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Abstract 

 

Hydro-geomorphic Dynamics in the Makgadikgadi Okavango Zambezi 

Basin, Northern Botswana 

 

Robert Allen Bean, Ph.D. 

The University of Texas at Austin, 2018 

 

Supervisor:  Kelley A. Crews 

 

The Makgadikgadi-Okavango-Zambezi (MOZ) basin of Northern Botswana is 

examined through a series of connected studies at different spatio-temporal scales. With an 

aim of using different techniques to look at changes and drivers of change in hydrology 

where the MOZ terminates (Mababe, Ngami, Makgadikgadi), this work looks at dynamics 

from three perspectives in three chapters: 1) a historical approach (chapter) that examines 

changes in hydrology and causal factors over the last 200 years; 2) an examination of the 

soils and their origins (parent materials) in the terminal basins; 3) a case study using Lake 

Ngami to monitor seasonal changes to surface water over the last 20 years. For the 

historical chapter, reports and surveys including photographs were used and digitized to 

complete a catalog of changes to hydrology. Soil pits were excavated at 31 locations and 

to further investigate provenance elemental analyses, radiocarbon dating, and carbon 

isotope analyses were conducted. For analysis of change in the areal extent of Lake Ngami 

Google Earth Engine was used to review and calculate indices from complete Landsat and 

Sentinel archives. Results from the historical approach provide new photographic evidence 

combined with longitudinal stream profiles that shed light on the floods of 1925, previously 
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thought to be the largest in this area. Soils that were radiocarbon dated confirm with other 

studies that 3000 ybp Lake Ngami was much larger and some massive shift in the system 

caused the regular seasonal inflows to the lake to cease. Similar lacustrine deposits were 

not found in excavations from either the Makgadikgadi or Mababe basins at topographic 

lows where deposits would have been expected if these were all filled simultaneously 

through a connected system. Water indices created for Lake Ngami over the last 20 years 

were comprised of over 100 scenes from 3 sensor platforms. Key findings include a direct 

correlation between water indices derived from atmospherically-corrected Landsat-8 and 

those derived from Sentinel-2 that were not atmospherically corrected. This finding allows 

for more complete time-series to be constructed in the future without the need for further 

processing as previously indicated in the literature.    

Keywords: Geomorphology, Hydrology, Okavango Delta, Southern Africa   
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Chapter 1: Introduction 

The surface water of the Okavango Delta (OD) is rapidly changing. Lakes that are 

hundreds of square kilometers in area appear and disappear seasonally and primary flow 

of the delta has switched at least 4 times over the last hundred years (Chapter 2). Part of 

the larger Makgadikgadi-Okavango-Zambezi (MOZ) basin (Figure 1), the OD surface 

water has fluctuated in area and volume during the past three decades of monitoring via 

remote sensing (e.g., Landsat, MODIS), more than half a century of gauge data, and over 

150 years of historical maps and literature. The basin historically has exhibited interannual 

differences, as well as observed interannual cyclicity that vary greater than seasonal 

fluctuations in terms of flooding extent, water availability, sediment transport, and 

vegetation distribution (Mason and Tyson, 1992; Wolski and Murray-Hudson, 2005). To 

better understand and interpret the present-day conditions and whether or not these have a 

past analog, we can compare them with the historical and proxy records of paleohydrology 

when the climate was similar, wetter, or drier (Stone, 2014). 

This research examines the patterns and processes that drive floods at the edges of 

the Okavango Delta: the MOZ. These patterns and processes have changed over time; thus, 

this research will not only look at the present state of the delta’s edge, but also the patterns 

and processes that operated in the past (late Pleistocene-present). This research is located 

in the distal reaches of the Okavango Delta, which terminates in three locations: 1) the 

Mababe Depression in Chobe National Park, 2) the Makgadikgadi Pans National Park and 

3) Lake Ngami (See Figure 1).  
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In the past, these three areas were joined to form a megalake, Lake Makgadikgadi 

(last active c. 35 ka YBP [thousand years before present]), which was several times greater 

in surface area than the US Great Lakes today (Shaw, 1988). Although there is agreement 

that a giant lake existed there, many disagreements remain on the timing and causes related 

to the filling of Lake Makgadikgadi and smaller subsequent lakes (Moore et al., 2012). 

Further, the distal reaches of the OD (part of the MOZ) are sensitive to climate. These areas 

hold possibilities for assessing climatic variability in ways not previously explored with 

dating techniques and lab analysis of water and soil.  Indeed, it might be more important 

to note that some locations in this study were not sampled in the past because spatial 

resolution for DEMs was limited to 90 meters horizontal resolution and a mean vertical 

error of ±10 m until 20141, a higher resolution allowed more microtopography to be 

revealed and explore different geomorphic units that were not previously visible because 

they appeared to be a homogenous surface in the past.  

There are many reasons to study flood patterns in Northern Botswana. For example, 

flood patterns provide baseline data for managing wildlife areas (Junk et al., 1989), farming 

(Kgathi et al., 2007), human health issues related to water-borne vector diseases (Pachka 

et al., 2016), and general water quality and availability (Mubyana et al., 2003). This 

knowledge is essential for management because the flooding patterns and timing control 

the amount of water and influence its quality. Rainfall amounts can vary in extremes of up 

                                                 
1 Referring to the SRTM 90 meter product (Rodriguez et al., 2005), a 30 meter DEM with 

the same vertical resolution was made public in 2014. Referring to the SRTM 90 meter 

product (Rodriguez et al., 2005), a 30 meter DEM with the same vertical resolution was 

made public in 2014. 
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to 80-90% from year to year in Maun, Botswana for the month of April (Verbeek, 1989). 

Understanding past patterns of flooding (over decadal, millennial timescales since the late 

Pleistocene) and the causes thereof are critical in this study, and are specifically and a key 

objective listed by the Intergovernmental Panel on Climate Change (IPCC) for managing 

uncertainty in the context of climate change according to the latest regional report  (Niang 

et al., 2014). Moreover, few field studies were conducted in the study region of the distal 

OD that joins the MOZ , and studies of deltaic change processes in the proximal channel 

switching in the upper OD and permanent swamps can be combined with this work to help 

elucidate this key wetland (McCarthy et al., 1993; McCarthy et al., 1992; Smith et al., 

1997). 

The subject of flooding patterns in and around the MOZ is not only a matter of local 

concern but is a matter of global interest, underscored by the delta’s status as the largest 

Ramsar International Wetland of Importance (site #879) and as a UNESCO World Heritage 

Site (#1000) (Monna, 1999). For perspective, fewer than 70 wetlands globally have both 

Ramsar and UNESCO recognition. In general, countries in the global south have been 

under-represented in paleohydrology literature with some exceptions (e.g., South Africa, 

Brazil); yet research takes place, and all the people living there have countless numbers of 

observations and insight not apparent to an outsider. For example, the south-flowing arm 

of the Khwai River (the Mogogelo River) exists, but no maps, remote sensing image or 

elevation model would have led to that conclusion (Pers. Field Obs.)—this location 

happens to be a rogue channel that based on the great number of hippopotamus observed 

likely allowed for it to be pirated from the Mogogelo River (discussed in detail in Chapter 
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2; the junction of these two channels is also site MB-KMJ in Table 7).  This dissertation 

proposes to bridge that gap outlined in the next section.  

PROBLEM STATEMENT 

Current climate models are based on inputs of historical data recovered from 

different sources (e.g., ice cores). Supporting biophysical data including soil and vegetation 

surveys, rainfall, streamflow, and seismic activity over the past century from countries 

throughout the Americas, Europe, and Asia are accessible via the internet. However, in the 

case of Botswana, I found a wealth of biophysical data that is not easily accessible. For 

example, although there were seismic monitoring stations near Lake Ngami with data from 

the 1940s on, I found the data from these stations in Lobatse, located 922 km from the 

seismic station. Thus part of my contribution here is the collection of archival data to help 

refine regional models for climate and hydrology as there have been disagreements in 

regional models as well as data gaps due to high spatial and temporal variability in this 

region (Lotsari et al., 2015). However, this work is not simply a synthesis of existing data. 

There are some studies of paleolakes around the world, including examples of mega 

paleolakes existing in the southern hemisphere such as the Salar de Uyuni in Bolivia 

(Placzek et al., 2009) or Lake Eyre in Australia (Cohen et al., 2011). In both locations, 

studies generally focused on dating deep cores that cover large expanses of time to study 

climate-driven hypotheses related to global temperature and precipitation changes. In 

Botswana, the Northern Kalahari is home to one of the largest of these paleolakes and there 

are numerous examples dating different sections using a variety of techniques, or dating 
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specific sections using methods similar to those applied in Bolivia and Australia. What is 

different in this research is that it poses questions about the collection and interpretation of 

data at macro- and micro- scales and the legacy of these lakes using a combination of 

collecting local knowledge from field observation, remote sensing, and lab techniques in 

order to understand the current dynamics and the past processes that have led to current 

function. This represents a scientific contribution by integrating human and physical 

sources to understand regional hydrology and how arid environments may respond to 

different forcings over time (and time scales). 

Research goals 

My chief goal was to study what factors drive the magnitude and frequency of 

floods within the context of soils and geomorphology as soil development represents a 

steady state temporally, the context of their formation or burial provides some insight into 

past antecedents. I also sought to examine the recent past within historical records that 

extend beyond the reach of satellites and remote sensing and connect these to field soil pits 

which I expected to reach back 2000-3000 ybp (years before present) if depth was 

consistently at least 1 meter.  My operational plan used targeted sampling (as opposed to 

random sampling) based on geomorphic surfaces (discussed in next section). These 

surfaces could be sampled at any central point so a representative surface picked before 

visiting the field could be easily moved in the field to unforeseen conditions (e.g., large 

animals, changing weather, poor or nonexistent roads).  To maximize efficiency, I sampled 

a large area with far fewer extensive surface samples by analyzing the landscape prior to 
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sampling and updating general surface maps with observations and local knowledge that 

helped me avoid impossible access situations. Some targeted sample locations were 

physically distant from any previous sub-surface research. This work fills a large 

knowledge gap because it can tie into existing work in the study area in terms of flood 

timing and deposition around Lake Ngami, contribute to a broader understanding of carbon 

dynamics and potentially identify both the extent of organic matter stored and the depth, 

extent, and variability of moisture retention. 

STUDY AREA 

This section will briefly discuss the locations used in this study and provide an 

overview of the hydrology, geomorphology, geology, climate, soils, and vegetation in their 

present-day state as well as a brief overview of historical system function discussed in more 

detail in later chapters. 

The Okavango megafan (whose seasonal and permanent swamps are known as the 

Okavango Delta) is part of the larger MOZ system, three basins linked through tectonics 

and climatic circumstances. The beginning of the East African Rift lies along the Kunyere 

fault that lies to the east of the fan system, forming a border between the Okavango and 

Makgadikgadi basins.  The Boteti River can span these basins but nowadays it is an 

ephemeral channel that delivers less than 1% of the inflow to the Okavango Delta. When 

the Boteti is active, it can extend over 300 km into the Makgadikgadi basin, reaching a 

delta at Lake Xau and sometimes branching off to the east and forming a second delta some 

100 km to the east at Ntwe-Ntwe Pan (Figure 4). 
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To the north, the Okavango fan branches off with outflows to the Zambezi via the 

Selinda Spillway, an underfit channel that flows into the Kufe Flats of the Zambezi. From 

the Upper Zambezi water enters the Okavango system via the Savuti Channel, which is 

connected to the Chobe River upstream. In this way, water enters a second terminal 

depression (similar to Lake Ngami in the south) called the Mababe Depression. The 

Mababe is bound to the west by the massive Magikwe Ridge, a sand ridge that is a legacy 

of a larger Lake Mababe, when the Savuti entering from the north connected to the Khwai 

River entering from the south, mixing waters of the Okavango and Zambezi (Burrough and 

Thomas, 2008; Shaw and Cooke, 1986). The Mababe Depression is located 250 km to the 

Northeast of Lake Ngami and has several ephemeral streams that flow into the Depression 

from the west including the Ngwezumba. In contrast, there are no known channels that 

enter Lake Ngami from the South/East, and rainfall at Lake Ngami tends to be less than 

the Mababe Depression (Shaw et al., 2003; Thomas and Shaw, 1991; Thomas and Shaw, 

2002). 

The previously mentioned Makgadikgadi basin forms the third terminal depression 

as water enters from the Okavango via the Boteti and fills Lake Xau and Ntwe-Ntwe Pan. 

The Makgadikgadi basin is massive—over 45,000 km2—and the Ntwe-Ntwe Pan only 

covers a portion of the western Makgadikgadi. There are several notable pans here 

including the large Sua Pan (3,500 km2), which are fed by many channels like Nata River 

to the north and east of the Makgadikgadi basin. At present the elevation of the 

Makgadikgadi basin is around 910 Meters Above Sea Level (MASL), while both Lake 

Ngami and Mababe Depression have central elevations of around 922 MASL. Others have 
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postulated that previously the Okavango flowed through the Makgadikgadi connecting to 

tributaries of the Limpopo River, which flows out to the Indian Ocean (Goudie, 2005).  

MASL here and in most literature discussing this region refers to what was has been 

called the ‘Brind’ datum; although it was based on leveling carried out by Du Toit (1926). 

This datum has also been referred to as the Provisional Mean South African Sea Level 

(PMSL, see e.g., Figure 14) and elevations used for surveys in Botswana on the ground are 

based on markers tied to this system. It is further discussed in Chapters 2 and 5, but should 

be noted these elevations differ substantially from geoidal and ellipsoidal mean sea level 

in an anisotropic manner such that they cannot simply be converted from e.g., PMSL to 

EGM96 (used for SRTM). 

Tectonic forcing caused a regional reorganization in drainage that slightly warped 

the landscape up around the Makgadikgadi, which trapped waters.  During wet cycles, the 

entire Makgadikgadi basin would fill and form a massive lake: Paleolake Makgadikgadi. 

This massive lake last reached high stand conditions during the Holocene 8.5 ka (Burrough 

and Thomas, 2013; Burrough et al., 2009). This was one of many lakes that formed over 

time as the rift system opened and upper Zambezi flowed into the Okavango. A massive 

paleolake called Deception stretched from the Kufe Flats, filling the Mababe Depression 

and Lake Ngami until the formation of Victoria Falls started to drain this megalake 

(McFarlane and Eckardt, 2006). However, following the Upper Zambezi's exit at Victoria 

Falls, megalakes continued to form over time sometimes connecting all three terminal 

basins (Ngami, Mababe, Makgadikgadi) as the previously described. In the case of Lake 

Makgadikgadi and Deception, while during other wet periods, larger lakes existed at 
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similar elevations but may not have joined to form a singular lake. Lake Thamalakane, 

with high stands last identified c. 2000 ybp, joined the Mababe and Ngami basins and at 

multiple times overflowed into the Makgadikgadi basin via the Boteti and Thamalakane 

Rivers (Shaw, 1988). As Shaw (1988) points out the hydrologic flow shed of the 

Thamalakane River north of Maun can flow to either the Mababe Depression or Lake 

Ngami, which would have increased the stability of the last megalake.  The ‘Paleolakes’ 

section in this chapter considers the timing of these lakes and causes for their demise; 

however, their legacy, massive sand ridges towering over an undulating landscape, are both 

visually striking and influential in the present-day hydrology in all three terminal 

depressions. 

 

History 

This section is only a concise overview of the history of the basin that is discussed 

in greater detail in Chapters 2 and 3. Hominins have occupied the basin for the last 500 ka 

YBP. During the Early Stone Age there is evidence in the Tsodilo Hills (near the 

Panhandle, Figure 1-F) of tools made from silcretes that came from sites more than 150 

km away on the ‘lake floor’ of the Makgadikgadi Basin (McFarlane and Segadika, 2001).  

Early Europeans in the basin were traders and missionaries. In 1849, Explorer-

missionary David Livingstone was one of the first to document Lake Ngami, which 

explorer Charles Andersson searched for and chronicled in detail (Andersson, 1856). 

Although Anderson described a lake that was quite deep and permanent, Stigand (1923) 

reported it as seasonal, and overgrown with vegetation. A synthesis of early reports by 
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Hamandawana et al. (2007) shows most reports in agreement that during the late 19th 

century water was flowing into a shrinking Lake Ngami from both the Thaoge and 

Nhabe/Lake Rivers. The Thaoge no longer reaches Lake Ngami and the later Lake Ngami 

was filled by the Kunyere River  and sometimes the Nhabe.  

Colonial settlement by the British included new water management strategies. They 

made numerous attempts to dredge channels, remove vegetation and modify flow of the 

delta with varying degrees of success (see discussion in Chapter 2). A more permanent 

legacy, however, is a control structure (a bund that previously directed flow to the Boteti 

river preferentially until the mid 1990s to maintain flow to a reservoir near Orapa) that 

regulated flow between the Thamalakane, Boteti, and Lake Ngami (Tlou, 1972). Another 

legacy of flow regulation and new land uses—as well as climate cyclicity—was the 

degradation of the delta in terms of water quality and seasonal or permanent drying in some 

parts, sometimes intentionally (Hamandawana et al., 2008).  

Environment 

Pleistocene climate had great cyclicity and more research has contributed to a 

greater understanding about these cycles and their teleconnections with global systems 

such as (within the last 5000 years) El Niño–Southern Oscillation (ENSO) as illustrated 

with a few examples below. Richard et al. (2001) found there were (and still are) 

correlations between the Southern Oscillation Index (SOI) and Southern African Rainfall 

Index (SARI) when both experience high variability based on climate records from 1900-

2000. Further, Mason and Tyson (1992) reported the Quasi-Biennial Oscillation (QBO) 
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explained fluctuations of 2-3 years, while ENSO fluctuations were 3-4 years. They also 

considered an additional 10-12 and 18-year oscillation related to solar variation that linked 

increases in solar radiation with decreases in rainfall.  

Over the past 200 ka YBP, Gasse (2000) showed southern and northern Africa to 

have opposite wet/dry signals, so that when it was wetter in the Sahara, it was dryer in the 

Kalahari and vice versa. Butzer et al. (1978) found this same phenomenon in what they 

interpreted as regional wet phase near the MOZ. Climate has thus been quite variable over 

multiple time scales but in increasingly predictable ways. 

Since the MOZ is a part of the East African Rift System (EARS) it’s structure has 

been directly influenced as a result. The geological structure of the OD is a half graben, 

formed by faults propagating as the rift expands E-W. The Gumare (Figure 1-F) fault 

demarcates the graben and truncates several surrounding dunefields as the Okavango 

megafan spreads out in a semicircle, truncated by the Kunyere and Thamalakane normal 

faults (Figure 1-A, B). The present fan system lies above the paleo-Okavango megafan, 

and Podgorski et al. (2013) linked this burial with neotectonics and paleo-Lake 

Makgadikgadi (PLM).   

