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Abstract

This thesis aims to assess vegetation degradation in the region of Lake
Manyara in Northern Tanzania over the years 2017 until 2021. Multiple studies
concluded that the LULC is changing around Lake Manyara over the past
years. In some cases, this is due to humans, while in other cases it is
suggested that it is due to vegetation degradation. Previous studies showed
high vegetation resilience and no signs of vegetation degradation, yet the
Maasai observed a change in vegetation. Vegetation changes are observed in
similar areas, these changes are changes from high-nutritious grasses to low-
nutritious grasses and bush encroachment. The assessment is done with the
high-resolution satellites, Sentinel-2 and PlanetScope, with soil moisture data
from SMAP and precipitation data from CHIRPS 2.0. The indices for the
assessment are NDVI, GCC, MBI and NDWI. This thesis concluded that
precipitation and infiltration were not simultaneously, infiltration occurred
later. Vegetation did not start growing simultaneously with precipitation, but
with infiltration in the subsurface. The lack of infiltration could be due to that
crusting is affecting the vegetation in the area. Crusting results in less
infiltration and less growth of grasses, while shrubs and trees are less affected
by crusting. This result is in line with bush encroachment and is a good
indication that vegetation degradation might occur in the grassland and
savannah areas around Lake Manyara. Vegetation resilience is still high,
although vegetation does not start to grow when the precipitation starts.
Vegetation starts to grow when water infiltrates the subsurface.
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1 Introduction

1.1 Background information

Lake Manyara is located in northern Tanzania and is part of the East African Rift System
(EARS). The EARS is characterized by highlands and lowlands. The highlands are more
densely vegetated and have a sub-humid climate, while the lowlands have a semi-arid
climate (Cooke et al., 2007; Kimaro et al., 2018) and are characterized by widespread
open or bushed grasslands and rangelands (savannah) (Kimaro et al., 2018). The climate
in northern Tanzania is influenced by the seasonal shift of the Intertropical Convergence
Zone (ITCZ) resulting in two dry and two wet seasons (Deus et al., 2013). The vegetation
in the savannah areas around Lake Manyara is well adapted to the seasonal rainfall and
appears to be highly resilient (Verhoeve et al., 2021). However, this good resilience can
be disrupted due to climatic and human impacts, such as more frequent droughts and
increased grazing pressure by Maasai livestock herds.

The Maasai are a Nilotic ethnical group living a pastoral or agro-pastoral life in the
rangelands of northern Tanzania and southern Kenya (Homewood et al., 2009; McCabe et
al., 2010). In the past, the Maasai had a fully nomadic life and relocated their bomas
(Maasai settlement with houses and livestock) if the rangelands did not provide enough
food (McCabe et al., 2010). The Maasai are not able to live their full nomadic life anymore,
because of Tanzanian regulations, urbanization and an increase in agricultural lands
(Goldman, 2011). The present grazing areas are under extreme grazing pressure because
the Maasai only have a limited area for grazing around their bomas (Fratkin, 2001;
Goldman, 2011). This increasing grazing pressure may result in vegetation degradation
and could have an impact on the grazing capability of the Maasai livestock.

1.2 The problem

1.2.1 Vegetation degradation in northern Tanzania

Vegetation degradation will be described in this thesis as the negative change between
different types of vegetation where the new vegetation is not usable, e.g. as food for
livestock or humans, or as the change from vegetation to bare lands (Sterk & Stoorvogel,
2020). The area around Lake Manyara has undergone changes in land-use and land-cover
(LULC) (Homewood et al., 2009), which is observed by multiple remote sensing (RS)
studies. The RS studies of Kiunsi and Meadows (2006), van den Bergh (2016), van
Rosmalen (2021), Verhoeve (2019), and Wynants et al. (2018) had different and
conflicting results because of fluctuations in changing vegetation types over the years.
These studies could be biased due to the use of limited datasets, climatic factors and
classification errors (Conroy, 2001; Degen, 2015; Igbal & Khan, 2014; Maerker et al.,
2015). Droughts are lowering the vegetation cover during the year of the drought.
However, the vegetation cover quickly recovers after a normal or wet year following a
drought. This indicates that vegetation resilience is high in northern Tanzania (Verhoeve
et al., 2021).

A high resilience suggests that vegetation recovers quickly during periods of water
abundance (Sterk & Stoorvogel, 2020). However, it is possible a shift to more drought-
prone vegetation types may occur, which might result in less favourable vegetation that is
not preferred by livestock. The shift between different types of vegetation, where the new
vegetation is not consumable as food for humans or livestock, is called vegetation
degradation (Sterk & Stoorvogel, 2020). A vegetation shift from nutritious grasses to low
nutritious grasses is already noticed in the Ngorongoro conservation area (Niboye, 2010)
and around the town of Selela (Oba & Kaitira, 2006), resulting in less available food for
livestock. The change in vegetation from grasslands to bushlands or forests is observed in
many parts of Africa (Stevens et al., 2017; Venter et al., 2018), this is called bush
encroachment. Bush encroachment is found in many savannah areas in North Tanzania (H.



S. Kimaro & Treydte, 2021; Mtui et al., 2017) or similar areas in South Kenya (Li et al.,
2020). These types of vegetation degradation may affect the Maasai livestock grazing
opportunities.

According to an interview with the local Maasai, the availability or quality of grass is
reducing and the amount of trees is increasing (Verhoeve, 2019). The Maasai perspective
is in line with the findings of bush encroachment (Kimaro & Treydte, 2021; Li et al., 2020)
and grass type shifting (Niboye, 2010; Oba & Kaitira, 2006). The Maasai think the reason
for the decrease in grass cover is due to livestock grazing pressure, an increase of trees,
a decrease in rainfall, or fire (Verhoeve, 2019).

Crusting could also be a reason for vegetation degradation. Since it could both stimulate
and prevent vegetation growth (Assouline et al., 2015). Crusting can occur on most soils,
except for soils with high coarse sand and very low silt and clay contents (Bradford &
Huang, 1992). Crusting has a large impact on infiltration, e.g. a thin crust of 0.1 mm can
reduce infiltration by a factor of 1800 (McIntyre, 1958). There are two types of crusting
that might be influencing vegetation growth in this area, biological and physical. The
biological crusting is due to drought, this starts a mechanism that eventually releases
nutrients and is beneficial for the vegetation (Belnap et al., 2005; Hawkes, 2003; Mayland
& MclIntosh, 1966; Mills & Fey, 2004). The physical crusting is due to precipitation
(Assouline et al., 2015) or the trampling of cattle or other animals (Mills & Fey, 2004). It
is observed that bare or grazed areas are more prone to crusting than vegetated areas
since the soil in bare areas or grasslands is more affected by direct sunlight and
precipitation (Assouline et al., 2015; Kidron et al., 2017; Mills & Fey, 2004).

Crusting is common in savannah areas and can lead to specific vegetation patterns due
to the different effects of crusting on vegetation, e.g. the moving banded vegetation
patterns like the tiger bush patterns (Lefever & Lejeune, 1997; Thiery et al., 1995; Valentin
& D’Herbeés, 1999). In tiger bush patterns the moving direction has beneficial crusting for
vegetation, while the other side has a negative crusting effect on the vegetation (Valentin
& D'Herbes, 1999).

Crusting is observed around Lake Manyara, in Manyara Ranch, in a photo of Verhoeve
(2019) and is shown in figure 1. However, this study was not conducted to observe
crusting, thus more information about crusting in the area is not found.
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Figure 1; Crusting is as the cracks in between small patches of grass. The location of this photo is inside
Manyara Ranch ROI, south of Makuyuni. The photo was taken as a field observation by Verhoeve (2019).



1.2.2 Remote sensing and vegetation degradation

Spatial-temporal monitoring of the savannah is challenging due to the fine-scale
heterogeneity (Pickett et al., 2003) and high resilience (Cooke et al., 2007; Verhoeve et
al., 2021). Previous RS studies with a coarse spatial resolution had less accurate results
than with a high spatial resolution, e.g. the Landsat classification of Verhoeve (2019) or
Kiunsi and Meadows (2006). These types of classification are more suitable for more
homogeneous areas (Li et al., 2020). Many worldwide RS studies to monitor vegetation
degradation used coarse resolution satellites, like Landsat (Hadeel et al., 2012; Kiunsi &
Meadows, 2006) or EO-1 Hyperion (Lyu et al., 2020). Hadeel et al. (2012) and Kiunsi &
Meadows (2006) found vegetation degradation over a long time period by studying
vegetation change and Lyu et al. (2020) found vegetation degradation in a single year by
studying vegetation health with hyperspectral data. The advantage of these satellites is
their hyperspectral sensors to obtain more spectral information, the downside is their low
spatial resolution. Van Rosmalen (2021) used high-resolution Sentinel-2 imagery with
Landsat imagery, this resulted in better classification. However, it was not conducted to
monitor vegetation degradation for the fine-scaled heterogeneity of the savannah.

