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Abstract: The purpose of this paper is to describe the delineation of-phtEelines using

high resolution microwave imagesid digital image processing topland with that to
contribute to the understanding of the complex landscape evolution of the Lake Manyara
Basin. The surroundings of Lake Manyara #hre focus of several palearcheological
investigations, since the locati is close to Olduvai Gorg&here paleeanthropological
findings can be traced back to homo habilis. In the catchment of Lake Manyara two
homininbearing sites (0.78 to 0.63 Ma), lots of vertebrate fossils and hand axes from
different periods were foundJnderstanding the development and extent of the lake is
crucial for understanding the regional pakrovironment of the Quaternary. Morphological
structures of shorelines and terraces east of Lake Manyara were identified from TeaSAR
StripMapimages. By applying a Canny edge detedioear features were extracted and
revised for different image acquisitions using a contextual approach. Those features match
literature and field references. A digital elevation model of the region was usexptthen

most distinct paleghorelines according to their elevation.

Keywords: Synthetic Aperture Rada(SAR); paleelake; TerraSARX; canny filter;
edge detection
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1. Introduction

Many authors have used lakes as indicators for climate and landscapgeshin the
Quaternary [16]. Lakes associated with the East African Rift System (EARS) respond in a quite
sensitive way to tectonic and climatic changes [1]. Different studies therefore deal with the
paleaclimate and the paleenvironment of this focuregion [1,79]. Moreover, the direct and indirect
influences of some of the EARS lakes on human evolution are intensively discussed. These lakes
functioned as migration corridors or mixing barrjeand therefore contributed considerably to the
developmat of biodiversity in the region [10]

The Lake Manyara Basin has been frequented by early hominins since the Early Middle
Pleistocene. Hominin fragmentsidbmo heidelbergensisee Figure 1), Acheulian material and a rich
vertebrate fauna indicate tipaleoanthropological importance of the regioni[ii3]. In addition, the
vicinity to the hominin sites at Olduvai Gorge highlights the relevance of the Lake Manyara area in
terms of paledandscape ecology and pallemdscape development. Findings betweakd Manyara
and the Engaruka Basin and in the vicinity of Makuyuni (see Figure 1) show that archaeological
evidence is closely related different paleolake stages [12,14)ne example is evidence from the
Late Stone Age [14(with radiocarbon dated findgs from 280 +60 y BP) whichis related to a high
lake level between2,700 to 10,000 y BP [15,16]

Figure 1. The Lake Manyara Basin in Northern Tanzania.

30:300TE JO'OI‘D"E 35°0I'0"E 40'0I‘0"E

Arusha
4

T
5°0'0"S

.
Dar es
- Salaam

T
10°0'0"S

T T
35°0'0"E 40°0'0"E

0 125 250 375 500
m—— wmm——— Kilometers

- Manyara Basin

Administrative Units

Water Bodies

Hominid Sites

Reference Fig. 2a

Reference Fig. 2b

Reference Fig. 2¢c

¢ Assumed outlet at 1030 m asl.
./ River

/7 Roads

"] Covered by TSX1

CQ Manyara Basin

L 2 JEely ]




Remote Seng014 6 2197

The Lake Manyara area is characterized by different lake levels that are related to specific
paleashorelines, which appear mainly as terraces and beaches. These features and forms have bee
investigated only partly by detailed mapping and radiometric dating method49J17To the
knowledge of the autharsa synoptic investigation of the spatiaistibution of the paleolake
shorelines, paleolake terraces and related features is not available. Thus, the objective of this study i
to contribute to the understanding of the complex landscape evolution in the Lake Manyara area by
delineating paleshoelines. The elevation of the shorelines in relation to the lowest outlet of the
closed basin is also a focus point of the study. Because a delineation of the mentioned paleolake
features was not feasible with optical remote sensing methods, backscatisityrinformation from
TerraSARX StripMap and ALOS PALSAR images were used. The morphological structures of
shorelines and terraces east of Lake Manyara are characterized by high backscatter values, due to the
geometricstructure and texture. Linearateires representing the paldworelines were extracted from the
intensity information of Synthetic Aperture Radar (SAR) images with a Canny edge detector and
mapped in the study area. The results were linked to other studies of the Paleolake Manyara. A
methodological approach in a similar context is not documented in the literature, to the knowledge of
the authors.

