 6.82 <0.05 Yes
2008 vs. 2005 1412.81 6.06 <0.05 Yes
2011 vs. 2008 1216.13 5.22 <0.05 Yes
2011 vs. 2009 1039.94 4.46 <0.05 Yes
2011 vs. 2007 964.50 4.14 <0.05 Yes
2011 vs. 2003 913.88 3.92 <0.05 Yes
2011 vs. 2006 799.06 3.43 0.07 No
2010 vs. 2008 797.50 3.42 0.07 No
2011 vs. 2004 760.63 3.26 0.10 No
2011 vs. 2013 722.13 3.10 0.15 No
2011 vs. 2012 648.75 2.78 0.29 No
2010 vs. 2009 621.31 2.67 0.36 No
2012 vs. 2008 567.38 2.43 0.53 No
2010 vs. 2007 545.88 2.34 0.59 No
2010 vs. 2003 495.25 2.12 0.76 No
2013 vs. 2008 494.00 2.12 0.75 No
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Appendix 3b

continued.

2004 vs.
2011 vs.
2006 vs.
2012 vs.
2010 vs.
2010 vs.
2013 vs.
2012 vs.
2010 vs.
2003 vs.
2004 vs.
2012 vs.
2007 vs.
2013 vs.
2006 vs.
2010 vs.
2004 vs.
2013 vs.
2009 vs.
2006 vs.
2004 vs.
2012 vs.
2003 vs.
2006 vs.
2012 vs.
2013 vs.
2007 vs.
2012 vs.
2003 vs.
2013 vs.
2004 vs.

2008
2010
2008
2009
2006
2004
2009
2007
2013
2008
2009
2003
2008
2007
2009
2012
2007
2003
2008
2007
2003
2006
2009
2003
2004
2006
2009
2013
2007
2004
2006

455.50
418.63
417.06
391.19
380.44
342.00
317.81
315.75
303.50
302.25
279.31
265.13
251.63
242.38
240.88
230.13
203.88
191.75
176.19
165.44
153.25
150.31
126.06
114.81
111.88
76.94
75.44
73.38
50.63
38.50
38.44

1.95
1.80
1.79
1.68
1.63
1.47
1.36
1.35
1.30
1.30
1.20
1.14
1.08
1.04
1.03
0.99
0.88
0.82
0.76
0.71
0.66
0.65
0.54
0.49
0.48
0.33
0.32
0.32
0.22
0.17
0.17
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0.85
0.93
0.92
0.95
0.96
0.99
0.99
0.99

1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00

1.00
1.00
1.00

0.87

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No



Appendix 3 ¢. Mann-Kendall Test results for the annual means of inundation extent

Mann-Kendall Trend

Sens Slope estimate

Name Years n Test Z Signific. (Km?)

Inundation Extent 2003 - 2013 11 1.87 + 62.20

Point values for the chart

99 % conf. 95 % conf. 95 % conf.

Year Data Sen's estimate min 99 % conf. max | min max Residual
2003 4797.33 4673.95 5291.48 3066.80 5073.39 3764.13 123.38
2004 5221.55 4736.16 5221.55 3398.58 5060.35 4000.74 485.39
2005 2663.56 4798.36 5151.62 3730.37 5047.32 4237.35 -2134.80
2006 4865.08 4860.57 5081.69 4062.15 5034.29 4473.95 451
2007 4821.57 4922.78 5011.75 4393.93 5021.25 4710.56 -101.20
2008 4725.72 4984.98 4941.82 4725.72 5008.22 4947.17 -259.26
2009 4995.19 5047.19 4871.89 5057.50 4995.19 5183.78 -52.00
2010 5521.84 5109.39 4801.96 5389.29 4982.15 5420.38 412.45
2011 5656.99 5171.60 4732.02 5721.07 4969.12 5656.99 485.39
2012 5118.28 5233.80 4662.09 6052.86 4956.09 5893.60 -115.52
2013 5296.01 5296.01 4592.16 6384.64 4943.05 6130.20 0.00

Appendix 3 d. Mann-Kendall Test results for the annual means of water level for Senanga
Gauge Station for the period 2000 to 2011.

Mann-Kendall Trend

Sens Slope estimate

Name Years n TestZ Signific. (m)

Water Level 2000 - 2013 12 1.87 *x 0.10

Point values for the chart

99 % conf. | 99 % conf. | 95 % conf. | 95 % conf.

Year | Data | Sen's estimate min max min max Residual
2000 | 1.87 1.93 2.44 1.24 2.31 1.50 -0.06
2001 | 2.46 2.03 2.45 1.46 2.34 1.68 0.42
2002 | 1.92 2.13 2.46 1.69 2.37 1.86 -0.21
2003 | 2.36 2.23 2.46 1.91 2.41 2.04 0.13
2004 | 2.47 2.33 247 2.13 2.44 2.22 0.13
2005 | 1.85 2.43 2.48 2.36 2.48 2.40 -0.58
2006 | 2.15 2.53 2.48 2.58 2.51 2.58 -0.39
2007 | 2.70 2.63 2.49 2.80 2.54 2.76 0.07
2008 | 2.73 2.73 2.49 3.03 2.58 2.94 -0.01
2009 | 2.59 2.83 2.50 3.25 2.61 3.13 -0.25
2010 | 3.57 2.94 2.51 3.47 2.64 3.31 0.64
2011 | 3.04 3.04 2.51 3.70 2.68 3.49 0.01
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Appendix 4: Inundation extent Rate of change indices for each year in the Barotse Wetland,

Western Zambia.
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Appendix 4 continued.
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Appendix 4 continued.
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Appendix 4 continued.
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Appendix 5: Land Cover Classification Accuracy Assessment Reports for the Barotse

Wetland, Western Zambia.

