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Summary

The Miombo woodlands are characterized by a transition period which is defined as the dry period in
which grasses wither, trees shed and flush their leaves a few weeks before the rainy season. It is
difficult to measure evaporation, due to the influence of the plant water storage on the water
availability during the dry season. The seasonal variation in the plant water storage makes it even
harder, as the time lag between the plant water storage and the terrestrial groundwater storage
varies between the 0 to 90 days depending on the vegetation density. (Tian et al., 2018). It is unclear
why the trees prefer this early flushing strategy and what is triggering the shedding of old leaves and
flushing of new leaves. It is, however, difficult to remotely sense the variation during this period.

In this report, the outputs of several evaporation products and the vegetation indices are
studied and compared to see how well the models follow the transition period. The three models,
that are chosen for the comparison use different methods to indirectly calculate the evaporation
flux. The first model is the Surface Energy Balance System (SEBS), which is based on the Surface
Energy Balance as the name suggests and calculates the evaporation through land-atmosphere
relationships. The second model is the Global Land Evaporation Amsterdam Model (GLEAM); this
model uses the water balance model to calculate the water stress factor, which reduces the potential
evaporation to calculate the actual evaporation. And lastly, the MODIS Terrestrial Evapotranspiration
(MOD16A2) is looked into as this model uses the Penman-Monteith equation as a basis to separately
calculate the evaporative fluxes such as transpiration, soil evaporation, and interception.

The outputs of the evaporation models differ quite a lot especially during the transition period. This
is among other things due to the input variable such as vegetation indices. There are several
vegetation indices such as the Normalized Difference Vegetation Index (NDVI), the Normalized
Difference Infrared Index (NDIl) and the Leaf Area Index (LAIl). The difference in the indexes,
however, is minimal and only small timing difference can be found. This means that the output
differences are not influenced by the vegetation indices.

If the trends of the vegetation indices are compared with study observations and the
evaporation models, it can be concluded that MODIS seems to follow the vegetation indices the
most. GLEAM overestimates the water stress as the model does not react to the transition period at
all. This is probably because GLEAM is based on the water balance and the root zone defined by the
model is too small. Moreover, the model doesn’t take into account the plant water storage which is a
mechanism that should reduce the water stress that the trees experience.

SEBS on the other hand seems to respond well until the start of July in which the model starts
to oscillate. The oscillations could be due to the slash and burn culture which happens around this
time. Due to the dependency on temperature and radiation values, SEBS can be more strongly
affected by the slash and burn culture than the other two models. The model is, therefore, not
suitable to map the transition period as it constantly overestimates the evaporation and the data
oscillates.

Lastly, MODIS seems to agree with the output of the vegetation indices which the model
follows quite well. The MODIS output is, however, averaged over several days and due to these daily
variations can be lost. Besides if the vegetation indices are unable to capture the transition period,
the MODIS output will wrongly estimate the evaporation. As this research is based on mostly satellite
images supplemented by field observations, no statements can be made about it how accurate the
models are. But based on this research, the MODIS model seems to be the preferred evaporation
output. And as the evaporation output for some of the models can be twice or even three times as
big, the choice of model can have a big impact on your evaporation values.
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Parameter definitions

A =Rn

A, part of the net radiation allocated to the canopy

A available energy for H and AE

Asoi;  the part of A partitioned to the soil surface

a albedo (SEBS)

a Priestley and Talyor coefficient (-) (GLEAM)

Gy specific heat of air at constant pressure

A the rate of change of saturation vapour pressure with temperature (kPa/K)
e actual vapour pressure

e saturation vapour pressure (or egq¢)

£ emmisivity of the surface (MODIS)

AE latent heat flux (A = latent heat of vaporization (MJ/kg), E = actual evapotranspitation
(mm/d))

AE, latent heat flux (A = latent heat of vaporization (MJ/kg), E, = potential evapotranspitation
(mm/d))

Ei(i)l Evaporative flux of the previous day (mm/d)

(1-1) - .
Fs‘i Slow draining flux into the layer (mm/d)
Ff(,li_l) Fast draining flux into the layer (mm/d)

FY slow draining flux out of the layer (mm/d)
F, fractional canopy coverage

Fe:  water cover fraction

Gy soil heat flux (W/m?)

H sensible heat flux

H,.: sensible heat flux under wet conditions
Hgary  sensible heat flux under dry conditions

A latent heat of vaporization

LAI Leaf Area index

NDVI Normalized Difference Vegetation index

NDIl  Normalized Difference Infrared index
p density of air

P, atmospheric pressure

M, molcular masses of dry air

M, molecular masses of wet air

Pa fraction rain to trunks

R, net radiation (W/m?)
RH Relative humidity
rhrc  aerodynamic resistance

rrc resistance to radiative heat transfer

T, external or aerodynamic resistance

Ty aerodynamic resistance

Ts surface resistance

Tys aerodynamic resistance at the soil surface

Ttor  total earodynamics resistance

A relative evaporation

A evaporative fraction

s the slope of the curve relating saturated water vapour pressure to temperature
S Stress factor

VOD  Vertical Optical Depth
VPD  air vapour pressure deficit



the psychometric constant (kPa/K)
Water content (m?/m’)

Water content at wilting point
porosity of the soil matrix

the residual soil moisture
psychrometric constant



1. Introduction
Evaporation during the transition period in the Miombo Woodlands is hard to measure due to the
influence of the plant water storage on the water availability during the dry season which makes it
possible for trees to flush their leaves at the end of the dry season (Tian et al, 2018). This early
flushing of young leaves is also called pre-rain leaf emergence or green-up and is part of the
transition period which occurs in the Miombo Woodlands. The transition period starts at the start of
the dry season in which grasses start to wither and end with the flush of new grasses with the next
rainy season. In between, the trees shed their leaves and flush them again. The exact timing of this
shedding and flushing, however, varies for each tree species in time and space (Ryan et al., 2017).

It is unclear why the trees are doing this and what is triggering the trees to start shedding
and flushing their leaves. According to Chidumayo and Frost (1996), the shedding time is dependent
on the weather conditions in the previous rainy season as the leaves shed early in years with below-
average rainfall and the reverse in years with above-average rainfall. The timing of the green-up is,
however, well synchronized within a species with only a small difference of trees growing on shallow
and deeper soils. (Chidumayo and Frost, 1996).

The purpose of this report is to test how accurate evaporation models that differ in theoretical basis
will represent the transition period in the Miombo woodlands. The Miombo woodlands have due to
the heterogeneity and the transition period a very complex ecosystem. While conventional field
techniques to measure evaporation are relatively accurate in estimating the evaporation over
homogenous areas, the techniques are limited for large-scale terrain areas as they have to be
extrapolated/interpolated to various temporal and spatial scales. Due to these limitations the
remotely sensed data is seen as the only viable technology to map evaporation over larger areas. (Li
et al, 2009)

The main problem for satellite in this type of ecosystems, however, is the niche separation of
trees and grasses which have to be captured in an integrated signal of both. (Higgins et al., 2011)
According to Tian et al. (2018), remotely sensed data had difficulty sensing the seasonal variation in
plant water storage for tropical woodlands such as Miombo Woodlands. The study found that the
time lag between the plant water storage (L-VOD) and terrestrial groundwater storage (TWS) varies
between the 0 and 90 days depending on the vegetation density. As denser vegetations increase the
time lag. This also indicates a different role between the trees and the understory which consists of
herbaceous plants and shrubs. (Tian et al., 2018)

Several types of evaporation models are available and it is unclear how well those models react to
the rapid changes in vegetation during the transition period. As such, a small plot of Miombo
woodlands located in Kalonje, Mpika District, Muchinga Province in Zambia will be studied to
determine the accuracy of the evaporation models and the vegetation indices that they are based on.
This area is chosen as it is representative of the wet Miombo woodlands in the Luangwa Basin. In
addition, due to the field plot being fenced in the period from August to December, the plot is not
disturbed during the transition period and is left unburned.

The report will start with a definition of the vegetation stages within the study site as this will
be the starting point of further analysis. This definition will be based on a combination of in-situ
measurements and observation of the visual spectrum of the Sentinel-2 imagery. Afterward, the
evaporation products including the Surface Energy Balance System (SEBS), the Global Land
Evaporation Amsterdam Model (GLEAM) and the MODIS terrestrial evapotranspiration model will be
reviewed while keeping in mind the vegetation index that has been used as an input. In the end this
should give us a clear overview of the timing and the effect of the transition period on the
evaporation within the wet Miombo woodlands in Mpika.