In the last decades airborne and satellite remote sensing methodologies have been utilized increasingl
for related tasks to detect pallmdscape pattern, features and forms: Paleolakes on the
Sinai Peninsula [20fvere detected with IKONOS high resolution satellite imagery in combination
with topographic analysis. Remote Sensing and topographical analysis were also used to delineate .
paleol&e in northern Darfur [21]With Radarsat, Landsat ETM+ and a Shuttle Radar Topography
Mission (SRTM) digital elevation model (DEM) paleshorelines and the paleolake highstand were
identifiedin a megalake in Sudan [225AR data was successfully agaliin different studies for the
mapping of subsurface geology and pdlmdscape [23,24]Abdelsalamet al. [25] provide a
thorough overview about the use of this methodology in arid regions. The integrated application of
optical and microwave remote sensing and geospatial analysis also led to the successful delineation c
buried paleedrainages in Egypt, Sudamd Libya [26 28]. Single optical multispectrak(g.,ASTER)
or high resolution €.g., QuickBird) remote sensing data only allow the detection of the most
prominent landscape features because of the spectral similarity of the covering material with its
surroundings Thus, in this study we utilize the TerraSARsensor with its higlresolution Xband
images. This sensor offers the possibility to delineate distinct morphological strudtwe® the
relation of backscatter intensity and geometry, textndesairface roughne$29,30]

Extracting line features is necessary for the delineation of {shlecelines. A general overview
about line extraction methods is provided by Quackenbush lwich et al. [32] used a Markov
Random Model and Bayesian s&fication for the extraction of linear objects from interferometric
SAR data. Chanusset al.[33] utilized a fuzzy fusion technique and a morphological line detector to
extract a road network from multitemporal SAR images. Different Lee filters haae dygplied to
derive linear features like coastlines from RADARSAGNnd ERSL SAR data [34,35]Using aCanny
algorithm, Marghany [363uccessfully delineated shoreline erosion from multitemporal SAR images.
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2. Study Area and Paleolake Evidence

Lake Maryara (954 m a.s.l.) is located in an endorheic basin in the eastern branch of the EARS
in northern Tanzania (Figure 1). The Manyara Basin is an asymmetrically shaped half graben, with
a 200 to 600 m high escarpment in the west and a west dipping menodire east. The morphology
of the landscape is strongly related to Quaternary volcanism and tectonic activity, which is still
ongoing [36] The basin is affected by minen echelorstep faults (NNE and E), whereas the lake
sediments and the shorelines between Makuyuni and the lake are not disturbed by faul88y [37
The water supply originates from perennial springs and streams of the rift escarpment and from severa
seasonal dinages, of which the Makuyuni River and the Tarangire River are the largest. Today Lake
Manyara is a shallow alkaline lake covering a varying area of up to approximately 55Wikma
maximum depth of 1.18 m, and can episodically dry out nearly compld@]. The lowest possible
outlet of the basin is located in the north of the lake along the main rift system, 78 to 80 m above
todayds lake level, and drains into the Engaruka Basin (Figure 1). The Tropical Rainfall Measurement
Mission (TRMM) monthly Raifall Estimate product 3B43 (V7) shows a bimodal rainfall pattern for
the study area for the years 2000 to 2012, with a wet season from November to January and a secor
more intense wet season between March and May. The average annual precipitatiorfroanges
1200 mm at the escarpment to 700 mm at the plain east of the lakéldJresults in a tropical
semihumid vegetation cover with highland forests on the elevated areas west of the lake, and in a
semiarid environment with bushed grassland easteofbite.