Overall Accuracy
Kappa Coefficient

Class
Unclassified
Grassland
Wetland
Water

Forest Land
Grass/Shrub/Bare
Land

Total

Class
Unclassified
Grassland
Wetland
Water

Forest Land
Grass/Shrub/Bare
Land

Total

Class

Grassland
Wetland
Water

Forest Land
Grass/Shrub/Bare
Land

Class

Grassland
Wetland
Water

Forest Land
Grass/Shrub/Bare
Land

1984 CLASSIFICATION ACCURACY ASSESSMENT

(134330/142248)
0.9091

Grassland
0
28047
36
0
1012

124
29219

Grassland
0
95.99
0.12
0
3.46

0.42
100

Commission
(Percent)
12.52
1.39
0
3.57

19.96

Prod. Acc.
(Percent)

95.99
87.14
46.48
99.93

54.24

94.43%
Ground Truth Pixels
Grass/Shrub/Bare
Wetland Water Forest Land Land
0 0 0 0
3137 0 51 827
26702 340 0 0
0 343 0 0
291 0 76447 1528
513 55 4 2791
30643 738 76502 5146
Ground Truth (Percent)
Grass/Shrub/Bare
Wetland Water Forest Land Land
0 0 0 0
10.24 0 0.07 16.07
87.14 46.07 0
0 46.48 0
0.95 0 99.93 29.69
1.67 7.45 0.01 54.24
100 100 100 100
Omission Commission  Omission
(Percent) (Pixels) (Pixels)
4.01 4015/32062 1172/29219
12.86 376/27078 3941/30643
53.52 0/343 395/738
0.07 2831/79278 55/76502
45.76 696/3487 2355/5146
User
Acc. Prod. Acc. User Acc.
(Percent) (Pixels) (Pixels)
87.48 28047/29219 28047/32062
98.61 26702/30643 26702/27078
100 343/738 343/343
96.43 76447/76502 76447/79278
80.04 2791/5146 2791/3487
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Total
0
32062
27078
343
79278

3487
142248

Total

22.54
19.04
0.24
55.73

2.45
100



Appendix 5 continued.

Overall Accuracy
Kappa Coefficient

Class
Unclassified
Water
Wetland
Grassland

Forest Land
Grass/Shrub/Bare
Land

Total

Class
Unclassified
Water
Wetland
Grassland

Forest Land
Grass/Shrub/Bare
Land

Total

Class

Water
Wetland
Grassland

Forest Land
Grass/Shrub/Bare
Land

Class

Water
Wetland
Grassland

Forest Land
Grass/Shrub/Bare
Land

1996 CLASSIFICATION ACCURACY ASSESSMENT

(131390/142559)
0.8718

Water

490
130
44
39

43
746

Water

65.68
17.43
5.9
5.23

5.76
100

Commission
(Percent)
4.67
5.83
14.6
4.95

34.18

Prod. Acc.
(Percent)
65.68
83.21
96.78
98.56

28.57

92.10%

Wetland
0
0
25535
3340
1190

621
30686

Wetland
0
0
83.21
10.88
3.88

2.02
100

Omission
(Percent)
34.32
16.79
3.22
1.44

71.43

User
Acc.

(Percent)
95.33
94.17

85.4
95.05

65.82

143

Ground Truth Pixels

Grassland
0
24
269
28430
546

107
29376

Forest Land
0
0
1069
34
75450

0
76553

Ground Truth (Percent)

Grassland
0
0.08
0.92
96.78
1.86

0.36
100

Commission
Pixels)
24/514

1582/27117

4861/33291

3931/79381

771/2256

Prod. Acc.
(Pixels)
490/746

25535/30686
28430/29376
75450/76553

1485/5198

Forest Land
0
0
1.4
0.04
98.56

100

Omission
(Pixels)
256/746

5151/30686
946/29376
1103/76553

3713/5198

User Acc.
(Pixels)
490/514

25535/27117
28430/33291
75450/79381

1485/2256

Grass/Shrub/Bare
Land Total
0 0
0 514
114 27117
1443 33291
2156 79381
1485 2256
5198 142559
Grass/Shrub/Bare
Land Total
0 0
0 0.36
2.19 19.02
27.76 23.35
41.48 55.68
28.57 1.58
100 100



Appendix 5 continued.

Overall Accuracy
Kappa Coefficient

Class
Unclassified
Wetland
Water
Grassland

Forest Land
Grass/Shrub/Bare
Land

Total

Class
Unclassified
Wetland
Water
Grassland

Forest Land
Grass/Shrub/Bare
Land

Total

Class

Wetland
Water
Grassland

Forest Land
Grass/Shrub/Bare
Land

Class

Wetland
Water

Grassland
Forest Land

Grass/Shrub/Bare
Land

2004 CLASSIFICATION ACCURACY ASSESSMENT

(130306/142248)
0.8635

Wetland
0
29872
257
1
0

513
30643

Wetland
0
97.48
0.84
0
0

1.67
100

Commission
(Percent)
8.24
67.62
3.85
5.81

36.77

Prod. Acc.
(Percent)

97.48
85.64

67.52
99.13

82.36

91.65%

Water

81
632

25
738

Water

10.98
85.64

3.39
100

Omission
(Percent)
2.52
14.36
32.48
0.87

17.64

User
Acc.

(Percent)

91.76
32.38

96.15
94.19

63.23

Ground Truth Pixels

Grassland
0
2603
1063
19729
3897

1927
29219

Forest Grass/Shrub/Bare
Land Land
0 0
0 0
0 0
667 123
75835 785
0 4238
76502 5146

Ground Truth (Percent)

Grassland
0
8.91
3.64
67.52
13.34

6.6
100

Commission
Pixels)
2684/32556
1320/1952
791/20520
4682/80517

2465/6703

Prod. Acc.