There are two depressions and three outlets in the distal OD. Lake Ngami (LN), 

Mababe Depression (MD), and the Boteti River (BT)-Makgadikgadi Pans (MP) all have 

gone through wet and dry cycles during the past 100 years. LN presently has water, with 

inflows from the Kunyere River and outflow through the Nhabe River to the Boteti (Shaw, 

1985). As previously mentioned, Stigand (1923) observed the Thaoge River, the primary 
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inflow to the Lake, was no longer active and the lake was a closed-system until around the 

mid-1970s when regular flow from the Kunyere River increased the lake level (Figure 2).  

The Mababe Depression (MD) last had a very shallow lake in the early 1900s. The 

Savuti Channel (Figure 4-C, flowing from the Linyanti Swamps/Chobe River-tributaries 

of the Zambezi) was dry from 1880 until recently (water was present in 1950s, 1980s, as 

recent as 2010-13 according to local accounts) and when active drains to the MD. There 

are swamps in the southern depression, fed by the Khwai River, which splits and drains to 

the MD to the north and through the Mogogelo River to the south formerly connecting to 

the Thamalakane River (Figure 4-D). Below I discuss the attempts to link the elevations of 

the Mababe and Ngami basins to different paleolakes. 

Paleolakes 

In this section, paleolakes (Makgadikgadi, Deception, and Thamalakane) will first 

be discussed in greater detail. How the lakes were formed and contention over their basis 

as a proxy for climate in the literature is highlighted. Climatic variability and cyclicity is 

mentioned and the physical structure of the MOZ basin presented in the literature. 

The first recognized paleolake was Makgadikgadi (PLM), which is generally 

thought to coincide with the 945 MASL elevation (Podgorski et al., 2013). McFarlane and 

Eckardt (2006) theorized a larger paleomegalake “Deception” (PmLD) that covered more 

than 37,000 km2 (the area of PLM). A smaller lake, Thamalakane, linked the Mababe and 

Ngami, at 936 m high stand (Moore et al., 2012). Elevations of each paleolake high stands 

have been used to calculate their area with digital elevation models (DEMs). These 
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calculated areas have been used as “geoproxies” that allow for paleoclimatic interpretation 

in the absence of other data (such as speleothem dating from caves). However, one ongoing 

debate is whether the presence of a paleolake in this region represents a change in climate, 

the reorganization of drainage basins due to the East African Rift, or a combination of both. 

For example, in Table 4, Ringrose et al. (2005) report abrupt terminations of the record at 

Lake Ngami 40 ka YBP. They do not interpret the abrupt termination, which could be a 

signal from a reorganization (that may or may not be due to climatic factors). 

In the Kalahari, paleolakes (and aeolian dry-phase counterparts) are widely used 

for paleoclimatic reconstruction (see review, e.g., Thomas and Burrough, 2012). In the 

absence of other data (e.g., ice cores) as in other parts of the world, this contributes to 

uncertainty about previous climate phases covering a wide area. Detailed reconstructions 

exist for the Western Kalahari from speleothems in the Drotsky caves (Robbins et al., 

1996), and other regional studies using tree-rings and spelothems (other than those from 

Drotsky caves) speleothems have illustrated that over the last 25,000 years the climate has 

been spatially and temporally divergent in southern Africa (Holmgren et al., 2003; Tyson 

et al., 2002).  Given the current significance of the OD for wildlife conservation and as a 

source of water in the Kalahari that humans depend on for livelihoods (agriculture, cattle), 

the causes, timing and extent of paleolakes are important in understanding potential 

opportunities and hazards under current changing conditions.  
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DISSERTATION STRUCTURE 

This dissertation is comprised of three journal-length articles targeted for 

publication. While they are distinct thematically, they all are linked through the processes 

and patterns discussed above. A short overview of all study areas was provided in this 

chapter but each chapter (Chapters 2-4) contains a study area section that is specific to that 

Chapter. In Chapter 2, I examine environmental history of the MOZ basin and using 

historical studies extract relevant environmental data that adds to our understanding of the 

basin hydrology, geomorphology, and landscape evolution. Chapter 3 is a summary of 

extensive soil fieldwork and lab analysis, which focuses on soil sequences and their 

representative surfaces at a broad scale and more narrowly looking at differences in 

elemental composition, 13C dates and δ13C isotopes at 5 different localities. Chapter 4 

focuses on changing water dynamics using Lake Ngami as a case study, incorporating 

different remote sensing platforms and methods for extracting water to look at changes in 

Lake Ngami water levels from 1984 to present. From extracted time series, the Lake Ngami 

levels are tied together with gauged data, rainfall data, and other sources to validate areal 

extent derived from Landsat and Sentinel platforms. Finally, I present conclusions of the 

dissertation in Chapter 5 and examine some caveats, limitations, implications, and propose 

future work based on the findings in this dissertation. All tables and figures are in the last 

chapter (6) and are thus numbered without reference to chapter. 
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Chapter 2: Re-envisioning Environmental History in the 

Makgadikgadi-Okavango-Zambezi Basin 

ABSTRACT 

Environmental history of the Makgadikgadi-Okavango-Zambezi Basin has evolved 

since early scientists identified this dynamic area that exists between two worlds: 

wetlands/drylands, endorheic/exoreic, stable/unstable. The basin has existed and evolved 

over the past 4 million years with early humans occupying the Okavango Delta more than 

c. 100 kyr. Regional geologic structure has influenced the hydrology of the basins 

connectivity through tectonic movements that alter the shallow gradient across the basin. 

It has been possible to record through historical accounts and cartography the timing of 

changes to the hydrologic network and causal factors. Early investigations in the 19th 

century concluded the basin was desiccating, which they attributed to climate. Additional 

studies that peak in the early 21st century focused increasingly on cyclicity in climate 

patterns that sometimes correlated to global phenomena such as ENSO. However, 

throughout southern Africa climatic response to changing insolation (precessional) forcing 

has been different, which suggests other local factors are at play. The role of elephants and 

hippopotamus as ecosystem engineers play an important role in shaping the hydrologic 

network here, as do surrounding vegetation and seismicity. Humans have also intervened 

at various points to divert water and further alter this system. Thus, our current 

understanding of the environment must frequently cross disciplines. Presently, the climate 

of the MOZ resembles the Holocene Thermal Maximum. 

INTRODUCTION 

Having an environmental historical context is important in any region because it 

allows for a better understanding of how otherwise genetic processes can have a different 
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site-specific response. For example, in the Makgadikgadi-Okavango-Zambezi (MOZ) 

region of Northern Botswana (Figure 1) tectonic setting might be apparent from elevation 

models, while modern climate and vegetation can be extracted from satellite remote 

sensing, but these fail to explain the behavior of channel switching within the Okavango 

Delta (OD) or the timing of filling in its terminal depressions. The aim of this chapter is to 

present a history of environmental change in the region with a focus on 1850 to the present. 

A second objective of this paper is to explore also how our understanding of the 

environment in the MOZ has evolved over time focused on the Okavango, looking at some 

of the key people responsible for research and their contribution and what we now 

understand about the environment. Thus by reviewing maps, data tables, field notes, and 

photographs from historical data I put together a reconstruction of hydrologic change and 

identify potential drivers. 

 

STUDY AREA 

To understand the last 150 years of change in the MOZ there is a broader geological 

context to explain first. The MOZ is part of the East African Rift System (EARS) and 

bounded by a series of faults that create a depression filled by several megafans (Figure 1). 

The largest megafan here is the Okavango, which houses the Okavango Delta, a massive 

wetland that is a refugia for many species of migratory birds, mammals, reptiles, and 

amphibians. Waters that feed seasonal floods enter the OD via the Okavango River, whose 

headwaters lie in the tropical Angolan Highlands (Figure 8)  Climate in the MOZ is arid to 

semi-arid with rainfall over the fan varying by over 50% from year to year (Milzow et al., 

2009). Thus, most surface water has entered this basin via flood pulses that originated in 

the Angolan highlands and have been supplemented by seasonal rainfall in recent time. In 
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the past, however, there have been megalakes that have existed or even filled the 

Makgadikgadi Basin, connecting lake Ngami with the Mababe Depression via backfloods 

that pushed back even to the upper Zambezi (Shaw, 1988)(Figure 3). Wide relict channels 

can be observed leaving the apex of the Okavango fan toward the Zambezi as evidence of 

higher flows from the past, and numerous incursions can be seen along the Zambezi into 

the Okavango Basin, where water escaped one basin to enter another. At present however, 

the interaction between the Okavango and Zambezi are much smaller and the Okavango is 

classified as an endorheic basin (Wolski et al., 2014). 

KEY MOMENTS IN BASIN EVOLUTION 

The MOZ existence is due to an extension of the East African Rift system referred 

to as the Okavango Rift Zone (ORZ), which was estimated to have initiated ca. 120,000-

40,000 ybp based on flow cutoff and DEM analysis (Kinabo et al., 2007). As faults along 

the boundaries of the ORZ began to uplift land, waters from the Okavango and Zambezi 

were impounded into several megalakes (McFarlane and Eckardt, 2006). While the rift 

expanded laterally to the East and West its expansion was hypothesized to be controlled 

by a series of dikes, remnant of the much larger Karoo dike swarm that occurred 179 Ma  

trending W-NW (Kinabo et al., 2008). Most features from this period (after the extension) 

are buried under <300 m of Kalahari sand, which has impeded some understanding of the 

region until recently though air surveys and electromagnetic resistance imagery subsurface 

features could be identified (Podgorski et al., 2013). 

As the basin expanded it filled with sediment and watercourses connected and 

evolved to settle into the current pattern by about 5,000 ybp. By then humans had already 

began to settle and move throughout the basin as evidenced by archeological artifacts found 

from the Drotsky Caves in the North to the Makgadikgadi Pans (McFarlane and Segadika, 
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2001). Early inhabitants were hunter-gathers and later pastoralist, with the Bantu expansion 

following during the middle stone age ~4,000 ybp (Denbow and Thebe, 2006). What was 

unknown to early European explorers (arriving in the 19th century) in this region was this 

pre-history, the residence time of its inhabitants (arriving thousands of years prior), and the 

coincidence in timing of the expanding Okavango Delta during the period of these 

settlements.  

 

INFLUENTIAL RESEARCH AND UNDERSTANDING 

Early scientific expeditions by explorers had noted both the environmental 

variability around Lake Ngami and the Makgadikgadi Basin and begun to map vegetation 

distribution and abundance (summarized e.g., (Stigand, 1912). Perhaps one of the earliest, 

most in-depth studies on the Kalahari came from Passarge’s Die Kalahari (Passarge, 1904). 

Written completely in German, the text comprised two volumes and contained detailed 

landscape observations and classifications. Passarge wrote many books but pertinent to this 

study was Die Buschmänner der Kalahari or the Kalahari Bushmen, based on 

investigations conducted in 1905 (Passarge, 1907). The purpose here is not to criticize 

Passarge’s work but rather to highlight the fact that a great body of work, which is part of 

essential scientific literature for this region (Thomas and Shaw, 1991) remains 

untranslated, in German. Some parts of Die Kalahari and Die Buschmänner have been 

translated recently (Wilmsen, 1997), and those are used in the regional environmental 

history presented here. In one of his early expeditions (1896) Passarge provides a unique 

perspective as a firsthand account of the extent to which rinderpest penetrated the 

Okavango-Makgadikgadi illustrated here: 
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the disease [rinderpest] was just devastating the banks of this wonderful river 

[Boteti], and kudus especially were found dying in large numbers in the bush and 

on the river shore. Even the reed- and water-buck…were decimated by the plague 

(as quoted [translated from German] in Wilmsen, 1997) 

 

Rinderpest had first struck in South Africa a few years earlier and by the time 

Passarge reached Botswana in 1896 it had annihilated most domestic livestock populations 

and wild hoofed animals (as seen above) by reducing their populations by 90% although 

some animals (e.g., hippos) were largely immune (Plowrigh et al., 1964). Larger mammals 

like elephants saw their numbers reduced through hunting such that by the end of the 19th 

century as rinderpest struck, the elephant population was reduced to almost nothing 

(Vandewalle, 2014). By 2006, the elephant population was estimated to be 155,000 (ibid). 

This is important to consider because both elephants (along with hippos) and cloven 

animals are all known agents of geomorphic change on the landscape, and for a brief 

period, their populations were reduced to almost nothing (for completely different reasons). 

However, very little research on this subject exists in this study area. Also, it is unlikely 

that these have effects at the terminal points of the current OD but have the potential to 

alter the distribution of flood water within distribution of the the delta itself, where small 

topographical changes often decide between flooded and non-flooded areas or amounts of 

water being re-directed (Meyer, 1998). 

Following work from Passarge, detailed maps were created by Captain A.G. 

Stigand from 1912-1923 (Figures 7, 8) that formed the basis for regional maps through the 

1950s in Botswana (VanderPost, 2005). Building upon the observations of Andersson 

(1856) and the cartography of Anderson (1884), Stigand (1923) produced a cartographic 

map of Ngamiland that included detailed information of the hydrology, vegetation, and 

seasonality (e.g., areas that were flooded only in times of high flood vs. perennial floods). 
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Stigand (1923) mapped the courses of the Thamalakane-Mogogelo-Nhabe (Lake) Rivers, 

showing a continuous waterway that existed from the Mababe depression to Lake Ngami—

a dry lakebed that Stigand notes filled only in 1898 and 1904 (his ground surveys were 

from 1910-1922)(Figures 7,8). A popular text at the time, “Kalahari or Thirstland 

Redemption” by E.H.L. Schwarz (1920), proposed that the vast water resources of the 

Okavango could be harnessed by re-creating the former lakes, filling Lake Ngami and the 

Mababe, which would induce rainfall that would benefit all the southern Kalahari. It was 

under this pretense then (the feasibility of Schwarz's claims) that the Kalahari 

Reconnaissance of 1926 was carried out and documented by the then-named Union of 

South Africa led by geologist Alexander du Toit (1926). The Kalahari Reconnaissance 

report concluded that it was simply impossible to divert sufficient water that could be used 

for agriculture or to irrigate farmland. By chance, the timing of du Toit’s fieldwork 

corresponded to some of the most significant floods2 and rainfall recorded in written 

records (Brind, 1955). The delta had changed since 1849 when Livingston visited Lake 

Ngami. The Thaoge River had been the primary distributary channel carrying water 

through swamps and lagoons to Lake Ngami. This role then shifted to the Nqoga, which 

bifurcated in the central delta into the Gomoti and Mogogelo Rivers that delivered water 

to the south-west along the Thamalakane-Boteti-Nhabe (via the Gomoti) and the Mababe 

Depression to the northeast via the Mogogelo (Figures 3, 10, 12). At the time, the 

explanation remained the same: channel blockages and multiple failures upstream along 

the Thaoge River led to this change. However, by 1926 the levels of Lake Ngami had risen 

high enough that the Nhabe River was beginning to carry water out of the lake, completely 

reversing the hydrology—the opposite of what occurs today. Furthermore, while previous 

                                                 
2 Incoming flood gauges at Mohembo had not been installed in 1924/1925 so the exact size of the flood is 

unknown, du Toit’s measurements (e.g., flow at the Thamalakane bridge of 70 m3s-1 have only come close 

at 50 m3s-1 in 2011. 
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expeditions (e.g., Baines in 1861) had been unable to travel upstream on the Thamalakane 

River to the Mababe Depression, du Toit showed water levels extending from the Nhabe 

River at Lake Ngami, along the Thamalakane, to just before the Mababe River3 would have 

debouched into the Mababe Depression. 

Most early reports (all previously mentioned here) counted elephants (Loxodonta 

africana), hippos (Hippopotamus amphibious), and crocodiles (Crocodylus niloticus) 

among the species they saw entering the Okavango Delta, from Lake Ngami in the South, 

along the Boteti River into the Makgadikgadi Pans, and north along the Thamalakane-

Mogogelo-Mababe Rivers into the Mababe Depression. They were also found along the 

Selinda Spillway and the Savuti channel (linking the Linyanti Swamps-Chobe-Zambezi 

River to the Mababe depression: see Figure 10 for location reference). Stigand (1923) noted 

their heavy concentration in the Nqoga River (central-eastern delta), which feeds the 

Khwai, Gomoti, Santadibe Rivers, and other distributaries from lediba (lagoons) and pools 

in the permanent swamps of the Okavango Delta. Hippo populations were still active 

enough to warrant warnings by Rey (1932) for the same location. No substantial surveys 

were conducted following the report by Rey (1932) until Brind (1955) conducted a massive 

investigation. 

Brind’s 1955 report showed some small but important changes that had occurred 

since the Stigand’s surveys. First, the Nqoga River had become blocked and, second, the 

Gomoti River no longer flowed at all. Third, the principal distributary for the Okavango 

Delta was now the Santandibe River (located a few kilometers to the south of the Gomoti 

River) although the Santandibe at this time (1951-1953) was beginning to show signs of 

failure (decreasing flow during flood). Moreover, the Mogogelo River received enhanced 

                                                 
3 Mababe River also has been called the Mogogelo River or Khwai River (when joined together flowing 

towards the Mababe Depression); water levels refers to presence of water in all channels. 
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flow with the failure of the Gomoti River, but despite high floods in 1952 and 1953, the 

Mogogelo River did not reach the Mababe Depression. Also reported here is the driest year 

on record, 1948, when the Thamalakane received no water from the flood.  Lake Ngami 

had been dry since last reported by du Toit in 1926. The lake’s high seasonal change was 

observer as “[i]n 1951 the lake was dry in June, but it was full in August, and in June the 

following year it was dry again. (Brind, 1955).” In fact, the 1951 floods filled Lake Ngami 

so much that it reached as far (15 km) as Sehitwa to the West with a maximum depth of 

1.5 meters (Brind, 1955)(See Table 2; Figures 3, 10, 11, 12).  

 

PARADIGM SHIFTS 

Channel changes and their causes 

 

Over time there has been a recognition of the role animals play in landscape 

evolution as engineers and that disease and over-hunting destroyed some pivotal actors 

over the last century (Child, 1968). Through historical texts the complex channel dynamics 

of the Okavango become evident. Grove (1969) looked at landscape evolution particularly 

focused on climate and geology as drivers of regional hydrological change. The next 

decade showed increasing scholarly work on human influence on the landscape (Tlou, 

1972) through such channel manipulations as burning (clearing) and blocking 

(accumulation of papyrus). Further studies on the faults bounding the Okavango revealed 

a cluster of high micro-seismic activity near both Lake Ngami and the Mababe depression 

(Scholz et al., 1976). Work on paleoclimate for the region continued integrating archeology 

with new understandings of interactions between climate and tectonics in the area, 
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advancing the idea that significant shifts in climate led to the formation of much more 

extensive drainage systems and paleolakes (Grey and Cooke, 1977). 