The oldest lacustrine strata within the Manyara Basin are known as the Manyara Beds and were first
mentioned in 1942 [42]They appear in the east of Lake Manyara and, based on sediments, define a
maximum paleolake extent, approximately 140 m abimdays lake surface. The Manyara Beds can
be subdivided into a lacustrine grayish lower member (mudstones, siltstones, diatomite, marls and tuff)
that was deposited betweerB 1o 0.98 Ma and 0.633 Ma, and a fluvial and terrestrial, up to 13 m
thick, reddishbrown upper member (siltstones, mudstones, conglomerates and breccias) deposited
between 633 Ma and 0.44 to 0.27 Ma. In most sections, the transition between both members is
marked by a distinct tephra layer which was used f8%Ar*® dating [1137,43] The sections are best
exposed close to the town of Makuyuni, where the sediments are partly overlain by a thin layer of
Holocene soils and caliche and where big gully systems eroded into the savanna landscape.

The predominantly P& aligned shorelines west of Lake Manyara vary from small beaches with a
local relief of about 1 m to terraces that are several meters high. These terraces consist of up to thre
steps, indicating fluctuations of the distinct paleoldéeels EFigure Z). The terraces consist of
conglomerates with different grain sizes up to 30 cm in diameter. The scarps are covered by coarse
carbonates. The treads are sometimes vegetated by densely growing shrubs and small tree:
Stromatolites and ondtés can be found along most of the ridges (Figure 2c). The areas between the
shorelines are mostly covered by young carbonate rich soils, few are covered by carbonate gravel.
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Figure 2. (a) Distinct paleeshoreline (Lon. 36.0065 Latr 3.629; (b) Shoeline section
(Lon. 35.9097 Lat.1 3.396J; (c) Stromatolites and oncolites (Lon. 35.934; LaB.444};
Compare with Figure 1.

Several authors mention younger evidence of different paleolake phases than the lower member of
the ManyaraBeds. At the beginning of the 20th century, former shorelines and beaches up to 40 m
above todads lake level were detected [44,4%] complete series of beach terraces was found and
identified as different shorelines of pluvial periods [48first sysematic documentation of shorelines
was published in 1975 for the Lake Manyara and the Engaruka BasinTH& Jauthors found eight
main terraces and several beaches in the Lake Manyara Basin and mapped them without taking
elevation information in the vicity of the road leading from Makuyuni to the southern part of the
lake. Another study identified four different lake levels about 6 m, 21 m, 43 to 52 m and 82 m above
the current level, respectively, during field visits. The highest level also marksrdshdhd of a
lowest possible outlet to the Engaruka and Nai@agadi Basin [19] These terraces have not been
mapped for the whole basin yet, and the description of their location remains vague.

Other research has focused on oncolites and stromatelitéed) are closely connected to flat tidal
environments and therefore, have been documented as evidence feshmatdmes [18,47]In an
analysis of stromatolites from the northwestern area of tedake extent close to the town of Mto Wa
Mbu (Figure )} [18], late Pleistocene and Holocene stromatolites collected on a distinct level of 20 m
above todags lake level were dated BYC and Th/U series. Results showed humid periods with high
lake levels for 22,000 y BP (increased water residence time, mugrneichment), 27,000 to 23,000 y
BP (stable hydrological conditions with diluted fresh water), 35,000 to 32,000 y BP, 90,000 y BP, and
an uncertain age of about 140,000 y BP [18,4Biher research groups dated the humid period
between 2,500 and 26,009 BP, and an even younger high stand betwe:n0D to 10,000 y BP by
diatom analysis of two drilling cores from Lake Manyara [15,%] radiocarbon ages corroborate
other studies of lake level fluctuations along the EARS. For the NdKumanteita andhe Naivasha
Basin high lake level stands were postulated for the periods 146,000 to 73,300 y BP and 15,200 to
9600 y BP [1,49] Trauthet al. [7] studied the nearby Ol Njorowa Gorge where they detected high
level stands at 146,000 to 141,000 y BP and 8400® to 89,000 y BP (amongst other time intervals
for the Upper Pleistocene). Garcet al. [50] suggested high paleolake levels for Lake Suguta
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for the periods 16,500 to 15,000 y BP, a high stand at 12,800 y BP and a high lake level from
11,800y BP to 8500 y BP.For the Lake NatroiMagadi Basin north of Lake Manyara ages for
stromatolites and related shorelines (ca. 240,000 y BP, 135,000 £10,000 y BP and2fé@ tb