2. Methodology

2.1 Site description
The study site is located in the Zambezi river basin, which is the fourth largest basin of Africa
(Frenken en Faures, 1997), and more specifically in the Luangwa river basin. The Luangwa River has a
unique location as it is located between the Kariba and Cahora Bassa dams and influences the flows
towards the dams and thus the flow regulations of the dams. Besides, the Luangwa River is the
largest tributary between the dams with a mean annual discharge of 518 m?/s (World Bank, 2010). It
is, however, hard to predict flows from the Luangwa river as it is largely ungauged. Because of this,
the evaporation is measured to understand how much water is left within the delta.
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Figure 1 Vegetation throughout the Zambezi river basin and Zambia (the map is based on information from Lehner
et al. (2006); FAO-UN-AGLW (2000); MapCruzin (2019); © 2018- GADM; Olsen et al., 2001)

The field work site is put in one of the main vegetation types of the Luangwa river basin in this case
the Miombo Woodlands. There are two types of Miombo woodlands in the Luangwa Basin which are
Central Zambezian Miombo Woodlands and Southern Miombo Woodlands. The two types are
distinguished by the annual rainfall amount. The Central Zambezian Miombo Woodlands has an
annual rainfall of above 1000 mm/year and the Southern Miombo woodlands of less than 1000
mm/year. (Olsen et al., 2001) As the wet Miombo woodlands have a higher amount of rainfall, this
Miombo type is chosen for the field site.
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Figure 2 Monthly precipitation at Mpika Station (Zambian Meteorological Department, 2019)

The weather is the basin is influenced by the Inter-Tropical Convergence (ITCZ) which migrates
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southwards during the summer. The southwards movement will bring the ITCZ above the Northeast
of Zambia. The ITCZ converges several moisture inflows such as the monsoonal flow from the Indian

Ocean and the cyclonic flow emanating from the Atlantic over central Zambia. (Hachigonta and
Reason, 2006). Therefore, the wet season is from November to March and the dry season is from
April to October as also shown by the Mpika Weather station (2019) in Figure 2. This station is
located about 60 km from the site and latitudinal and longitudinal coordinates 11.9 °S and 31.4 °E.

According to the available data of the Zambian Meteorological Department of 1960-2006, the rainfall

at the Mpika Weather station is often between the 850 — 1150 mm per year.
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Figure 3 Elevation in the Zambezi Basin and Zambia (map based on data of Lehner et al. (2008))
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Elevation

As mentioned above, the study site is located in the Miombo Woodlands which is a very common
tropical seasonal woodland in Southern Africa as it covers about 2.7 million km? (Frost, 1996; Gumbo
et al., 2018) The Woodlands are mostly located on the higher elevated areas of the Luangwa Basin as
shown in the comparison between Figures 1 and 3. Moreover, it is shown that the study site is
located on a plateau with very steep slopes between the plateau and the valley, also called the
Muchinga escarpments. On the plateau itself, the woodlands are interrupted by lower laying
seasonally inundated wetland areas. (Heyden and New, 2003).

These wetland areas are also called dambos and can stretch over several kilometers but the
width is no more than a few hundred meters. (Chidumayo, 1992) Especially in high rainfall areas such
as the area around the study site, the dambos are quite extensive. A distinction can be made
between wet and dry dambos based on the water table throughout the year. Wet dambos have a
water table near, at or above the surface throughout the year while dry dambos dry up. Most of the
dambos are dry dambos that fill up during the wet season by rainfall and runoff from the surrounding
woodlands. (Chidumayo, 1992).

Legend

500 1000 1500.- 2000 2500 m )
® Experiment

— Contours

Figure 4 Elevation map of the surrounding area of the study site (left) and field images of the in-situ observations
(right) made with data from Lehner et al. (2006) and a background of Sentinel images (Contains modified Copernicus
Service information [2018])

The study site is located between several dry dambos which are covered by grass with an occasional
tree. Due to the availability of grasses, the areas are often used for grazing game or livestock. The
dambos are often burned in the dry season to get rid of moribund coarse vegetation that has been
left after grazing in the wet season. The burning stimulates the re-growth of new and nutritious
herbaceous and grasses. This has also been the case for the dambo areas surrounding the study site
as is shown in the picture in Figure 4.
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Tree species classification
The Miombo woodlands themselves are dominated by trees of the genera Brachystegia which are in
some areas combined with trees of the genera Julbernardia and Isoberlinia. (White, 1983; Frost,
1996; Gumbo et al., 2018). There is, however, quite some tree species variation within the Miombo
Woodlands due to differences in annual precipitation, soil characteristics and location. At the study
site, an experimental area of 30 by 30 m is taken of which all the species are classified by their local
names with tree knowledge of local workers. The translation of the local names to the scientific
counterparts is shown in Appendix 3 and the results of the tree species count are shown in Table 1.
As the Miombo is quite heterogeneous, it is important to understand which type of trees are
present in the study site especially due to the effect of the tree species on the transition period. The
transition period is defined as the period in which the trees shed their leaves and experience a flush
of new leaves. This flushing is also called green-up and depends on the tree species present. In
addition, the trees have different phenologies that can be split into four categories (Table 1) which
are evergreen, deciduous or a combination of the two which is either called semi-deciduous or semi-
evergreen. The semi-deciduous trees are mostly deciduous but more than 25 percent is evergreen
while for semi-evergreen trees, the trees are mostly evergreen but more than 25 percent is
deciduous. (Land cover classification system, 2000) In the study plot most trees are (semi-) deciduous
which agrees with the transition found in the Miombo.

Frequency (%)  Scientific name Phenology

20 Uapaca kirkiana™* Semi-deciduous
13 Brachystegia floribunda? Semi-evergreen
13 Uapaca sansibarica® Semi-deciduous
9 Bauhinia petersenia’ Semi-deciduous
8 Vitex doniana™? Deciduous

7 Julbernardia paniculata®? Semi-evergreen
6 Faurea saligna® Semi-deciduous
5 Brachystegia longifolia'? (Semi)deciduous
5 Brachystegia spiciformis*? (Semi)deciduous
3 Pericopsis angolensis** (Semi)deciduous
2 Anisophyllea boehmii* Semi-deciduous
2 Swartzia madagascariensis® Deciduous

1 Dischrostachys cinerea® Semi deciduous
1 Garcinia buchananii' Evergreen

1 Lannea discolour! Deciduous

1 Maranthes floribunda Unknown

1 Parinari curatelifolia™® Evergreen

1 Pterocarpus angolensis™* Deciduous

1 Unidentified NA

Table 1 Tree phenology of trees within the plot based on the reference according to their numbers: 1. Simmute et al.
(1998), 2. Vinya et al. (2018), 3. Orwa et al. (2009) and 4. Nkengurutse et al. (2016)

The study site is located in an area with wet Miombo woodlands as defined by Chidumayo (1987) and
White (1983). In White (1983), the wet Miombo wetlands are described as an area with over a 1000
mm rain a year and a canopy height of more than 15 m with dominant tree species such as the
Brachystegia floribunda, Brachystegia glaberrima, Brachystegia taxifolia, Brachystegia
wangermeeana and Marquesia macroura. In Table 1, it is shown that only the Brachystegia
floribunda is indeed one of the dominant trees. The other dominant tree species mentioned by white
are not found.

In Chidumayo (1987), the classification of the study plot is based not only on the
precipitation but also on the trees species distribution. The study site is classified as northern wetter
Miombo which is dominated by Brachystegia spiciformis and Brachystegia utilis with some
Julbernardia paniculata and Parinari curatellifolia. Besides, the understory taxa consist of the
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Monotes africanus, Syzygium guineense macrocarpum and Uapaca species. (Chidumayo, 1987). The
species mentioned by Chidumayo (1987) are also found in the plot as shown in Table 1. One of the
dominants Brachystegia spiciformis is found a few times. The Brachystegia utilis, however, is not
found in the plot. Besides, the Julbernardia paniculata and the Parinari curatellifolia are both found
as mentioned by Chidumayo (1987). Moreover, Chidumayo (1987) also mentioned a few of the
understory taxa of which the Uapaca species are frequently found in the plot. As the Uapaca species
are frequently found, the understory taxa can influence the outcome of this report.

As shown by the previous two examples from literature, some of the tree species are found while
others are not. This can be due to the heterogeneity but also due to the frequent fires and the
cutting of trees for resources such as timber, fruit, caterpillars, etc. Besides, there is a high amount of
fruit trees such as Uapaca kirkiana, Uapaca sansibarica, Julbernardia paniculata, Parinari
curatellifolia and Pterocarpus angolensis which could be due to their fruit-bearing capacity. (Richter
and Cumming, 2005; Chidumayo and Frost, 1996)

Moreover, the area seems to be re-growth Miombo as the trees are often only about 10 m
high. As shown by Chidumayo and Frost (1996) for dry Miombo the re-growth Miombo has a
different composition of tree species than the uncut Miombo. It is, therefore, important to identify
the state and the tree species present at the study site as Miombo woodlands as this can influence
the data. In this case, the study site is located in re-growth Miombo which is influenced by human
behaviour such as slash and burn cattle farming and used as a source of resources.
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2.2 Methods to classify the green-up, shedding period and fire influences
The Miombo woodlands are known for their transition period in which the leaves are shed and
reappear in what is called the green-up. The timing of this phenomenon differentiates each year as
shown in Table 2. With a three month difference between the earliest and latest date within the wet
Miombo, it is important to define the green-up period for the year 2018. The green-up period in Ryan
et al. (2017) is defined as the period in which the trees will flush their new leaves before the start of
the wet season.

Vegetation type Mean day of year Mean day of year of
of green-up, Gpoy  rain onset
Wet Miombo woodland 245 (205-297) 297 (262-327)

Table 2 The vegetation phenology and rainfall regime data (Ryan et al., 2017)

The satellite images will only register the total decrease or increase in vegetation seen from above,
and as such will have difficulties differentiating between the green-up of the trees and the
understory shrubs and grasses. According to Tian et al. (2018), there are different roles between the
trees and the understory. Therefore, this report will distinguish two types of green-up periods, the
first one is the green-up of the trees and the other is the green-up of the understory shrubs and
grasses.