At the same time understanding of this complex system expanded, the system itself 

was changing. Du Toit created benchmarks and conducted detailed surveys of water levels 

during his time from Lake Ngami through the Mababe Depression past the Chobe River 

and into the Zambezi River. Following the progression from Passarge to Stigand and then 

to Du Toit, the Thaoge River had gone from being a principal channel carrying the majority 

of flow out of the delta to becoming obstructed thus shifting principal flows of the 

Okavango to the Gomoti River via the Nqoga-Maunachira River (Table 2, Figure 12). A 

major series of earthquakes occurred in 1952 (M5.8 and M5.9) near the Xo flats, where the 

Boro (Figure 5) emerges to connect the Delta to the Thamalakane River (Scholz et al., 

1976), which is still the case today. Other notable seismic events occurred in 1991 (M4.1) 

on the Kunyere fault, where it crosses the Santadibe and in 2005 (M 3.8) between the 

Khwai and Gomoti, and most recently in 2009 (M 4.0) 33 km north of Khwai village 

(Figure 6). Although the seismic activity in this area is frequent, larger magnitude events 

such as these are rare in recorded record, and their direct effect on drainage remains 

unknown. By coincidence, the 1952 to 1953 water year (October-September) did result in 

higher flows on the Thamalakane and Boteti Rivers but there was also increased inflow to 

the Okavango Delta at Mohembo. To the east of Xo flats is Chief’s island and near the 

epicenter of the 1952 earthquake, which caused structural damage to buildings in Maun. It 

is possible that channels were breached as a result of the tremors or that slight tilting 

occurred, and this caused the watercourse to change as the gradient is very nearly flat in 

the middle delta (Meyer, 1998). By 1976 another series of investigations to use water from 

the Okavango had been carried out by the UNDP, which produced a flow diagram (Figure 

10) that shows most of the southern delta in transitioning to a Boro trunk that brought in 
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more water to the Thamalakane River and downstream another 300 kilometers in the 

Makgadikgadi Basin via the Boteti River (UNDP/FAO, 1976).  

A human element has been previously mentioned as this area was inhabited before 

European exploration beginning in 1849. Early inhabitants are reported to have altered the 

flow for example, it was reported by and from multiple sources that the source of the 

Thaoge River failure was due to human intervention, allowing papyrus rafts to effectively 

dam the lower Thoage and deprive Lake Ngami of its principle inflow (Shaw, 1984; Tlou, 

1972). Later, efforts were made to restore flows to the Thaoge by using papyrus cutting 

machinery (ibid). Over the past 150 years human intervention through wildlife 

management, livestock introduction and fencing, and a changing climate have altered 

different hydrologic factors that drive delta hydrology. Although a comprehensive survey 

of human interventions is not the focus of this dissertation (but see, e.g., Botswana, 2008; 

Brind, 1955; McCarthy et al., 1998; Pike, 1970; UNDP/FAO, 1976). These government 

reports, maps, surveys, and research show the gradual development of an integrated 

management plan that evolved from early attempts to dredge, straighten, and even clear 

channels (ibid).  

Now alternative hypotheses can possibly explain channel change. Consider the 

elephant population currently rising in Botswana estimated to be 155,000 in 2006 

(Vandewalle, 2014). Despite the high population, hunting had nearly decimated their 

populations by the end of 19th century (Vandewalle, 2014). Coinciding with the declining 

elephant population was the arrival of rinderpest to Botswana in 1896, which was estimated 

to have reduced domestic cattle stock by 90% and also decimated many wild animal 

populations—hippos, however, appeared to be immune (Plowrigh et al., 1964). The decline 

in wildlife populations and livestock brought widespread bush encroachment on the 

landscape and increased Tsetse fly abundance, which resulted in several culls of wildlife 
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to push the tsetse out of land otherwise suitable for grazing (Child, 1968). Hippos are now 

recognized as essential ecosystem engineers but were previously hunted or shot as a 

nuisance. Earlier population estimates are unknown but presently hippos are considered 

threatened by the IUCN, and an estimated 2,500 currently reside in the Botswana MOZ 

(Lewison, 2017). Potentially effecting the distribution of water and therefore amounts of 

water reaching terminal points, hippos and elephants represent a massive zoogeomorphic 

force that over time could accelerate channel switching or desiccation (McCarthy et al., 

1998; Naiman and Rogers, 1997). Quantification in this study area remains subject to 

speculation. However, this zoogeomorphic force, along with human-induced changes (see 

e.g., burning/clearing, intentionally blocking channels in Tlou (1972)) can act in concert 

with climate and tectonics to explain changes in delta hydrology like the desiccation of the 

Gomoti (Bernard and Moetapele, 2005). 

Based on historical review, I propose that changes in delta hydrology occur in three 

general patterns. First, the Thaoge River (in bold) takes in primary flow from the Okavango 

River and discharges to Lake Ngami (LNG) (Figure 3-A). Second, the Nqoga-Maunachira 

Rivers connect the Khwai and Mogogelo and Rivers to the Mababe Depression (Figure 3-

B). Third, the primary flow of the delta shifts to the Nqoga-Maunachira Rivers that feed 

the Gomoti River (in bold), which links the Mababe Depression to Lake Ngami and the 

Boteti River into the Makgadikgadi Pans (Figure 3-C).  Reorganization in the 1950s 

resulted in Jao-Boro Rivers carrying the bulk of flow from the Okavango River, the Nqoga 

River increasingly feeding the Khwai River and creating wetlands in the southern Mababe 

depression. Moreover, the Gomoti River then the Santadibe River successively fail to reach 

the Thamalakane River seasonally, as the Jao River carries more flow the Kunyere River 

begins to increasingly discharge into Lake Ngami. 
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To summarize, there have been three basic paradigm shifts in understanding the 

environment of the Makgadikgadi-Okavango-Zambezi environment. The first is how 

climate is interpreted; initially seen as a desiccating then cyclical system with global links 

(e.g., ENSO and the AMOC). The second is the role of geology in the region, initially 

thought to be static, then highly active, now understood to be more complex as an incipient 

rift system bound by faults to the East and West that have vertical displacement ranging 

from 100-500 m. Finally, there has been a shift in our understanding of how organisms 

shape the landscape, which is almost paradoxical to earlier views. Originally, pans (c.f. 

playa lakes) were thought to be created by elephants, but now they are known to be the 

product of deflation and groundwater seepage over time; the elephants are simply attracted 

to water (Lancaster, 1978). However, elephants are known agents of geomorphic change 

(Naiman and Rogers, 1997) and are causing landcover changes through the removal of 

riparian woodlands that likely recovered due to a smaller elephant population at the end of 

the 19th century (McCarthy et al., 1998).  

CONCLUSION 

Future work in monitoring the evolution of the MOZ regarding water should look 

at not only endogenic but also exogenic processes and actors, including anthropogenic and 

zoogeomorphic agents. Humans and wildlife have utilized the MOZ over the last 40,000 

years (Denbow and Thebe, 2006). However, our understanding of the archival records can 

be leveraged further as more works are digitized and georeferenced. Recent studies suggest 

there have been different vegetation cycles in terms dominance of C3 woody plants and C4 

grasses during the late Holocene at Lake Ngami, (Cordova et al., 2017). Changing 

vegetation distribution could reflect changing animal population dynamics as well as 

climate; conversely, changing climate could push animal populations to different areas. 
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One key challenge to this dynamic is through conceptually understanding the of linkage 

between landscape structure and how elephant and hippo modify it: we do not have reliable 

estimates of hippo populations (Lewison, 2017), and elephants can have an extensive range 

that ignores watershed and country boundaries. As a result, the current state in the MOZ is 

most likely an alternative stable state, and that past records show the system is 

fundamentally and irreversibly different today from it pre- European state.  

Making data available from previous studies (especially early work from the 19th 

and 20th century) can be extremely valuable as demonstrated in this chapter. Thus, every 

effort should be made to digitize works whenever possible. Since most maps mentioned 

are from public reports, they are included in this dissertation in the appendices to allow for 

easier public access in the future. Some works were not possible to obtain on loan such as 

the Brind 1955 report, which contained over 120 figures including aerial photographed 

surveys, channel cross section surveys and detailed maps. As will be seen in the following 

chapters, data from these can and should be used to look at past antecedents. Thus, a key 

goal remains to find and digitize all reports.  

These data must be handled with care as they are dependent on the context they 

were collected. For example, the flood data taken from du Toit (1925) is widely cited as 

evidence of the largest flood of Lake Ngami in the last 200 years. However, the UNDP 

(1976) and Brind (1955) both reported inaccuracies and indiscrepancies between the 

locations and elevations of survey benchmarks left by du Toit. In this sense, the work is 

still valuable but no longer appropriate to include into a time series.   
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Chapter 3: Soils of the Makgadikgadi-Okavango Zambezi Basin 

CHAPTER OVERVIEW 

Presently, the Okavango Delta (OD), part of the larger Makgadikgadi-Okavango-

Zambezi (MOZ) basin (Figure 6), is undergoing profound increases in surface water.  

These are markedly different from trends evident over the past 20 years of monitoring via 

remote sensing (Wolski et al., 2017), 50 years through gauge data4, and 100 years through 

historical maps (VanderPost, 2005) and literature (Endfield and Nash, 2003; Nash and 

Endfield, 2008). The basin historically has interannual differences and observed 

interannual cyclicity (e.g. the quasi-biennial oscillation, QBO) that vary greater than 

seasonal fluctuations in terms of flooding extent, water availability, sediment transport, 

and vegetation distribution (Mason and Tyson, 1992; Wolski and Murray-Hudson, 2005). 

To better understand and interpret the present-day conditions, which may have no past 

analog, we can look at the antecedents surrounding paleohydrologic events when the Delta 

experienced climatic periods that were both wetter and drier5. 

BACKGROUND/INTRODUCTION  

Verbeek (1989) made a soil survey of Southeastern Ngamiland with over 950 soil 

pits used for reference. Twenty soil types were identified as typical (Table 2): 10 soils were 

alluvial, 6 lacustrine, and 4 aeolian in origin. Curiously, there were 3 soil moisture regimes 

—10 ustic, 6 aquic, and 4 aridic — although these do not coincide with parent material. 

Because some locations are no longer accessible due to changes in hydrology, the 

information in soil reports can be illuminating. Two examples illustrate the utility that soil 

                                                 
4 http://www.okavangodata.ub.bw/ori/monitoring/water/ 
5 Most recent wet cycle ended 3 ka BP when Lake Thamalakane would have filled Lake 

Ngami and the Mababe depression both with a permanent link between the two basins via 

the Thamalakane-Mababe-Boteti-Lake river system. 
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geomorphology can provide when looking at the past and generating hypotheses for the 

genesis and evolution of a basin.  

For example, a Mollic Gleysol located in the middle of what is now Lake Ngami 

had a water table 210 cm below its surface elevation of 920 masl in 1986. Assuming no 

error, the same location was 925 masl based on the SRTM in 2000. Thus, the water table 

conceivably increased 7.2 meters in 14 years and presently Lake Ngami has water year-

round.  Enough time had passed in 1986 for a 25 cm ‘A’ horizon to develop, a non-

calcareous ‘Bg’ from 25-150 cm depth, and a non-calcareous clay ‘C’ horizon extending 

from 150 cm to 210 cm (water table). In addition to low calcium, the lake Ngami profile 

had low pH (5-3.8) and relatively high organic carbon content (1.7-1.9%). The mapped 

moisture regime in 1986 was aridic, although all horizons were moist in the field. Although 

the lake was dry during mapping, the soil lay within the capillary fringe and was thus a 

wetland of some type. 

On the other hand, Lake Mababe desiccated around the same time as Lake Ngami, 

but with very different results. The depression (sump) profile was classified as a Calcic 

Chernozem, with a 25 cm ‘A’ horizon, followed by two ‘Btk’ horizons extending to 150 

cm depth where a ‘Ck’ horizon was identified that is “nearly pure lime” (Verbeek, 1989). 

Here too, all horizons were moist in the field, but the water table was not reached. Calcic 

nodules in the ‘Btk’ horizons suggest a seasonal fluctuation of the water table, in the 

present or recent past. In comparison with the Ngami soil, the Mababe soil also had lower 

organic carbon content (0.4-1.5%) — all horizons except the ‘A’ had less than 1% — and 

higher pH, increasing with depth (7.2-7.8). McCarthy (2006) concluded that transpiration, 

especially in forest fringes contribute to solute accumulation, preferentially precipitating 

silica, then magnesium calcite, calcium carbonate, as salinity increased (McCarthy and 

Ellery, 1994; McCarthy et al., 1993).  
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In fact, the largest amounts of organic carbon recorded in the Ngamiland (Verbeek) 

survey of 1989 were at a second profile near the present shore of lake Ngami (8% 

decreasing to 6.8% at 29 cm depth). Successive buried ‘Cg’ horizons with lower organic 

carbon content (0.4-0.6%) and increasing pH, indicate a change in antecedent conditions 

that are not apparent in other locations (Verbeek, 1989).  

This research aims to examine the links between current and past interbasin 

connections. A separate but related aim is to examine the mechanism for activation and 

abandonment of different parts in the OD. Figures 1 and 2 illustrate the present-day OD 

including the Makgadikgadi.  Chronologies in Botswana have been studied primarily at 

different localities: the Mababe Depression (MD), Lake Ngami (LN), and the 

Makgadikgadi Pans (MP) (see Figure 4). Moore et al. (2012) reported chronology of 

flooding and filling of 3 depressions that were perhaps coeval or filled at different times. 

Burrough and Thomas (2008) examined the chronology of the MD that supported evidence 

by others for a high stand paleo-lake Makgadikgadi (PLM, see figure 11, pale green 

outline) at 945 meters above sea level (MASL) at basin full conditions between 6.8-5.5 ka 

BP. Podgorski et al. (2013) postulated a model for the creation of PLM, beginning 1.5 - 

0.5 Ma linking all 3 depressions, that would have formed a (paleo) Lake Thamalakane6. 

The implication here is that the direction of flow based on current elevation in meters above 

sea level (MASL) would have changed depending on which water bodies were filled at 

different times. This model can be tested by sampling and dating relict shorelines using 

C14, OSL, and Pb210 methods (ancient, recent past, and last 200 years respectively). These 

dating methods can show if in fact shorelines are contemporaneous or if the lakes were 

filled at different times. When these lakes did exist and dried up (reached standstill 

                                                 
6 Coeval during approximately the same time much less spatially extensive and not 

reaching final high stands until 3,000 YBP 
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conditions), XRF (x-ray florescence) can show the rate of chemical precipitation, for 

example of calcium, by examining the proportion of Ca to other elemental constituents 

present. For example, Gobagoba et al. (2005) showed the stages of both calcite buildup and 

destruction appeared in upper parts of the OD.  

By historical accounts in the 1880s, the Thaoge River and the Savuti River (Figure 

4, ‘a’ and ‘d’) were both abandoned (Stigand, 1923). Narratives indicate that significant 

human modifications to the upper Thaoge may have initiated this abandonment, which also 

led to the diversion of water to the Jao-Boro, now the principle NW-SE channel through 

the delta (Tlou 1972). Also, historical accounts over the past 200 years indicate a recent 

Bantu migration7 through the delta, which may have been coincident with changes in delta 

hydrology (surface water patterns) (Robbins et al., 2009; Robbins et al., 1996). Perhaps 

this migration arose from Bantu local and expert knowledge of fluvial systems and land 

management practices (e.g. channel clearing, burning).  

 

METHODS 

Remote Sensing and Field Sampling 

Digitized and georeferenced maps were used to track historical changes in surface 

hydrology. The Shuttle Radar Topography Mission (SRTM) was conducted in 2000 by 

NASA using C band synthetic aperture radar (SAR). Initially the spatial resolution released 

globally was 90 meters, but in September of 2014, the full 30-meter resolution data were 

released to the public. McFarlane and Eckardt (2007) used the SRTM dataset to evaluate 

paleodune morphology as a function of tectonism to improve existing models by extracting 

lineaments and linear features. The SRTM dataset can be used to extract a residual digital 

                                                 
7 baYei and maBushku 
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elevation model (DEM) following Zani et al. (2012) working on a similar megafan with a 

large wetland (the Pantanal) in a dry environment that should show areas with greater 

erosion (subsidence) or deposition (uplift) in the basin of a large megafan. Beyond the 

SRTM, a new SAR sensor, Sentinel-1, was launched by the European Space Agency in 

October 2014. Sentinel-1 is tasked with monitoring soil moisture, flooding, and to measure 

change in mass (glaciers, earthquakes, groundwater pumping). Paloscia et al. (2013) 

demonstrate the use of Sentinel for soil moisture, while Kuenzer et al. (2015) show its 

usefulness in obtaining complex flood patterns. Every 24-25 days, Sentinel is acquiring 

data over MOZ at a spatial resolution of 10 meters.   

Based on DEM analysis combined with previously identified surfaces (Ringrose et 

al., 2005; Verbeek, 1989)  I created a general geomorphic surface map created to stratify 

samples in the field (See e.g., soil map based on Verbeek 1989 in Figures 15-18). The 

sample locations were selected by region and observations in the field identifying surfaces 

at the landscape scale that were accessible (Figures 15-18). Field observations can aid 

through observation of stratigraphic sequences and cross correlate changes that have 

occurred in terms of deposition over time.  

I collected field samples at three times in three locations (Table 6 summary, Figures 

15-18 show corresponding locations): in July 2015 around the Boteti River where it exits 

the OD, LN, and the MD (located in Chobe National Park) (Figure 16); within Chobe 

National Park in November 2016; and near Lake Ngami in the Makgadikgadi and at the 

edge of the study area catchment near Pandamanetga in February – April 2017 (Figure 17, 

18).  At a given location, sample depth could vary. The soil survey for southeastern 

Ngamiland reports at least one typical soil with a maximum depth of 40 cm obtained with 

auguring. I conducted sampling by coring with a slide hammer that had a stainless-steel 

split core and removable PVC liners to retain sediments, digging trenches that were equal 
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width and depth (e.g., 100cm x 100cm x 100 cm) and collecting samples from one 

undisturbed (i.e., side of the soil pit that was smoothed and not covered with debris) pit 

face. Samples taken from trenches were taken at either 10 cm intervals or in the center of 

apparent horizons in the field, these were stored in plastic bags and let to air dry before 

shipping to run lab analyses in the US. Samples were not homogenized during extraction 

(not augured if possible).  

A total of 36 sites were identified based on their location, and of these 36, pits were 

dug at 27 and auguring or coring took place at 4. The rationale for such a low density of 

samples for a given area is linked to the goal of this research: to identify process domains 

(parent materials) in the three terminal basins that the Okavango terminates in 

(Montgomery, 1999). Thus, each sample point represents only a small polygon of a 

presumably homogenous surface identified earlier. To check this at some locations (e.g., 

PC1, PC2, PC3 or SLN and SAF) pits were dug in close proximity to check the local 

variability. A second check on this method was to sample at locations outside the present 

day influence of the Okavango (these included PC1-3, NUN, and EMZ). Lake levels were 

first identified based on elevation (Figure 11, 15, Table 2), and then investigated further in 

the field. Locations that appeared calcic or that were mostly sand tested with dilute (1 M) 

HCl in the lab for Ca presence. Reasons for testing Ca presence are discussed in the 

“Results” section. Once collected, samples were kept in their PVC liners, capped, and 

sealed in plastic bags. These samples were then transferred to a storage facility in Maun 

pending grant approval for shipment back to the USA.  