Cheng et al. (2020) concluded that both Sentinel-2 and PlanetScope images will result
in good and comparable Normalized Difference Vegetation Index (NDVI) results. They were
able to distinguish and classify vegetation types on the Kenyan rangelands.

Li et al. (2020) monitored vegetation degradation in the Greater Maasai Mara Ecosystem
in Kenya, which is a similar semi-arid savannah area as in North Tanzania. They used
Sentinel-2 and Worldview-3 to study the area with high-resolution classification. They
observed a decrease in grassland and an increase in woody vegetation, i.e., bush
encroachment, from 2016 to 2018.

The vegetation degradation will be assessed with the use of vegetation indices (VIs).
The VIs used are the normalized difference vegetation index or NDVI (Rouse et al., 1973;
Tucker, 1979), modified bare soil index or MBI (Nguyen et al., 2021), green chromatic
colour or GCC (Gillespie et al., 1987), normalized difference water index or NDWI (Gao,
1996), subsurface soil moisture or SuSM (Subsurface Soil Moisture (Corrected with SMAP
Imagery), n.d.), and the surface soil moisture or SSM (Surface Soil Moisture (Corrected
with SMAP Imagery), n.d.).

The NDVI is able to provide a quantity of vegetation and an approximation of vegetation
health and cover. If there is a decline in NDVI over time, it could be an indication of
vegetation degradation (Hadeel et al., 2012; Meneses-Tovar, 2011; Yengoh et al., 2014).
The GCC indicates vegetation greenness, this is used to indicate vegetation browning. The
amount of greenness of browning is an indicator of vegetation degradation (Runnstrém et
al., 2019). The MBI uses the lack of vegetation to indicate bare soils. If this index increases,
more bare soil will occur and thus less vegetation, and more vegetation degradation. Water
is indicated with high values of the NDWI, it is used to classify water correctly (Hadeel et
al., 2012). The SSM approximates the surface soil moisture content and the SuSM
approximates the subsurface soil moisture content. A combination of SuSM and SSM is
used to indicate droughts of water abundant periods.

1.3 Objectives
The aim of this thesis is to assess vegetation degradation in the Monduli district using
RS images. To achieve the aim of this thesis, it is divided into objectives.
I. Finding multiple proper study areas with different grazing policies around Lake
Manyara;
I1. Exploring the collected RS imagery to obtain the best possible vegetation
degradation assessments in the selected study areas;
III. Using vegetation index analysis to assess vegetation degradation in the selected
study areas



2 Study area

2.1 Region of Interest

Three regions of interest (ROIs) were selected based on three different grazing policies,
while still having similar vegetation types. The locations of the three ROIs are given in
figure 2. The three ROIs are all located in the Lake Manyara Catchment. The Lake Manyara
Catchment is a closed basin with a terminal lake (Compen, 2021; Keijzer, 2020), called
Lake Manyara, and is located in northern Tanzania. Thus, Lake Manyara has no outlet,
which contributes to a fluctuating lake area over different seasons and years. Lake Manyara
has an area of 410 km?2 at the low levels and 480 km2 at the high levels (Yanda & Madulu,
2005).

2.1.1 Manyara Ranch

Manyara Ranch is a conservation area east of Lake Manyara and southwest of the town
of Makuyuni and has its longitudes between 3°27’S and 3°40’ S and its latitudes between
35°56' E and 36°06' E. It is an area of 178.07 km2 (Goldman, 2011). The ROI from the
Manyara Ranch is the Ranch and an expansion of the area surrounding the town of
Makuyuni, it has an area of 195.40 kmz2. The elevation of the ROI variates between 990
meters and 1,080 meters asl.

Until the late 1990s, the ranch was a state-run cattle ranch. When that ended, the area
was used as a part-time, regulated, expansion of the Maasai villages of Esilalei and Oltukai
(Goldman, 2011). With the part-time expansion of the Maasai villages the Manyara Ranch
obtained a new land-use objective, it became a conservation area. This results in part-time
grazing by cattle and letting nature be nature. The Maasai are allowed to graze in these
fields, however under specific policies (Goldman, 2011).

The vegetation in Manyara Ranch consists mainly of bushed grasslands and open
grasslands or savannah (AWF, 2003; Manyara Ranch Conservancy, 2019). The Makuyuni
river system in the Manyara Ranch is an unstable seasonal river that leads to much erosion
in the surrounding area (AWF, 2003; Egberts, 2020).

This ROI is chosen because this is a savannah area with conservation rules where the
Maasai are allowed to graze. This gives an insight into how the Maasai can graze with a
view on how the vegetation is less disturbed by human actions.

2.1.2 Selela area

The town of Selela is located approximately 30 km north of Manyara Ranch and 20 km
northeast of Mto wa Mbo. The ROI has its longitudes between 3°11’ S and 3°17’ S and its
latitudes between 35°55’ E and 36°02’ E. The borders of the ROI are the highlands in the
Northeast, the riverbed going south from the highlands is the Western border, the riverbed
going east while bending to the south are the Northern and Eastern borders, and the
Southern border is chosen arbitrarily not to obtain a too large ROI. The ROI has an area of
107.83 km?2 and its elevation variates between 980 meters and 1,080 meters asl.

The town of Selela is mainly a Maasai town, where many villagers live an agro-pastoral
lifestyle (Oba & Kaitira, 2006). The vegetation is mainly savannah, bushed savannah and
small and scattered agricultural fields.

This ROI is chosen because it is a savannah area where the Maasai are grazing. In this
area, all human activities are allowed (Shechambo, 2018). According to Kiunsi & Meadows
(2006), there are many degraded soil areas in the area around the town of Selela. This
makes it a good ROI to study how the Maasai need to treat the area and how the vegetation
will react to it.

2.1.3 Lake Manyara National Park
Lake Manyara National Park (LMNP) is located directly west of Lake Manyara and
southwest of Mto wa Mbo. LMNP is home to a combination and variety of landforms and
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vegetation types which create a unique ecosystem (UNESCO, 2019). The LMNP has an area
of 648.7 km2 (TANAPA, 2020). However, most of this area is home to unique vegetation,
like groundwater forests or dense forests. These vegetation types are not comparable with
the other ROIs and thus not usable for this thesis. The ROI is located in the north-northeast
area of LMNP and follows the end of the lowland area of LMNP and part of the lake itself.
The LMNP ROI has an area of 33.11 km?2 and its elevation variates between 950 meters
and 1,020 meters asl. The ROI has its longitudes between 3°24’ S and 3°32’ S and its
latitudes between 35°45’ E and 35°51' E.

LMNP is a national park, which means there are no human activities, apart from tourism.
The vegetation in the park is diverse and the vegetation in the ROI are grasslands,
woodlands and lakeshore (UNESCO, 2019). The unique groundwater forest in the LMNP is
not in the ROI, because no other ROI has a comparable area.

This ROI is chosen because of its undisturbed vegetation, because of its protected
status. Nobody is allowed to graze in the park and agriculture is also prohibited, thus no
Maasai agriculture or livestock is allowed in the park. Since the ROI has comparable
vegetation as the other ROIs without human interference, the ROI in LMNP is a suitable
control group (Loth, 1999).

2.2 Climate

The study areas are in one of the driest areas in Tanzania and is characterized by a
semi-arid climate. The study areas are around the city of Mto wa Mbo, which is located
north of Lake Manyara. The climate is influenced by the seasonal shift of the ITCZ. This
results in a bimodal precipitation pattern. The short rains (Vuli) occur between November
and January, while the long rains (Masika) occur between February and May. The short
and long rains can be interrupted by a short dry season in January and February. The long
dry season is from June to October, and the length of it is dependent on the length of the
start of the short rains and the end of the long rains (Deus et al., 2013).