10,000 y BP) have been found to differ from the ages of stromatolites of the laak@aid Basin, but

agree with the ages of the other lake systems mentioned before, and the ages of the drilling cores
Lake Manyara [318]. The comparison of stromatolite ages in East African lake systems may involve a
methodological problem, because #rerusting benthic microbial communities react very sensitively

to changes in water chemistry and hydrological conditions. Therefore, stromatolites do not necessarily
indicate all paleolake levels and radiometric dating and interpretation should nosédelyson these
materials [18] Trauthet al. [7] provide a synoptic view on East African climate change and lake
systems for the last 175,000 vy.

3. Methodology
3.1. SAR Processing

Six TerraSARX (TSX1) (~9.65 GHz; Xband) StripMapand two ALOS PALSAR (~1.27 GHz;
L-band) scenes for different dates were acquired for the delineation of thespafebnes (Table 1).
All scenes were ordered in SLC format. The precipitation induced soil moisture increases the
backscattering intensitfpr the soil covered areas and reduces the ability to discriminate the relevant
structures of the paleshorelines [29,30] Because soil moisture information with a sufficient
resolution was not available, TRMM daily Rainfall Estimate product 3B42 (V7)used to examine
the days preceding the acquisition dates for relevant precipitation R&ldvant precipitation was
measured only for the days prior to tB81301-15 TSX1 scene.Visual inspection confirmed a
reduced contrast between the probable pgieoelines and their surroundings for t8@1301-15
scene, but the most distinctive structures were still recognizable and therefore, the scene was no
excluded from further processing.

Table 1.List of SAR images of the study area. Inc. Ang., incidemfl@at scene center;
Pol., polarization; deg., degrees; Asc., Ascending.

Nr. Sensor Mode Date Time (UTC) Orbit Inc. Ang. (deg.) Pol.
1 TSX1 StripMap  2011-09-08 15:46:08 Asc. 26.3° HH
2 TSX1 StripMap  2011-08-28 15:46:08 Asc. 26.3° HH
3 TSX1 StripMap  2011-09-13 15:54:39 Asc. 44.4° HH
4 TSX1 StripMap  2011-09-02 15:54:39 Asc. 44 .4° HH
5 TSX1 StripMap  201212-24 15:46:10 Asc. 25.8° HH/HV
6 TSX1 StripMap  201301-15 15:46:08 Asc. 24.5° HH/HV
7 ALOS PALSAR  Fine Beam 200805-24 20:22:03 Asc. 38.8° HH/HV
8 ALOS PALSAR  Fine Beam 201007-15 20:25:27 Asc. 38.8° HH/HV

The TSX1 and ALOS PALSAR scenes were radiometrically calibrated to sigma nacjHoty (
applying a correction f ac t°oFurtherpradiorhetric moemdliaation b r i
was applied to correct for topography using a SRXNMEM and the local incident angtesulting in
gamma n 3 [by]tMulfilaoking was applied to all scenes and they were terrain corrected. To
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reduce speckle ffcts in the images and to pronounce morphological features they were filtered using
a Lee filter [3]. Whereas the paleshorelines are hardly noticeable in optical remote sensing images,
they are highlighted by their intense backscatter in TSX1 (Figak8.3The resulting images were
resampled to 3 m pixel resolution for TSX1 and to 20 m resolution for PALSAR images. The
inter-scene spatial conformity is important for the following image processing steps. The high accuracy
of orbital parameters of TSXdata makes a further -gegistration unnecessary4]5 The ceregistration

from ALOS PALSAR to the TSX1 scenes appeared insufficient for the purposes of this study, due to
the different spatial resolution. Since the PALSAR images also did not show aalditifimnmation of

the relevant structures they were excluded from further processing.