All samples were photographed in the field; and standard survey methods were 

followed (Kiser, 2010; McKenzie et al., 2008; Schoeneberger et al., 2002). A total of 156 

discrete samples were collected during these field campaigns at 31 unique locations (Figure 

15). 
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Lab Processing 

For each sample, I used the loss-on-ignition method to estimate soil organic matter, 

and carbonate. Each sample (and by extension any sub-division of any sample) was 

measured and estimates of organic matter and carbonate were derived using a muffle 

furnace (Heiri et al., 2001)8. Samples that were identified in the field or lab as calcareous 

were be treated separately. Based on the amount of material retrieved, budgetary 

constraints, and equipment availability, a subset of samples underwent X-ray florescence 

(XRF) and X-ray diffraction (XRD) analysis. Every typical soil for southeastern 

Ngamiland has some clay content, which would warrant using X-ray diffraction (XRD). 

XRD can identify many kinds of minerals, including calcite, halite, and feldspar, and XRF 

can identify many elements such as rare earth elements (REE). The presence of REEs help 

constrain source areas and chronologies for sediment. In addition, XRD can be used to 

establish weathering rates following deposition, which is important in the distal fan (this 

study area), where precipitation of solutes through evaporation or transpiration accounts 

for over 50% of water loss (McCarthy, 2006). A representative subset of samples (n=26, 

k=5) were selected to undergo further elemental analysis with ICPMS (for REE’s) and 

CNH (carbon/nitrogen/hydrogen) at the Cornell Soil Laboratory (see site locations in 

Figures 18-23). The subsets that underwent further analysis were prototypes for their 

respective locations to provide what would be presumably the highest contrast.  

In locations where there are gaps in the current knowledge and DEM analysis does 

not show agreement with previous studies I used 14C dating. These methods allow for 

analysis of deposition over longer time scales (1,000s of YBP). Carbon dating is not 

                                                 
8 550°C for organic matter and 1000°C for carbonate 
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uncommon in the area, but here where old calcium carbonate has accumulated, there could 

be issues with contamination and reservoir effects. Organic matter is in limited supply in 

most depositional sequences, with the exception of dambos9 (Burrough et al., 2015).  

Samples collected from dambos have many different potential dating methods for paleo-

environmental reconstruction. I considered using other dating methods and oxygen 

isotopes, to look at changes in water balance (cloud cover and ET), and cosmogenic 

radionuclide (CRN) dating methods, especially using Be10. Finally, a subset of samples 

that had higher organic matter were analyzed to study the ratio of δ13C in the acidified 

organic matter (30 samples). For 10 locations, this analysis was performed twice, once on 

bulk organics and again on the humin fraction. The humin fraction should represent the 

oldest carbon present for those samples, and if the paired samples are divergent, these show 

large differences in the source of organic matter over time.  I measured magnetic 

susceptibility in the field during field campaigns in 2016 and 2017 at a resolution of 10-3 

SI units with a SM-20 meter from GF Instruments. For samples collected in 2015, I 

measured magnetic susceptibility using the same meter in the laboratory at the Beach Soil 

Labs University of Texas.    

 

RESULTS 

Field Results 

The general overview based on landscape observations from the field including 

vegetation and soil profiles is complex. Between 2015 and 2017 the study area had 

experienced a dry period (small incoming floods and below-average rainfall) followed by 

a wet season that was far above average (October 2016- April 2017). Some areas that had 

                                                 
9 Dambos are organic rich semi-perennial wetlands in shallow pans common in Zambia. 
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been dry were covered by up to 1 meter of water in the Makgadikgadi pans. Floods from 

rainwater made parts of the study area impassable or inaccessible, although it should be 

noted this water had mostly evaporated by the end of the dry season. Based on all prior 

studies (and in this dissertation, see chapter 4) 2010 appears to have been one of the largest 

floods in the past 150 years; observations here demonstrate that massive bodies of water 

can develop in the seasonal time scale  

The soil data were derived from 31 units with a mean depth of 100 cm that produced 

156 samples (Table 6). These data indicate 3 main soil types that correspond to three 

dominant process-geomorphic surfaces (lacustrine, fluvial, and aeolian).   

Mababe Depression Area 

Several soil sequences were prevalent in the Mababe Depression area (Figure 1).  

The center contained black, clay rich soils as expected, typified by the soil pit at the distal 

Savuti delta (Figure 25).  To the east and western margins of the depression, textures 

became sandier as the sand ridges on the western flank moved into the depression. On the 

eastern edge of the depression in Mopane forest land, there was no discernable ridge, but 

there were many water-filled pans (in November 2016). Just east of these pans were small 

sand ridges, a mixture of aeolian and alluvial deposits. Several deltas, composed largely of 

sandy deposits, were visible from remote sensing imagery. The Ngwezumba River, which 

enters the Mababe Depression from the northeast, was dry in November 2016, but had beds 

of non-calcareous white sand that were in excess of 0.5m deep. The source area for the 

Ngwezumba is west of Pandamatenga, Botswana, which was saturated to the point of 

surface ponding of water in February 2017.  Other soils composed of non-calcareous sand 

with no visible profiles came from outside of the Mababe Depression in an abandoned 

channel that previously had entered the depression from the west were explored (site codes 
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PC1-PC3). The remnant channel was barely visible on the ground and covered with 

vegetation (Terminalia spp.) but had not had enough to develop soil horizons.  

Lake Ngami and Surrounding Area 

To the north of Lake Ngami, soil pits were dug as far north as Tsau in the banks of 

the now-abandoned Thoage River (Figure 6). The Thoage channel was sandy with dark 

gray sand that was non-calcareous. Further south pits were dug in what appeared to be 

aeolian dune fields that had been reworked by fluvial processes (site codes in Table 7:  

AID, NGS). Here again there was little visible differentiation between any horizons in the 

field, but the sand here was calcareous and more yellow in color than the gray sand found 

in the Thaoge and in the Mababe. Here again the channels were too active for pedogenesis 

to create horizons.   

Soils with some boundaries, becoming more yellow-white with depth and with 

calcrete nodules present below 1m depth occurred closer to the lake, on the northern edge 

of areas submerged during extreme floods over the last 150 years. No visible ridge exists 

on the northern edge of Lake Ngami and closer to the Lake edge it is not uncommon to 

find submerged trees.  

On the southern edge of Lake Ngami near Bodibeng, reputedly the edge of the lake 

in 1925 (Du Toit, 1926), three pits were dug within 1 km of each other at approximately 

the same elevation (Figure 15). All of these soils were subangular, blocky and not very 

friable. At depths beginning 20-30 cm below the surface parallel laminations were visible 

and continued for at least 1 m (see example of ped in Figure 19). I discuss these soils further 

in the next section.  

The southern edge of Lake Ngami is bounded by the Kunyere fault, which creates 

a scarp rising about 6 m above the lake edge; the downthrown side faces Lake Ngami and 
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numerous outcrops of meta-sedimentary rock can be seen in the vicinity of the fault. More 

rock is exposed around the southwest perimeter of the lake than the southeast perimeter. 

Pits dug along the southeast edge including in the Nhabe and Kunyere river channels were 

structureless unlike the pits dug in the southwest that had an angular structure. There are at 

least four possible reasons why the soil structure shows little sign of pedogenesis.  First, 

the lake is deepest near the entrance of the Nhabe River, several meters of water must 

accumulate here before the lake expands laterally. Second, migrations for water would 

likely come from the north and east, making the eastern part of the lake more heavily 

traveled than the west Third, there has also been considerable sand deposition from aeolian 

activity here that perhaps has buried similar deposits. Fourth, Verbeek (1989) report that 

peat layers, sometimes accumulating meters thick in the eastern margins of the lake, were 

regularly burned10. These are soils that lie atop lacustrine deposits that show no sign of 

bioturbation or any pedogenic development, suggesting rapid sedimentation followed by 

vegetation and soil development into an Inceptisol this is not quite in agreement with the 

soil map by Verbeek (1989) which classified these as Calcisols (FAO) or Alfisols under 

the USDA classification scheme. 

 

Lab Results-Carbon Isotopes 

A total of 156 samples were collected in the field or further subdivided in the lab 

from samples collected in the field (e.g., from cores). Out of these, 28 samples were tested 

to determine the δ13C‰ composition of the bulk organic fraction; a subset of the 28 

samples (16) were also tested on just the humin fraction11. The objective of this analysis 

                                                 
10 Fires could be anthropogenic or natural. 
11 See Tables 4, 5; Figures 27, 28 
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was to determine the δ13C‰ value at different depths (to represent change over time at a 

location) and different locations (to compare change among and between locations). Both 

bulk organic and humin fractions were used and compared because the humin fraction 

should represent the oldest carbon, and provided there had not been significant 

bioturbation, should have produced a similar result as the measurement from bulk fractions 

of organic matter. The results from this analysis thus allow inference into the type of 

vegetation that was dominant at different depths or points in time with C3 vegetation being 

more negative (-20 and below) and C4 vegetation (-11 to -19). A mixture of vegetation 

would produce a result somewhere in-between these two.   

The 28 samples came from 7 different soil pits, 3 from Lake Ngami, 1 from the 

Boteti River where it ends in the Makgadikgadi Pans, two outside of the study area (and 

drainage) but with similar environmental characteristics (Nunga River, shown in Figure 

20; and a paleodune underneath a teak forest, site code in Table 7: EMZ). The lowest 

δ13C‰ values came from the teak forest (-21 to -24 ‰), which are values indicative of 

mostly C3 dominant vegetation. Values greater than -20 are generally indicative of C4 

dominant vegetation, as is the case in the Savuti delta in the Mababe Depression (MAB SV 

PX, Figure 18), which had ranges from -16 to -17 ‰. The Nunga River (Figure 23) also 

had low (C4 dominant) values; however, some of the lowest values (-20 to -22 ‰) come 

from the end of the Boteti and indicate that vegetation there would have been C3 dominant 

(at present there was little vegetation except for a few scattered woody shrubs). 

Around Lake Ngami (SAF, SAF16, SLN, Figures 15, 20) values tended to be mixed 

(between -17 to -20), which suggests a heterogeneous landscape not dominated by either 

C3 or C4 vegetation (Table 5, 6). 

In general, the humin fraction δ13C‰ values (Table 6) were like the bulk organic 

fraction. In the Mababe Depression, values are still higher (-16 to -19) compared to Lake 
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Ngami (-18 to -20). The slight change between bulk organic matter and humin fraction 

δ13C‰ values could indicate the bulk organics have been deposited at the same time, there 

have not been any additions due to bioturbation or erosion, or the vegetation has not 

changed much over time.  

 

Carbon Dates 

From the Southern Lake Ngami (SLN, Figure 19) sequence, three radiocarbon dates 

were obtained to ascertain an age-depth relationship with other sites nearby and perhaps 

get at an approximate rate of deposition. At a depth of 70-83 cm: 3140-3351 YBP, from 

119-125 cm: 4238-4440 YBP, from a nearby pit (SAF) at 70-80 cm: 3060-3215 YBP. 

These dates indicate a fairly rapid rate of deposition between 4400 YBP and 3060 YBP (55 

cm). Another recent study (Cordova et al., 2017) also found high rates of deposition from 

cores taken north of this location in the lake bed, which these results seem to tentatively 

corroborate. 

Organic Matter, Magnetic Susceptibility 

The highest organic matter concentrations were found at southern Lake Ngami with 

both SAF and SLN (just 1 km apart) having over 5% organic matter at a depth of 80 cm. 

At SLN organic matter ranged between 3.8%-5.4%. The next highest concentrations of 

organic matter were in the Boteti Delta in Ntwe-Ntwe Pan (EOB, 2.1-2.9%) and the Boteti 

River at Lake Xau (1.5-2.7%). Carbon-Nitrogen-Hydrogen tests on samples show high 

carbon at both SLN (1.9%-6.2%) and EOB (0.6%-4.8%). In comparison, the grassland soil 

of the Savuti delta in the Mababe Depression had organic matter content between 1.2-1.8% 
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with carbon between 0.5-1.6%. Other outlying areas (e.g., the Boteti River and floodplain, 

Mogogelo River) had less than 1% organic matter12.  

Magnetic susceptibility (Figures 30, 31, 32) profiles show some similarity to 

elemental concentrations, for example at southern Lake Ngami the magnetic susceptibility 

profile at SAF is similar to Na and Ca concentrations down-profile of SLN (Figures 22, 

30). High concentrations of organic matter at Lake Xau are coincident with a negative 

magnetic susceptibility curve there (Figure 31). In contrast, the profile at the Savuti Delta 

in the Mababe Depression is similar to the general trend of most elements (Figures 25, 29).  

Soil Geomorphology – This Study 

Soils in this study were typically either sandy loams (FOA Arenosols, USDA 

Psamments), clay rich lacustrine mud (FAO Chernozems, USDA Mollisols), or Aridisols 

formed under sub-humid conditions found in the Makgadikgadi but also around the distal 

OD, where local pans have formed. It is important to note that this area is teeming with 

wildlife much as it was in early accounts from European explorers. As such, the agency of 

these populations as geomorphic agents cannot be disregarded. Although it was not the 

purpose of this study to evaluate the geomorphic influence of elephants or buffalo, their 

influence could be clearly seen as elephants rolled around in riverbeds or threw mud across 

the landscape. This raises an important question then about the nature of deposits in this 

type of environment and how comparable they are to others. During drier conditions, 

populations likely would have moved to other areas but with increased water, there may 

have been homogenization of layers or horizons. 

                                                 
12 This is a surprising result because it would imply that carbon cycling is very high in the 

distal OD and/or it is C-limited (as the elemental analyses show good amounts of P,K and 

varying amounts of N). 
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Analysis of δ13C suggests C3-C4 vegetation has been mixed in most locations over 

time, with exception of Mababe, which has been dominated by C4 vegetation (grass) for 

the entire 31 cm profile analyzed. Bulk organic matter and humin fractions of δ13C were 

extracted and compared (Table 5, 6; Figures 27, 28). Pairs of organic matter and humin 

fraction (14 pairs) had a correlation of 0.89 (significance level <99%) and a paired t-test 

confirmed this difference (p=0.001). Therefore, in this study area the humin fraction (older 

carbon) represents a heavier less mobile carbon (more negative δ13C) or a greater 

abundance of C3 vegetation.   

At the southern edge of Lake Ngami a pit was dug to a depth of 1.25 m, but the 

water table still not reached, but soils were saturated (Figures 15, 20). Nearby this site, 

elevated a few meters were outcrops of metamorphic-sedimentary rocks, some 

perpendicular, others parallel to the current landscape plane, which must have an influence 

on local drainage and may explain how this locality accumulated more organics (it was 

simply less accessible than the northern lake edge).  Around Lake Ngami were large 

amounts of dead papyrus reeds that were decomposing and accumulating, which form peat 

beds that are more common in the eastern part of the Lake where the Nhabe River enters. 

In the past, these peat beds have been burned periodically to clear the land, some fires start 

on their own and can burn for years.  

Ground-referenced geomorphic units were checked against previous hypotheses 

posited for the progression of events that formed the present-day OD. This work is 

transformative in its methodological approach, crossing new analytical methods with 

remote sensing data and historical accounts to present a geomorphic perspective on the past 

and present hydrologic function and legacies of the past in the MOZ basin. This contributes 

to the broader literature in fluvial geomorphology by shedding light on the processes, 

patterns and functioning of an active terminal alluvial fan system. In terms of 
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paleoclimatology and paleohydrology, it provides new insights and adds to existing data 

interpreting the prior functioning in the OD with respect to changes in and construction of 

topography.  

FUTURE WORK – CONCLUSION 

This study surveyed 31 locations around the MOZ, focusing on some locations that 

have rarely been visited to look at soil since Du Toit (1926). There are massive fluctuations 

seasonally that can be seen on the ground but not always visible from space. Storage of 

carbon and organic matter and stored carbon, which are essential ecosystem services 

provided by wetlands typically are apparently smaller than expected here. Future work 

might look at other dating methods including Be-10 to better constrain changes on the 

landscape. Changes between Mababe-Makgadikgadi-Ngami are not completely uniform or 

synchronous but do show similarity and thus climate is probably a large driver of change 

in longer timescales here (although the degree of influence of tectonics remains unknown).  

Based on the large accumulation of organic matter around Lake Ngami, this area 

seems to be a location that is full of possibility for future research into past environments. 

However, as it is currently understood, the deposits of Lake Ngami may not only reflect 

past climatic regimes, but also tectonic forcing. Therefore, to the best extent possible more 

work should be done around the Mababe depression in particular, where previous study 

sample density is low. The results in this study were inconclusive as to finding a common 

boundary within 1 meter depth in the terminal depressions that would have been during the 

time of one of the paleolakes linking at least the Mababe and Ngami basins or even all 

three at higher levels (Thomas and Burrough, 2012). The radiocarbon dating at Lake Ngami 

did show agreement with Cordova et al. (2017)Cordova et al. (2017); thus the lake was 

consistently filling with sediment at a much higher rate 3000-4000 ybp. Further studies that 
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can date deposition rates in the Mababe depression and in the Makgadikgadi, including 

Lake Xau and in the Boteti River Delta at Ntwe-Ntwe pan, could show further correlation 

between the basin filling (as in e.g., Baker et al. (2001).  
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Chapter 4: Wetlands in Drylands: Leveraging Scale and New Platforms 

ABSTRACT 

This work examines methods for detection of variable waterbodies, here one of 

three outlets of Botswana’s Ramsar-listed Okavango Delta known as Lake Ngami, an 

ephemeral lake that can vary in areal extent seasonally from 0-200 km2. The Okavango 

Delta is fed by the Okavango River that has a gauging station before it splits into multiple 

distributary channels that spread out over 150 km from the apex. Few channels downstream 

have gauging stations and only one outlet has long-term records. This work leverages both 

spatial and temporal scale using multiple sensors (coarser temporal scale with Landsat-5, 

higher spatial and temporal scale with Sentinel). Thus, remote sensing is a meaningful way 

to monitor the hydrologic dynamics around this area. The methods employed by this study 

use Google Earth Engine and associated scripts to examine the areal extent of Lake Ngami 

in three different modes as follows.  

1. Over a relatively longer time scale (1984-2009), using passive optical data 

(surface reflectance) from Landsat 5 Thematic Mapper (TM) processed using the Modified 

Normalized Difference Water Index (MNDWI) to discriminate between land and water.  

2. More recently, using passive optical data from Landsat 8 OLI with MNDWI from 

2013-present along with Sentinel-2 (2015-present) to assess seasonal spatial-temporal 

dynamics of the lake.  