The period definitions will be based firstly on in-situ observations. These observations will
serve as a first indication of the state of transition. The in-situ observations are, however, limited by
the possibility to go into the field, and therefore, satellite images will be used to account for the
periods in between. The visual bands of the Sentinel-2 images of 2018 (Copernicus Sentinel-2 data
[2018]) will be studied to look for differences in vegetation. The periods are defined based on the
first satellite images which shows a clear difference in appearance compared to the last one studied.
The satellite images have a time step which is mostly not bigger than a week except during the rainy
season. It will be assumed that the first time a satellite shows different images, the date is the start
of the next period. Due to the weekly time step, the true date can differ a few days. The date used
will, however, give a good indication.

Figure 5 Burning patches on the 21° of June (Copernicus Sentinel-2 data [2018])

Besides, the change in vegetation due to the phenology, vegetation is also heavily influenced by
human behaviour. The Miombo Woodlands are altered through agricultural expansion, slash and
burn, livestock rearing, settlements, gathering of wild foods and harvesting forest for timber and
fuel. (Gumbo et al., 2018). One of the most impactful human practices at the study site is the burning
of dambo and forest patches. This practice will be taken into account and given their periods. As an
area of 30 by 30 m was fenced and therefore left undisturbed the natural transition without the
influence of human-induced forest fires can be studied on a small scale. Satellites with a low
resolution, however, suffer from the effects of forest fires.

In the results the locations of the forest fires are noted down. Similar to the transition period,
the first time a dambo fire is noticed is taken as the start of the dambo fires until the last image that
new fires are recognized. Fires are recognized by the black spots in the vegetation. A good example is
shown in Figure 5, where the orange-reddish colour can be seen on the satellite image as well.
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2.3 Methods to study vegetation indices
In this part, the methods of gathering and analyzing the vegetation indices such as the Normalized
Difference Vegetation Index (NDVI), Normalized Difference Infrared Index (NDII) and Leaf Area Index
(LAI) will be explained. The vegetation indices are based on the absorption of several components
related to vegetation such as Chlorophyll, Mesophyll and water. In Figure 6, it is shown that healthy
vegetation absorbs blue- and red light for the production of chlorophyll and starts the process of
photosynthesis. While the NIR is reflected by the mesophyll which is where most chloroplasts are
located and thus photosynthesis takes place. Besides, the SWIR region is sensitive to leaf water
content due to the absorption of water molecules. (Ji et al.,2011 & National Aeronautics and Space
Administration, 2010)
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Figure 6 Absorption of vegetation related components (Vegetation and EMR, 2019)

A short description of the indices is given in the next sections. The three vegetation indices, however,
have a lack of comparable points as the satellite images have a different time step and often do not
match. Because of this, the correlation is made based on the average values for each month. This
means that those monthly averages do not always have the same amount of points. This will also
help with the analysis of the evaporation models as the indices are often used as inputs. By
understanding the accuracy of the indices, the accuracy of the models can be understood better.
Besides, the spatial resolution of the products is not always the same. In this case the MOD13Q1 250
m pixel will be taken as the area and the whole pixels of Landsat and Sentinel are averaged for the
comparison.

2.3.1 Normalized Difference Vegetation Index (NDVI)
The Normalized Difference Vegetation Index (NDVI) correlates the photosynthesis and primary
production of the vegetation (Wilson and Norman, 2018). The NDVI uses the difference in the
reflection in the visible and near-infrared to determine the vegetation density. While the chlorophyll
is absorbed with the red wavelength the mesophyll is reflected in the infrared segment. As they are
both essential in the photosynthesis process, the healthy vegetation absorbs most of the incident
visible light while it reflects a large portion of the near-infrared. In comparison, the unhealthy
vegetation reflects more visible and less near-infrared. (Kinyanjui, 2010)

NIR — Red

NDVI = IR T Red

In the process of photosynthesis, a combination of water and carbon dioxide is needed. This means
that the amount of leaves is a good indicator for the parameters precipitation, evaporation and soil
moisture (Szilagyi et al, 1998)
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2.3.2 Normalized Difference Infrared Index (NDII)
The NDII can detect plant water stress as the leaf water content is negatively related to the SWIR as
the leaves mostly absorb the SWIR. The NDII is strongly related to the moisture storage deficit in the
root zone. (Sriwongsitanon, et al., 2016) The difference between the NDVI and the NDIlI is that the
NDVI determines the vegetation density and the NDII is sensitive to the leaf water content. Besides,
the NDVI is less accurate than the NDII in areas of grazing animals. (Wilson and Norman, 2018). In
their research, the normalized difference infrared index (NDII) can track changes in areas with
continued grazing better than the NDVI (Wilson and Norman, 2018). As the field plot is on a cattle
farm where cows are continuously grazing, the NDII will also be taken into account.

NIR — SWIR

NDIT = S Swir

2.3.3 Leaf Area index (LAI)
The Leaf Area Index (LAI) is defined as one half of the total green leaf area per unit horizontal ground
surface area. As there are different definitions of the LAI, it is important to know if a product gives
only the green leaves or also the non-green leaves. The first one is also called green LAl which is
restricted to the green area which is active in photosynthesis and transpiration while the second one
is the true LAl as it also includes non-green leaves.

Besides the different definitions, the satellite products also have different methods in which
they calculate the leaf area index. For both the MODIS and PROBA-V outputs, the true LAl is given
(Fang et al., 2019). The products, however, use different methods to derive the LAI. MODIS uses the
Look-Up Table (LUT) while PROBA-V uses the Neural Network method. In addition to the LUT
method, MODIS uses a back-up algorithm based on the relationship between the NDVI and canopy
LAI to fill in data gaps.

MODIS - Look-Up Table (LUT)
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Figure 7 lllustration of the MODIS Look-Up Table method used to derive the leaf area index. Panel A: Distribution of
vegetated pixels for the Red and NIR bands. An acceptable solution is each combination of the canopy/soil parameters
and the corresponding FPAR values which is within the fellow ellipse. Panel B: Density distribution functions of the
LAI for five different pixels. The mean LAI is taken as the LAI retrieval. (Knyazikhin et al., 1998, as cited in
Knyazikhin et al, 1999)

In the Look-Up Table (Figure 7) the spectral information from the MODIS red and NIR surface
reflectance bands is used to determine the leaf are index. The inputs are the vegetation structural
type, sun-sensor geometry, bidirectional reflectance factors (BRF’s) at the red and NIR spectral bands
and uncertainties. MODIS tries to take into account three important features of the canopy radiation
regimes:

1. The vegetation architecture

2. Optical properties such as leaves and stems

3. Physiological conditions such as water status and pigment concentration

4. Atmospheric conditions
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The leaf area density distribution function (Panel B of Figure 7) is parameterized for specific intervals
which are biome dependent. In the study site, the biome type is classified by MODIS as Biome 4:
Savanna. Knyazikhin et al. (1999) describe the savanna biome as “ a canopy with two distinctive
vertical layers, an understory of grasses, low ground cover of overstory trees, canopy optics and
structure”. This means that the savannah is vertically heterogeneous which is also the case at the
study site.

PROBA-V - Neural Network method

The PROBA-V uses a Neural Network method in which a machine learns to interpret the combined
images. The Neural Network was trained with images of the SPOT/VEGETATION 1 km data to create
the top of the atmosphere reflectance bands of the red, NIR and SWIR bands. As the bands of the
SPOT/Vegetation are slightly different from the PROBA-V a spectral conversion is applied. Besides,
the bands are corrected for atmospheric conditions. (Baret et al., 2013)

With the reflectance bands corrected, the Neural Network is trained to instantaneously
retrieve the LAI, FAPAR, and FCover from the reflectance bands and geometry of acquisition. The
training is done with true reflectance data and LAl estimates from a fusion of the existing products
MODIS and CYCLOPES LAl The fusing is done through a weighting which is designed to enhance the
specific advantage of the MODIS and CYCLOPES products. Therefore, the PROBA-V product should be
an enhanced version of these two. After training the neural network to provide the instantaneously
LAI, FAPAR, and FCover products, the last step is to smoothen and fill the gaps based on the
GLOBCOVER land cover map and the latitude. (Baret et al., 2013)

2.3.4 Vegetation indices products
The vegetation products used in this report are the MODIS, Sentinel-2, Landsat 8 and the PROBA-V
products. The MODIS products have been extracted with the help of AppEEARS. For the NDVI, MODIS
had several options, the raw data of MOD0O9A1 and the processed data of MOD13. As the MOD13
data also has been processed to remove outliers by averaging it over several days, this data set is
chosen. For the NDII, however, MODIS does not have a pre-processed dataset and the data is
retrieved by using the raw bands of the MODQ9A1. For the LAI, MODIS again has a pre-processed
data set and the MCD15A2H as this is only based on the Terra satellite similar to the other MODIS
products.