Pixels)
29872/30643
2

632/738
19729/29219
1
75835/76502
7

4238/5146

144

Forest Grass/Shrub/Bare

Land Land
0 0
0 0
0 0

0.87 2.39

99.13 15.25

0 82.36
100 100

Omission
(Pixels)
771/30643
106/738
9490/29219
667/76502

908/5146

User Acc.
(Pixels)

9872/32556
632/1952

9729/20520
5835/80517

4238/6703

Total
0
32556
1952
20520
80517

6703
142248

Total

22.89
1.37
14.43
56.6

4.71
100



Appendix 6: Sens slope estimates for each time series data set assessed in the study, Barotse

Point values for the chart Observed
discharge — Senanga Station Overall

Wetland, Western Zambia.

1952 -2004

99 % conf. 99 % conf. 95 % conf. 95 % conf.
Year | Data Sen's estimate min max min max Residual
1952 | 1095.98 1130.08 1225.33 1032.99 1192.14 1044.24 -34.11
1953 | 1078.99 1123.14 1213.62 1031.44 1181.92 1041.25 -44.15
1954 | 992.09 1116.20 1201.91 1029.89 1171.70 1038.26 -124.11
1955 | 1028.09 1109.25 1190.20 1028.34 1161.47 1035.27 -81.16
1956 | 1198.40 1102.31 1178.49 1026.79 1151.25 1032.28 96.09
1957 | 1029.29 1095.36 1166.78 1025.23 1141.03 1029.29 -66.07
1958 | 1155.07 1088.42 1155.07 1023.68 1130.81 1026.30 66.66
1959 | 943.99 1081.47 1143.37 1022.13 1120.58 1023.31 -137.48
1960 | 978.22 1074.53 1131.66 1020.58 1110.36 1020.32 -96.31
1961 | 1083.23 1067.59 1119.95 1019.03 1100.14 1017.33 15.64
1962 | 1277.85 1060.64 1108.24 1017.48 1089.92 1014.34 217.21
1963 | 1384.63 1053.70 1096.53 1015.92 1079.70 1011.35 330.93
1964 | 1103.09 1046.75 1084.82 1014.37 1069.47 1008.36 56.34
1965 | 1012.82 1039.81 1073.11 1012.82 1059.25 1005.37 -26.99
1966 | 1032.87 1032.87 1061.41 1011.27 1049.03 1002.38 0.00
1967 | 949.27 1025.92 1049.70 1009.72 1038.81 999.39 -76.65
1968 | 1284.00 1018.98 1037.99 1008.17 1028.58 996.40 265.03
1969 | 1305.54 1012.03 1026.28 1006.61 1018.36 993.41 293.51
1970 | 1223.45 1005.09 1014.57 1005.06 1008.14 990.42 218.37
1971 | 1029.98 998.14 1002.86 1003.51 997.92 987.43 31.83
1972 | 803.06 991.20 991.16 1001.96 987.70 984.44 -188.14
1973 | 652.62 984.26 979.45 1000.41 977.47 981.45 -331.64
1974 | 889.71 977.31 967.74 998.86 967.25 978.46 -87.60
1975 | 1095.98 970.37 956.03 997.30 957.03 975.47 125.61
1976 | 1091.38 963.42 944.32 995.75 946.81 972.48 127.96
1977 | 1011.19 956.48 932.61 994.20 936.59 969.49 54.71
1978 | 1166.75 949,53 920.90 992.65 926.36 966.50 217.21
1979 | 1299.10 942.59 909.20 991.10 916.14 963.51 356.51
1980 | 880.23 935.65 897.49 989.55 905.92 960.52 -55.42
1981 | 952.60 928.70 885.78 988.00 895.70 957.53 23.90
1982 | 803.58 921.76 874.07 986.44 885.47 954.54 -118.18
1983 | 727.32 914.81 862.36 984.89 875.25 951.55 -187.49
1984 | 721.34 907.87 850.65 983.34 865.03 948.56 -186.53
1985 | 854.81 900.93 838.94 981.79 854.81 945,57 -46.12
1986 | 759.28 893.98 827.24 980.24 844.59 942.58 -134.70
1987 | 892.42 887.04 815.53 978.69 834.36 939.59 5.38
1988 | 902.73 880.09 803.82 977.13 824.14 936.60 22.64
1989 | 1179.84 873.15 792.11 975.58 813.92 933.61 306.69
1990 | 637.20 866.20 780.40 974.03 803.70 930.62 -229.00
1991 | 720.25 859.26 768.69 972.48 793.48 927.63 -139.01
1992 | 623.10 852.32 756.98 970.93 783.25 924.64 -229.22
1993 845.37 745.28 969.38 773.03 921.65
1994 838.43 733.57 967.82 762.81 918.66
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Appendix 6 continued.