3. Most recently, adding data from active SAR Sentinel-1 (2015-2017) that was 

tested as a method for detecting using water with several filters (Perona-Malik and Lee), 

along with techniques including band thresholding as well as two types of unsupervised 

classification (k-means and Iterative Self-Organizing Data Analysis (ISODATA)) and then 

comparing these to MNDWI data derived from Sentinel-2 and Landsat 8. 
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Results from Landsat 5 Thematic Mapper (TM) (119 scenes evaluated, 100 used) 

showed a maximum of 60 km2 areal extent of Lake Ngami. Although Landsat 5-TM scenes 

were filtered to only the highest quality (9) and cloud-free scenes, there were occasional 

scenes that had low to zero area in-between scenes that had over 10 km2 area. All scenes 

(119) were individually reviewed both visually and with per band histograms and one key 

finding is that opacity does affect the MNDWI value yet is not factored into the scene 

quality or cloud cover area. Landsat 8 and Sentinel-2 data (86 scenes) from between 2015-

2017 show similar visual trends in terms of change in area over time. Atmospheric 

correction and narrower spectral bands on Sentinel-2 could explain some differences 

between the two sensors. Sentinel-1 can potentially provide a useful platform to 

discriminate between land and water in this locality, however, this study found 

unsupervised classification to be the most consistent (with MNDWI results) predictor of 

land/water. Because of sensitivity to number of output classes specified, k-means might 

have limited success in the future here or in other locations.  

A direct comparison between Sentinel-1 and Sentinel-2 was then performed on 14 

scenes from between October 2016 - November 2017. Methods for isolating water showed 

ISODATA to have the closest values in terms of area to MNDWI. However, monthly data 

were not available due to clouds for most of the rainy season (October-March) to compare 

pairs of Sentinel-1 and 2. The Sentinel-1 ISODATA derived water area sometimes over-

predicts as much as 40% while the k-means derived area could produce a value within 1% 

of the MNDWI derivative. Additional QA data may help refine MNDWI extents as in 

Landsat. Future work should include adding a DEM model band to augment unsupervised 

classification to improve, possibly, clear topographic effects seen in this study. A key 

finding of importance for anyone working in aquatic or aquatic-terrestrial interface 

environments is the presence of and ability to filter out wind contamination, which was a 
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source of error in both optical and SAR products. Wind contamination can lead to 

over/under estimations of water area at a regional/local scale used here and may have larger 

implications for global datasets.  

INTRODUCTION  

Lake Ngami was present ephemerally before 1984 and according to soil survey 

reports in 1989 it had been dry since 1984 (Verbeek, 1989). Our earliest knowledge of 

Lake Ngami comes from travel reports from Livingstone in 1849(Livingstone, 1857). In 

2004, a large flood brought water to the lake, which was seasonally dry until ending the 

dry period from 1984 (Meier et al., 2015; Wolski and Murray-Hudson, 2006). Thus this 

period of 1989-present is used to frame this research’s assessment of waterbody detection.  

After the launch of passive optical satellites beginning with CORONA in 1960, the 

lake became easier to track though CORONA photography was generally not available to 

civilian workers, and was declassified by executive order in 1995 by President Clinton’s 

Executive Order 12591. CORONA and its successor ARGON’s scenes can provide some 

insight into the lake’s status through the 1960s-1970s but not in a consistent, reproducible 

way. Until the launch of Landsat 4 in 1982, the yearly and seasonal status of the lake was 

unknown through remote sensing. For this work, the Landsat global archives were 

reviewed and archives of the closest ground station in South Africa (JSA) were checked 

for any possible data. There were not yearly scenes (at least one for each year continuously 

since the launch of Landsat) without clouds or that had the entire lake in one scene on a 

yearly basis for Landsat 1-3. At least one scene from Landsat 1 captured the full extent of 

the lake but Landsat 2 and 3 failed to capture the lake in one entire scene that was cloud 

free during their time in production. 
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In the absence of extensive records of incoming water to the Lake and with 

widespread anecdotal and discontinuous hydrologic records, the best option was to 

leverage remote sensing resources to examine surface water dynamics in this small 

terminal lake of the Okavango Delta. In this study, a time series was created using Google 

Earth Engine and the entire Landsat (Landsat 4 (TM), Landsat 5 (TM), and Landsat 8 OLI) 

global archive covering Lake Ngami from 1984 to present13.  

At present, Sentinel 1 (C-band Synthetic Aperture Radar) passes over the lake every 

12 days at the same time and angle to provide radar imagery that can penetrate cloud cover 

and has a spatial (horizontal) resolution of 10 meters (compared to 30 meters with Landsat, 

not counting the panchromatic band). One main limitation of using passive optical imagery 

such as Landsat is the inability to penetrate most cloud cover. Thus, there are few if any 

Landsat scenes in most years that are entirely cloud free between November and May, 

which is the rainy season with thunderstorms and a time critical for lake boundary 

detection. The lake typically fills from surface water arriving from the Okavango Delta 

(Figure 1) anywhere between June-August, Later, the lake begins to contract at the onset 

(October) of Austral summer (December) and the wet season. Some years the lake has 

persisted for the entire year but despite this it has been identified in many maps as a 

seasonal feature. Another aim of this study is to compare (active) radar with passive optical 

detection of water to see how viable radar-based methods are for a lake that can so quickly 

change from one season to the next and how differently it responds from one year to the 

next. 

                                                 
13 Landsat 1-3 were not used due to lack of a continuous record discussed above; 4-5 TM, 

7 ETM and 8 OLI all have similar bands with the same spatial resolution for those bands 

that allow for a direct comparison. Landsat 7 was not used due to the well-known scan-

line corrector failure. 
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Recent studies have tested the use of multitemporal satellite synthetic aperture radar 

(SAR) as a tool for flood detection (Kuenzer et al., 2015; Westerhoff et al., 2013). Flood 

products derived from SAR have been shown to be comparable to multispectral-derived 

products such as the Modified Normalized Difference Water Index (MNDWI) (Twele et 

al., 2016). Sentinel 1 and 2 were launched in 2014 and 2015 respectively and provide high 

spatial resolution (10-30 m) products, both active (SAR on Sentinel-2). These satellites 

both repeat orbits at the latitude of this study approximately every 12 days. This study 

evaluates Sentinel-1 as a water detection tool for a known wetland positioned within a 

semi-arid system with high spatio-temporal variability via examination of a monthly time 

series from 2016-2017 In addition an extended history of the lake is examined from 1984-

present (205 images total) through archives of Landsat 5 TM, Landsat 8 OLI, and Sentinel-

2 MSI. Two different methods for extracting water and flood data are compared using the 

Sentinel-1 (thresholding and unsupervised classification) product and the methods’ 

performances evaluated. 

Research Objectives 

Assess the long-term fluctuations of lake area using MNDWI and Landsat TM. 

Examine the seasonal spatio-temporal dynamics of the lake with both Sentinel-2 

and Landsat 8 with MNDWI. 

Compare S1 with S2 and Landsat 8 as tools to measure seasonal spatio-temporal 

dynamics of the lake.  

STUDY AREA 

Lake Ngami is one of three terminal depressions that drain the inland-terminating 

Okavango Delta, a perennial wetland that seasonally floods stretched atop a larger alluvial 
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(mega)fan14 and part of the Okavango-Makgadikgadi-Zambezi (MOZ) system (Figure 1). 

The MOZ is interconnected at various points over space-time, with outflows to the 

Zambezi from the Okavango Basin and inflows from the Zambezi to the Okavango 

(Mababe) Basin(s) at different frequencies and magnitudes. There is a general consensus 

in the literature that ca 1200 YBP these systems were linked via Lake Thamalakane, 

supported by dating of shorelines along the margins of the margins of the basin and 

similarity of fish species in the upper Zambezi and Okavango (Thomas and Burrough, 

2012). The Okavango is an endorheic15 basin, and accordingly drains to one of three 

terminal depressions: the Mababe Depression, Makgadikgadi Pans, and Lake Ngami. One 

or all of these terminal depressions should be coordinated with the flood inflow coupled 

with rainfall. However, the study area lacks any long-term gauging stations between the 

inflow at Mohembo and the Thamalakane River, the primary river outlet collecting water 

flowing out of the Okavango Delta to the southeast (Figure 10).  

The earliest written account of Lake Ngami comes from David Livingston, who 

described a massive body of water that was at least 100 miles (160 km) around its perimeter 

(Livingstone, 1857). The lake, at times one of the terminal points of the Okavango Delta, 

was a destination for explorers over the next 50 years (VanderPost, 2005) who all noticed 

how the lake could vastly expand and contract over time (Figure 1). Shaw (1985) compiled 

these sources and found that the lake was generally found to be 160 km around its perimeter 

and 647 km2 in surface area at maximum. Stigand (1923) provided detailed maps and 

                                                 
14 Megafans are generally 10,000-100,000 km2 compared to alluvial fans that are <100 km2 (Leier et al., 

2005); there are no middle designations and other classification schemes [7] other avoid this term 

altogether. A discussion about the exceptional characteristics of megafans is ongoing, contentious and 

outside the scope of this paper (but see e.g., Latrubesse, 2015; Wilkinson et al., 2009) Megafans are 

generally 10,000-100,000 km2 compared to alluvial fans that are <100 km2 (Leier et al., 2005); there are no 

middle designations and other classification schemes [7] other avoid this term altogether. A discussion 

about the exceptional characteristics of megafans is ongoing, contentious and outside the scope of this 

paper (but see e.g., Latrubesse, 2015; Wilkinson et al., 2009) 
15 Not draining to the ocean 
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described areas seasonally flooded as well as channel dimensions and flow velocities in a 

few locations. In 1925, a five month expedition conducted by du Toit took detailed 

measurements and notes of the landscape concerning its geology, climate, and the 

ephemeral nature of the system (Du Toit, 1926). In fact, 1925 was one of the highest floods 

on record, with water in October of 1925 reaching as far west as Bodibeng (see Figure 34). 

However, for the next 50 years there are no continuous data on the lake. There were no 

gauging stations installed, although from 1980-2012 water discharge into the lake was 

measured by the Botswana Department of Water Affairs (BDWA) fortnightly at 

Mogapelwa and precipitation was measured daily at Sehitwa (approximately 10 km apart 

from each other-- see Figure 40). 

 

DATA AND METHODS 

Data – Sentinel, Landsat Sensor Systems 

Remote Sensing Sensor Systems 

The platforms used as the basis for this study were active radar (Sentinel-1, S1) and 

passive optical satellites: Landsat 5 Thematic Mapper (TM), Landsat 8 Operation Land 

Imager (OLI), and Sentinel-2 (S2) MultiSpectral Instrument (MSI). Spatial resolution for 

Landsat 5 TM is 30 meters with 8-bit radiometric resolution; Landsat 8 OLI also has 30-

meter spatial resolution but 12-bit radiometric resolution, while Sentinel-2 has 20-meter 

spatial resolution and 12-bit radiometric resolution.  

 

Synthetic Aperture Radar Theory and Acquisition 
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Synthetic Aperture Radar (SAR) is used to generate scenes acquired from the 

Sentinel-1 platform. Sentinel-1 (S1) uses active radar acquisition (C-band) and captures 

data along range (20 meters) that has a beam width of 5 meters. The SAR sensor emits a 

pulse or chirp along a given range as it travels along an azimuth and as the signal reaches 

the ground surface it scatters and returns to the SAR as backscatter phase and amplitude. 

Signals can be transmitted and received in different orientations: vertical-vertical (VV), 

vertical-horizontal (VH), horizontal-horizontal (HH), and horizontal-vertical (HV). 

Sentinel-1 only uses VV and VH over land, while other radar systems (e.g., Radarsat) use 

HH or fully polarimetric16 (VV, VH, HH, HV) acquisition modes (Figure 36). 

As radar scenes are captured at an oblique angle they must be geo-rectified and the 

most common way this is accomplished is through the creation of a ground range detected 

(GRD) formatted scene. To do this the phase and amplitude are converted to backscatter 

intensity that are typically measured in deciBel units (dB). The resulting GRD will have 

different incidence angles along the range and azimuth that it was acquired (Figure 42). 

Several measures of intensity are common, which include sigma, beta, and gamma nought 

(Figure 42). This study used sigma nought (σ°) for all processing due to low relief in the 

study area (approximately 25 meters difference across the entire area).  

Acquisition dates ranged between October 2016 through November 2017 for 

Sentinel-1 and Sentinel-2 (Table 1). Because Lake Ngami was the focus of this analysis, 

only track 87 for S1 was used. There were several benefits to using this track: the incidence 

angles for terrestrial mode swaths increase down range (W-E) from 30 degrees to 44 

degrees; therefore, with the lake being located in the SE corner of the orbital track the 

incidence angles would be higher and therefore less subject to geometric distortion. 

                                                 
16 Fully polarimetric allows for send-receive in both horizontal and vertical and can be used for change 

detection or DEM creation. 
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Although another track adjacent to 87 also captures part of Lake Ngami, it does not capture 

the potential full extent of the lake at its maximum. Thus, the best option was to only use 

the same frame, orbit # 87, ascending, with products available on a 12 day rolling basis 

that corresponded to all available Sentinel-2 data with an average of 3 days difference 

acquisition time (days apart between the two sensors for comparison and validation). 

 

Processing Methods 

SAR Processing 

 

To access and modify Sentinel products for a direct comparison, Google Earth 

Engine and Java scripts were used (scripts available upon request). All S1-B data in Google 

Earth Engine (GEE) has been processed in the European Space Agency’s (ESA) SeNtinel 

Application Platform (SNAP) with the following chain of functions. Ground Range 

Detected (GRD) granules were ingested; the Orbital Correction tool was applied (using 

restituted orbits); then S-1 Thermal Noise Removal tool was used (this subtracts thermal 

noise usually on the edges of scenes); then the tool “Terrain Correction” was used to correct 

terrain effects (orthorectify17) utilizing the SRTM 3” DEM, geocode the backscatter 

coefficient (σ°) with 10x10m grid spacing, projected into local UTM/WGS84; and finally 

the σ° (the backscatter coefficient or energy received back from each radar pulse) was 

converted to dB (decibels) with the formula: 

σ°dB=10*log10 σ°  (EQ 1) 

As a final step, all data are converted from float to 16-bit integer format (signed) to 

reduce file size. This chain of processing is applied by GEE for all S1 data in their archives. 

                                                 
17 To georeference a scene to ground or map reference points.  
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To test for any differences across platforms I downloaded each of the 14 scenes in Table 8 

from ESA and processed them in SNAP following the same process chain described above. 

To determine whether the lake was flooded or not using SAR data, a variety of 

methods were employed. First, Google Earth Engine (GEE) was used to determine dates 

between October 2016-January 2018 where S2 data were available and cloud cover did not 

exceed 20%18. Next dates were compared to available S1-B data to select monthly scenes 

from S2; then these data were extracted and clipped to the study area as an MNDWI band 

with 20-meter spatial resolution (see Table 1).  

Data from S119 were selected and processed three ways to determine lake area 

extent: 1) a manual threshold of the VV band was used for each of the 14 scenes; 2) the k-

means and Iterative Self-Organizing Data Analysis Technique (ISODATA) unsupervised 

classification techniques were applied. A GEE script was written and used to: 1) convert 

the bands (VV, VH) from decibels to amplitude, 2) run a Refined Lee Filter that de-

speckled the image, 3) run a K-means classifier for each de-speckled stack (VV,VH)20. The 

Refined Lee Filter uses a 7x7 window that reduces noise by estimating the linear local 

minimum mean square (LLMMSE) (Foucher and López-Martínez, 2009). This method 

typically sharpens edges in each 7x7 window, but the process can be limited if data are 

smaller than the window. Therefore an additional filter, the Perona-Malik was also applied 

because it is able to preserve sharp boundaries while smoothing the speckle inherent in 

radar imagery (Donchyts, 2018). A tradeoff between the Refined Lee and Perona-Malik 

                                                 
18 One exception was for November 22, 2016 which had cloud cover of 99.61%; this was listed in the 

Table 1 for temporal coverage but results were not included for further analysis in this article. 
19 These data are from Sentinel 1-B, which was launched in April 2016 and connected to Sentinel 1-A, 

once in tandem and calibrated and validated they allow 12 day repeat imaging over the  
20 VV and VH are the only terrestrial bands available for S1, HH has been previously used in other wetland 

detection studies on the Radarsat platform (also C-band); this difference makes other SAR studies that use 

HH or HV bands not completely comparable to those using VV,VH 
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filters is that the refined Lee retains more variability while the Perona-Malik extracts very 

sharp boundaries.  

Perona-Malik uses anisotropic diffusion filters that use a diffusion coefficient 

parametrized by neighboring pixels as 

𝝏𝑰

𝝏𝒕
= ∇ ×(𝒄𝛁𝑰)  (EQ 2) 

Where:  

I = I (x, y,t) is intensity of backscatter signal,  

 ∇ the gradient operator and c = c (x, y,t) anisotropic diffusion coefficient that can 

be parameterized as (using a 3x3-pixel kernel): 

𝒄 =
𝟏

𝟏+(𝑮 𝑲⁄ )𝟐  (EQ 3) 

G = ‖I‖ = abs of the calculated gradient by pixel and 

K the user-defined coefficient (Donchyts, 2018; Perona and Malik, 1990). 

 

The k-means classifier had 10 clusters, which was decided after running multiple 

iterations to produce the best results. The use of canopies (a pre-processing step to cluster 

data points) was turned off to shorten the distance calculations (because of the noise in 

radar to try to reduce further dampening the signal initially). The number candidate 

canopies were left at 100 to avoid memory problems. The Euclidean distance function (c.f. 

Manhattan) was selected and the maximum number of iterations was set to 99.  Sentinel-1 

data from GEE were exported including the refined-Lee despeckled VV, VH bands and the 

k-means21 classified band. Based on MNDWI values the wet to dry extents could be 

ordered. Previous studies (e.g., Hancock et al., 2005) have identified July-September as the 

peak extent for the lake, but the lowest lake level can vary. 

                                                 
21 K-means is a common unsupervised classification; various modifications are possible in Google Earth 

Engine including the ability to dynamically select the number of classes based on mean distances similar to 

ISODATA (Shapiro et al., 2015)(Shapiro et al., 2015) 
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Another way to determine flooded vs. dry extent is to take the driest/lowest water 

level scene and use the threshold between wet and dry pixels (in dB) as a threshold for all 

other scenes (Kuenzer et al., 2015). This assumption is based on the fact that there would 

be a bimodal distribution in the VV and/or VH bands and has been commonly applied in 

global flood mapping efforts (see for example, UN Space-based information for Disaster 

Management and Emergency Response [UN-SPIDER]22. However, GEE ingested S1 data 

and clipped the results to 95% in dB, reported as σ°, which is sensitive to incidence angle, 

here ranging 40-44°. Thus, terrain effects were still amplified. Each S1 graticule contains 

a calibration file to convert the amplitude and intensity of each band (e.g., VV, VH) to σ°, 

γ°, and β° along with a digital number (DN); these are not present in GEE and to use them 

would require SNAP. Sigma nought shows backscatter accounting for local incidence 

angle, gamma nought is at an angle, while beta nought is perpendicular to the range (Figure 

42).  