For Sentinel-2 (produced from ESA remote sensing data [2018]), the data is gathered from
the Copernicus Open Access Hub. After gathering the cloudless images, the data is brought into QGIS.
Similarly, the Landsat 8 level-2 data is retrieved from the EarthExplorer USGS database (courtesy of
the U.S. Geological Survey). Both the NDVI and NDII can be calculated by extracting the data points
with the value tool of QGIS for the respective bands (Table 3). As the spatial resolution was not
everywhere the same, the Landsat 8 and Sentinel-2 data have been adjusted for the spatial
resolution of MODIS. All the pixels that were completely in the MODIS pixel, of Landsat 8 or Sentinel-
2 have been averaged.

Red NIR SWIR

Landsat 8 Oli/Tirs 4 5 6
MODO09A1 1 2 6
Sentinel-2 4 5 11

Table 3 Bands used for each satellite product

As MODOQ9A1 is the largest image, the Landsat 8 and Sentinel-2 are averaged over the area of
MODO09A1 which is 500 by 500 m.
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2.4 Description of the models used to study the effect of the transition
period with the help of vegetation indices.

Evaporation cannot be directly calculated from remotely sensed data, and thus the evaporation has
to be estimated indirectly. Models differ in both their indirect approach as in their definition of the
evaporation. This report compares the outputs of three different types of models namely:

1. Surface Energy Balance System — SEBS

2. Global Land Evaporation Amsterdam Model - GLEAM

3. MODIS Terrestrial Evapotranspiration — MOD16
The three models differ on a theoretical basis and due to this different evaporation trends can be
noticed as will be explained later on. First of all, SEBS is based on the surface energy balance and
calculates the actual evaporation as a residue of the other parameters. GLEAM doesn’t use the
surface energy balance at all and MODIS only uses the radiation and soil heat flux to differentiate
between the different evaporation fluxes.

While both GLEAM and MODIS calculate the evaporation through an equation based on the
Penman-Monteith, the models have a completely different approach. GLEAM uses the simplified
version of the Penman-Monteith also called Priestley-Taylor. The model is based on the potential
evaporation and does not directly calculate the actual evaporation except for the interception flux.
The stress factor is closely related to the soil water and thus precipitation seems to have a high
impact on the evaporation values. MODIS, however, calculates the different evaporation fluxes one
by one and then sums it all up to get the actual evaporation. The potential evaporation is a different
formula which is still based on the Penman-Monteith.

Model Spatial Temporal
SEBS 0.05° latitude-longitude grid (£ 5.5 by 5.5 km) Daily
GLEAM 0.25° latitude-longitude grid (£ 27.5 by 27.5 km) Daily
MODIS (MOD16A2) 0.5 km Every 8 days

Table 4 Spatial and Temporal Resolution of the evaporation model (Su, 2002; Martens et al., 2017 and Miralles et al.,
2011b and Running et al., 2018)

The data from the models are extracted for the field work site, where the field experiments take
place. The exact latitude and longitude coordinates are -12.378639 and 31.172079. These
coordinates are used to extract the evaporation at the field work site. The evaporation models,
however, have different temporal and spatial resolutions (Table 4). Therefore, the images have all
been adjusted to the largest pixel of GLEAM by averaging the pixels of SEBS and MOD16A2.

Figure 8 Spatial resolution of the models with a background of Sentinel images (Contains modified Copernicus Service
information [2018])
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2.4.1 Background on the Surface Energy Balance System - SEBS
SEBS uses a residual method of the surface energy balance to determine the evaporation. Besides, it
is a single-source method which means that the net radiation (R,), the soil heat flux (Gy) and the
sensible heat flux (H) are based on the satellite information from the visible, near-infrared and
thermal infrared bands in combination with meteorological data such as air temperature, wind
speed, and humidity. (Li et al., 2009)

AE = R, — Gy —H

The net radiation (R,) is directly calculated with remotely sensed data while the soil heat flux (Gg) is
taken as a ratio of the net radiation. The ratio is taken as an interpolated value based on the
fractional canopy coverage (fc) between two limiting cases which are full vegetation canopy and bare
soil. The other two parameters are derived through the boundary similarity theory. (Su, 2002) The
Bulk Atmospheric Similarity theory is used in combination with a dynamic model for the thermal
roughness to scale the Planetary Boundary Layer (PBL). In addition to this, the Monin-Obukhov
Atmospheric Surface Layer (ASL) similarity is used for the surface layer scaling. (Li et al., 2009)
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Figure 9 Atmospheric layers (Su, 2007)

The sensible and latent heat flux are derived with the help of these similarity theories as they
describe the relationship between the surface and the atmospheric surface layer (ASL — Figure 9). In
addition to this, SEBS has an extensive model for roughness for heat transfer to calculate the
aerodynamic parameters required for the similarity theory. (Su et al, 2001; Su, 2002) Moreover, SEBS
uses the contrast between the dry and wet limits to derive the evaporation and evaporative fraction
for each pixel. (Li et al., 2009)
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Under dry condition the latent heat is assumed to be zero as soil moisture is limited and thus the
sensible heat flux should be at its maximum level and thus Hg,, = R, — G,. Under the wet
conditions, the evaporation is assumed to be at its potential rate, AE,,.;, and thus Hy,.; = R,, — Gy —
AE 0. The wet limit of sensible heat can be derived through the wet limit equation in combination
with the Menenti equation which is based on the Penman-Monteith but also valid for non-vegetated
areas. The actual evaporation is then calculated through the relative evaporation and evaporative
fraction:

Hyer =

19



AE A% AE,q
R,—-G R,—G

Hsimilarity theory — Hwet

A=

withA,=1-

Hdry - Hwet

2.4.2 Background on the Global Land Evaporation Amsterdam Model - GLEAM
Similar to SEBS, GLEAM is also based on meteorological data and the remotely sensed data of the
visual, near-infrared and thermal bands. Besides, GLEAM uses microwave data for the Vegetation
Optical Depth (VOD) and soil moisture. These remote data sets are complemented with a static
dataset describing soil properties, land cover and average rainfall climatology. (Martens et al.,2017)
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Figure 10 On the left the four modules of GLEAM and their
interactions and on the right the conceptual root zone model for
tall vegetation (Martens et al., 2017)
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The actual evaporation of GLEAM is calculated with the help of four modules namely the potential
evaporation module, the rainfall interception model and the soil module which forms the base for
the stress module adjusted with a Newtonian Nudging Scheme to remove random forcing errors. The
model firstly calculates the potential evaporation which is based on the Priestly and Taylor (1972)
equation.

AE, = (R, — G) (11)

a—
A+
For the actual evaporation, the potential evaporation is converted using a multiplicative stress factor
(S in Equation XXX) which is based on the land cover type and depends on the soil water content,
vegetation physiology and several phenological constraints (Martens et al., 2016). The stress factor
decreases with a decrease in soil moisture as water becomes less readily available. (Martens et al.,

2017).
—w@\?
Short & Tall vegetation: S = %(1 — (M) > & Bare Soil: S=1-—
max Wc—Wwp
we— w® (12)
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The soil module forms the basis of the stress module and is a conceptual root zone model based on
the water balance. The amount of soil layers that are taken into account for the root zone is
dependent on the land cover. (Martens et al., 2016). The soil layers each exist of three different
compartments (Figure 10):
1. First compartment: water that is unavailable for the root uptake as it is underneath the
wilting point (w,,). For bare soil use the residual soil moisture (w,).
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2. Second compartment: the maximum volume of water available for evaporation between the
wilting point and the soil matrix.

3. Solid-phase of the soil column which cannot hold water.
The reduction of the potential evaporation provides a combined value for the soil evaporation and
transpiration. The actual evaporation is produced after the interception is added. (Martens, et al.,
2017). The interception module of GLEAM is based on the revised version of the Gash’s analytical
model by Valente et al. (1997). Interception is the part of the precipitation that is captured by the
surface storage and evaporates before it can runoff or infiltrate into the soil (Gerrits, 2010).
Therefore, the Gash’s analytical model divides the rainfall into interception loss, free throughfall and
stemflow. Besides, the model assumes that there is only one storm per rain day and that each storm
has three phases which are the wetting phase, the saturated phase and the drying phase. (Valente et
al., 1997)

2.4.3 Background on the Terrestrial Evapotranspiration MODIS - MOD16A2
The MOD16 algorithm calculates the evaporation as the sum of soil evaporation, interception, and
transpiration. The algorithm is based on the Penman-Monteith equation and differentiates between
day and night, wet and dry conditions and vegetation and bare soil surface. The latter is determined
through the vegetation cover fraction, .. (Running et al., 2018)

, €sqt — € ' VPD
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The net radiation (A’) in the Penman-Monteith is calculated separately for canopy and soil surface.
Besides, a distinction is made based on wet: 70% < RH < 100% and dry conditions: RH < 70%
with F,,.; = RH* and F,,.; = 0 respectively. (Running et al., 2018) The total daily potential and
actual evapotranspiration is the sum of the evaporation from the wet canopy, evaporation of dry
canopy and the soil evaporation.

Actual evaporation: AE = AE, et + AEtrans + AEsoir
Potential evaporation: AEpot = AEwet ¢ + AEpot trans + AEwet soit + AEsoii pot

With the evaporation for wet canopy surface based on the Biome-BGC model (Thornton, 1998 as
cited in Running et al., 2018).
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The transition of the plants is dependent on the stomatal behaviour which is constraint by vapour
pressure deficits (VPD) and temperature. The stomatal conductance is scaled to canopy level with the
LAl and corrected with the variation in the atmosphere’s temperature and pressure. This will then

give the following formula for the actual and potential evaporation.