Average rainfall ranges from approximately 500 mm/yr in the lowlands and up to 900
mm/yr in the highlands (Monduli District Council, 2021), and since the research areas are
located in the lowlands, the average precipitation is between 400 mm/yr to 600 mm/yr
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Selela ROI
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Figure 2; The study area map and the ROIs. The Selela ROI is the area with no conservation or grazing rules.
The Manyara Ranch ROI is the conservation area where grazing is limited and under strict regulation. LMNP
ROI is a national park where no human activities are allowed.
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(Deus et al., 2013). The most precipitation is during March and April with monthly mean
precipitation ranging from 50 mm/month to 280 mm/month and the driest months are July
to September with a maximum monthly mean precipitation up to 20 mm/month (TMA,
n.d.). This average yearly precipitation per month is seen in figure 3.

The daily average temperature in the district ranges between 14°C and 35°C (Deus et
al., 2013; Monduli District Council, 2021). The warmest months are from December to
February with monthly mean temperatures from 21°C to 25°C and the coldest months are
from June to August with monthly mean temperatures from 18°C to 20°C (TMA, n.d.). The
monthly mean range of temperatures is seen in figure 3.

3 Methods

This thesis uses high-resolution satellites to derive vegetation indices on a small pixel
scale. Coarse satellites are used for a broad overview of water availability since field
observations are limited in the study areas. The water availability is measured with
precipitation and soil moisture, the latter is derived from radar images. The study period
is from 2017 to 2021 because all satellites are in orbit during that period.

3.1 Vegetation degradation assessments

3.1.1 Indices

As a first vegetation degradation assessment, multiple index maps were created from
the VIs. The explanation of these VIs and their formulas are shown in table 1. The NDVI
and GCC were obtained from PlanetScope and Sentinel-2 bands, which are not directly
similar. However, the bands are comparable, since the bands have overlapping
bandwidths. The blue bandwidth is for both satellites between 459.4 and 515.0 nm, the
green band is between 541.8 and 577.0 nm, the red band is between 649.5 and 670.0 nm
and the NIR band is between 780.0 and 885.8 nm. Since the NDVI and GCC are derived
from PlanetScope and Sentinel-2 bands, two maps of each of these indices are created.
The MBI and NDWI are only obtained from Sentinel-2 bands since that is the only satellite
with SWIR bands. The SuSM and SSM are obtained from the SMAP. Per year the statistics
of the SUSM and SSM are calculated for analysis. The total amount of SuSM or SSM in the
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Figure 3; Monthly average climatology in the Arusha region from 1991-2020. The short rains are seen between
November and January, the long rains are seen between February and May with the peak in April. During the long
dry period between June and October almost no precipitation falls.

Source: https://climateknowledgeportal. worldbank.org/country/tanzania-united-republic/climate-data-historical
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Table 1, The indices with their formulas and a short explanation; wavelengths of the colours: B (blue) = £490
nm, G (Green) = £560 nm, R (Red) = £665 nm, NIR (near infrared) = £865 nm, SWIR1 (shortwave infrared 1)
= x1610 nm, SWIR2 (shortwave infrared 2) = £2195 nm.

Abbreviation Name Formula Explanation
Normalized NIR — R Quantities the living vegetation in an
NIR —
NDVI Difference NIRTR area, is between -1 and +1 (the more
Vegetation Index ! positive, the more vegetation).

Indicates bare soil locations, is

MBI Modified Bare Soil SWIR1 — SWIR2 — NIR 405 between -0.5 and +1.5 (bare soil is
Index SWIR1+ SWIR2+ NIR =~~~ emphasized and received positive
values until maxima).
Indicates vegetation greenness, is
. G r
GCC Green chlromahc _— between 0 and 1 (the higher the
coordinate R+G+8B .
more green vegetation is).
. Normalized NIR — SWIR2 Indicator for vegetation liquid water
NDWI Difference Water _— content, is between -1 and +1 (the
NIR + SWIR2 e :
Index more positive, the more vegetation).

entire year is calculated, the number of days that the threshold is reached and the average
amount of SuSM or SSM per day. The threshold for SuSM is 25 mm (Subsurface Soil
Moisture (Corrected with SMAP Imagery), n.d.) and for SSM is 10 mm (Surface Soil
Moisture (Corrected with SMAP Imagery), n.d.), below this amount the vegetation is not
able to grow optimally (Subsurface Soil Moisture (Corrected with SMAP Imagery), n.d.;
Surface Soil Moisture (Corrected with SMAP Imagery), n.d.). Days that reach the SuSM or
SSM threshold are called respectively SuSM days or SSM days. The start of a new series
of SuSM days is highlighted in the SuSM timeseries for each ROI. The same statistics are
calculated for the precipitation. However, the threshold for precipitation is set at 1 mm,
this is an arbitrary threshold and is because small precipitation events (below 1 mm) are
ignored, since these days do barely contribute to water availability. Days that reach the
threshold for precipitation are called rain days. The year in which the statistics are
calculated are not normal calendar years, but a hydrological year is used. The periods are
from January 2017 to July 2017 (2017), from August 2017 to July 2018 (2018), from
August 2018 to July 2019 (2019), from August 2019 to July 2020 (2020) and from August
2020 to July 2021 (2021). Except for the start of 2017, all years start in the middle of the
dry period. This means that the total water availability of 2017 could be biased while it is
only a half hydrological year, since the end of 2016 is not taken into account. However, it
does not affect the water availability at a moment in time.

Initially, only the indices from Sentinel-2 are used for the first vegetation assessment.
For the first vegetation degradation assessment in a ROI, from each index, a mean time
series of the whole ROI is plotted.

3.1.2 Change detection

The nine index maps and all the bands of three satellites are combined into one image
stack map for each timestep for every ROI. Per ROI a multidimensional raster is created
out of the image stack. This multidimensional raster is used to analyse change using the
CCDC algorithm. CCDC stands for Continuous Change Detection and Classification and it is
an unsupervised classification method based on a harmonic regression model that identifies
abrupt changes in pixel values over time while accounting for long-term and seasonal
change (Zhu & Woodcock, 2014). Thus, the CCDC algorithm should not detect resilience
and seasonal vegetation changes as a change. This makes CCDC a proper change detection
algorithm for detecting vegetation degradation. Other change detection algorithms, like
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LandTrendr, may not be as effective as CCDC, since LandTrendr only detects annual and
linear trends while CCDC detects monthly continuous trends. The output of this tool is a
Cloud Raster Format with the analysis raster of the change detection data. This is a new
multidimensional raster with an unspecified number of classes indicating different
vegetation types and the rate of change in the vegetation types, or vegetation degradation.
Thus, this already provides information about the changing areas, however, it does not
provide information about what vegetation type is changing.

3.1.3 Specifying vegetation degradation and resilience

After CCDC, a change map is created. This map indicates the level and amount of
change. From this map, interesting areas are chosen to study further. From each new
specific area, it is made sure the vegetation type and land cover are uniform. Four areas
are selected in Selela and Manyara Ranch and two areas are selected in LMNP.

In the selected new areas, the same assessment is done as the first assessment
described in paragraph '3.1.1 Indices’. However, the indices from PlanetScope are added
to the assessment. The difference between this second assessment with the first
assessment is that this assessment is based on a single vegetation type and land cover
and not over the whole ROI with different land covers and vegetation types.

3.1.4 Vegetation ROIs

After CCDC there are specific vegetation ROIs chosen inside of each ROI. Four
vegetation ROIs were selected for Manyara Ranch and Selela and two vegetation ROIs
were selected in LMNP.

35°56'E 35°58'E 36°2'E 36°4'E
Q)

3°28'S

3034'543 13034’

3°36'S

36°2'E 36°4'E 36°6'E

Figure 4; The 4 locations of the vegetation ROI inside Manyara Ranch ROI. There are 2 grasslands, one in the
north (grassland N) and one in the south (grassland S), 1 closed shrubland and 1 area with a lot of erosion and
gullies with little vegetation, only a few trees, this area is called bare for simplicity.
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After CCDC, 4 areas had a special interest in Manyara Ranch. These 4 areas were 2
grasslands, one in the north (grassland N) and one in the south (grassland S), 1 closed
shrubland and 1 area with a lot of erosion and gullies with little vegetation, only a few trees
and was studied by Egberts (2020), this area was called bare for simplicity. The locations
of these areas are seen in figure 4.

After CCDC, 4 areas had special interest in Selela. These four areas were 2 grasslands,
one in the north (grassland N), which is around a boma, and one in the south (grassland
S), which is not around a boma, 1 closed shrubland and 1 savannah area. The locations of
these areas are seen in figure 5.