To check data fidelity in GEE, All 14 S1-B scenes in Table 1 were also processed 

through SNAP following the same processing chain used to ingest to GEE S1 data per 

protocol above. However, upon classifying using k-means or a manual threshold selection 

there was no difference between results of the two methods either in SNAP or GEE. In 

sum, the methods applied to SAR include filtering (Lee, Perona-Malik), using a threshold 

with based on the bimodal distribution found in a test area that was half water and half land 

to find a threshold between land and water, and using unsupervised classifiers. Another 

application of the SAR processing included running an unsupervised classifier (k-means+) 

in GEE. A limitation with k-means is that it requires pre-selection of the number of classes. 

A second unsupervised classification was made using ISODATA in ERDAS Imagine 2016. 

                                                 
22 http://www.un-spider.org/advisory-support/recommended-practices/recommended-practice-radar-based-

flood-mapping 
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The input for ISODATA was the data that were used for k-means, with both VV and VH 

bands used in their intensity (non-dB). ISODATA does not require a pre-set number of 

classes and the maximum number of iterations was increased to 99, with a convergence 

threshold of 95% to match k-means. Additionally, scenes were filtered based on windy or 

not windy conditions (in excess of 10 meters/second in the u and v direction) and extreme 

incidence angles (high and low) were masked out prior to processing.  

MNDWI and Passive Optical Sensor Processing 

For Landsat images, the tier 123 surface reflectance product was used. Multiple 

metrics of water measurement were used: the Normalized Difference Water Index or 

NDWI, the modified NDWI or MNDWI,  

NDWI: 

𝑵𝑫𝑾𝑰 =  
𝝆𝐠𝐫𝐞𝐞𝐧−𝝆𝐧𝐢𝐫

𝝆𝐠𝐫𝐞𝐞𝐧+𝝆𝐧𝐢𝐫
   (EQ 4) 

MNDWI: 

𝑴𝑫𝑾𝑰 =  
𝝆𝐠𝐫𝐞𝐞𝐧−𝝆𝐬𝐰𝐢𝐫𝟏

𝝆𝐠𝐫𝐞𝐞𝐧+𝝆𝐬𝐰𝐢𝐫𝟏
 (EQ 5) 

Where ρgreen is the surface reflectance of the green spectral band, ρnir the near 

infrared band and ρswir1 the short-wave infrared band (Gao, 1996; Xu, 2006). 

Modified Normalized Difference Water Index used here is based on Xu (2006) (EQ 

5). The bands used to calculate MNDWI for Landsat 8-OLI were bands 3 (green) and 11 

(SWIR), for Landsat 5-TM bands 2 (green) and 5 (SWIR), and for Sentinel-2 bands 3 

(green) and 11 (SWIR). Results of MNDWI are reported on a scale of -1 to 1. Initially the 

threshold for this study was set at 0 as the boundary between wet and dry. Upon initial 

review of the results that appeared anomalous—some scenes appeared wet during known 

                                                 
23 Formerly Level 1 



 58 

dry periods. Thus, an adaptive threshold (Otsu) was tested to adjust for each scene in time 

a consistent cutoff between land and water (Gao, 1996; Ji et al., 2009; Xu, 2006).  

Otsu thresholding can be expressed as: 

𝑩𝑺𝑺 =  ∑ (𝑫𝑵̅̅ ̅̅̅
𝒌 − 𝑫𝑵̅̅ ̅̅̅)𝟐𝒑

𝒌=𝟏   (EQ 6) 

The Otsu threshold method was tested but ultimately not applied to MNDWI 

images for reasons discussed in the next section.  

A dictionary in Google Earth Engine was created to identify the Green, Near 

Infrared (NIR) and Short-Wave Infrared (SWIR) bands to calculate NDWI and MNDWI 

uniformly across all platforms24. For each scene, cloud filters were applied; if clouds were 

more than 4% of the scene, that scene was disqualified. Data were kept separate (i.e., 

Landsat TM was not combined with Landsat 8 OLI) so that comparisons could be made 

between platforms over time prior to Sentinel. 

In sum, the SAR data were pre-processed by Google Earth Engine, which included 

geometric correction (terrain correction previously mentioned) and calibration (using the 

signal but not any filtering to correct for thermal effects). A Perona-Malik filter was used 

to reduce high frequency noise but maintain boundaries (Donchyts, 2018). To capture 

differences over time only scenes acquired at the same angle (42°) and Ascending Orbit 

were used. Thresholds for water with radar intensity (VV, VH) were chosen visually using 

an area apparently half water and half land, which typically produced a bimodal 

distribution more pronounced when the lake was filling due to surface water inflow coupled 

with vegetation growth following the rainy season. Both k-means and ISODATA 

unsupervised classification were also used on SAR scenes to extract water extents. 

                                                 
24 This is so that: (for example) the green band from Landsat 5-TM matches the green band from Landsat 

8-OLI 
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Time series for 3 time periods were extracted for by calculating the areal extent of 

Lake Ngami using MNDWI (EQ 5): 1) 1984-2004 with Landsat 5-TM, 2) 2013-2017 with 

Landsat 8-OLI, and 3) 2015-2017 with Sentinel-2 and Landsat 8-OLI. To test the efficacy 

of both SAR methods and Landsat/NDWI detection, a higher resolution SPOT image in 

Google Earth from May 20, 2016 was used to verify both methods independently by 

creating a polygon of the visible lake waterbody manually (Figure 6). As can be seen, the 

SAR-derived shoreline is closer to the SPOT image in the north while the MNDWI fits 

better along the southern shore; it was not possible to find a SPOT scene that covered the 

entire lake to make a complete assessment. Finally, seasonal changes in the lake at high 

temporal resolution were examined by comparing pairs 14 of Sentinel-1 and Sentinel-2 

acquisitions (28 total) using the techniques listed above (Table 8, Figure 44). 

RESULTS 

Results – 1984 Present 

Water data (Figures 36, 37, 38), including discharge into Lake Ngami at 

Mogapelwa (Toteng) and precipitation at Sehitwa (middle of the lake), provide further 

insight into these results (locations in Figure 33). There is a visible temporal lag between 

inflow from Mogapelwa (Toteng) and expansion of lake area (Figure 39) but both 

discharge and precipitation data (Figure 35) extend beyond the Landsat 5-TM data. If 

looking at Landsat 8/Sentinel-2 derived lake areas then the areal extent has more than 

doubled25 However the highest discharge measured in the field in 2014 (August-

November) was 38 m3s-1, which was the same as the lowest discharge recorded at the same 

location in 2010 (areal extent is unknown for 2010 due to a lack of remote sensing data). 

                                                 
25 Landsat 5-TM maximum area was 60 km2 and 26 km2 in September 2008; Landsat 8-OLI maximum 

area was 200 km2 in August 2015 (Figures 9, 7 respectively). 
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Ranges recorded were similar to those found in 2008/2009 but the lake area resulting from 

2008/2009 inflows was only 26 km2. A manual delineation of the lake by this author in 

Google Earth for 2014 resulted in an areal extent of 256 km2. The highest reported level of 

Lake Ngami was in 1925 when the inflow at Mogapelwa was at maximum was 43 m3s-1 

(Du Toit, 1926). The lake area after this flood was estimated to be 180 km2 .Thus lake 

levels in 2014 may be comparable if not larger than previous floods in the historical record 

occurring in 1898, 1904, and 1925 (Du Toit, 1926) and about half of the floods of 1951 

(Brind, 1955). Similarly, based on an ARGON frame of September 2, 1963 (Figure 34), 

the lake area was 210 km2. At this level, the lake areal extent was still 10 km east of 

Bodibeng, the largest flood previously recorded. 

 

MNDWI 1984-2013 

Several dates returned showed a zero for total estimated area by MNDWI when a 

scene 12 days prior had shown greater than 60 km2. To clarify, each of the 119 Landsat 5 

TM scenes were individually inspected and their metadata examined. Upon further 

investigation, the code that was used to filter out areas of high wind was not eliminating 

those areas completely but rather masking pixels affected by high wind that otherwise 

would have had positive MNDWI values. It is important to note there were years that had 

no data: 1985, 1986, 1988, and 2002. Also, some years were temporally sparse; 2001 only 

had 2 scenes that were cloud-free and 2003 only had 1: thus between 2001-2003, only 3 

scenes were used. This absence of data is vital when considering the discharge into the lake 

(Figure 35-B) was the same in 2001 as 1990. 

To improve overall temporal resolution windy pixels could be included; in fact, 

most of these pixels were cloud free and had no QA mask issues. However, using windy 
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pixels would introduce unknown error into scenes whether optical- or radar-based 

acquisition. There are long periods with water area at ‘0’ from 1984 until 2000; however 

as other published records have indicated, the lake was considered dry during this time. 

This study did uncover times where there was a small volume of water present not 

accounted for in any other known study (e.g., 1990, 1993). 

 

MNDWI 2015-2017: Landsat and Sentinel 

Sentinel-2 (n=56) and Landsat-8 (n=30) were compared between 2015-2017 

(Figure 35) along which show a general trend of decreasing area at a maximum of over 200 

km2 in July 2015 (Landsat-8) to 59 km2  at the end of November, 2017 (Sentinel-2). Scene 

pairs of Landsat-8 and Sentinel-2 within 7 days of acquisition (n=19) were tested using 

Kendall’s Tau, which shows a positive correlation (0.906, α=0.01) between the two sensors 

(Figure 37). 

Landsat-8 from the 2016-2017 period were compared with SAR efficacy to detect 

changes in surface water Sentinel-2. Maximum areal extent during this time was 117 km2 

(October 7, 2016, Landsat-8), 113 km2 (October 3, 2016, Sentinel-2). Minimums during 

the same period were in July for both Landsat-8 and Sentinel-2 (62.32 km2 on July 22, 

2017 for L8 and 61.83 km2 on July 20, 2017 for S2). Over the span of operation, Sentinel-

2 data has produced an MNDWI areal extent that is correlated with that generated by 

Landsat-8. Local acquisition time for Sentinel-2 ranged from 8:00 am - 1:30 pm local time, 

Landsat 8 and 5 both acquired imagery close to 8:30 am local time every scene, while 

Sentinel-1 acquires imagery around 5 pm each cycle in this location.  

Earlier data from Landsat 5-TM show the lake dry in June 1984 but taking on water 

to reach a maximum of 55.55 km2 in September 1984. However, no suitable scenes were 
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available between this maximum and July 1987, when the lake was again completely dry. 

From 1989 - 1998 no years showed more than 4 km2 of surface water in the basin. Starting 

in June 1989 the lake began to fill, reaching a maximum extent of 27.25 km2 in August 

1989, and was completely dry by May 1990. Landsat 5-TM shows little activity between 

1990 - 2004 (in part due to absence of data), except brief ponding in 1998 - 2000. Overall, 

the lake appears to have reached its maximum extent sometime between 2013-2014 

(Figures 37, 39, 44), with each subsequent year since lower than the last. 

 

Seasonal fluctuation comparison (2016-2017) between Sentinel-1 and Sentinel-2 

Image pairs of S1 and S2 were selected between October 2016 and November 2017 

at least monthly and during months known to have high increases or decreases. This 

decision resulted in 14 pairs (Table 8). However, the S2 scene on November 23, 2016 had 

cloud cover over 90% and was thus not used in further computations or analysis in this 

section.  These data show areal extent of the lake generated by MNDWI of Sentinel-2 as 

comparable to the areal extent generated by using thresholds with Sentinel-1 for the 

beginning in October 2016. Areal extent derived from K-means using filtered S1 data can 

give results that show an area twice that produced by thresholding S1 or MNDWI derived 

from Sentinel-2 data. 

K-means was applied two different ways in this study. The first application 

(hereinafter K-means-I) took the initial scene (October 6, 2016) to use as a training set for 

the cluster then applied to the remaining 13 scenes. The second application (hereinafter K-

means-II) took each scene individually to train and apply the K-means cluster. In other 

words, all data in K-means-I were dependent on the first scene, but not in K-means-II. The 
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rationale for using both of these was similar to the threshold technique26 in that K-means-

I presumes that water should exhibit the same backscatter values and patterns while K-

means-II allows for different distributions (as does ISODATA). 

Excluding the pairs from November 2016, the Sentinel-1/Sentinel-2 pairs (n=26) 

were tested for correlation using Kendall’s τ. At a significance level of 0.01 Sentinel-2 

MNDWI and Sentinel-1-K-means-I were correlated (0.718) using Kendall’s tau; Sentinel-

2 MNDWI and manually thresholded Sentinel-1 were also correlated (0.513) at a 

significance level of 0.05 using Kendall’s τ. Computed correlation with Kendall’s τ showed 

ISODATA was not strongly (0.256) or significantly (0.222) correlated with MNDWI. A 

comparison of each method can be seen in Figure 44, which shows areas derived from the 

K-means-I method did not exceed the MNDWI area, but also tended to vary less temporally 

than ISODATA and K-means-II. In fact, the average area for manual thresholding and K-

means-I were close (59.7 km2 and 59.9 km2) and both had similarly low standard deviations 

(11.3 and 10.3).  

Typically, in studies that use radar (SAR) for flood detection, the radar (SAR) data 

are validated using NDWI or MNDWI (Twele et al., 2016).  Results for both MNDWI 

using Landsat 8 (acquisition date 4/18/2016) and the water class taken from a k-means 

classification of Sentinel-1 (acquisition date 4/27/2016) were converted to single polygon 

shapefiles. These shapefiles could then be loaded into Google Earth to be compared to a 

10-meter spatial resolution SPOT image (acquisition date 5/20/2016). As seen in Figure 6, 

the MNDWI (magenta) and SAR (yellow) both appear to follow the visible water seen in 

Google Earth Pro. There are some slight differences: the shoreline is closer in the SAR (K-

means-I) image to the actual shoreline—thus the MNDWI may be overestimating water 

                                                 
26 The threshold technique is to pick the threshold from a visual histogram between water and land in an 

area preferably that is a known water/land boundary. 
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area here. Reasons that MNDWI may be overestimating might be due to influence from 

emergent vegetation on the fringes of the water body or shadows. In general, the data show 

SAR-derived surface water area of Lake Ngami to be less than optically derived surface 

water area during the same period for both Landsat and Sentinel (Table 8, Figure 44).  

 

CONCLUSION 

A few limitations and caveats may explain differences in Landsat-8 and Sentinel-2 

calculated MNDWI areas. First, Landsat-8 MNDWI values were calculated from 

atmospherically corrected surface reflectance that were not available for Sentinel-2 

(currently no standard has been agreed upon to atmospherically correct Sentinel-2 by ESA 

(Drusch et al., 2012)). Second, while the shortwave infrared 1 (SWIR1) bands for Landsat-

8 and Sentinel-2 are almost the same27, the green band is narrower for Sentinel-2 than 

Landsat-828, which result in less positive MNDWI values from Sentinel-2 than Landsat-8 

and thusly smaller MNDWI-derived areas. 

In order for Otsu thresholding to be effective, there needs to be a bimodal or multi-

modal distribution; for the case of NDWI/MNDWI this means around half the pixels need 

to be water or dry. If not, the Otsu threshold output will result in a larger area classified as 

‘water’ than should be. Locations that have highly seasonal changes such as this study area 

(Lake Ngami) would thus not be suitable for application on an entire time series. 

Filters play an important role in SAR processing. A comparison of the two filters 

used here (Perona-Malik and Refined Lee) shows that both methods can enhance edges, 

but the Refined Lee method introduces some visible artifacts while the Perona-Malik 

                                                 
27 SWIR1 range for Landsat 8 is 1560-1600 nm; SWIR1 range for Sentinel-2 is 1565-1655 nm. 

28 Green range for Landsat 8 is 525-600 nm; green range for Sentinel-2 is 543-578 nm. 



 65 

filtered image is quite blurred, put another way Perona-Malik over-sharpens edges while 

Refined Lee suppresses less noise (Figure 43). 

Currently, Sentinel-2 products are not atmospherically corrected, and no cloud 

removal procedures were performed in this study. Over longer timescales, the lake 

experiences annual processional/recessional cycles, (see Landsat 5-TM example for annual 

comparison). The lake has been dry, or floodwaters have not reached the lake, for several 

continuous years between 1984-2016. Although currently the lake is receiving flood 

waters, the time series for both S1 and S2 show a general decline between October 2016 

and November 2017, with small increases in February 2017 (due to high rainfall combined 

with lower evaporation due to increased cloud cover) and in July 2017 (due to the incoming 

flood waters). While the MNDWI is a de facto standard for water detection, its utility is 

limited during times of increased cloud cover and haze (either due to aerosol clouds, smoke 

or dust transport). In fact, neither Sentinel-2 nor Landsat-8 were able to acquire cloud-free 

images between October 2016 and April 2017, typically a time when the lake is desiccating 

(although in years of high rainfall it may not). If the lake is replenished with rainfall then 

it is more likely to persist through the summer until the next flood pulse begins to flow in 

from June-August. However, if the lake is not buffered by rainfall then it will likely 

continue to shrink in size, which could have impacts on local surface water availability for 

agriculture, livestock, and people living around the lake.  

Prior to this study, methods for detecting water or floods have generally agreed that 

HH is preferred to VV and incidence angles that are higher (30°) are preferred to lower 

(40°). Further, in wetland areas there should be a bimodal distribution of backscatter 

intensity values, of which the lowest of the two peaks (in dB) should serve as a threshold 

(Hird et al., 2017). High winds over water can obfuscate backscatter such that a windy 

scene (wind contamination) may not be directly compared to a relatively calm scene (ibid). 
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A threshold applied to all scenes is taken from time in the series when water levels are their 

lowest. However, in a wetland or waterbody such as Lake Ngami located in a dryland 

environment, several factors hinder this approach. Vegetation can and does alter 

backscatter intensity in this location, and vegetation type and cover can vary greatly, as 

emergent vegetation quickly colonizes following water delivered by incoming floods and 

rainfall (that are out of phase). Illustrating this point are histograms of part of the lake 

known to have water for the entire period. Histograms (VV, VH) in December-June at the 

land-water interface have a distinctly bimodal distribution; however, a trimodal 

distribution occurs from July-October at the land-water interface, which is directly related 

first to the incoming floodwater and second to vegetation emerging as the water table 

increases. The change in backscatter values at the land-water interface does not appear to 

be related to rainfall, and as previous studies have demonstrated, this makes sense as 

rainfall contributes around 10% of the surface water in Lake Ngami (Mosimanyana et al., 

2016). Because rainfall contributes little to the lake water, the lake water should have little 

change in backscatter because of rainfall input. 