AEyet ¢ =
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The evaporation of the soil surface is divided into three different formulas. The first one is for the soil
evaporation during wet conditions in which it rains and the soil is saturated. The second function is
the potential soil evaporation after a rain event. And in the last case, the actual daily soil evaporation
is calculated as a combination of evaporation during and after the rains. (Running et al., 2018)
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3. The five vegetation periods and the influence of human-induced
firesin 2018

In Figure 11, four pictures of the Miombo forest during four different field trips during the transition
period are shown. The transition period is defined as the total period in which the trees shed their
leaves to the reappearance of tree leaves. The transition period starts with the shedding of the tree
leaves. The reappearance of fresh new leaves can also be called green-up. (Ryan et al., 2017) The
images in Figure 11, show a clear distinction between the response of the trees in the dry season and
the grasses. While in August most of the grasses were already gone, the trees were still fully leaved.
It is likely, that the grasses will wither early on due to the shallow rooting depth while the trees will
be able to reach the deeper groundwater reservoir and thus shed their leaves at a later moment.
That is why there will also be two shedding periods defined. One for the withering of the grasses and
one for the shedding of the leaves.

Figure 11A, which is taken on the 8" of August, shows the forest after the withering grasses. It
represents the period in which the trees are still fully leaved and green but most of the understory is
already gone. The understory grasses have a yellowish colour which indicates a lack of water in the
shallow part of the soil. In Figure 11B taken on the 23" of September, the forest has transformed.
The trees have started to shed their leaves and different shades of leaves re-appear. A dominant
feature is the appearance of red leaves which is due to a high amount of anthocyanins that occur in
young leaves of the Brachystegia genera (Chidumayo and Frost, 1996).

23



At the end of September, it is clear that the trees are in transition. As shown in Figure 11C, the red
leaves disappear in the next month, as there are no red leaves on the 28" of October. The image
shows a forest in which new leaves are still re-appearing. Besides, a new green understory has not
yet reappeared. The transition of the trees, however, is not yet over as the trees are much greener at
the beginning of November than at the end of October. (Figure 11D)

The forest is probably a lot greener in November than in October since the timing of the
flushing of green leaves depends on the tree species. This is clearly shown in Figure 12, where four
different trees are shown on a 360° picture while the trees on the right are already fully leaved, the
trees on the left are still getting new leaves. This is also confirmed by Vinya et al. (2018). In this
article, nine tree species, which are common in the Miombo woodlands, were compared based on
their stem water potential. According to the data found by Vinya et al. (2018), the different tree
species have different stem water potential values which are triggering leaf shedding and flushing. In
this article, the shedding of leaves was often from July to September and the flushing often started
from September to October. This will be taken into account later on.

On the last field trip on the 12" of December, the rains had started which brought a flush of new
green grasses. Due to rainfall distortion of the forest image, the image is not included in Figure 11.
Figure 13, however, should indicate the green-up in the forest as it shows the flush of new green
grasses at the farm site. Besides, the picture shows the bare soil which was seen from the first to the
fourth field trip.

Figure 13 Bare soil in the first field trip (picture of teth of August) and the newly grown grasses at the last field trip
(picture of the 12th of December)
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These field observations can only give indicate possible periods due to their temporal limitations.
Besides, the literature is based on a different patch of forest and some of the trees species vary due
to the heterogeneity of the forest. Because of these limitations, the satellite images of the visual
spectrum of the Sentinel-2 imagery are studied to fill in the gaps between the fieldwork and get
results of this patch of forest. The results are shown in Figure 15.

The figure distinguishes four vegetation stages and three types of fire periods. The first
phenology stages characterize itself with a high amount of vegetation and a green dambo as shown
in image 1 and also still in image 2 although it is less green. This stage represents the period in which
the vegetation has access to water due to rains. As most of the water comes from the rains the
period is similar to the period of the rainy season. This stage is from the beginning of December to
the beginning of May as shown in the pictures.

The second stage is the stage where the grasses start to wither and disappear; this is according to the
Sentinel visual spectrum images from the beginning of May to the beginning of August. This is the
stage in which the dambo slowly lose their green colour which is shown in the comparison of image
two and three. You see that the values in Appendix 1 start to increase from the beginning of August
on, for both the Blue as the Red band but not for the green band. As the reflection of the Red band
increases, it is highly likely that this is the shedding period.

Then at the end of August, the values of the green band start to increase as well although the
values are fluctuating. (Appendix 1) This is probably because some species are still shedding while
others are flushing leaves. This is also confirmed by Vinya et al. (2018) as different tree species have
different shedding and flushing seasons. Therefore, the forest is never completely bare but trees are
in different stages of transition throughout the transition period. This will still be defined as a
shedding period though due to the fluctuations.

From the 10th of October on, the vegetation keeps increasing while the red visible band is
decreasing. (Appendix 1). This is in line with the new reddish leaves of the Brachystegia spotted on
the 23" of September as they have disappeared during this time. Because of this the 10th op
October is defined as the start of the Green-up at the field site in 2018. According to the field
observation there is still no grass on the 12th of November but it will appear on the 12th of
December. This is in line with the decrease in the red band. Therefore the Green season starts on the
8th of December.

Period Start date End date

Green season 13" of December ~ 11™ of May
Withering grass season 12" of May 9™ of August
Trees shedding season 10" of August 9™ of October
Green-up period trees 10" of October 12" of December

Table 5 Period definitions used throughout the report based on observation results from in-situ observations and
satellite imagery.

The last stage of the phenology is the green-up from the forest floor which happens from mid-
December and into the next year. This is the start of the Green season again. As the dambos are
burned, the grasses have not yet grown in December. At the farm site, however, slowly seem to
disappear as it becomes greener (Image 5 and 6 of Figure 15). This is similar to what was found in the
in-situ observations. The overview of the phenology stages is shown in Table 6.

25



Period Start date End date

No fires period 1 12" of December 15" of June
Early dambo fires 16" of June 21% of June

No fires period 2 22" of June 18" of September
Forest fires 19" of September 23" of October
Late dambo fires 24" of October 11" of December

Table 6 Period definitions used throughout the report based on observation results from in-situ observations and
satellite imagery.

As the phenology is influenced by the forest fires, the satellite images are used to define a period in
which the fires occur. The first fires start already at the beginning of June. These fires characterize
themselves by the fact that they happen mostly in the dambo areas. The first forest fires have only
been spotted from the beginning of September. September and October are also the months in
which most forest fires occur. In Figure 14, the dates of the forest fires and the areas of forest fires
are shown. As the forest fires of the 19" and 24" of September are quite extensive, this should be
seen by the vegetation indices and thus also evaporation products. At the end of October, no more
forest fires are found and the last fires are again mostly in the dambo areas. As the fires in the
dambo areas are quite late in the dry season, the fires are likely responsible for the dambo areas
being bare in December.
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Figure 14 The dates and areas of the forest fires with a background of Sentinel-2 Visual bands image (Contains

modified Copernicus Sentinel data [2018])
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4. The effects of the transition period on the evaporation
In this chapter, the evaporation models are compared to each other and the previously defined
vegetation stages. The first thing to notice is the completely different evaporation trends between
the end of July and November which is also the period in which the transition period takes place.
The first striking feature is the direct evaporation response from the GLEAM model after rainfall
events. This is likely because the soil module is a conceptual root zone model based on the water
balance. This model determines the stress module which is decreasing the potential evaporation. As
the fluctuations in the green season are quite big and the evaporation seems to go down to almost
zero before the first rains in November, the water stress seems to be overestimated.

This is especially clear in the months September and October in which the trees flush their
leaves but GLEAM still goes down in Evaporation. With the first rains in November, the evaporation
according to GLEAM shoots up quite rapidly which is unrealistic as the vegetation doesn’t change
much in November according to the field observations. There are several reasons for the
overestimation of the stress module in GLEAM. First of all, the soil module only goes up to a depth of
250 cm. Therefore, GLEAM only takes into account up to 250 cm of the root zone while Miombo
trees can root deeper than 250 cm as a taproot of some of the Brachystegia and Julbernardia genera
can exceed 5 m in deep soils. The model can be adjusted for a deeper root zone and can probably
better estimate the evaporation.