After CCDC,f 2 areas had a special interest in LMNP. These two areas are a forest area
and closed shrubland. The locations of these areas are seen in figure 6.

3.2 Satellites
The satellites used for this thesis are the PlanetScope constellation, Sentinel-2, Soil

Moisture Active Passive (SMAP) and CHIRPS 2.0, because of their high resolution and radar
images. The study period is of a period from 2017 to 2021 in a selection of areas. The
objective is to have one scene per ROI per month per satellite, the first scene of the month
that qualifies best for this thesis is used.
The requirements of the image are:

e <20% cloud cover

e >90% ROI overlap from one moment of capture

35°57€ 35°58'E

35°59°E 36°E 36°1'E 36°2°E
a

35°56E 35°57E 35°58'E 35°59'E 36°E 36°1'E

Figure 5; The 4 locations of the vegetation ROIs inside Selela ROI. There are 2 grasslands, one in the north
(grassland N), which is around a boma, and one in the south (grassland S), which is not around a boma, 1 closed
shrubland and 1 savannah area.



o Satellite specific requirements, which are explained in later sections of this
paragraph

3.2.1 PlanetScope

Planet Labs started launching the PlanetScope mission in 2016. PlanetScope consists of
a constellation of over 130 small Dove satellites collecting almost daily images of the entire
land surface of the Earth with a resolution of 3 meters per pixel. This corresponds to a daily
data collection capacity of 200 million km2/day (Planet, 2021).

PlanetScope is in a sun-synchronous orbit. There are three generations of sensors; the
sensors on the Dove Classic (PS2) with an instrument capturing VNIR (visible/near-
infrared) in 4 bands; the Dove-R (PS2.SD) with an instrument similar to PS2, but with an
updated Bayer pattern and pass-band filters; and the SuperDove (PSB.SD) with an
upgraded PS2.SD instrument with 8 bands. For this thesis, the PS2 is used and only if PS2
is not providing good quality images, the PS2.SD is used. The spectral ranges of the bands
are given in table 2. PS2 images are used because of its very high spatial resolution of 3
by 3 meters, its NIR band and its continuous availability since 2017.

The image processing level of PlanetScope that is used is level 3B from the analytic 4-
Band scenes. This provides a scene with Top of Atmosphere (TOA) radiance (Planet, 2021),
which is a similar scene as the Sentinel-2 scenes.

3.2.2 Sentinel-2
The Sentinel-2 mission contains two polar-orbiting identical satellites in the same sun-
synchronous orbit. Sentinel-2A was launched on 23 June 2015 and Sentinel-2B on 7 March
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35°51'E
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35°45'E 35°46'E 35°47°E 35°48°E 35°49°E 35°50'E 35°51°E

Figure 6, The 2 locations of the vegetation ROIs inside LMNP ROI. These are a forest area and closed
shrubland.
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Table 2; Wavelengths of the spectral bands of the PlanetScope sensors. The satellites from PlanetScope that are
used are the Dove Classic (PS2) and the Dove-R (PS2.5D).

Spectral Band PS2 PS2.SD
Band 1 (Blue) 455-515 nm 464-517 nm

Band 2 (Green) 500-590 nm 547-585 nm
Band 3 (Red) 590-670 nm 560-682 nm
Band 4 (NIR) 780-860 nm 846-888 nm

Table 3; Wavelengths of the spectral bands of both Sentinel-2 satellites and its spatial resolution.

Spectral band Sentinel-2A Sentinel-2B Spatial resolution
Band 1 (Coastal aerosol) 432.2-453.2 nm 431.8-452.8 nm 60 m
Band 2 (Blue) 459.4-525.4 nm 459.1-525.1 nm 10 m
Band 3 (Green) 541.8-577.8 nm 541.0-577.0 nm 10m
Band 4 (Red) 649.1-680.1 nm 649.5-680.5 nm 10m
Band 5 (Vegetation Red Edge) 696.6-711.6 nm 695.8-711.8 nm 20m
Band 6 (Vegetation Red Egde) 733.0-748.0 nm 731.6-746.6 nm 20m
Band 7 (Vegetation Red Edge) 772.8-792.8 nm 769.7-789.7 nm 20m
Band 8 (NIR) 779.8-885-8 nm 780.0-886.0 nm 10m
Band 8a (Narrow NIR) 854.2-875.2 nm 853.0-875.0 nm 20m
Band 9 (Water vapour) 9351-955.1 nm 932.7-953.7 nm 60 m
Band 10 (SWIR-Cirrus) 1358-1389 nm 1361.9-1391.9 nm 60 m
Band 11 (SWIR) 1568.2-1659.2 nm 1563.4-1657.4 nm 20m
Band 12 (SWIR) 2114.9-2289.9 nm 2093.2-2278.2 nm 20m

2017. The two satellites are phased at 180° to each other. Each satellite has a revisit time
of 10 days at the equator, which results in a 5-day revisit time for the Sentinel-2 mission
with the two satellites (ESA, n.d.-c).

The Sentinel-2 satellites provide multispectral imagery at high to coarse spatial
resolution (10 to 60 m). The main instrument of the Sentinel-2 mission is the Multispectral
Instrument (MSI). The MSI has 13 spectral bands ranging from VNIR to SWIR (short-wave
infrared) (ESA, n.d.-b). The specifications of the MSI and its spectral bands are seen in
table 3. The Sentinel-2 images are used because of its high spatial resolution in VNIR and
its multispectral capability.

For this thesis, the product type of the data used from Sentinel-2 is level-1C, this is the
TOA reflectance in cartographic geometry (ESA, n.d.-a), which is a similar scene as the
PlanetScope scenes.

3.2.3 SMAP

The Soil Moisture Active Passive, or SMAP for short, is a radar satellite from NASA, the
USDA, NOAA and the USGS. The SMAP is specialised in monitoring soil moisture and
freeze/thaw state of the surface (Entekhabi et al., 2010).

The soil moisture is estimated with a combined active and passive L-band radar with a
frequency of 1.26 GHz and a resolution of 10 km (Entekhabi et al., 2010), the revisiting
time is approximately 3 days and the SMAP has a global cover. Soil moisture consists of a
Surface Soil Moisture (SSM) and Subsurface Soil Moisture (SuSM). The SSM consists of a
depth of 25 mm in the soil (Surface Soil Moisture (Corrected with SMAP Imagery), n.d.)
and the SuSM has a depth of the root zone, which is approximately 275 mm (Subsurface
Soil Moisture (Corrected with SMAP Imagery), n.d.).

The average values of each ROI for the SuSM and SSM are products from the SMAP that
are used in this thesis. These products are used to study the infiltration and water
availability in the soil, which is important for vegetation to grow.

3.2.4 CHIRPS 2.0
The Climate Hazards group Infrared Precipitation with Stations (CHIRPS) dataset
interpolates measured precipitation from (sparse) gauge stations and satellite means to
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create a quasi-global (50°S-50°N), high resolution (0.05°), daily, pentadal, and monthly
precipitation dataset (Funk et al., 2015). This dataset is used to create a gridded rainfall
time series and can be used for trend analysis and seasonal drought monitoring.

From the second version of CHIRPS (CHIRPS 2.0) the average daily precipitation in each
ROI was obtained.

4 Results

4.1 Manyara Ranch

4.1.1 Water availability

The water availability is a combination of SuSM, SSM and precipitation, it gives a proper
indication of how water is available in the soil and how much fell during precipitation events
per year. The SuSM time-series of Manyara Ranch is seen in figure 7. The SSM time-series
of Manyara Ranch is seen in figure 8. The precipitation time-series of Manyara Ranch is
seen in figure 9. All detailed information on the water availability of Manyara Ranch is seen
in table 4.

In 2017 297.3 mm of rain fell over 28 days. These precipitation events resulted in a
simultaneous increase in SUSM and SSM values. The precipitation that fell in 2017 was
under the average.

The rains of 2018 start in October and it takes up to January for the SSM to reach its
threshold. The SuSM reaches its threshold for a couple of days in November and December
before reaching it for an extended period from January to July.

The start of the rains of 2019 was around November and resulted in minor peaks of the
SSM and SuSM that did not reach the threshold. The threshold was reached in December
for both SSM and SuSM. The precipitation this year had a similar quantity as in 2019.
However, it was more scattered over fewer days. Thus the rains were more intense.