Figure 3. Example of the workflow for a small areéa) Optical reference image;
(b) TSX1 image 13 Septembe2011);(c) Result of the Canny edge detector (background:
transparent TSX1 imagg)d) Results of shoreline extraction after ppsbcessing.
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a) Google earth V 6.2.1.6014. (October 4, 2013). Manyara Ranch area, Tanzania.
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http://www.earth.google.com [December 28, 2013].
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3.2. Filtering and Further Image Processing

The speckle effect makes the detection of linear features in SAR imagediffictét than in
optical images [34]With the Lee filter (5¢< 5) the speckle noise could be reduced while the contrast of
the linear features could be preserved. The linear structures of the images were extracted from the
derived image products using army edge detector from the Python seikiage module for the
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SciPy library [®]. Edge detectors in general reduce the information content of an image to the
structural information about objectsg]5 To enhance the results of the edge detector and to be able to
use similar weighting parameters for the Canny filter, all images were contrast stretched and
normalized to a range fromt6 1. The Canny procedure first applies a Gaussian filter to rethise
in the original image. Subsequently, the strength of value gradients between the image pixels is
computed by applying a directional Sobel operator. In addition, the direction of edges is approximated
to vertical, horizontal and #5°directions. Thigs followed by a nonmaximum suppression, which
suppresses all values along the magnitude of gradients that are not considered to be an edge to zer
Finally hysteresis thresholding is applied resulting in a lower and an upper threshold to reduce
streakingeffects. To achieve a good trad# between the detection of a maximum of linear features
including small beaches and the suppression of unnecessary features, the weighting parameters for tf
standard deviation of the Gaussian filter had to be adjustexhédn scene. For hysteresis thresholding
good results could be achieved with a ratio of high to low threshold df @fgure 3c). The results
are binary raster files with the value one representing linear features.

Morphological image processing was @ using a closing operator (dilation & erosion) to close
gaps between detected lines (adjacent pixel elements)T[Bé&]resulting raster maps were added up to
a single raster layer where structures detected in multiple scenes hold values greatee.ti@myo
those structures were considered for further processing. An opening procedure (erosion & dilation)
was applied to minimize the number of artifacts [30§e remaining structures were reduced to their
skeletons and converted into vector format. €€rtual information was used to exclude features like
roads and river beds (Figure,@8g as well as forests of the Lake Manyara National Park to the north
and west of the lake, and a forested flood plain north of Lake Burungi. Many linear structures were
identified on the slopes of the volcanic cone of the Essimingor northeast of the lake. The radial valleys
of the volcano result in linear structures similar to shorelines (Figure 4). The western and northwestern
slopes of Essimingor may have been reachethb lake during a high stand but other lines on the
volcanic cone were deleted. Some of the areas between the shorelines west of Essimingor are covere
by rough gravel and resulted in some artifacts that were verified in the field and removed by manual
editing (Figure 3¢; compare northwestern parts of the displayed areas

3.3. Lake Level

SRTM-X DEM (30 m) data covers nearly the whole Manyara Basin and was seamlessly combined
with a SRTM3 DEM (90 m) to achieve coverage of the whole basin. A morphotwggerving
multidirectional Lee Filter for noise and artifact reduction was appli&fl [High accuracy ICESat
altimetry data from 8 overpasses over Lake Manyara betwe@@32and 2009 were processed to
calculate a mean lake level of 954.25 m (EGM&t@&ydard deviation o35 cm) [¥]. The SRTMX
lake level was adjusted to this height. SRTM data as well as most studies used a height of 960 m fol
the lake surface and as base height for relative measurements for the elevation of shorelines [18,19]
The identfied paleashoreline features were converted to points and the corresponding heights where
extracted from the DEM. The different levels of the shorelines can be traced and distinguished on the
eastern side of Lake Manyara (Figure 4). The derived elevatines from SRTMX are within a
relative vertical accuracy of 6 m §&59].
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Figure 4. Identified shorelines (generalized for mapping issues) and field reference data
from June 2013.

4. Results and Discussion

Different sources were used for the validation of the reshiis. studies are applicable as reference
from the published literature. Eight main terraces and several beaches were found and mapped up to a
elevation of 1,115 m a.s.l. within the vicinity tife road leading from Makuyuni in SE direction by
Keller et al.[17]. Four different lake levels were identified in the field but not mapped by Somi [19]