Besides, the model assumes that the available groundwater can be estimated through a
simple drainage algorithm. This means that the model does not take into account any horizontal or
upward fluxes. The soil module is thus fully based on the net precipitation and does not take into
account any of the groundwater fluxes that are not related to the precipitation.
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Figure 16 Explanation of different tree areas

Another possibility, according to Higgins et al. (2011) is that the early-flushing strategy is similar to
the stem succulent strategy by Borchert & Rivera (2001) except for the synchronous leaf abscission.
According to Borchert and Rivera (2001), tropical stem-succulent trees can store large quantities of
water in their stems. Due to this, the trees can sprout weeks before the first rainfalls of the wet
season. This is also confirmed by Vinya et al. (2018) as they studied the changes in plant water
relations. In the study of Vinya et al. (2018), the seasonal minimum stem water potential was
reached when the leaves are shed. Besides, the xylem (Figure 19) rehydration happened directly
after the flushing of new leaves which suggests that the Miombo trees store water in their stems.
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The storage of the water in the tree stems is also confirmed by Tian et al. (2018), as the Miombo
trees grow the cambium area (Figure 19) by making new vessels during a short period late in the
rainy season. This means that the Miombo makes use of an endogenous whole-plant control of leaf

phenology (Tian et al., 2018) and the water stress is less high than GLEAM suggests.
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While GLEAM didn’t react to the transition period, SEBS and MODIS both react in different ways.
Similar to GLEAM, SEBS decreases after the peak in mid-March. SEBS differs, however, from both
GLEAM and MODIS due to its rapid increase in mid-July and the decrease in October before a rapid
jump in November. As the transition period has not yet started, another explanation has to be found.
One of the reasons for the rapid changes could be the start of the slash and burn. As SEBS is based
mostly on temperature and radiation, the slash and burn practice could have a higher impact on the
evaporation output of SEBS than of MODIS and GLEAM. Another explanation could be the increase in
temperature which is around the same time as the rapid increase in mid-July influence the other
parameters. Li et al. (2009).

Especially as the surface temperature is an important parameter to establish the link
between the surface radiances and the surface energy balance components. The surface
temperature is not only needed to calculate the net radiation but also the soil heat flux as this flux is
based on the ratio of soil heat flux to net radiation. Besides, the sensible heat flux is sensitive to
changes in temperature as it is based on the wind speed, the temperature at the reference height
and the surface temperature. (Su, 2002) This means that all the different components of the energy
surface balance are partly based on the surface temperature. Moreover, the Surface Energy Balance
System calculates the evaporation as a residue of the other three components which means that the
evaporation is extremely sensitive to temperature changes as it influences all three components it is
based on.

As the surface temperature increases around mid-July, it is only logical that the Surface
Energy Balance System reacts. Besides, to the natural temperature increase the slash and burn
practice can also further drive up the temperature. Also, the days become longer again as the
shortest day has been on the 21* of June. This means that more solar radiation will reach the Earth’s
surface. The combination of increasing temperature, incoming solar radiation and the slash and burn
practice probably lead to a rapid jump in the model as the transition period has not yet started.
Therefore, it is unlikely that the increase is due to the transition period.

After the rapid increase in the evaporation values, SEBS fluctuates around the same values
until about mid-October in which SEBS decreases again to increase with the start of the rainy season.
May SEBS react this way because SEBS is based on the contrast between dry and wet limits. SEBS
assumes that there is no evaporation under the dry-limit. As explained before, the Miombo trees can
store large quantities of water in their stems and therefore, the dry-limit may not be as dry as
assumed. This would also explain why SEBS can react well throughout the year except for mid-July to
October which is the driest period of the year.

All in all, SEBS reacts in some way to the transition period. The response, however, does not
follow the vegetation stages. SEBS increase while the trees are shedding their leaves. In the shedding
season, SEBS seems to stay around the same value while the field observations and the vegetation
indices in the previous chapter shows a clear decrease in this period. At the end of October, SEBS
evaporation values suddenly drop while this is the green-up period. SEBS is thus contradicting the
behaviour of the vegetation.

MODIS also decreases from mid-March but does so until the beginning of August. This is in line with
the withering of the grasses. During the tree shedding season, however, MODIS does not change
much even though the vegetation indices from the previous chapter show a decrease in vegetation.
MODIS even shows a small increase at the beginning of September. This could be due to the young
reddish colour leaves of the Brachystegia. That the evaporation value during the shedding season
stays mostly the same could be because of different species time the shedding of the leaves and the
flushing of new green leaves differently. Because of this, some species are shedding while others are
flushing new leaves. Therefore, it could be that MODIS is accurate in this month and the evaporation
does indeed not change. Further research is needed to answer this hypothesis.

At the end of September, MODIS starts to increase again. This is a bit earlier than the defined
green-up. As the vegetation indices also were a bit earlier than the defined green-up, it could be that
the green-up is at the end of September instead of the beginning of October and therefore MODIS
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could again be accurate. Nevertheless, MODIS starts to fluctuate with the start of the first rains and is
no longer accurate after this first rain event. For the transition period, however, MODIS is the most
accurate in its timing to the changes in vegetation.

The higher accuracy is probably because MODIS has an extensive model in which the
interception, transpiration and soil evaporation are calculated separately. The Net radiation is
calculated in a similar way to SEBS but that is also where most of the similarities end. As SEBS
calculates the evaporation as the residue of the energy surface balance and MODIS calculates the
evaporation as the sum of all the different types of evaporation. The disadvantage of MODIS,
however, is that the model requires a lot of parameters.

Evaporation as input for your model

Evaporation (mm/day) SEBS GLEAM MODIS
2018 1045 686 970
Percentage of SEBS 100% 66% 93%
Percentage of GLEAM 152% 100% 141%
Percentage of MOD16A2 108% 71% 100%

Table 7 Annual evaporation comparison

As explained above, the three models have different trends especially during the shedding and
flushing of new leaves. So, what is the influence of these differences if you use the different
evaporation models as input for your model. As shown in Table 7, the annual evaporation values are
quite different. SEBS gives you 50% more evaporation per annual than the GLEAM output. The SEBS
and MODIS output are however quite close to each other with less than 10% difference on an annual
basis. If only the shedding and flushing period of the trees is taken into account, the differences
increase with especially low values for GLEAM as SEBS is three times and MODIS two times as much.
Also the difference between SEBS and MODIS is substantially bigger.

Evaporation (mm/day) SEBS GLEAM MODIS
10/08/2018-13/12/2018 320 110 226
Percentage of SEBS 100% 34% 71%
Percentage of GLEAM 291% 100% 205%
Percentage of MOD16A2 142% 49% 100%

Table 8 Shedding/flushing period evaporation comparison

While the annual and shedding/flushing amount values of GLEAM are off compared to the other two
models, SEBS is the one with the lowest correlation. With values between 59 and 70 percent.
(Appendix 5). This while GLEAM correlates well with MODIS except during the shedding/flushing
period as shown in Figure 20. The low correlation of SEBS has probably to do with the fluctuations in
the transition as these fluctuations happen during the slash and burn practice, it could be that SEBS is
correctly measuring the values but gets noise from the smoke of the slash and burn practice.
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5. The effects of the transition period on the vegetation cover
In this chapter, the vegetation stages, as defined in chapter 1, are compared to the Normalized
Difference Vegetation Index (NDVI), Normalized Difference Infrared Index (NDII) and the Leaf area
index (LAI). For the NDVI, the MOD13Q1 is chosen due to its lowest spatial resolution of 250 m, the
MOD13A1 and MODO09A1 output can be seen in Appendix 2 together with the NOAA-19 AVH13C1
output. The NOAA-19 data is left out of the comparison due to its oscillations. The results of the
three NDVI, NDII and LAl outputs are shown in Figure 19. The satellite products of MODIS, Landsat
8, Sentinel-2 and PROBA-V produce similar trends for the vegetation indices with slight differences in
the timing of certain peaks and troughs.

The indices show their highest values during the wet season. The NDVI and NDII have their
highest vegetation values around March while the PROBA-V shows a peak from December to
January. The rainfall is highest in December for the rainy season of 2017-2018 (Mpika weather
station, 2019). It is, therefore, likely that the highest vegetation peaks are shown afterwards due to
the abundance of water available. As the precipitation amount decreases at the end of March, the
indices show their first decrease in vegetation. The products of the vegetation indices start to
decrease around mid-March.

The green season is currently defined until the 11" of May, it is however likely that the green
season is a bit shorter and already ends in April as the vegetation indices are already decreasing for a
little while. Besides, the PROBA-V LAl starts to decrease more rapidly from mid-April. The images of
the dambos of Sentinel show, however, that the dambos are still green in May. This could be because
it is located lower than the forest. At the same time, the farm area to the left of the experiment is
already quite bare. This, however, could also be influenced by the grazing cattle. Nevertheless, the
dambos are lower laying areas (Figure 4 in Methodology), and therefore, the area could be wetter
than the surrounding forest areas. It is thus likely that the green season ends at the end of April
instead of the beginning of May. With the last rainfall being on the 27" of April, this could be
redefined as the end of the green season.

After the green season, the grasses start to wither and the trees start to shed their leaves. The trees,
however, shed their leaves quite late into the dry season. According to Chidumayo and Frost (1996),
the leaf fall happens mostly from August to October. This is also the period in which the NDVI
strongly decreases and hits its lowest point. The NDIl is, however, a bit earlier with a strong decrease
starting at the end of July. The lowest point is already hit in August and continues until mid-October.
The NDII values get below zero at the end of July to the beginning of August depending on the
satellite product.

As the NDII indicates water stress (Sriwongsitanon et al., 2016), the negative values could
mean water stress. As the patch of forest wasn’t burned since it was fenced, the most likely
explanation would be the leaf abscission. This would also work, the other way around if the end of
the green-up date is taken into account. This would be when the NDII reaches above the zero line
again. This is around mid-October which is also when in the field observations most of the forest is
already starting to become greener. The trees are, however, still becoming much greener until
November and some trees may even do so until mid-December. Therefore, the zero line is not an
indication of the grass and tree distinction, the zero line could indicate the largest part of the
transition period but not the total contribution of the trees to the NDVI, NDIl and LAl indexes.