2020 was the year with the most water availability. When the rains started in October,
the SuSM reached its threshold and did not go under it until June. The amount of
precipitation that fell during that period was 1176.2 mm, this is almost double the average
amount.

While the rains and the SuSM start around the same time, the SSM rarely reached its
threshold. The SuSM kept moving around the threshold, while the rains were constant.
There was 533.8 mm of rain that fell over 52 days.
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Figure 7; The averaged Subsurface Soil Moisture defined by the SMAP dataset of the Manyara Ranch ROI. The
blue line indicates the threshold at 25 mm at which vegetation could be severely stressed. The onset of a strong
increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.
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Figure 8; The averaged Surface Soil Moisture defined by the SMAP dataset of the Manyara Ranch ROI. The

blue line indicates the threshold at 10 mm at which vegetation could be severely stressed. The onset of a strong
increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.

601

50 A

-
(=]
1

W
(=]
1

precipitation (mm)

¥
(=]
L

10 +

Date

Figure 9; The averaged precipitation defined by the CHIRPS 2.0 dataset of the Manyara Ranch ROI. The blue
line indicates the threshold at 1 mm at which precipitation does not contribute to Subsurface Soil Moisture. The
onset of a strong increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.

4.1.2 The whole ROI

During the first overall vegetation degradation assessment of Manyara Ranch, VIs
reacted after a peak in SuSM, which is shown as a dotted line in figure 10. The index
pattern for NDVI and GCC was similar every year.

In 2017 there was a second-lowest peak in the NDVI and GCC, but the peak was very
thin. The MBI showed a small dip in the graph, indicating less bare soil with a slow decline.
The NDWI indicated a peak in water uptake from vegetation. All combined, it indicated a
short and low intensity vegetation period in 2017.

The lowest peak of NDVI and GCC was in 2018, yet the period was long, namely 9
months. Indicating that there was much water available, which was also reflected in the
SuSM, SSM and precipitation results. The first two peaks in SuSM only resulted in two small
peaks in NDVI, GCC and NDWI, and only result in a small dip in MBI. The third SuSM peak
resulted in the highest peak in NDVI and GCC during 2018. Yet, this third peak resulted in
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Table 4, All indicators for water availability for all locations. The years are the hydrological years and all
indicators are averaged over the respective ROI. The index days are the amount of days in a hydrological year
that exceeded the threshold.

Location Year SusSM SuSM SSM SSM Precipitation Rain Precipitation
(mm/yr) days (mm/yr) days (mm/yr) days (mm/rain day)
2017 2824.0 132 490.9 45 297.3 28 10.6
E 5 2018 6105.1 219 1079.3 132 670.6 73 9.2
g < 2019 4191.9 177 756.7 75 639.2 59 10.8
s & 2020 8193.9 267 1425.2 192 1176.2 97 12.1
2021 2816.0 144 468.8 3 533.8 52 10.3
2017 1456.1 72 249.2 3 281.7 33 85
m 2018 5703.2 186 1060.4 123 591.8 62 9.5
% 2019 3980.0 144 7313 84 545.4 48 11.4
o 2020 7416.9 219 1346.9 180 1065.2 86 12.4
2021 32103 168 553.9 9 469.8 52 9.0
2017 1699.9 81 257.1 3 338.8 32 10.6
o 2018 8644.7 240 1260.3 165 726.0 72 10.1
g 2019 6426.1 285 949.2 108 720.0 60 12.0
2020 11094.2 255 1601.6 201 1172.5 96 12.2
2021 28473 105 416.1 0 584.5 53 11.0

the highest peak of NDWI and dip in MBI, reaching almost zero, during all 5 study years.
All combined, it resulted in a long, but low intensity vegetation period with lots of surface
water and little bare soil in 2018. The high water availability was seen as the highest peak
in SUSM and SSM.
2019 was the third highest peak for NDVI and GCC. However, the NDVI was relatively
higher than the GCC peak. The reaction to an input of water, seen as a SuSM peak, was
fast and properly noticeable. The timing of the first rains resulted in a high peak in all
indices and a dip in MBI and the second rains resulted in a lower peak and dip than the
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Figure 10; The VI graphs for LMNP, Manyara Ranch and Selela. (A) Indicates the NDVI derived from Sentinel-
2, (B) indicates the GCC derived from Sentinel-2, (C) indicates the MBI derived from Sentinel-2 and (D) indicates
the NDWI derived from Sentinel-2. The onset of a strong increase in Subsurface Soil Moisture is represented by
the vertical, grey-dotted lines.
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first rains. The amount of precipitation during 2019 (639.2 mm) was similar to 2018 (670.6
mm). However, the amount of SuSM (4191.9 mm) and SSM (765.7 mm) are much lower
in 2019 than the SuSM (6105.1 mm) and SSM (1079.3 mm) in 2018. Yet the NDVI and
GCC values indicated higher VI values in 2019 than in 2018.

2020 had the most water availability of all years during the study period. This coincided
with a wide and second-highest NDVI peak and the highest GCC peak. The dip in MBI was
the highest and very wide and the NDWI was wide and the second highest. All the peaks
and the MBI dips were directly after the increase in SuSM. Thus, during 2020 there was
much water availability for a long time, which was observed as the long and high VIs.

In 2021 the SuSM (2816.0 mm) and SSM (468.8 mm) were similar to the SuSM (2824.0
mm) and SSM (490.9 mm) amounts of 2017. However, the SSM days were much lower in
2021 (3 days) than in 2017 (45 days), this indicated there is more infiltration in 2021 than
in 2017. Based on water availability, only 2017 was similar, all other years had more water
availability than 2021. However, the NDVI peak was the highest peak of all study years,
while the dip in MBI and the peaks in GCC and NDWI were only slightly smaller than, the
very water abundant year, 2020. This indicated that 2021 was a high VI valued year with
little water availability.

4.1.3 The 4 vegetation ROIs

The indices derived from Sentinel-2 and PlanetScope for these four areas are given in
figure 11.

In 2017 no VI reaction was observed after the first SUSM peak and the first precipitation
events. After a short dry period, the second SuSM peak ensured an increase in all VIs. This
peak in VIs was the highest VI values during 2017. Closed shrubland reacted first and
reached the highest VI values and grassland N also reacted to the SuSM peak, but to a
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Figure 11; The VI graphs for grassland N, grassland S, closed shrubland and bare vegetation ROIs inside the
Manyara Ranch ROI. (A) Indicates the NDVI derived from Sentinel-2, (B) indicates the NDVI derived from
PlanetScope, (C) indicates the GCC derived from Sentinel-2, (D) indicates the GCC derived from PlanetScope, (E)
indicates the MBI derived from Sentinel-2 and (F) indicates the NDWI derived from Sentinel-2. The onset of a
strong increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.
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lesser extent than closed shrubland. While looking at the Sentinel-2 NDVI and GCC
grassland S had a small VI reaction and bare reacted even worse. While looking at the
PlanetScope NDVI and GCC grassland S reacted still worse than grassland N, yet it reacted
more compared to Sentinel-2 indices. The MBI indicated that there was a decrease in bare
soil. The third SuSM peak resulted in a new lower VI peak, except for grassland according
to the PlanetScope indices.

During the first SUSM peak of 2018, only little reaction in the VIs occurred. There was
only a small dip in MBI for grassland N and bare and a peak in NDWI for the same locations.
There was precipitation, yet the SuSM and SSM did not react to it. This means infiltration
was not very high. Only after the second SuSM peak, the VIs reacted. Grassland S reacted
the best to the water input, while the other three locations lacked a suspected peak. There
was an enormous dip in MBI and a peak in NDWI for all locations. Indicating not much bare
soil, but lots of water. Since there was a lot of water available, the vegetation remained
longer with even a late VI peak for the closed shrubland. Grassland N had lower NDVI and
GCC values than grassland S, but grassland S has a positive MBI and slightly less NDWI.

In 2019, the first SuUSM peak did not respond with VI values increases for all areas. At
the second SuSM peak all vegetation types showed an increase in VIs, whereas the bare
area only has a small increase. The grassland S had higher VI values than the grassland N
and the closed shrubland has the highest values. The third SuSM peak results in a slight
increase in VI values for grassland N, closed shrubland and bare. While grassland S had a
large increase in VI values after the third peak. All vegetation types had the same
maximum VI values while comparing 2019 with 2018. However, the growing period (the
period where VIs were reacting) was longer during 2019 compared to 2018. The peak
during the growing period was months earlier in 2019 than in 2018. Yet, 2019 was a dryer
year with less water availability than 2018.