1995 | 533.03 831.48 721.86 966.27 752.59 915.67 -298.45
1996 | 466.52 824.54 710.15 964.72 742.36 912.68 -358.02
1997 | 687.94 817.59 698.44 963.17 732.14 909.69 -129.66
1998 | 1008.26 810.65 686.73 961.62 721.92 906.70 197.61
1999 | 999.04 803.71 675.02 960.07 711.70 903.71 195.33
2000 | 784.33 796.76 663.32 958.51 701.48 900.72 -12.43
2001 | 1069.80 789.82 651.61 956.96 691.25 897.73 279.98
2002 | 852,51 782.87 639.90 955.41 681.03 894.74 69.63
2003 | 964.38 775.93 628.19 953.86 670.81 891.75 188.45
2004 | 1144.40 768.99 616.48 952.31 660.59 888.76 375.41
Appendix 6 continued.
Point values for the chart
Observed —discharge-
Senanga Station 1952-1979
Sen's 99 % conf. 95 % conf. 95 % conf.
Year | Data estimate 99 % conf. min max min max Residual
1952 | 1095.98 1079.03 1214.10 969.81 1177.04 984.70 16.94
1953 | 1078.99 1079.45 1202.09 980.92 1168.44 992.12 -0.46
1954 992.09 1079.86 1190.07 992.03 1159.84 999.55 -87.78
1955 | 1028.09 1080.28 1178.06 1003.15 1151.23 1006.98 -52.19
1956 | 1198.40 1080.70 1166.05 1014.26 1142.63 1014.40 117.70
1957 | 1029.29 1081.11 1154.03 1025.37 1134.03 1021.83 -51.82
1958 | 1155.07 1081.53 1142.02 1036.48 1125.42 1029.25 73.55
1959 943.99 1081.94 1130.01 1047.59 1116.82 1036.68 -137.95
1960 978.22 1082.36 1118.00 1058.70 1108.22 1044.11 -104.14
1961 | 1083.23 1082.78 1105.98 1069.81 1099.62 1051.53 0.46
1962 | 1277.85 1083.19 1093.97 1080.92 1091.01 1058.96 194.66
1963 | 1384.63 1083.61 1081.96 1092.03 1082.41 1066.38 301.02
1964 | 1103.09 1084.02 1069.94 1103.15 1073.81 1073.81 19.07
1965 | 1012.82 1084.44 1057.93 1114.26 1065.21 1081.23 -71.62
1966 | 1032.87 1084.85 1045.92 1125.37 1056.60 1088.66 -51.99
1967 949.27 1085.27 1033.91 1136.48 1048.00 1096.09 -136.00
1968 | 1284.00 1085.69 1021.89 1147.59 1039.40 1103.51 198.32
1969 | 1305.54 1086.10 1009.88 1158.70 1030.79 1110.94 219.44
1970 | 1223.45 1086.52 997.87 1169.81 1022.19 1118.36 136.94
1971 | 1029.98 1086.93 985.85 1180.92 1013.59 1125.79 -56.96
1972 803.06 1087.35 973.84 1192.04 1004.99 1133.22 -284.29
1973 652.62 1087.77 961.83 1203.15 996.38 1140.64 -435.15
1974 889.71 1088.18 949.82 1214.26 987.78 1148.07 -198.47
1975 | 1095.98 1088.60 937.80 1225.37 979.18 1155.49 7.39
1976 | 1091.38 1089.01 925.79 1236.48 970.58 1162.92 2.37
1977 | 1011.19 1089.43 913.78 1247.59 961.97 1170.34 -78.24
1978 | 1166.75 1089.84 901.76 1258.70 953.37 1177.77 76.90
1979 | 1299.10 1090.26 889.75 1269.81 944.77 1185.20 208.84
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Appendix 6 continued.

Point values for the chart Observed
discharge Senanga Station 1980 -

2004
99 % conf. 99 % conf. 95 % conf. 95 % conf.
Year Data Sen's estimate min max min max Residual
1980 880.23 791.93 928.71 641.58 900.04 678.40 88.30
1981 952.60 797.75 914.55 661.52 890.99 694.71 154.85
1982 803.58 803.58 900.38 681.46 881.95 711.01 0.00
1983 727.32 809.41 886.22 701.40 872.90 727.32 -82.08
1984 721.34 815.23 872.06 721.34 863.85 743.63 -93.89
1985 854.81 821.06 857.89 741.28 854.81 759.94 33.75
1986 759.28 826.89 843.73 761.22 845.76 776.25 -67.60
1987 892.42 832.71 829.57 781.16 836.72 792.56 59.70
1988 902.73 838.54 815.40 801.10 827.67 808.86 64.19
1989 | 1179.84 844.37 801.24 821.04 818.62 825.17 335.47
1990 637.20 850.19 787.08 840.98 809.58 841.48 -212.99
1991 720.25 856.02 772.92 860.92 800.53 857.79 -135.77
1992 623.10 861.85 758.75 880.86 791.48 874.10 -238.75
1993 867.67 744.59 900.80 782.44 890.40
1994 873.50 730.43 920.74 773.39 906.71
1995 533.03 879.33 716.26 940.68 764.34 923.02 -346.29
1996 466.52 885.15 702.10 960.61 755.30 939.33 -418.64
1997 687.94 890.98 687.94 980.55 746.25 955.64 -203.04
1998 | 1008.26 896.81 673.78 1000.49 737.20 971.95 111.45
1999 999.04 902.63 659.61 1020.43 728.16 988.25 96.41
2000 784.33 908.46 645.45 1040.37 719.11 1004.56 -124.13
2001 | 1069.80 914.29 631.29 1060.31 710.06 1020.87 155.52
2002 852.51 920.11 617.12 1080.25 701.02 1037.18 -67.60
2003 964.38 925.94 602.96 1100.19 691.97 1053.49 38.44
2004 | 1144.40 931.77 588.80 1120.13 682.92 1069.80 212.63
Appendix 6 continued.
Point values for the chart Observed
discharge at Lukulu Station -overall
1952 - 2003
99 % conf. 99 % conf. 95 % conf. 95 % conf.
Year Data Sen's estimate min max min max Residual
1952 733.43 798.41 908.89 708.97 882.01 732.69 -64.98
1953 667.57 793.73 899.57 708.32 873.88 730.94 -126.15
1954 667.57 789.04 890.25 707.68 865.75 729.19 -121.47
1955 879.51 784.36 880.93 707.03 857.62 727.45 95.15
1956 687.87 779.67 871.61 706.38 849.48 725.70 -91.80
1957 841.35 774.99 862.29 705.73 841.35 723.95 66.36
1958 649.25 770.30 852.97 705.09 833.22 722.21 -121.06
1959 709.10 765.62 843.65 704.44 825.09 720.46 -56.52
1960 816.46 760.94 834.33 703.79 816.96 718.71 55.52
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Appendix 6 continued.