As the first grasses were observed during the fieldwork at the beginning of December, it
would be more likely that the increase in NDIl and also NDVI at the end of October to the beginning
of November is due to the green-up of the trees than the grasses. This would also be in line with the
grasses’ quick response to rainfall as argued by Chidumayo (2001). In Chidumayo (2001), the
difference between leaf phenology of woody or tree and herbaceous or grass components is
explained. While the trees already start shooting one to three months before the start of the rainy
seasons, grasses are often restricted by the rainy season.
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Chidumayo (2001) simplifies the split between the increase in NDVI due to trees and due to grasses.
The increase in NDVI in August/September to December is taken as an indication of tree leaf growth
and the growth in January to March as grass growth, the withering of grasses should thus be until the
end of May. Afterwards, the trees will lose their leaves until the lowest points are reached around
September. This would mean that the withering grass season is overestimated and the effect of the
shedding is underestimated in the current period definition. It is, however, hard to estimate the
exact contribution of the grasses and leaves to the vegetation indices as the periods of withering and
growth can overlap.

The results of both the field observations in the previous chapter and the NDVI, NDIl and LAl
output suggest that the simplification used in Chidumayo (2001) is oversimplified for December as
grasses have already sprouted and the indices are close to their maximum values. Therefore, the end
of the wilting grass season will be kept as defined in Chapter 1. Especially as the rapid decrease of the
NDVI and NDII in August and September suggests that the trees mainly shed their leaves around this
period. In contrast to the rapid decrease in NDVI and NDII, the LAl does not seem to change much
during August and September. It is likely because the LAl takes not only green but also reddish leaves
into account. This is important as the main tree species are of the Brachystegia genera and those
trees flush their young leaves with a reddish colour which is created by the anthocyanins.
(Chidumayo and Frost, 1996).

After the wilting of the grasses, the trees start to shed and the shedding season starts. As mentioned
before, according to Chidumayo (2001), this is around August and September and thus in agreement
with the previous chapter defined start in August. Besides, the length of the shedding season defined
in the previous chapter seems to also be quite alright when compared to the vegetation indices
outputs. For the NDVI, the MOD13Q1 and Sentinel-2 seem to agree with the end of the leaf fall and
start of the green-up around the end of September to the beginning of October. Landsat, however,
already increases at the beginning of September. This seems to be a bit early as field observations
showed that while new leaves were reappearing in the form of sprouts, many trees were still
shedding their leaves.

This field observation shows that the shedding and flushing of new leaves happen around the
same time. This is because the shedding and flushing are tree species-dependent. Therefore, if the
shedding period is mentioned, this means that the shedding of leaves is dominant regarding the
flushing of new leavers. This also shows us the main problem in regards to the satellite outputs, as
the Miombo woodlands are very heterogeneous. This is also why different plots of Miombo
woodlands are difficult to compare. The indices can, however, give an overview of the dominant
mechanisms in a certain moment. This heterogeneity could also be the reason for the two peaks and
troughs of Sentinel-2 in the NDVI data. Other possibilities are the influence of the smoke forming as
the areas surrounding the plot are affected by slash and burn practices. In this case, the previously
defined areas which are based on combinations of field observation and the visual spectrum images
of Sentinel-2, give a good indication of the trends shown in the vegetation indices. The only thing
that is changed is the border between the green season and the withering grass season.

Influence of vegetation indices on evaporation models

The vegetation indices are inputs for the several evaporation models. As shown in Appendix 5, the
different vegetation indices sources barely differ from each other. The indices themselves, however,
are slightly different. In this part, the vegetation indices are compared and it is discussed if these
input variables are the reasons for the different outputs of the evaporation models. SEBS uses mostly
the Leaf Area Index (LAI), but can in case of no LAl data use the Normalized Difference Vegetation
Index (NDVI) data as well. MOD16A2 only uses the Leaf Area Index (LAI). GLEAM on the other hand
uses neither NDVI and LAI. Another index to calculate the vegetation changes is the Normalized
Difference Infrared Index (NDII), this index is compared with the NDVI and LAl to see if this index
responds differently.
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SEBS SEBS
2018 Pearson | p-value Pearson p-value
NDVI
*MOD13Q1 0.689 1.1E-3 0.508 2.6E-3
*Sentinel
NDII
* MODO09A1 0.380 0.035 0.535 1.6E-3
* Sentinel
LAI
*MCD15A2H 0.450 0.011 0.657 9.0E-4
*PROBA-V

Table 9 Pearson correlation between SEBS and vegetation indices
*Zero points between SEBS and Landsat

In Table 9, the Pearson correlation between SEBS and the vegetation indices is shown and it shows a
small correlation between the MOD13Q1 NDVI and the PROBA-V LAl and SEBS. The model, however,
seems only partly forced by the vegetation indices which makes logical as the model is based mostly
on atmospheric parameters such as radiation and temperature.

2018

GLEAM

GLEAM

GLEAM

Pearson

p-value Pearson

p-value

Pearson p-value

NDVI

* MOD13Q1
* Landsat

* Sentinel

0.796

5.6E-6 0.686

0.020

0.746 7.7E-8

NDII

* MODO09A1
* Landsat

* Sentinel

0.756

2.7E-9 0.796

3.4E-3

0.709 6.2E-7

LAI
*MCD15A2H
*PROBA-V

0.489

5.6E-4 0.783

1.7E-8

X X

Table 10 correlation between GLEAM and vegetation indices

In Table 10, all the vegetation indices except the MCD15A2H seems to correlate about 70% or higher.
The GLEAM evaporation is thus strongly related to the vegetation indices even though none of them

are used as an input. Gleam uses soil moisture as an input which could be responsible for the

correlation as it is directly linked to the water available for the vegetation.

MODIS MODIS
2018 Pearson | p-value Pearson p-value
NDVI
*MOD13Q1 0.853 4.460 0.942 0.058
* Sentinel
NDII
* MODO09A1 0.738 1.6E-8 0.963 0.037
* Sentinel
LAI
*MCD15A2H 0.572 6.1E-5 0.999 1.5E-3
*PROBA-V

Table 11 correlation between MOD16A2 and vegetation indices
*Zero points between SEBS and Landsat
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Interestingly, the NDVI, NDIl and LAI data of MODIS correlate worse than the other data sources of
these vegetation indices. MODIS evaporation has a very high correlation with the LAl of PROBA-V
which is almost linear.
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Conclusion and recommendations

The main focus of this report is on the performance of the evaporation models during the transition
period of the Miombo woodlands. The evaporation models of Surface Energy Balance System (SEBS),
Global Land Evaporation Amsterdam Model (GLEAM) and Terrestial ecosystem evapotranspiration
model of MODIS (MOD16A2) are tested based on information from field observations, observation
from the visual spectrum of Sentinel-2 images and the satellite products of three vegetation indices
namely the Normalized Difference Vegetation Index (NDVI), the Normalized Difference Infrared Index
(NDII) and the Leaf Area Index (LAIl). Based on these sources, it can be concluded that MODIS is the
most accurate evaporation model during the transition period. MODIS follows the trends of the
vegetation indices and field observations the most which are probably due to the fact that it doesn’t
have some of the short-comings that GLEAM and SEBS display.

GLEAM is an evaporation model that responds really well to precipitation. The model,
however, overestimates the water stress, the Miombo woodlands are likely to experience. This is
mostly due to the fact that GLEAM uses a water balance model for the soil as a basis for water stress.
Miombo trees, however, have the ability to store water in the tree trunks and more specific the
Cambium. In addition, the soil module of GLEAM only reaches up to 250 cm while Miombo trees can
possibly have access to deeper groundwater sources. Because of the fact, that the actual stress level
for Miombo is lower, the Miombo trees can flush their leaves well before the first rains. Due to the
wrong estimation of the stress levels, GLEAM is highly inaccurate in estimating the correct
evaporation values during the transition period. It even seems to not respond to the transition period
at all. It would be recommended to expand the root zone to cover the complete root zone of the
Miombo trees and add a factor that accounts for the water storage inside the trees. This will reduce
the stress factor and thus the overestimation of the water stress.

SEBS does respond to the transition period, although the model is a bit too early with its response.
The model registers increasing evaporation values while the trees are shedding their leaves and this
is therefore highly unlikely. In addition, SEBS unexpectedly drops its values again at the end of
October. This is inaccurate, as this is the month in which most trees have already flushed their leaves.
It is therefore unlikely that the evaporation values decrease. It is more likely that SEBS abrupt
increase in July has to do with an increase in temperature. This increase could also be a consequence
of slash and burn practices. The oscillations of SEBS is in the period in which slash and burn practices
take place. It is recommended to research this matter further to understand why SEBS is oscillating
only around this period of the year.