Also, during the year with the highest water availability, 2020, vegetation did not
respond to the first SUSM peak. After the second SuSM peak, the VIs increased rapidly.
The bare area reached VI values higher than the VI values of grassland N during 2018 and
2019. The decline of VIs was only slowed down after the third SuSM peak, according to
the PlanetScope NDVI and GCC. The NDWI suggested that the water never reaches the
base-level during the dry season as it did in the previous years. The base-level is the
relatively stable VI value during the dry periods, Which is during the start and end of the
hydrological years of this thesis.

After the first SuSM peak of 2021, VIs reacted immediately and reached similar levels
as the year before. The difference was that the water availability of 2021 was substantially
smaller than it was during 2020. The water availability was more similar to 2017, although
the VI values are not. Another difference is that vegetation reacted directly after the first
SuSM peak and not after the second as it did during the previous 4 years. The closed
shrubland had the highest VI values, both the grasslands were similar except during the
third SuSM peak where only grassland S did not dip very much with the MBI and did not
peak very much with the NDWI.

4.2 Selela
4.2.1 Water availability

The water availability is a combination of SuSM, SSM and precipitation, it gives a proper
indication of how water is available in the soil and how much fell during precipitation events
per year. The SuSM time-series of Manyara Ranch is seen in figure 12. The SSM time-
series of Manyara Ranch is seen in figure 13. The precipitation time-series of Manyara
Ranch is seen in figure 14. All detailed information of the water availability of Manyara
Ranch is seen in table 4.

16



While the rains were already falling at the beginning of 2017, the SuSM threshold was
only reached in February and the SSM threshold only in March. There was little water
availability with just 281.7 mm of precipitation.

The rains of 2018 started approximately 2 weeks before the SuSM and SSM reached
their threshold. After each precipitation event, the SuSM and SSM reacted.

The SuSM and SSM only reacted in 2019 after 1.5 months of precipitation. Precipitation
started in mid-October and the SuSM and SSM only reached their threshold in December.
Precipitation was not constant, it was scattered and resulted in high intensity precipitation
events. 2019 had an average precipitation rate of 11.8 mm/rain day, which was the
second-highest rate for Selela.

A small precipitation event in October resulted in a small peak that reached the threshold
for SuSM in 2020. The heavy rains in November resulted in high SuSM and SSM values
where the SuSM values remained above the threshold until June. 2020 is the year with the
highest water availability in Selela.
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Figure 12; The averaged Subsurface Soil Moisture defined by the SMAP dataset of the Selela ROI. The blue
line indicates the threshold at 25 mm at which vegetation could be severely stressed. The onset of a strong
increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.
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Figure 13; The averaged Surface Soil Moisture defined by the SMAP dataset of the Selela ROI. The blue line
indicates the threshold at 10 mm at which vegetation could be severely stressed. The onset of a strong increase
in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.
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Figure 14; The averaged precipitation defined by the CHIRPS 2.0 dataset of the Selela ROI. The blue line

indicates the threshold at 1 mm at which precipitation does not contribute to Subsurface Soil Moisture. The onset
of a strong increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.

In 2021 the rains resulted in peaks in the SuSM that reached the threshold. However,
the SSM threshold was only reached twice in 2021. After every precipitation event, the
SuSM reached the threshold, while the SSM did not.

4.2.2 The whole ROI

During the first overall vegetation degradation assessment of Selela, VIs reacted most
of the time after a peak in SuSM, which is shown as a dotted line in figure 10. The only
time it did not react was during 2018. The index pattern for NDVI and GCC was similar
every year.

In 2017, the VI peak was the second-lowest and thin for NDVI and GCC. The NDVI and
GCC reacted after the first SUSM peak and declined quickly afterward. The dip of the MBI
and the peak of the NDWI were the third highest. 2017 was the year with the least amount
of water availability, yet the NDVI and GCC had the second-lowest peak. Yet, it was
contrasting that the MBI and NDWI had such large peaks.

The first two SuSM peaks of 2018, only resulted in a small increase in NDVI and GCC.
The third SuSM peak resulted in the third-highest peak for NDVI and GCC, the second-
highest dip in MBI and the highest peak in NDWI. The highest dip for MBI had no other
indicator that suggested some change in vegetation.

The year 2019 was the year with the third-highest water availability. However, based
on VI values, it was the year with the lowest VI values. All VIs reacted after a SuSM peak,
but they were all low. It indicated almost no vegetation growth in 2019, even though based
on SuSM, SSM and precipitation enough water was available. Although, the NDWI does not
indicate enough amounts of water.

Since 2020 was the year with the highest water availability, it was not remarkable that
the NDVI and GCC were indicating the highest peaks, thus the most vegetation. VIs reacted
directly after the first SUSM peak and had a little peak after the second SuSM peak. The
decline in vegetation was slow and based on the NDVI, it never reached the base-level
during the dry period. NDWI also did not reach the base-level during the dry period. This
suggested that there was some vegetation during the dry period compared to other study
years.

The NDVI and GCC values of 2021 were increasing rapidly after the first SUSM peak and
were at the maximum just after the second SuSM peak. This maximum resulted in the
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second-highest peak, even though 2021 was the second-lowest year for water availability.
The dip of MBI and the peak of NDWI were the second-lowest for the whole study period.
Thus the VI values of 2021 were higher than in other years, yet there was the least amount
of water availability compared to other years.

4.2.3 The 4 vegetation ROIs

The indices derived from Sentinel-2 and PlanetScope for these four areas are given in
figure 15.

After the first SuSM peak in 2017, the closed shrubland and savannah had the same
vegetation response. Grassland S had a much better response than grassland N, which
only had a small response to the SuSM peak. After the second SuSM peak, there was no
new VI peak. All VIs declined after the second SuSM peak.

In the second-highest year for water availability, 2018, there were only small or
temporary increases in the indices derived from Sentinel-2 for all locations after the first
two SuSM peaks. PlanetScope NDVI and GCC were implying a slight increase in vegetation
after the second SuSM peak. VIs reacted fast after the third SuSM peak, where closed
shrubland and savannah reacted at approximately the same time and both the grasslands
later. Closed shrubland had the highest VI values, grassland S and the savannah had
approximately the same VI reaction, yet savannah had more. Grassland N had the VI
values.

After the first SuSM peak of 2019 the closed shrubland reacted fast, this was seen in all
Vis from both satellites. The savannah area reacted a little for both NDVIs, but not for the
other indices. Both grasslands did have a small response to the SuSM peak. Savannah
reacted better after the second SuSM peak, while the other vegetation types react worse.
Thus, only closed shrubland had a normal response and the other three areas lacked a
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Figure 15; The VI graphs for grassland N, grassland S, closed shrubland and savannah vegetation ROIs inside
the Selela ROI. (A) Indicates the NDVI derived from Sentinel-2, (B) indicates the NDVI derived from PlanetScope,
(C) indicates the GCC derived from Sentinel-2, (D) indicates the GCC derived from PlanetScope, (E) indicates the
MBI derived from Sentinel-2 and (F) indicates the NDWI derived from Sentinel-2. The onset of a strong increase
in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.
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proper response. This resulted in the lowest VI value year for both the grasslands and the
savannah. This was contrasting since 2019 was the third highest year based on water
availability.

With the most water availability, 2020 is the wettest year in Selela. VIs reacted directly
after the first SuSM peak. All indices indicate that there was much closed shrubland, it had
the highest peak during the study period. The other three areas were also at their highest
peak. Of these three, savannah had the highest VI values, followed by grassland S and
then by grassland N. Due to the high water availability, the NDWI levels during the dry
period did not reach the base-level, except for grassland N at the end of the dry period.
The NDVI values from both satellites for closed shrubland did also not reach the base-level
during the dry period, suggesting that there was still vegetation during the dry period in
2020 in the closed shrubland.