Currently NDWI and MNDWI are standards used to monitor waterways and water 

bodies around the world. New platforms like Google Earth Engine make it possible to 

utilize these indices across multiple platforms to create a time series as far back as 1984 up 

to the present. Other studies have leveraged platforms such as MODIS to measure flood 

extent using only SWIR bands at a greater temporal resolution but at a much coarser spatial 

scale (Wolski et al., 2017), introducing error with smaller shoreline changes. A limitation 

seen in this study is the effects of rainfall during the wet season where there are recurring 

seasonal data gaps for Landsat-8 and Sentinel-2 (Figure 37). Prior to this, many studies in 

the Okavango using remote sensing were using Landsat images from selected times and 

until a few years ago all Landsat imagery for northern Botswana was not fully integrated 
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into a single archive (Wulder et al., 2016). Therefore, it is now possible to leverage existing 

data to look at locations such as Lake Ngami (part of Okavango Delta) with greater 

precision and accuracy. Use of these large datasets is problematic however when using a 

derivative product (e.g., a 32-day composite NDWI) for multiple sensors to create a dataset. 

As has been shown in this study, there are multiple reasons that an image that has no clouds 

or the highest quality indicator may still suffer from environmental effects such as wind 

contamination or poor angle. Following a 32-day composite example, these errors 

accumulate over time and over the course of an entire sensor archive may lead to massive 

over/under estimations of water supply. Further, with the increased frequency and 

resolution of radar and its ability to penetrate cloud cover, this opens a new window of 

opportunity with the Sentinel platform and methods utilized in this research to examine 

seasonal dynamics and thresholds. 

However, radar processing is less straightforward than optical sensors: there is no 

NDWI for radar and the reason for this is that there are many locally dependent variables 

with radar along with processing considerations such that no single solution is likely to 

work globally. In fact, no previous solutions can be applied to detecting this lake through 

radar alone. In the absence of gauges on the ground, remote sensing platforms such as these 

are heavily relied upon to understand ground hydrology but unless it is possible to validate 

results this can quickly become problematic. There are times when Landsat was inaccurate 

and there are times when radar is ineffective: we cannot simply use one platform to validate 

the other wholesale. The ideal approach would be to include both SAR and passive optical 

sensors (such as Landsat or Sentinel 2) and run an unsupervised classification from this 

combination. A disadvantage of combining both sensors would be no ability to validate the 

results without another sensor or ground data. Two unsupervised classification methods 

used in this study did not show significant correlation with areal extent derived from 
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MNDWI. The only unsupervised classification method that was found to be significant (K-

means-I) used 10 classes (Figure 44). However, the number of classes produced by 

ISODATA for every scene (14) were between 6 - 8. This difference in class number may 

contribute to the lack of correlation between ISODATA and MNDWI. Future work should 

also include an elevation band along with SAR bands to allow for topographic effects (e.g., 

foreshortening). Since 2016, Lake Ngami has been shrinking annually as seen from 

MNDWI time-series derived from both Landsat 8 and Sentinel-2. Furthermore, this study 

shows that wind contamination can be accounted for and filtered out of time series 

calculations of water area (in this example). Finally this work demonstrates the need for 

more multi-sensor studies (e.g., combining active radar with passive optical sensors) as 

wind contamination can lead to over/under prediction of water. 
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Chapter 5: Dissertation Conclusion 

This dissertation has covered three topical areas: 1) the regional environmental history of 

the Makgadikgadi-Okavango-Zambezi basin; 2) typical soils observed in the field and their 

hydrologic and geomorphic implications; 3) usage of remote sensing platforms to observe changes 

in surface water from 1984-present. An overarching theme in each of these chapters has been that 

spatial scale can radically change over relatively short periods. For example, consider Lake Ngami 

in the context of each study; it was observed in the late 19th century by many workers at first as a 

large body of water that was declining and later a body of water that could double and shrink in 

terms of areal extent over the course of one year (October-August). This type of radical change 

can be seen in soils south of Lake Ngami where soils 4000 ybp abruptly record increases an order 

of magnitude in carbon, sodium, and sulfur concentrations. Using satellite data in tandem with 

precipitation and flow data that monitor most of the water inputs to Lake Ngami a similar trend 

can be observed where the Lake seasonally fluctuated from complete desiccation to record levels 

over the course of a year.  

Abrupt and radical changes are a way of life in the Makgadikgadi-Okavango-Zambezi 

basin. From 42-40 ka a deep lacustrine system existed that formed a megalake over the modern 

Lake Ngami; abruptly the lake record terminated 40 ka bp and no records appear in the 

sedimentological record until 19 ka bp (Ringrose et al., 2005). The Okavango Rift zone is thought 

to have initiated 120-40 ka bp (Kinabo et al., 2007) and human settlement began in the MOZ 40 

ka bp (Denbow and Thebe, 2006). Early scientific endeavors in this region focused on the cyclical 

nature of climate and focused their work on explaining this. Thus, early work on paleo-climate 

was predicated on an idea that the landscapes of southern Africa were shaped by the same global 

climatic processes that shaped landscapes of the northern hemisphere. If landscapes were the 

summation of climate alone then they could be used as proxies for re-constructing climate. This 

led to a split between those who interpreted landscape features as wet or dry, and though more 

scientific studies were carried out in southern Africa looking at climate, there was greater 



 

70 

 

uncertainty because locations in the same region (southern Africa) could be interpreted as wet and 

dry during the same period. An example of this was illustrated by Butzer et al. (1978) comparing 

and contrasting similarities and differences between the southern Cape of South Africa and the 

southwest Kalahari during the Holocene.  

Soils in this region were sampled extensively in this dissertation. More than 40 sites were 

visited (many more were planned but some simply unreachable) and the average soil pit was at 

least 1 meter deep. Samples were collected by hand or auger depending on conditions and kept for 

future work. Geomorphic features and surfaces were covered in chapter 4 and the southern Lake 

Ngami shore surface in particular bears mention here. I dug at two locations (pits ‘SAF’ and 

‘SLN’) on three separate occasions (SAF in 2015, 2016; SLN in 2017) and these all had the highest 

concentration of organic matter found at any location throughout the entire study area. Further, 

other studies looking at paleo-environmental change found soils similar to the southern surface in 

the lakebed itself approximately 10 km NW from SAF and SLN (Cordova et al., 2017). Similar to 

Cordova et al., I found increased seasonal depositional packages that if extrapolated indicate a 

sedimentation rate double the present day. This area would be an invaluable site to revisit for future 

work because it is relatively undisturbed but somewhat accessible and has rich organic deposits 

that could be used for other studies looking at vegetation and climate change. 

It is important to note that while locations like Lake Ngami are depositional centers 

(depocenters) that does not make them reliable narrators of a past climate. Surfaces may be eroded 

or degraded such that a dating series of soils might have one younger sequence below an older 

sequence. This can happen with radiocarbon dating when soil organic matter is dated that has been 

translocated (Pessenda et al., 2016). Any samples that were in depocenters like Lake Ngami were 

tested with dilute HCl (1 N) before being considered candidates for radiocarbon dating in this 

study. As previous studies have indicated, when carbonates are present in a reservoir they can alter 

the 14C date leading to results (see e.g., (Butzer et al., 1972). 
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Finally, looking at applications of remote sensing in this dissertation the focus was on Lake 

Ngami because it has not been gauged or measured continuously over the last 50 years, as was the 

case for the Okavango River at Mohembo. However, given the 20-year proximate rainfall data at 

Sehitwa, fortnightly inflow measurements from the Nhabe-Kunyere river and measurements of 

depth for the lake in 2012,2013 as well data from Meier et al. (2015), it was possible to estimate 

the area-volume relationship for Lake Ngami and drivers of change in the Lake itself. It was 

previously understood that floods each year delivered water to Lake Ngami from May-October 

(Austral winter, dry season) mostly via the Kunyere River and occasionally through the 

Thamalakane-Nhabe River during especially high flows; and that the size of the lake could be 

mitigated by rainfall by 10%  (Mosimanyana et al., 2016). However, in this study it was observed 

that from 1984-2004 only 81 Landsat scenes were available that were cloud free and these were 

exclusively in winter months after the rainy season. Thus, it was theoretically difficult to resolve 

the contribution of rainfall in the past other than to create a water budget and assume all 

antecedents were known. One of the most vertically displaced faults in the Okavango Rift Zone, 

the Kunyere fault29 bounds Lake Ngami along its southwest edge (Kinabo et al., 2007). Along the 

Kunyere fault, exposed rock scarps were visible in the field and form a clear ridgeline in the 

southwest that is not matched on the opposite side of the lake. Because of the Ngami basin’s 

uneven structural control30 sedimentation is apparently better preserved to the south-southwest 

than along the northern margins of the lake. There is a greater accumulation of aeolian deposition 

in the north as was seen in soil pits north of Lake Ngami discussed in Chapter 3. Thus, the porosity 

and depth to hold water is greater moving north and east of Lake Ngami than the opposite and 

therefore groundwater aquifers in the south and west are likely shallow compared to the North. 

This can be seen at times when the lake area was a miniscule 4 km2 (e.g., 2001) a series of deep 

trenches are visible that stretch from the inlet of the Kunyere-Nhabe River to the bay-like spit west 

                                                 
29 The Kunyere fault has a vertical displacement of 232-334 meters  
30 A second fault, the Lecha has a strike parallel to the Kunyere, dips opposite (Kunyere dips to the NW, Lecha dips 

to the SW) and total vertical displacement of 56-163 meters 
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of Sehitwa formed by the formerly active Thaoge River where it debouched into Lake Ngami until 

the late 19th century. Other studies have shown that groundwater was less than a meter below a dry 

[1986] Lake Ngami lakebed east of Sehitwa when surveyed (Verbeek, 1989). The role of 

groundwater cannot be discounted but its properties (recharge rate, residence time) can be inferred 

by the results of this study along with others in the Ngami basin. 

From 2004, flow to Lake Ngami became more frequent, not because of an increase in flow 

into the Okavango Delta, but rather due to a reorganization upstream that increased the flow carried 

by the Kunyere River (Wolski and Murray-Hudson, 2006). Lake Ngami thus continued to expand 

in area; although the entire Lake could be seasonally dry (e.g., 2007) each year floodwater carried 

by the Kunyere River corresponded with the areal extent to which the lake flooded. However, as 

shown in this study the lake has begun to shrink beginning in 2009 and has gotten progressively 

smaller each year thereafter. Further, with use of non-optical active sensors (e.g., RADAR) change 

in areal extent can be detected during the rainy season (October-April), which may pose some 

insight as to how this terminal depression becomes decoupled from the Okavango Delta hydrology 

as high rainfall years show a large area of the lake flooded compared to low rainfall years. When 

the lake was at its maximum extents recently (2009, 2014) these did not correspond with equally 

large flood pulses. A key gap filled by this research is what the timing of the lake’s filling and 

desiccation is coupled with rainfall and inflows. This has implications for future work and 

management that will be discussed in the next section. 

 

FUTURE WORK 

In this dissertation, it was shown that a wealth of spatial information related to the 

environmental history exists in literature that has yet to be utilized but has great potential. For 

example, most of Passarge’s text Die Kalahari remains untranslated, as do countless numbers of 

other scholarly works in German or other languages that are inaccessible to those who do not speak 

these languages. Another issue with some older texts and government or international reports is 
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accessibility. Many studies have been conducted in and around the MOZ with support from the 

United Nations such as the water resources project of 1976, which contained numerous field 

measurements and quantitative modeling of the watershed hydrology (UNDP/FAO, 1976); these 

data embedded in reports and sub-reports are only accessible now on paper.  

The last comprehensive soil survey that was conducted in Ngamiland (southern 

Ngamiland) was in 1984-87 (Verbeek, 1989). Since that time, our understanding of different soil 

types and their role in arid environments and wetland/arid environments has advanced greatly. 

Thus, a more comprehensive soil survey should be completed in the future to aid with land use 

planning, development, and mitigation against increasing pressures like rising temperatures, 

increased flooding, and food security associated with global climate change. 

Finally, I would like to outline a plan for future research that continues upon the work 

started in this dissertation. That would consist of a complete electronic database that first digitized 

all government and publicly accessible work and made it available on the internet. The next steps 

would begin to build datasets from these documents. In soil surveys, government reports, and 

contractual impact assessments there are an untold number of data tables that could be utilized to 

refine models and improve predictions. Further, there are many maps and geospatial data that could 

be used. Imagine being able to see a drainage network change over time!  

If the lessons learned from this dissertation have taught me anything, it is that there is much 

to be said from a little bit of fieldwork, and that large datasets can now be effectively leveraged 

over longer periods. We have more data now than ever and context is even more important. Thus 

future work if it is to continue on a global scale absolutely necessitates the need for regional 

specialists who can provide much needed context to numbers that are otherwise meaningless if 

they are to become data. 
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6. Tables and Figures 

Table 1. Selected historical sources referred to in this text in chronological order with type of 

data contained in each source. 

Source Data Year 

Stigand Maps, Hydrology 1910-1924 

du Toit Hydrology, water levels 1925 

Brind Hydrology, soil, accurate elevations 1954 

Botswana Land Maps 

1:50:000, 1:250,000 Hydrology 
1969-1989 

BGS Topography 1977 

FAO/UNDP 

Okavango Report Hydrology/Maps/Climate 
1977 

Soils in the Lower 

Boteti River Soils, hydrology, climate 
1983 

Soils and Land 

Evaluation of the 

Lake Ngami Region 

in Northwestern 

Botswana Soils, hydrology, climate 

1983 

The Soils of 

Southeast Ngamiland Soils, hydrology, climate 
1989 

Botswana Soil Map Soils, hydrology 1990 

DWNP: Chobe 

National Park 

Management Plan Soils, hydrology, wildlife, vegetation 

1992 
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Table 2. Chronology of historical changes documented in this dissertation; Key for Figure 12 

Location Map Key Change Time 

(period) 

Source(s) 

Thaoge River Thg Channel blocked, decreased flow 1884 (last 

reached 

Lake 

Ngami) 

Stigand, 1912 

Throughout  Hoofed animal and elephant 

populations decimated 

1890 Child, 1968 

Vandewalle, 

2014 

Lake Ngami 

Kunyere River 

Lake River 

LNg 

Kun 

Lak 

Lake present only at delta from 

Kunyere/Lake River inflow 

1898-

1904 

Stigand, 1912 

Gomoti River Gom Carries main source of water to 

Thamalakane 

1912-

1936? 

Stigand, 1912 

Du Toit, 1926 

Brind, 1955 

Mogogelo-

Thamalakane-Nhabe 

(Lake) 

Mog 

Thm 

Lak 

Waterbody exists connecting Mababe 

Depression and Lake Ngami 

1912 Stigand, 1912 

Santadibe River San Carries main source of water to 

Thamalakane 

1937-

1950? 

Brind, 1955 

Xo Flats Xo Major earthquakes – damage recorded 

in Maun 

1952 Scholz et al., 

1976 

Boro River Bor Replaces Santadibe R. as outflow to 

Thamalakane 

1953 Brind, 1955 

Khwai/Mogogelo 

River 

Khw 

Mog 

Neither receive seasonal outflow from 

Okavango - or reach Mababe 

Depression 

1970 

(observed) 

Pike, 1970 

Khwai/Mogogelo 

River 

Khw 

Mog 

Permanent flow carries Khwai to 

Mababe Depression-Mogogelo carries 

outflow from Khwai instead of 

connecting from Delta  

? – 

Present 

Day 

This 

Dissertation 

(Figure 13) 
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Table 3. Characteristic soils found in southeast Ngamiland (after Verbeek, 1989). 31 

FAO 
Classification Depth 

Parent 
Material Landform 

Land 
Element Topography Microtopography Position Lat Long 

Gleyic Luvisol 200 AVM AP floodplain almost flat even lower  -19.8456 23.5358 

Calcic Luvisol 130 AVM AP depression almost flat low hummocks lower  -19.3903 23.6583 
Arenic Calcic 
Luvisol 165 AVM AP depression almost flat low hummocks intermediate  -20.2833 23.0850 
Arenic Orthic 
Luvisol 130 AVM AP floodplain almost flat even upper -19.7756 23.6256 

Eutric Fluvisol 270 AVM AP floodplain flat even lower  -19.7639 23.5858 
Arenic Eutric 
Fluvisol 125 AVM AP floodplain almost flat termite mounds intermediate  -20.1319 23.1514 

Eutric Gleysol 160 AVM AP floodplain almost flat even lower  -19.8494 23.5333 

Eutric Arenosol 150 AVM AP terrace almost flat even intermediate  -20.3125 23.0958 

Eutric Arenosol 110 AVM AP terrace 
gently 
undulating low hummocks intermediate  -19.0819 23.8333 

Albic Luvisol 120 AVM DF depression almost flat low hummocks intermediate  -20.1750 22.8694 

Calcic Luvic Xerosol 40 LAC DF 
interdunal 
depression 

gently 
undulating 

medium 
hummocks lower  -20.9833 23.3611 

Eutric Gleysol 150 LAC LP n/a flat even lower  -20.4194 22.8306 

Calcic Arenosol 120 LAC LP delta almost flat termite mounds higher  -20.3694 23.8625 

Calcic Luvisol, sodic 110 LAC AP island almost flat even lower  -19.7606 23.6297 

Calcic Chernozem 120 LAC LP n/a almost flat even intermediate  -19.0167 24.0061 

Mollic Gleysol 210 LAC LP n/a almost flat even none -20.4839 22.7667 

Ferralic Arenosol 100 ALN SP n/a almost flat 
medium 
hummocks intermediate  -19.8017 23.9933 

Luvic Arenosol 180 ALN SP n/a almost flat low hummocks intermediate  -20.1556 23.7889 

Luvic Arenosol 120 ALN DF 
longitudinal 
dune rolling even crest -21.0000 23.4875 

Eutric Arenosol 170 ALN SP n/a 
gently 
undulating 

medium 
hummocks intermediate  -20.3217 23.1531 

 

  

                                                 
31 Parent material is genetic origin: alluvium (AVM), lacustrine (LAC) or aeolian (ALN). Landform types are 

alluvial plain (AP), dune field (DF), lacustrine plain (LP) and sand plain (SP). Position refers to slope position. 
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Table 4. Lake Ngami chronology based on thermoluminescence (TL) and 14C results as reported 

by Ringrose et al. (2005). Visual representation in Figure 17. 

Time Conditions 

0.01-0.8 ka Lake levels decline 

0.8-2.4 ka lake levels increase 

2.4-3.7 ka lake levels decline 

4 ka rapid lake level rise 

5-16 ka decreasing inflow to lake (warmer, wetter) 

17-19 ka LGM, lake levels increasing until 17 ka (Cooler, drying) 

40 ka record terminates abruptly 

42-40 ka deep lacustrine, elevated Al2O3 levels 
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Table 5. Delta 13C results separated by sample site; top and bottom sample depths given, see 

Figure 18. 