1961 | 1012.38 756.25 825.01 703.14 808.83 716.97 256.13
1962 | 1040.98 751.57 815.69 702.49 800.70 715.22 289.42
1963 687.66 746.88 806.37 701.85 792.57 713.48 -59.23
1964 766.23 742.20 797.05 701.20 784.44 711.73 24.04
1965 749.94 737.51 787.73 700.55 776.30 709.98 12.43
1966 715.43 732.83 778.41 699.90 768.17 708.24 -17.40
1967 748.03 728.14 769.09 699.26 760.04 706.49 19.89
1968 | 1058.95 723.46 759.77 698.61 751.91 704.74 335.49
1969 953.62 718.78 750.45 697.96 743.78 703.00 234.84
1970 749.62 714.09 741.13 697.31 735.65 701.25 35.52
1971 621.88 709.41 731.81 696.67 727.52 699.50 -87.53
1972 551.64 704.72 722.49 696.02 719.39 697.76 -153.08
1973 677.35 700.04 713.17 695.37 711.26 696.01 -22.69
1974 934.50 695.35 703.85 694.72 703.13 694.27 239.14
1975 931.61 690.67 694.53 694.07 694.99 692.52 240.94
1976 869.51 685.98 685.21 693.43 686.86 690.77 183.52
1977 965.05 681.30 675.89 692.78 678.73 689.03 283.75
1978 | 1021.81 676.62 666.57 692.13 670.60 687.28 345.20
1979 990.11 671.93 657.25 691.48 662.47 685.53 318.18
1980 803.68 667.25 647.93 690.84 654.34 683.79 136.43
1981 571.92 662.56 638.61 690.19 646.21 682.04 -90.64
1982 657.88 657.88 629.29 689.54 638.08 680.30 0.00
1983 590.15 653.19 619.97 688.89 629.95 678.55 -63.04
1984 610.65 648.51 610.65 688.25 621.81 676.80 -37.85
1985 609.83 643.82 601.33 687.60 613.68 675.06 -33.99
1986 588.37 639.14 592.01 686.95 605.55 673.31 -50.77
1987 687.94 634.45 582.69 686.30 597.42 671.56 53.49
1988 617.66 629.77 573.38 685.65 589.29 669.82 -12.11
1989 534.93 625.09 564.06 685.01 581.16 668.07 -90.16
1990 666.32 620.40 554.74 684.36 573.03 666.32 45.92
1991 596.85 615.72 545.42 683.71 564.90 664.58 -18.86
1992 635.07 611.03 536.10 683.06 556.77 662.83 24.04
1993 549.41 606.35 526.78 682.42 548.63 661.09 -56.94
1994 438.06 601.66 517.46 681.77 540.50 659.34 -163.61
1995 384.25 596.98 508.14 681.12 532.37 657.59 -212.73
1996 526.75 592.29 498.82 680.47 524.24 655.85 -65.54
1997 909.70 587.61 489.50 679.83 516.11 654.10 322.09
1998 211.10 582.93 480.18 679.18 507.98 652.35 -371.83
1999 578.24 470.86 678.53 499.85 650.61

2000 | 1059.26 573.56 461.54 677.88 491.72 648.86 485.70
2001 939.05 568.87 452.22 677.23 483.59 647.11 370.18
2002 676.59 564.19 442.90 676.59 475.45 645.37 112.40
2003 240.76 559.50 433.58 675.94 467.32 643.62 -318.74
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Appendix 6 continued.

Point values for the chart Observed
discharge at Lukulu station 1952 -

1980
99 9% conf. 99 % conf. 95 % conf. 95 % conf.

Year Data Sen's estimate min max min max Residual
1952 | 733.43 691.28 809.39 606.87 774.79 641.69 42.15
1953 | 667.57 697.52 806.07 621.20 774.08 654.29 -29.95
1954 | 667.57 703.77 802.75 635.53 773.36 666.90 -36.19
1955 | 879.51 710.02 799.43 649.86 772.65 679.50 169.49
1956 | 687.87 716.26 796.11 664.18 771.94 692.11 -28.39
1957 | 841.35 722.51 792.79 678.51 771.23 704.71 118.84
1958 | 649.25 728.76 789.47 692.84 770.51 717.32 -79.51
1959 | 709.10 735.00 786.15 707.16 769.80 729.92 -25.90
1960 | 816.46 741.25 782.83 721.49 769.09 742.53 75.21
1961 | 1012.38 747.49 779.50 735.82 768.37 755.14 264.89
1962 | 1040.98 753.74 776.18 750.14 767.66 767.74 287.24
1963 | 687.66 759.99 772.86 764.47 766.95 780.35 -72.33
1964 | 766.23 766.23 769.54 778.80 766.23 792.95 0.00
1965 | 749.94 772.48 766.22 793.13 765.52 805.56 -22.54
1966 | 715.43 778.73 762.90 807.45 764.81 818.16 -63.30
1967 | 748.03 784.97 759.58 821.78 764.10 830.77 -36.94
1968 | 1058.95 791.22 756.26 836.11 763.38 843.37 267.73
1969 | 953.62 797.47 752.94 850.43 762.67 855.98 156.15
1970 | 749.62 803.71 749.62 864.76 761.96 868.59 -54.10
1971 | 621.88 809.96 746.29 879.09 761.24 881.19 -188.08
1972 | 551.64 816.21 742.97 893.42 760.53 893.80 -264.56
1973 | 677.35 822.45 739.65 907.74 759.82 906.40 -145.11
1974 | 934.50 828.70 736.33 922.07 759.10 919.01 105.80
1975 | 931.61 834.95 733.01 936.40 758.39 931.61 96.67
1976 | 869.51 841.19 729.69 950.72 757.68 944.22 28.31
1977 | 965.05 847.44 726.37 965.05 756.97 956.82 117.61
1978 | 1021.81 853.69 723.05 979.38 756.25 969.43 168.13
1979 | 990.11 859.93 719.73 993.71 755.54 982.04 130.18
1980 | 803.68 866.18 716.41 1008.03 754.83 994.64 -62.50
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Appendix 6 continued.