VIs reacted immediately after the first SUSM peak in 2021. The closed shrubland
reached the highest values compared to the other three areas in Selela for all given Vls,
thus there was a lot of vegetation. The savannah reacted a little better than the grasslands.
Both grasslands reacted similarly. During the second and third peak, VIs reacted again and
based on the PlanetScope levels they even reached higher values than after the first VI
peak. This only occurred during this year, during the other years the second vegetation
peak was never higher than the first vegetation peak. However, Sentinel-2 NDVI and GCC
suggested that the VI peaks are similar to or a little lower than the first VI peak after the
second and third SuSM peak. Yet, this was still not observed in other study years. This is
remarkable since 2021 is the second-lowest year for water availability and it had more
closed shrubland and similar savannah and grassland VI values as the years 2018 and
2019, which had a higher water availability.

4.3 LMNP

4.3.1 Water availability

The water availability is a combination of SuSM, SSM and precipitation, it gives a proper
indication of how water is available in the soil and how much fell during precipitation events
per year. The SuSM time-series of Manyara Ranch is seen in figure 16. The SSM time-
series of Manyara Ranch is seen in figure 17. The precipitation time-series of Manyara
Ranch is seen in figure 18. All detailed information of the water availability of Manyara
Ranch is seen in table 4.
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Figure 16, The averaged Subsurface Soil Moisture defined by the SMAP dataset of the LMNP ROI. The blue
line indicates the threshold at 25 mm at which vegetation could be severely stressed. The onset of a strong
increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.
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Figure 17; The averaged Surface Soil Moisture defined by the SMAP dataset of the LMNP ROI. The blue line
indicates the threshold at 10 mm at which vegetation could be severely stressed. The onset of a strong increase
in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.
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Figure 18; The averaged precipitation defined by the CHIRPS 2.0 dataset of the LMNP ROI. The blue line
indicates the threshold at 1 mm at which precipitation does not contribute to Subsurface Soil Moisture. The onset
of a strong increase in Subsurface Soil Moisture is represented by the vertical, grey-dotted lines.

In 2017 the SuSM reacted to the precipitation most of the time. SuSM did not react to
the high precipitation event of over 70 mm of rain in one day. The SSM peak of that day
was also lower than expected. Compared to the amount of precipitation of that day, the
SuSM and SSM responses were low.

The SuSM and SSM in 2018 reacted simultaneously with the start of the precipitation
event. The peaks of the SuSM and SSM are high compared to the amount of precipitation,
especially if compared to the heavy rainfall event of 2017 where the SuSM and SSM did
not respond this much.

In 2019 the continuous rains of November only resulted in a small peak for SuSM and
SSM. The SuSM reached its threshold for the second time in December and did not go
below it until June.

The little amount of rain in 2020 in October resulted in a small peak for SuSM and SSM.
When the heavy rain started in the middle of November, the SuSM reached its threshold
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and it did not come below it until July. 2020 is the year with the highest water availability
in LMNP.

2021 never reached the SSM threshold, even though precipitation did not lack in 2021.
The SuSM value kept moving around the threshold and followed the temporal precipitation
pattern.

4.3.2 The whole ROI

During the first overall vegetation degradation assessment of LMNP, VIs reacted after a
peak in SuSM, which is shown as a dotted line in figure 10. Both NDVI and GCC were
having a higher base-level for LMNP compared to Manyara Ranch and Selela. However, the
relative peaks were also lower. The MBI was much lower compared to Manyara Ranch and
Selela and the NDWI was much higher. This indicated more water and less vegetation
variation. However, this was biased because of Lake Manyara, which covers a large amount
of the LMNP ROI.

After the first SUSM peak in 2017 vegetation reacted fast in LMNP. There was a small
VI peak just before the second SuSM peak, which was related to the heavy precipitation
event (>70 mm/day), and a delayed peak after the second SuSM peak. This was observed
in all VIs. During the dry period after the late vegetation peak, the MBI was higher than
the starting MBI and the NDWI was lower than the start value. This indicated that there
was more bare soil and less water at the end of 2017 than at the beginning.

The first and second SuSM peak of 2018 resulted in a small peak in NDVI, GCC and
NDWTI. Only the first SuSM peak resulted in a small dip for MBI and the second SuSM peak
resulted in a larger dip for MBI. After the third SuSM peak, the VI values peaked again for
a month. After this period the NDVI and GCC declined and NDWI increased and MBI
decreased. This suggested an increase in water, which seems legit since 2018 was the
second-highest year of water availability.

In 2019 VIs peaked directly after the two SuSM peaks. According to the MBI and GCC
the second peak, thus after the second SuSM peak, resulted in less vegetation. However,
NDVI and NDWI suggested that the amount of vegetation was approximately similar.
During the dry period of 2019, GCC was higher than the base-level, MBI was higher than
at the start of 2019, and NDWI was also higher than at the start of 2019.

2020 started with a VI peak after the first SUSM peak. After this first VI peak, there was
another VI peak before the second SuSM peak. However, there was a small related SuSM
peak. After the second SuSM peak, there was a decline in NDVI and GCC and an increase
in NDWI. This is due to an increase in Lake Manyara; thus, the results were biased. The
NDVI, MBI and NDWI are implying there is less vegetation, yet there is just more lake.
GCC is not affected by the increase of Lake Manyara and returns to the base-level during
the dry period. It was not remarkable Lake Manyara is increasing since it is a terminal lake
and 2020 is the wettest year.

The SuSM threshold was never reached during 2021, thus small SuSM peaks were
chosen. VI values peaked after the first SuSM peak, this was observed in all indices.
According to the NDVI, MBI and NDWI vegetation peaked after the third SuSM peak, this
was only minimally observed in the GCC.

4.3.3 The 2 vegetation ROIs

The indices derived from Sentinel-2 and PlanetScope for these two areas are given in
figure 19. Both vegetation types reacted the same after SuSM peaks, the only difference
was that forest had more vegetation and thus higher VI values. As seen in the even base-
level of the NDWI, MBI and NDVI Lake Manyara did not directly affect these two areas.

Except for the PlanetScope based GCC, all VIs indicated an increase in value after both
the SuSM peaks of 2017, where the VI was at its maximum after the second SuSM peak.

The VIs reacted fast after the first SuSM peak of 2018. Both the GCC indices suggested
that vegetation peaked at its maximum after the first SUSM peak, while both the NDVI
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indices suggested that the vegetation peak is after the third SuSM peak. This vegetation
peak after the third SuSM peak was seen in all indices and was linked with the precipitation
events that occur.

During the third lowest water availability year, 2019, VIs only peaked after the two
SuSM peaks. The SuSM peaks did not respond to large increases of VI and the VIs declined
fast afterward. Vegetation was relatively low, compared to the water availability.

During the year with the highest water availability, the VIs started increasing just before
the first SuSM peak and kept increasing until the second SuSM peak. The decline of VI
values was slow after the second SuSM peak. The NDWI during the dry period was different
for forest and closed shrubland, forest reaches the base-level while closed shrubland did
not reach this base-level.

The response of closed shrubland was faster than forest after the first SuSM peak of
2021. Vis peaked after the second SuSM peak. After the third SuSM peak, the VIs reacted
properly again. The high VI values were remarkable for 2021 since it was the year with the
second-lowest water availability.

5 Discussion

5.1 Interesting years

The years that were contrasting with other years are called interesting years. These
interesting years could give an indication for vegetation degradation or it could be the
reason VIs react as they do. First, the interesting years of water availability are discussed,
after that the interesting VI years are considered.
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Figure 19; The VI graphs for forest and closed shrubland vegetation ROIs inside the LMNP ROI. (A) Indicates
the NDVI derived from Sentinel-2, (B) indicates the NDVI derived from PlanetScope, (C) indicates the GCC derived
from Sentinel-2, (D) indicates the GCC derived from PlanetScope, (E) indicates the MBI derived from Sentinel-2
and (F) indicates the NDWI derived from Sentinel-2. The onset of a strong increase in Subsurface Soil Moisture
is represented by the vertical, grey-dotted lines.
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5.1.1 Manyara Ranch

Based on water availability there are no interesting years for Manyara Ranch. This is
because when precipitation falls, the SSM and SuSM are also going up. This indicates
normal infiltration in Manyara Ranch.

2018 is an interesting year since vegetation only peaks after the third SuSM peak. This
is during the dry period. During the same period, the NDWI, SuSM and SSM are also at
their maximum value over the whole study period. This suggests a saturated soil.