ID δ13C ‰ Location Depth_B Depth_T 

BW 267-101-LA -21.76 SAF 40 30 

BW 267-102-LA -20.74 SAF 50 40 

BW 267-104-LA -21.34 SAF 59 50 

BW 267-105-LA -21.19 SAF 70 59 

BW 267-106-LA -18.87 SAF 76.5 70 

BW 267-311-LA -17.19 MAB SV PX 10 0 

BW 267-312-LA -17.63 MAB SV PX 20 10 

BW 267-313-LA -16.70 MAB SV PX 30 20 

BW 267-314-LA -16.34 MAB SV PX 31 30 

BW 267-502-LA -19.54 SAF16 10 0 

BW 267-503-LA -19.14 SAF16 30 20 

BW 267-601-LA -19.25 SAF15 80 70 

BW 267-808-LA -23.79 EMZ-AF 10 0 

BW-267-809-LA -21.51 EMZ-AF 30 20 

BW 267-810-LA -24.23 EMZ-AF 40 30 

BW 267-811-LA -22.96 EMZ-AF 80 70 

BW 267-813-LA -16.39 Nunga 10 0 

BW 267-906-LA -22.08 EOB 10 0 

BW 267-908-LA -23.1 EOB 20 10 

BW 267-909-LA -22.05 EOB 30 20 

BW 267-910-LA -20.18 EOB 40 30 

BW 267-911-LA -21.4 EOB 46 40 

BW 267-912 -17.5 SLN 10 0 

BW 267-913-LA -20.06 SLN 20 10 

BW 267-915-LA -19.33 SLN 40 30 

BW 267 1001-LA -19.32 SLN 63 50 

BW 267 1002-LA -19.28 SLN 83 70 

BW 267-1004-LA -19.4 SLN 118 112 
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Table 6. Delta 13C humin fraction - results separated by site location; top and bottom sample 

depths given. See Figure 18. 

ID δ13C ‰ Location Depth_B Depth_T 

BW 267-311-H -17.61 MAB SV PX 10 0 

BW 267-312-H -19.27 MAB SV PX 20 10 

BW 267-313-H -18.84 MAB SV PX 30 20 

BW 267-314-H  -16.77 MAB SV PX 31 30 

BW 267-502-H -20.74 SAF16 10 0 

BW 267-601-H -19.86 SAF15 80 70 

BW 267-910-H -20.85 EOB 40 30 

BW 267-911-H -21.72 EOB 46 40 

BW 267-912-H -18.90 SLN 10 0 

BW 267-913-H -19.78 SLN 20 10 

BW 267-915-H -19.74 SLN 40 30 

BW 267-918-H -19.19 SLN 70 63 

BW 267-1001-H -19.92 SLN 63 50 

BW 267-1002-H -20.12 SLN 83 70 

BW 267-1004-H -19.18 SLN 118 112 

BW 267-1005-H -20.15 SLN 125 119 
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Table 7. Sample ID, pit depth (cm), number of samples collected, field season. 

Location ID 
Pit Depth 

(max) 
Samples Field Season 

AID 300 4 June-August 2015 

BOTETI-RB-1 100 4 September 2016 

BT-FT 61 6 June-August 2015 

BT-OLD 55 2 June-August 2015 

BT-OS1 60 6 June-August 2015 

BT-RV-1 35 3 June-August 2015 

BT-TER-1 30 2 June-August 2015 

BT-UNC 115 10 June-August 2015 

DCT 300 4 June-August 2015 

DOD 400 3 June-August 2015 

EMZ 80 4 February-March 2017 

EOB 46 6 February-March 2017 

EOT 100 5 February-March 2017 

HS1 55 5 November 2016 

SAV 31 4 November 2016 

HS2 55 6 November 2016 

KMJ 101 7 November 2016 

MH1 60 6 February-March 2017 

MM 100 7 February-March 2017 

MOH1 70 5 February-March 2017 

NGS 46 4 June-August 2015 

NUN 80 4 February-March 2017 

Onion 15 1 June-August 2015 

PC1 91 4 November 2016 

PC2 100 4 November 2016 

PC3 50 2 November 2016 

SAF2015 80 5 June-August 2015 

SAF2016 80 9 September 2016 

SLN 125 12 February-March 2017 

UNK 155 6 June-August 2015 

XAU 160 6 September 2016 
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Table 8. Passive optical imagery used in this paper 

  

Number 

of 

images Imagery Dates 

Path/Row/Scene 

Landsat 5-TM 112 June 9, 1984-April 27, 2009 75/174 (WRS2) 

Landsat 8-OLI 56 May 13, 2013-October 10, 2017 75/174 (WRS2) 

Sentinel-2-

MLI 50 July 31, 2015-October 18, 2017 

T34KFC 

 

Table 9. Comparison of derived areal extent of Lake Ngami 2016-2017 using S1 threshold 

technique and K-means, and S2 MNDWI. Columns in gray show difference 

between MNDWI and S1 method listed.32 

                                                 
32 Sentinel-2 images are all from frame T34KFC. Bolded text indicates data were taken during windy conditions that 

degrade signal efficacy. Where μ is the average **denotes K-means training and clustering performed for each scene 

Date S1 
Days 

Apart 
Date S2 

Area S1 - 

Threshold 

[km2] 

Area S1 

– K-

means 

[km2] 

Area S1 

K-

means** 

Area 

Area S2 

MNDWI 

[km2] 

Percentage 

Clouds 

    

MNDWI-

Kmeans-

II   

[km2] Isodata 
  

MNDWI-

Kmeans1     

  
[km2] 

MNDWI-

Threshold   

MNDWI-

Isodata 

10/6/2016 3 10/3/2016 85.112 88.525 88.526 93.059 113.73 0.002 -25.163 -22.162 -22.161 -18.176 

11/23/2016 1 11/22/2016 75.233 72.307 100.94 96.494 85.024 99.61 -11.516 -14.957 18.719 13.490 

12/5/2016 3 12/2/2016 56.148 74.7137 117.445 63.849 80.318 9.862 -30.093 -6.978 46.225 -20.505 

2/15/2017 5 2/10/2017 70.464 63.173 69.214 69.553 79.927 3.071 -11.840 -20.962 -13.403 -12.979 

2/27/2017 3 3/2/2017 73.812 54.561 71.613 70.023 78.152 7.112 -5.553 -30.186 -8.367 -10.402 

4/16/2017 5 4/21/2017 68.559 56.832 69.338 67.851 71.291 0 -3.832 -20.282 -2.739 -4.825 

5/10/2017 9 5/1/2017 60.679 56.875 64.343 63.873 73.359 0 -17.285 -22.470 -12.290 -12.931 

6/3/2017 7 6/10/2017 55.619 55.784 58.924 57.62 65.29 0 -14.812 -14.560 -9.750 -11.748 

7/9/2017 1 7/10/2017 48.419 55.768 67.751 58.254 62.767 0 -22.859 -11.151 7.940 -7.190 

8/14/2017 5 8/19/2017 51.608 56.461 68.575 69.715 68.031 0 -24.140 -17.007 0.800 2.475 

9/19/2017 1 9/18/2017 50.615 54.802 61.732 59.905 69.477 0 -27.149 -21.122 -11.148 -13.777 

10/1/2017 2 10/3/2017 51.205 54.154 78.489 59.971 65.836 0 -22.223 -17.744 19.219 -8.908 

11/6/2017 1 11/7/2017 53.197 53.721 97.895 88.051 62.305 0 -14.618 -13.777 57.122 41.323 

11/30/2017 3 11/27/2017 51.681 53.457 100.73 67.364 59.535 4.399 -13.192 -10.209 69.195 13.150 

                μ -17.448 -17.398 9.954 -3.643 

                σ 7.732 5.816 27.649 15.945 
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Figure 1. Locations mentioned in this text. GIS data from Mendelsohn (2010) 
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Figure 2. Lake Ngami shown in relation to Okavango Delta.  

Boteti-Thamalakane-Mogogelo-Nhabe Rivers shown with direction arrows indicating normal 

flow directions when active. 
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Figure 3. Changes in delta hydrology based on historical review in three general patterns shown 

in figure. Detailed explanation in text. 
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Figure 4.  Key locations in this text:  

A, Lake Ngami; B, Mababe Depression; C, Makgadikgadi Pans; D, NE Botswana. Gray area to 

the North indicates Zambezi and tributary watersheds; Thg – Thaoge River, Thl – Thamalakane 

River, Kwh – Kwhai River, Sav – Savuti River, Ngz – Ngwezumba River, Nun – Nunga River, 

Gi – Gidikwe Ridge, EOB – Boteti River terminus in Ntwetwe Pan. 
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Figure 5. Structural configuration of the Makgadikgadi-Okavango-Zambezi (MOZ) basin.  

G represents the Okavango River as it enters the Okavango half-graben bounded by the Gumare 

fault (F). Upon entering the graben the Okavango splits into channels as it traverses the megafan, 

fist the Selinda spillway (E), which is infrequently connected to the basin. The Okavango fan 

then has three terminal outlets: first the the Khwai River-Mababe basin (D), then the Kunyere 

River-Lake Ngami (C), and finally water collects is carried out to the distal fan by the 

Thamalakane River that runs along the Thamalakane fault (A), which is south of the Kunyere 

fault (B). Blue arrows indicate direction of flow and black arrows indicate direction of 

extensional stress (Figure created for this study)  
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Figure 6. Study area locations mentioned: (A) Thaoge River (abandoned), (B) Groot Laagte Fossil 

Delta, (C) Savuti River, (D) Khwai River (E) Boro River. 
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Figure 7. Excerpt from map created by Stigand (1923).  

Note flow directions, vegetation, annotation that Lake Ngami last flooded to extent shown 

between ‘A’ and ‘B’ in 1898 and 1904 but not since (map was created in 1922). Thamalakane 

critical point is clearly seen here in the top right corner flowing both North and South from the 

Gomoti River 
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Figure 8. Excerpt from Sigand (1923).  

Here the main trunk channels are clearly shown to be the Boro, Santadibe, Gomoti, and 

Mogogelo (written as Mokhhokhelo here), in the North the Mochabe (Now Kwhai) River joins 

up with the Mogogelo to enter the Mababe Depression.  
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Figure 9. Du Toit’s hydrographic map showing Lake Ngami.  

Critical point of Thamalakane River shown in the top right corner as it was flowing to the north 

(nearly reaching the Mababe depression) and south (reaching Lake Ngami and the Boteti River). 

Note elevations are in feet and correspond to gauging stations and channel surveys. Dashed lines 

(e.g., Boro River) indicate areas that were not surveyed directly by du Toit. From The Kalahari 

Reconiassance Report (Du Toit, 1925).  
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Figure 10. Flow model with current conditions based on 1976 UNDP Water Resource Report 

(UNDP/FAO 1977, p. 88).  
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Figure 11. Extent of Paleolake Makgadikgadi (960 MASL) indicated by pale green outline with 

elevation map from SRTM DEM. 
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Figure 12. Map of locations from Table 2. Arrows indicate direction of flow when river was last 

active and present day flow (observed in the field, through April 2017) with the 

exception of the Mogogelo River, whose changes are explained in detail in Figure 

13. 
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Figure 13. Flow schematic showing reorganization of Mogogelo River as indicated in Table 2. In 

panel A, water flows from the Ngokha/Nqoga River to the Mogogelo and also via 

the Gomoti – effectively linking the Thamalakane and Mogogelo Rivers from Lake 

Ngami to the Mababe Depression. In panel B, The Gomoti’s connection to the 

Thamalakane has been blocked, it’s outflow to the Mogogelo abandoned and the 

Kwai now carries most flow into the Mababe Depression with some flow diverted 

into the Mogogelo (As observed in the field in this dissertation). 
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Figure 14. Okavango Delta contoured map from Investigation of Okavango Delta as a Primary 

Water Resource for Botswana Technical Report (UNDP/FAO, 1977, p. 15) 
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Figure 15. Soil sample locations in this dissertation around Lake Ngami – FAO(AR: Arenosol, 

CL: Calcisol, RG: Regosol) and USDA classifications listed in key soil polygons 

derived from Verbeek, 1989. Three letter soil location codes correspond to Table 6. 
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Figure 16. Soil sample locations in this dissertation around the Mababe Depression—FAO (AR: 

Arenosol, CH: Chernozym, CM: Cambisol) and USDA classifications listed in key. 

Soil polygons derived from Verbeek, 1989. Soil codes correspond to Table 6. 
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Figure 17. Soil sample locations in this dissertation around the Makgadikgadi Basin—FAO (AR: 

Arenosol, CL: Calcisol, LV: Luvisol, SC: Solonchaks) and USDA classifications 

listed in key. Soil polygons derived from Verbeek, 1989. Soil codes correspond to 

Table 6. 
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Figure 18. Soil sample locations in this dissertation around the Makgadikgadi Basin—FAO (AR: 

Arenosol, CL: Calcisol, SN: Solonetz, SC: Solonchaks, VR: Vertisols) and USDA 

classifications listed in key. Soil polygons derived from Verbeek, 1989. Soil codes 

correspond to Table 6. 
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Figure 19. Savuti delta, distal, inside the Mababe Depression, black bars indicate top and bottom 

of soil profile, total depth 35 cm. Site code is SAV – see location in Figure 16. 

Landcover at this location is predominantly grassland. Results from delta 13C both 

bulk and humin fractions showed lowest levels δ13C ‰ (-16 to -18), which 

suggests this has been a C4-dominant grassland long enough to develop what 

appeared to be an A and possibly weak Bt horizon. 
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Figure 20. Site SLN, location at southern Lake Ngami, - see location in Figure 15.  Inset shows 

lacustrine flood deposits found at depth of 80cm that were radiocarbon dated to 

infer the age and deposition rate, which are relative to other studies nearby (referred 

to in text). 
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Figure 21. Site NUN, right bank of Nunga River – see location in Figure 18. Location is within 

Makgadikgadi basin but not connected to Okavango drainage at present. 
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Figure 22. South Lake Ngami (SLN, Figure 15) down-profile elemental analysis. Each element is 

represented by a different line with a key of the elements in the figure. Light grey 

lines indicate depth of sample collected. 
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Figure 23. Aeolian-fluvio-lacustrine soil (EMZ, Figure 18) down-profile elemental analysis. See 

Figure 10 for explanation of key. 
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Figure 24. Nunga River (NUN, Figure 18) down-profile elemental analysis. See Figure 10 for 

explanation of key. 
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Figure 25. Boteti River delta surface (EOB, Figure 17) down-profile elemental analysis. See 

Figure 10 for explanation of key. 
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Figure 26. Savuti Delta (SAV, Figure 16) soil elemental analysis down-profile. See Figure 10 for 

explanation of key. 
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Figure 27. Lake Ngami chronology based on thermoluminescence (TL) and 14C results as 

reported by Ringrose et al. (2005) in Table 2. 

 

Figure 28. Comparison of bulk organic and humin fractions δ13C at 5 locations 

0.010.82.43.74516171920394042

Time (ka)

Lake Ngami Levels 42 ka - Present
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Figure 29. Paired bulk-organic and humin-fraction δ13C 
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Figure 30. Magnetic susceptibility (SI units) at paleochannel pits west of Mababe Depression and 

South Lake Ngami (SAF). Locations in Figures 15 and 16. 
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Figure 31. Magnetic susceptibility for pit locations in the Mababe Depression, Lower Boteti River 

entering Lake Xau (Boteti RB) and at Lake Xau. Locations in Figure 16 and 17. 



 

112 

 

 

Figure 32. Magnetic susceptibility for MOH-1 pit (Mogogelo River). Location in Figure 16. 
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Figure 33. Outlines of Landsat (WRS2), Sentinel-1, and Sentinel-2 scenes covering Lake Ngami 

shown. 
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Figure 34. Basemap from ARGON mission (September 2, 1963) path 9058A, frame 82. Note the 

lake edge reaches Bothatogo and Sehithwa; manual areal calculation of lake extent 

is [210 km2]33  

 

                                                 
33 ARGON source: https://earthexplorer.usgs.gov/metadata/1051/DS09058A057MC082/ 
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Figure 35. Panel A - daily rainfall at Sehitwa police station 1980-2012; Panel B - Discharge from 

Nhabe and Kunyere Rivers to Lake Ngami at Mogapelwa 1980-2012. 
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Figure 36. Lake Ngami, May 20, 2016 (SPOT, Google Earth Pro), MNDWI (Landsat 8, April 14, 

2016, magenta outline), Sentinel 1 (SAR, April 27, 2016, yellow outline) 

unsupervised classification.  
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118 

 

Figure 37.  Time series showing the areal extent (in km2) of Lake Ngami 2015-2017, using 

MNDWI (Bands 3 and 7 - Landsat 8, Bands 3 and 11 - Sentinel 2). Precipitation data 

from Sexaxa Station34.   

                                                 
34 Sexaxa Station is SW 78 km from Toteng and SW 107 km from Sehitwa. 
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Figure 38. Results after smoothing Sentinel-1 SAR data, panel A shows the VH and panel B 

shows the VV polarizations after thresholding35.  

                                                 
35 A circle in the southeast corner of both A and B show a center-pivot irrigation system. 
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Figure 39. Estimated lake Area (blue lines) from Landsat 5-TM derived MNDWI, discharge 

measurements (red) are from channel flowing into Lake Ngami at Mogapelwa. 

Lake areal extent based on observations between 1984-2009. 

 

Figure 40. Discharge measurements (blue) taken fortnightly between 1980-2012 of the inflow to 

Lake Ngami at Mogapelwa; daily rainfall at Sehithwa police station (red) between 

1980-2012 (All data courtesy of Botswana Department Water Affairs). 
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Figure 41. Discharge measurements (blue) taken daily from Mohembo36 1980-2012; discharge 

measurements at Mogapelwa inflow to Lake Ngami taken fortnightly 1980-2012  

 

Figure 42.  Illustration showing alpha, beta and gamma naught backscatter intensity37 

                                                 
36 Mohembo source: http://www.okavangodata.ub.bw/ori/monitoring/water/index.php 
37 
https://www.researchgate.net/publication/234115286_Improving_PolSAR_Land_Cover_Classifi

cation_With_Radiometric_Correction_of_the_Coherency_Matrix/figures?lo=1 

https://www.researchgate.net/publication/234115286_Improving_PolSAR_Land_Cover_Classification_With_Radiometric_Correction_of_the_Coherency_Matrix/figures?lo=1
https://www.researchgate.net/publication/234115286_Improving_PolSAR_Land_Cover_Classification_With_Radiometric_Correction_of_the_Coherency_Matrix/figures?lo=1


 

 

 

122 

 

Figure 43. Comparison of filters: unfiltered VV intensity (top), Perona-Malik (middle), refined 

Lee (bottom)38  

                                                 
38 S1 image: S1B_IW_GRDH_1SDV_20171118T170410_20171118T170435_008338_00EC25_A3EB 
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Figure 44. Comparison of S2 MNDWI derived lake area vs various S1 derived methods 

in Table 2 (both axes in km2). Each S1-S2 pair is within 9 days maximum, 

the average was 4 days between S1/S2 acquisitions 
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