Point values for the chart Observed
— Precipitation- Mansa station 1974

- 2012
99 % conf. 99 % conf. 95 % conf. 95 % conf.

Year Data Sen’'s estimate min max min max Residual
1974 | 1287.80 1162.91 1278.97 970.47 1255.88 1041.89 124.89
1975 | 1145.10 1162.58 1271.90 978.25 1250.37 1047.38 -17.48
1976 | 1218.70 1162.25 1264.83 986.03 1244.85 1052.86 56.45
1977 | 1065.40 1161.93 1257.76 993.81 1239.34 1058.35 -96.52
1978 | 1259.00 1161.60 1250.69 1001.59 1233.83 1063.84 97.40
1979 | 1657.00 1161.27 1243.62 1009.37 1228.32 1069.32 495,73
1980 | 1227.30 1160.94 1236.55 1017.15 1222.80 1074.81 66.36
1981 | 956.30 1160.62 1229.48 1024.93 1217.29 1080.30 -204.32
1982 | 1307.70 1160.29 1222.41 1032.71 1211.78 1085.78 147.41
1983 | 963.00 1159.96 1215.34 1040.49 1206.27 1091.27 -196.96
1984 | 1316.40 1159.64 1208.27 1048.27 1200.76 1096.76 156.76
1985 | 1223.80 1159.31 1201.20 1056.05 1195.24 1102.24 64.49
1986 | 1358.50 1158.98 1194.14 1063.83 1189.73 1107.73 199.52
1987 841.40 1158.66 1187.07 1071.61 1184.22 1113.22 -317.26
1988 | 965.40 1158.33 1180.00 1079.39 1178.71 1118.70 -192.93
1989 | 1164.70 1158.00 1172.93 1087.17 1173.19 1124.19 6.70
1990 | 1139.80 1157.68 1165.86 1094.95 1167.68 1129.68 -17.88
1991 | 1057.70 1157.35 1158.79 1102.73 1162.17 1135.16 -99.65
1992 971.50 1157.02 1151.72 1110.51 1156.66 1140.65 -185.52
1993 | 950.50 1156.69 1144.65 1118.29 1151.14 1146.13 -206.19
1994 | 833.90 1156.37 1137.58 1126.07 1145.63 1151.62 -322.47
1995 | 1073.60 1156.04 1130.51 1133.84 1140.12 1157.11 -82.44
1996 | 1102.50 1155.71 1123.44 1141.62 1134.61 1162.59 -53.21
1997 | 1124.60 1155.39 1116.37 1149.40 1129.10 1168.08 -30.79
1998 | 1096.10 1155.06 1109.30 1157.18 1123.58 1173.57 -58.96
1999 | 1190.90 1154.73 1102.23 1164.96 1118.07 1179.05 36.17
2000 | 1183.20 1154.41 1095.16 1172.74 1112.56 1184.54 28.79
2001 | 1180.50 1154.08 1088.10 1180.52 1107.05 1190.03 26.42
2002 | 1499.60 1153.75 1081.03 1188.30 1101.53 1195.51 345.85
2003 | 1058.30 1153.43 1073.96 1196.08 1096.02 1201.00 -95.13
2004 | 1146.40 1153.10 1066.89 1203.86 1090.51 1206.49 -6.70
2005 1152.77 1059.82 1211.64 1085.00 1211.97

2006 | 1218.80 1152.44 1052.75 1219.42 1079.49 1217.46 66.36
2007 | 1090.70 1152.12 1045.68 1227.20 1073.97 1222.95 -61.42
2008 | 1235.00 1151.79 1038.61 1234.98 1068.46 1228.43 83.21
2009 | 1293.20 1151.46 1031.54 1242.76 1062.95 1233.92 141.74
2010 850.30 1151.14 1024.47 1250.54 1057.44 1239.41 -300.84
2011 | 1272.20 1150.81 1017.40 1258.32 1051.92 1244.89 121.39
2012 | 1191.50 1150.48 1010.33 1266.10 1046.41 1250.38 41.02
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Appendix 6 continued.

Point values for the chart Observed
—Max-temperature — Mongu station

1975 - 2002
99 % conf. 99 9% conf. 95 % conf. 95 % conf.

Year | Data | Sen's estimate min max min max Residual
1975 | 30.28 31.47 33.25 29.97 32.60 30.43 -1.19
1976 | 32.00 31.40 33.03 30.03 32.43 30.45 0.60
1977 | 30.61 31.32 32.82 30.09 32.26 30.46 -0.71
1978 | 32.00 31.25 32.60 30.14 32.10 30.48 0.75
1979 | 31.22 31.18 32.39 30.20 31.93 30.50 0.04
1980 | 27.78 31.11 32.17 30.26 31.76 30.51 -3.33
1981 | 33.78 31.04 31.96 30.31 31.59 30.53 2.74
1982 | 32.33 30.97 31.75 30.37 31.42 30.55 1.36
1983 | 32.72 30.90 31.53 30.43 31.25 30.57 1.82
1984 | 29.56 30.82 31.32 30.48 31.08 30.58 -1.26
1985 | 29.83 30.75 31.10 30.54 30.91 30.60 -0.92
1986 | 30.17 30.68 30.89 30.60 30.74 30.62 -0.51
1987 | 32.67 30.61 30.68 30.65 30.57 30.64 2.06
1988 | 30.50 30.54 30.46 30.71 30.40 30.65 -0.04
1989 | 32.06 30.47 30.25 30.77 30.24 30.67 1.59
1990 | 32.67 30.40 30.03 30.82 30.07 30.69 2.27
1991 | 29.78 30.32 29.82 30.88 29.90 30.71 -0.54
1992 | 25.22 30.25 29.60 30.94 29.73 30.72 -5.03
1993 | 29.17 30.18 29.39 30.99 29.56 30.74 -1.01
1994 | 31.67 30.11 29.18 31.05 29.39 30.76 1.56
1995 | 30.94 30.04 28.96 31.11 29.22 30.78 0.90
1996 | 29.28 29.97 28.75 31.16 29.05 30.79 -0.69
1997 | 30.50 29.90 28.53 31.22 28.88 30.81 0.60
1998 | 29.11 29.82 28.32 31.28 28.71 30.83 -0.71
1999 | 26.94 29.75 28.11 31.33 28.54 30.84 -2.81
2000 | 32.28 29.68 27.89 31.39 28.38 30.86 2.60
2001 | 31.61 29.61 27.68 31.44 28.21 30.88 2.00
2002 | 26.56 29.54 27.46 31.50 28.04 30.90 -2.98
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Appendix 6 continued.