SEBS is also very vulnerable to temperature increases as the net radiation, the soil heat flux
and the sensible heat flux are largely based on the temperature flux. | would advise the model to
have a more diverse input so that temperature fluctuations have less of an impact on the end
product. In addition to the influence of the fires, the daylight hours could also lead to a slight
increase in temperature as it also increases the amount of solar radiation. It, however, does not
explain the decrease at the end of October. Moreover, SEBS is based on the contrast between the
dry and wet limit and therefore, similar to GLEAM can be inaccurate in the dry season as the model
assumes that there is no evaporation at the dry limit. This while, the trees could store water in their
stems and thus still evaporate. All in all, the model does not react accurately to the transition period.

As MODIS does not react only to precipitation and also has no abrupt and contradicting
trends, this model has the trends which are likely a good representation of the actual evaporation
values. This is probably due to the fact that MODIS calculates all the different evaporation types such
as interception, transpiration and soil evaporation. Nevertheless, MODIS is has a few disadvantages
such as the fact that it is an average value over 8 days which means, that the daily values are
unknown and daily fluctuations are missed. The LAl input is based on MODIS input, | recommend
using LAl PROBA-V input instead of MODIS LAI, as the difference between the two is very small and
the PROBA-V has daily values. Moreover, Especially in November and December, MODIS is
inaccurate. The transition period which happens before the first rains in November is, however,
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accurately described and as this is the main focus of the report MODIS is seen as the most accurate
evaporation model for the transition period. Although MODIS can still improve when it comes to
fluctuations and the rainy season.

The evaporation models are based on vegetation indices among other things. Because of this, the
vegetation outputs of several satellite products are studied. Three vegetation indices are chosen.
First of all, the most commonly used one NDVI which is a good indicator of photosynthesis and
primary production. The NDVI is compared to the NDII as this index should be better when indicating
water stress due to its sensitivity to water and lastly the LAI, which estimates the amount of leaves.
Comparing these vegetation indices shows that the NDVI and NDII output are quite similar except for
the timing of the trough which is early and longer for the NDII than for the NDVI. Instead of only low
values in September, the NDII already showed lower values in August. According to literature, the
field observation, and Sentinel-2 images, the leaves start to fall in August and thus the NDII seems to
have higher accuracy in regard to the timing of the leaf fall.

It is, however, not entirely certain that the leaves did fall in August and because of this
nothing conclusive can be said. Additional satellite to ground research is necessary to be able to
determine whether the timing of the NDVI or NDII is better for determining the start of the transition
period in the Miombo woodlands. For the LAI, the decrease due to leaf abscission is less visible and
more gradually. The LAl barely decreases after mid-June and it is unclear if this is correct or not. As
the LAl also takes non-green leaves into account and young Brachystegia leaves have a reddish
colour. The low decrease in LAl is, however, remarkable but could also mean that the leaf abscission
and green-up happen around the same time. Because of this, the LAl index will only slightly decrease
as the flushing or shedding of leaves will cancel each other out.

The vegetation indices follow the transition period quite well. GLEAM is the only model that
does not use any of the vegetation indices but used the Vegetation Optical Depth (VOD). This is
probably why GLEAM is very accurate when it comes to rain but does not follow the phenology
stages that well. SEBS and MODIS both use the LAl as an input for their model. Therefore, the
difference between SEBS and MODIS is model related and not based on the type of vegetation
indices.

Allin all, it is very hard to determine when the vegetation stages exactly took place due to the
limiting time that could be spent in the field. In addition, satellite images cannot give a conclusive
answer on the start of leaf abscission and the start of the green-up period which is especially due to
the heterogeneity including the different grass to tree ratios throughout the woodlands. Moreover, it
is hard to detect non-green leaves, which makes it difficult to accurately estimate the amount of
leaves. Furthermore, it is hard to measure the vegetation changes through space as humans have a
big impact on the state of the Miombo woodlands. Especially the slash and burn culture which burns
large parts of the forest both in the early as in the late dry season.

The choice of evaporation model could, however, have a large impact on the output of your
model as the annual difference of GLEAM and the other models are quite a lot as it is only 66% of
SEBS and 71% MODIS. On the other hand the difference between MODIS and SEBS is on an annual
basis not so big, these changes, however, in the transition period. As the vegetation and the field
observation both agree with MODIS, | would recommend user’s in these areas to use MODIS.
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Appendix 1 - Sentinel band values

In the table below trends in values of the visible band are shown and groups are made based on the

values between 10-20, 100-110 etc. The Red band value trend shows the most similar trend to the
trend observed in the field work. Because of this, the red band is taken as an indication of the

seasons.
Green Blue
LUM LT™M LUM
12-mei 118
27-mei 118

11-jun 117 117

21-jun 116 116

18-dec
Table 12 Sentinel Visible bands outputs

58

62

64

LT™M

60

Red
LUM

107

108

109

LT™M

107
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Appendix 2 - All NDVI products
This graph also includes the oscillating AVHRR NOAA product and all the MODIS products.
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~— NOAA-19 AVH13C1 —— MOD13Ql —— Landsat 8 OIli/TIRS
-~ MOD13A1l —— MODO09A1 ~— Sentinel 2

Figure 20 All NDVI products (AVHRR Surface Reflectance and Normalized Difference Vegetation Index, 2018;
Didan, 2015; Myeni and Knyazikhin, 2015; Vermote, 2015; Contains modified information from Landsat-8 images
courtesy of the U.S. Geological Survey and Copernicus Service information [2018])
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Appendix 3 - Bemba to scientific names

Local name to scientific name translation

Scientific name

Bemba name

Anisophyllea boehmii*’

Bauhinia petersenia’

Brachystegia floribunda’

Brachystegia longifolia®”

Brachystegia spiciformis*?

Cryptosepalum exfoliatum spp. Pseudotaxus’
Dichrostacys cinerea’

Faurea saligna™**®

Julbernardia paniculata®?

Lannea discolour’
Onocoba spinosa®
Parinari curatelifolia
Pericopsis angolensis (Afromosia angolensis)*®
Swartzia madagascariensisz’3

123,45

Uapaca kirkiana™***

Uapaca sansibarica®
Vitex doniana®
Unidentified

(U)mufungo

Umunpo - Umupo
(U)mbuta/(U)musompa
(U)ymuwombo

(U)muputu

(U)mukuwe

Katenge

Saninga

(U)mutundo

(Na)kabumbu

(U)musongwa - (U)musangwa
Mupundu

(U)mubanga

Ndale

(U)mulundu

Musuku

Swebya

Umufishamano - Mfishameno
Umupolombwe

Ingasa

Table 13 Tree classification based on local language (Bemba) converted to scientific names. The references are based
on numbers behind the scientific name: 1. Orwa et al. (2009), 2. JICA (2010), 3. Astle et al. (1997), 4. Richter and
Cumming (2005), 5. Kakeya & Sugiyama (1985), 6. Wilding (1965) and 7. Forestry Deparment (2016)
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Appendix 4 - Spatial and Temporal resolution

NDVI Spatial Temporal (* in cloud NIR wavelength RED band wavelength
free conditions) (nm) (nm)
NOAA-19 0.05° latitude- Daily 720-1000 580-680
longitude grid (+
5.5 by 5.5 km)
Landsat 8 30m Every 16 days 851-879 636-673
Sentinel-2 10m Every 5 days 763-908 646-685
MOD13A1 500m Every 16 days 841-876 620-670
MOD13Q1 250m Every 16 days 841-876 620-670
MYD13A1 500m Every 16 days 841-876 620-670
MODO09A1 500m Every 8 days 841-876 620-670
Table 14 NDVI spatial and temporal resolution
NDII Spatial Temporal (* in cloud NIR wavelength SWIR band
free conditions) (nm) wavelength (nm)
Landsat 8 30m Every 16 days 851-879 1560-1660
Sentinel-2 20m Every 5 days 763-908 1540-1685
MODO09A1 500 m Every 16 days 841-876 1628-1652

Table 15 NDII spatial and temporal resolution

Model Spatial Temporal (* in cloud free conditions)
MCD15A2H 500 Every 8 days

MCD15A3H 500 Every 4 day

PROBA-V 300 Daily

Table 16 LAI spatial and temporal resolution.

Model Blue wavelength Red wavelength NIR wavelength SWIR band

(nm) (nm) (nm) wavelength (nm)
MCD15A2H 459-479 620-670 841-876 1628-1652
MCD15A3H 459-479 620-670 841-876 1628-1652
PROBA-V 447-493 610-690 777-897 1570-1650

Table 17 bands LAI

AVHRR Surface Reflectance and Normalized Difference Vegetation Index, 2018
Contains modified information from Landsat-8 images courtesy of the U.S. Geological Survey [2018]
Contains modified information from Sentinel and PROBA-V, Copernicus Service information [2018]
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Appendix 5 - Correlation of all the satellite products
Correlations of the NDVI, NDII and LAI products with products of the same vegetation
index.

Column 1 Column 2 Column 3

Pearso | p-value | Pearson | p-value | Pearson | p-value
2018 n
NDVI 0.947 | 4.1E-03 | 0.895 2.0E-04 1 0.976 8.5E-04
NDII 0.965 | 1.8E-03 | 0.946 1.028 0.959 3.8E-03
LAI 0.839 | 6.5E-04
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Correlations between SEBS and the vegetation indices (except landsat since there were no

common daily points)
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Correlations between GLEAM and the vegetation indices
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Correlations between MODIS and the vegetation indices
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Correlations from evaporation products
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