Other interesting years are 2019 and 2021. This is because all indices suggest that there
is more vegetation in 2021 than in 2019, while 2021 is a much drier year. The SuSM of
2019 (4191.9 mm) lasted 177 days and the SuSM of 2021 (2816.0 mm) lasted 72 days.
The SSM of 2019 (756.7 mm) lasted 75 days and the SSM of 2021 (468.8 mm) lasted just
3 days. The precipitation of 2019 (639.2 mm) and 2021 (533.8 mm) lasted a similar time
(respectively 59 vs 52 days). This suggests that 2021 had a higher infiltration rate since
there are almost no SSM days. However, the infiltration during 2019 is not worse since it
still has more SuSM days than in 2021.

5.1.2 Selela

In 2019 when the precipitation starts in Selela, it takes some time for the SuSM to react
to it, also the SSM does not react as soon as the precipitation starts. This indicates a lack
of infiltration. A comparable situation occurs in 2018, yet to a smaller extent.

The vegetation pattern in Selela in 2018 is similar to that in Manyara Ranch, which is
described in section 4.1.4.

Other interesting years are 2019 and 2021. This is because all indices suggest that there
is more vegetation in 2021 than in 2019, while 2021 is a much drier year. The SuSM of
2019 (3980.0 mm) lasted 144 days and the SuSM of 2021 (3210.3 mm) lasted 168 days.
The SSM of 2019 (731.3 mm) lasted 84 days and the SSM of 2021 (553.9 mm) lasted 9
days. The precipitation of 2019 (545.4 mm) and 2021 (469.8 mm) lasted a similar time
(respectively 48 vs 52 days). Thus, the water availability was higher in 2019, yet there are
more SuSM days in 2021 and significantly fewer SSM days. This suggests that 2021 had a
higher infiltration rate and even more infiltration than 2019.

5.1.3 LMNP

While looking at the two areas in LMNP, no interesting years are identified. All years
react to the precipitation and SuSM as suspected. Water is in abundance and vegetation
reacts fast to an input of water.

5.2 Crusting theory

The study period started with the driest year, 2017. This provides proper weather
conditions for a possible cause of the remarkable vegetation patterns that are not in line
with precipitation events, namely crusting. Bare and grazed soils are more prone to
crusting than soils under vegetation (Assouline et al., 2015; Kidron et al., 2017; Mills &
Fey, 2004), this could explain why Selela was more affected by the remarkable temporal
vegetation pattern than LMNP.

The little precipitation in 2017 could cause crust formation on the soil. This is seen with
the first precipitation of 2018, where little to no vegetation starts to grow. The little
infiltration causes overland flow and spreads the nutrients formed in the biological crust
over the area. The precipitation reaches an extreme, which causes floods in the area (IFRC,
2018). These floods could be an explanation for the lack of vegetation. After the floods,
when the nutrients from the biological crust are scattered over the area (Belnap et al.,
2005), vegetation growth starts to boost as is seen in the graphs for all ROIs and the small
areas within. During this vegetation boost, animals and livestock use this opportunity after
the long lack of vegetation to eat. This sudden increase and trampling on the moist soil
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causes new conditions for physical crust formation (Assouline et al., 2015; Runnstrom et
al., 2019).

When the precipitation starts in 2019, it takes approximately 3 weeks before the SuSM,
SSM and NDWI react. This means it takes some time for water to infiltrate the soil. This is
because of the physical crusting which limits the infiltration. Physical crusting can slow the
grass growth (Sankaran, 2019), yet it has less effect on trees and shrubs (Bond, 2008;
Mills & Fey, 2004; Sankaran et al., 2004; Scholes & Archer, 1997). This is noticeable in
the Selela closed shrublands and probably on the savannah where the few shrubs react
faster. The grasses have a delayed and lower growth in Selela due to the physical crusting.
The late vegetation might be quickly eaten by livestock of the Maasai, this can be an
explanation for the low grassland peaks. A similar growth pattern is seen in Manyara Ranch
where the closed shrublands react better to the SuSM peak than the grasslands. However,
less livestock is allowed in Manyara Ranch and this results in less physical crusting and
less, peak limiting, grazing. This is in line with the observations of Manyara Ranch.

The precipitation of 2020 starts with a high intensity event and right after this event,
the SuSM and SSM peaks occurred. Thus, if there was any crusting, it is removed due to
this event or there was no crusting during the start of 2020. In 2020 there was a lot of
infiltration and the soil was saturated. This resulted in the observed boost of vegetation.
The soil was so saturated, that during the dry period the soil did not dry out as was seen
by the NDWI values. Due to this, crust formation was not possible.

As a result of the lack of crust at the start of the precipitation of 2021, the SuSM peak
was simultaneous with the first precipitation. The SSM peak lacked since infiltration was
high due to the lack of a soil crust. This higher than ‘normal’ infiltration resulted in the
remarkable high vegetation during 2021 with relatively little precipitation.

That crusting is the cause of the remarkable vegetation patterns is nothing but a theory
since no hard evidence is found in the field. To confirm this theory, fieldwork is needed in
the studied areas. This must be done before the first rain to confirm any crusting and to
study the resilience. Other explanations that could be the result are differences in grazing
types (Sankaran, 2019) or even fires that affect the growth of vegetation (Bond, 2008;
Okello et al., 2008; Sankaran, 2019; Sankaran et al., 2004).

Even the theory of the crusting itself can be different since crusting can have positive
as well as negative effects on vegetation (Assouline et al., 2015). One type of crust can
have many different effects on the growing vegetation which can change even locally (Mills
& Fey, 2004), which can result in different results of vegetation growth or vegetation
degradation. An example of different crusting results in savannah areas are the ‘moving’
banded vegetation patterns, like the tiger bush patterns (Lefever & Lejeune, 1997; Thiery
et al., 1995).

Even with the crusting, vegetation reacts fast to an increase in SuSM. This means that
the vegetation resilience is still very high, which is in line with the study of Verhoeve et al.
(2021). Even though the vegetation resilience is high, it does not mean that there is no
vegetation degradation. However, this thesis was too short to observe vegetation
degradation. Yet, some signs of vegetation degradation are observed during this thesis.
Due to the crusting, shrubs and trees are observed to have a higher resilience than grasses.
This means that woody vegetation has a better survival in savannah areas, this is in line
with the findings of bush encroachment (H. S. Kimaro & Treydte, 2021; Li et al., 2020;
Mtui et al., 2017; Stevens et al., 2017; Venter et al., 2018) and the observations made by
the Maasai itself (Verhoeve, 2019).
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6 Conclusion

Using SuSM, SSM and precipitation data together provides a proper indication for water
availability and infiltration. In combination with the VIs derived from Sentinel-2, it gives a
good estimation of vegetation growth in the ROIs. Yet, it does not provide detailed
information about vegetation types. Using CCDC, highly variable areas can be located
inside the ROI. These areas are studied in more detail with the PlanetScope derived VIs.

With the more detailed assessment, it is observed that crusting might be affecting the
vegetation in both a positive (the nutrient-rich biological crusting) and in a negative (the
infiltration limiting physical crusting) way. It is observed that vegetation only starts
growing with enough SuSM and not when it starts raining. First, the precipitation must
remove soil crust for water infiltration, which results in a SuSM peak. If there is a SuSM
peak, vegetation grows fast. This indicates that vegetation resilience is high. Less crusting
takes place under vegetation, like bushes and trees. This results in a more resilient woody
vegetation since infiltration is less limited under the woody vegetation. This observation
can result in a longer timeframe for bush encroachment in the savannah areas, which
results in less grasses and food for the Maasai livestock. This is the most significant
indication of vegetation degradation. However, vegetation degradation itself is not
observed due to the short study period.

Recommendation

To study the vegetation degradation in LMNP, Manyara Ranch and Selela, the
relationship between crusting and vegetation resilience must be better understood. This
can be accomplished with fieldwork and with more temporal analysis with PlanetScope
images. This can confirm or deny the crusting theory from this thesis. This fieldwork needs
to be done before the first rains since that is the time the soil is possibly crusted. On this
crusted soil, infiltration can be studied before the rains, e.g. with the method of (Mills &
Fey, 2004) or with a rainfall simulator. After the rains start, observations need to be made
to find out if infiltration is occurring or if there is overland flow. Observations on when
vegetation starts to grow are also needed. With this data, the resilience can be studied
with PlanetScope images. These images need to have as much temporal resolution as
possible to study the resilience and the effect of crusting on it. The vegetation can be
studied with NDVI and GCC in a similar way as is done in this thesis.

If the crusting theory described in this thesis is correct, bush encroachment can be a
major problem for the Maasai and its livestock. Since the nutrient-rich grasses will
disappear and change into bushes or trees.
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