Point values for the chart Observed
discharge for Kalabo station 1959 -

1998
99 % conf. 99 % conf. 95 9% conf. 95 % conf.

Year | Data Sen's estimate min max min max Residual
1959 26587.82 29532.46 36582.19 22320.43 34271.53 23228.15 -2944.64
1960 20544.56 29124.11 35858.01 22199.70 33634.08 23044.82 -8579.55
1961 22132.67 28715.76 35133.83 22078.97 32996.64 22861.49 -6583.09
1962 28683.98 28307.41 34409.65 21958.25 32359.19 22678.16 376.57
1963 39587.01 27899.07 33685.46 21837.52 31721.75 22494.83 11687.94
1964 19648.73 27490.72 32961.28 21716.79 31084.30 22311.50 -7841.99
1965 18341.92 27082.37 32237.10 21596.06 30446.86 22128.17 -8740.46
1966 26941.69 26674.02 31512.92 21475.33 29809.42 21944.84 267.66
1967 22544.76 26265.68 30788.74 21354.60 29171.97 21761.51 -3720.92
1968 34447.54 25857.33 30064.56 21233.87 28534.53 21578.18 8590.21
1969 35637.96 25448.98 29340.38 21113.14 27897.08 21394.85 10188.98
1970 28253.07 25040.63 28616.20 20992.42 27259.64 21211.52 3212.44
1971 16304.15 24632.29 27892.01 20871.69 26622.20 21028.19 -8328.14
1972 18017.07 24223.94 27167.83 20750.96 25984.75 20844.86 -6206.87
1973 5544.22 23815.59 26443.65 20630.23 25347.31 20661.53 | -18271.37
1974 25852.22 23407.24 25719.47 20509.50 24709.86 20478.20 244498
1975 30074.96 22998.90 24995.29 20388.77 24072.42 20294.87 7076.07
1976 30854.64 22590.55 24271.11 20268.04 23434.97 20111.54 8264.10
1977 19186.80 22182.20 23546.93 20147.32 22797.53 19928.21 -2995.40
1978 34057.90 21773.85 22822.75 20026.59 22160.09 19744.88 12284.04
1979 26243.35 21365.51 22098.56 19905.86 21522.64 19561.55 4877.85
1980 25358.09 20957.16 21374.38 19785.13 20885.20 19378.22 4400.93
1981 25158.61 20548.81 20650.20 19664.40 20247.75 19194.89 4609.79
1982 8855.51 20140.46 19926.02 19543.67 19610.31 19011.56 | -11284.95
1983 15731.62 19732.12 19201.84 19422.94 18972.87 18828.23 -4000.49
1984 16449.63 19323.77 18477.66 19302.21 18335.42 18644.90 -2874.14
1985 21536.25 18915.42 17753.48 19181.49 17697.98 18461.57 2620.83
1986 19007.06 18507.07 17029.30 19060.76 17060.53 18278.24 499.99
1987 16172.36 18098.73 16305.11 18940.03 16423.09 18094.91 -1926.37
1988 21862.61 17690.38 15580.93 18819.30 15785.64 17911.58 4172.23
1989 38588.84 17282.03 14856.75 18698.57 15148.20 17728.25 21306.81
1990 14743.05 16873.68 14132.57 18577.84 14510.76 17544.92 -2130.63
1991 16630.08 16465.34 13408.39 18457.11 13873.31 17361.59 164.75
1992 7616.36 16056.99 12684.21 18336.39 13235.87 17178.27 -8440.63
1993 20765.36 15648.64 11960.03 18215.66 12598.42 16994.94 5116.72
1994 11728.68 15240.29 11235.85 18094.93 11960.98 16811.61 -3511.61
1995 3981.66 14831.95 10511.66 17974.20 11323.53 16628.28 | -10850.29
1996 5298.41 14423.60 9787.48 17853.47 10686.09 16444.95 -9125.18
1997 15321.81 14015.25 9063.30 17732.74 10048.65 16261.62 1306.55
1998 13442.16 13606.90 8339.12 17612.01 9411.20 16078.29 -164.75
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Appendix 6 continued.

Point values for the chart Observed
Precipitation — Mongu station 1974 -

2013
99 % conf. 99 % conf. 95 % conf. 95 % conf.

Year | Data Sen's estimate min max min max Residual
1974 | 1140.70 840.01 972.18 636.35 929.51 681.57 300.69
1975 | 1037.40 844.23 968.03 650.34 927.38 693.22 193.17
1976 | 1085.10 848.46 963.88 664.34 925.26 704.87 236.64
1977 846.20 852.69 959.73 678.33 923.13 716.52 -6.49
1978 | 1310.90 856.92 955.58 692.33 921.01 728.18 453.98
1979 880.20 861.15 951.43 706.33 918.88 739.83 19.05
1980 883.70 865.38 947.28 720.32 916.76 751.48 18.32
1981 925.70 869.61 943.13 734.32 914.63 763.14 56.09
1982 724.30 873.84 938.98 748.31 912.51 774.79 -149.54
1983 761.00 878.06 934.83 762.31 910.38 786.44 -117.06
1984 554.50 882.29 930.68 776.31 908.25 798.10 -327.79
1985 763.30 886.52 926.53 790.30 906.13 809.75 -123.22
1986 937.80 890.75 922.38 804.30 904.00 821.40 47.05
1987 649.80 894.98 918.23 818.29 901.88 833.06 -245.18
1988 833.60 899.21 914.08 832.29 899.75 844.71 -65.61
1989 | 1074.60 903.44 909.93 846.29 897.63 856.36 171.16
1990 876.20 907.67 905.78 860.28 895.50 868.01 -31.47
1991 867.10 911.90 901.63 874.28 893.37 879.67 -44.80
1992 623.50 916.12 897.48 888.27 891.25 891.32 -292.62
1993 [ 1256.70 920.35 893.33 902.27 889.12 902.97 336.35
1994 620.20 924.58 889.18 916.27 887.00 914.63 -304.38
1995 707.70 928.81 885.03 930.26 884.87 926.28 -221.11
1996 726.50 933.04 880.88 944.26 882.75 937.93 -206.54
1997 941.40 937.27 876.73 958.25 880.62 949.59 4.13
1998 | 1120.70 941.50 872.58 972.25 878.49 961.24 179.20
1999 865.30 945.73 868.43 986.24 876.37 972.89 -80.43
2000 | 1228.50 949.96 864.28 1000.24 874.24 984.54 278.54
2001 816.50 954.18 860.13 1014.24 872.12 996.20 -137.68
2002 | 1060.20 958.41 855.98 1028.23 869.99 1007.85 101.79
2003 813.80 962.64 851.82 1042.23 867.87 1019.50 -148.84
2004 984.40 966.87 847.67 1056.22 865.74 1031.16 17.53
2005 682.20 971.10 843.52 1070.22 863.62 1042.81 -288.90
2006 842.50 975.33 839.37 1084.22 861.49 1054.46 -132.83
2007 | 1096.40 979.56 835.22 1098.21 859.36 1066.12 116.84
2008 | 1579.50 983.79 831.07 1112.21 857.24 1077.77 595.71
2009 | 1158.20 988.02 826.92 1126.20 855.11 1089.42 170.18
2010 | 1203.30 992.24 822.77 1140.20 852.99 1101.08 211.06
2011 968.40 996.47 818.62 1154.20 850.86 1112.73 -28.07
2012 | 1244.10 1000.70 814.47 1168.19 848.74 1124.38 243.40
2013 | 1000.80 1004.93 810.32 1182.19 846.61 1136.03 -4.13
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Appendix 6 continued.

Point values for the chart Observed
precipitation at Kabompo station

1974 - 2004

99 9% conf. 99 % conf. 95 % conf. 95 % conf.
Year | Data Sen's estimate min max min max Residual
1974 | 1131.10 1037.55 1233.57 872.48 1155.65 919.96 93.55
1975 850.80 1032.90 1218.55 879.65 1144.17 924.45 -182.10
1976 | 1244.00 1028.25 1203.53 886.82 1132.70 928.94 215.75
1977 786.60 1023.60 1188.50 893.99 1121.22 933.43 -237.00
1978 | 1340.20 1018.95 1173.48 901.16 1109.75 937.91 321.25
1979 | 1045.80 1014.30 1158.46 908.32 1098.27 942.40 31.50
1980 696.70 1009.65 1143.43 915.49 1086.80 946.89 -312.95
1981 | 1005.00 1005.00 1128.41 922.66 1075.33 951.38 0.00
1982 995.80 1000.35 1113.39 929.83 1063.85 955.87 -4.55
1983 848.90 995.70 1098.37 937.00 1052.38 960.35 -146.80
1984 965.10 991.05 1083.34 944.16 1040.90 964.84 -25.95
1985 | 1037.90 986.40 1068.32 951.33 1029.43 969.33 51.50
1986 | 1277.90 981.75 1053.30 958.50 1017.96 973.82 296.15
1987 964.00 977.10 1038.27 965.67 1006.48 978.31 -13.10
1988 | 1214.10 972.45 1023.25 972.84 995.01 982.79 241.65
1989 | 1211.50 967.80 1008.23 980.01 983.53 987.28 243.70
1990 | 1121.30 963.15 993.21 987.17 972.06 991.77 158.15
1991 996.00 958.50 978.18 994.34 960.59 996.26 37.50
1992 642.00 953.85 963.16 1001.51 949.11 1000.75 -311.85
1993 | 1142.80 949.20 948.14 1008.68 937.64 1005.23 193.60
1994 818.70 944.55 933.11 1015.85 926.16 1009.72 -125.85
1995 761.60 939.90 918.09 1023.01 914.69 1014.21 -178.30
1996 890.10 935.25 903.07 1030.18 903.21 1018.70 -45.15
1997 918.50 930.60 888.05 1037.35 891.74 1023.19 -12.10
1998 | 1165.10 925.95 873.02 1044.52 880.27 1027.67 239.15
1999 921.30 921.30 858.00 1051.69 868.79 1032.16 0.00
2000 916.65 842.98 1058.85 857.32 1036.65
2001 961.40 912.00 827.95 1066.02 845.84 1041.14 49.40
2002 825.90 907.35 812.93 1073.19 834.37 1045.62 -81.45
2003 | 1078.70 902.70 797.91 1080.36 822.90 1050.11 176.00
2004 884.70 898.05 782.89 1087.53 811.42 1054.60 -13.35
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