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Evaporation of the miombo woodland of southern Africa

PREFACE

Growing up in the village | had no idea that the environment | was growing up in
would in future become a subject of my PhD study. Learning and reading about the
importance of the miombo ecosytem in the food, water and energy (FWE) nexus of southern
Africa brings the fondest memories of my childhood. It is now that | am able to put the pieces
together and actually see the FEW nexus as a lived experience.

Back in the days our family harvested edible caterpillars (Ifishimu) from the miombo
woodland. My grandmother knew all the sites which had the miombo species that caterpillars
prefered. It was tens of kilometers from our village. We left very early in the morning and
came back late in the evening with buckets full of caterpillars. Sometimes we would camp in
the village that was near to these forests for days harvesting the caterpillars. It is the same
environment where we harvested fresh mushrooms though these sometimes grew in the
miombo bushes very close to home. Our crop fields where mainly based on the chitemene
system, a shifting cultivation approach involving the cutting down, heaping and burning of
miombo trees. By the age 10 I already had my own axe and hoe and a small crop field. When
coming back from the crop fields we would pass through the bush collecting dry miombo
logs to use for fire wood. Each one of us carried a bunch of logs as their age permitted. To
tie the logs we used fresh fibre from suitable miombo species. | remember the axe was always
wet with what | now know was water — back then | had no idea why the axe would be wet
when cutting a fresh tree. We got timber to roof our house from the miombo woodland. Iron
nails were a luxury and so fibre from miombo trees was used to fasten the roof. My
grandfather taught us the various uses of several miombo species. At primary school we were
given assignments to make an axe or hoe holders. Sometimes we were asked to make
different types of stool using miombo trees. | knew which miombo species to go to for each
assignment. Grandfather used to make planks from miombo trees. Whenever there was a
funeral in the village |1 remember he would donate planks for making a casket. Back in the
days we didnt have tap water. Unfortunately the situation hasn’t changed. We used to draw
water from a “shallow” spring well on an ant hill near the Nkanda River. What was
fascinating is that the well is on the upland and draines into the river which is a few meters
downwards. What | remember is that there was a miombo woodland surrounding the well.

Looking back I now see how our entire livelihood was basically sustained by the
miombo ecosystem. | am now interested in learning more about the miombo woodland and
how we can preserve the ecosytem so that it continues to provide the ecosystem services for
many years to come.

What is also fascinating is that major rivers in the Zambezi Basin have origin in and
pass through the miombo woodland providing several livelihood streams along the way. | am
now interested in understanding the evaporative processes of the miombo woodland and to
what extent the evaporation affects the avialbility of water resources at both local and
regional level. I am glad | took up this opportunity to do a PhD focusing on the evaporation
in the miombo woodland. This has laid a strong foundation for this desire to be fulfiled.
Through this study | had the opportunity to learn more about the miombo ecosystem. | also
learned how to estimate actual evaporation of a natural forest using state of the art technology
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suc as the distributed temperature system (DTS). | have also been able to establish highly
beneficial relationships with colleagues from various universities around the world but most
importantly those | had the privilege to interact with at TU Delft. The knowledge | gained
through my interactions with Petra Hulsman and Bart Schilperoort is invaluable. This work
wouldn’t have been accomplished without feeding off such interactions. If my experience is
anything to go by then | doubt if anyone can successfully finish a PhD study without
establishing beneficial relationships at various levels.

This thesis involved setting up a flux observation tower. This was my first time to
come into contact with the DTS system. | had no idea how the flux tower was to be set up
and completely had no clue on how to process the data in Python. It was an extremely
intimidating experience in the initial stages. However, | am glad that | was part of a project
team that was ready to help me learn the ropes. From selecting the appropriate site for setting
up the flux tower, through the various times when the optical fibre cable was damaged by
moles and warthogs and had to be spliced, to learning the python code for processing the
data, they had my back covered. The timer in the DTS malfunctioned to such an extent that
six months of data was mingled up with no way of sorting it up. This timer problem could
only be fixed at the Silixa LTD offices in the United Kingdom. The flux observation tower
was initially constructed with local forest materials. Heavy rains caused havoc and damaged
the tower and had to reconstruct a new one with iron bars. At this point | lost the hope that |
would get good quality DTS data for estimating actual evaporation. It is not field work until
you have both success and failure stories to tell. 1 want to document my experiences with
BR-DTS approach in an African setup and | hope one day it will be used to spare an African
researcher a few headaches and finances.

The study involved the use of both satellite-based data and field observations. The
assumption was that all satellite-based data were wrong until proven right by field
observations. Well, after the field observations all satellite-based evaporation data used in
this study, except for one, were proven wrong, though this “wrongness” needs to be put into
context which this thesis has provided. | wanted the satellite-based data to be proved correct
especially that there is a scarcity of field observations in the miombo region in which satellite
-based data appears to be a solution. This simply goes to show the irreplaceability of field
observations in the application of satellite-based data in data scarce environments. This is
why despite the many challenges | faced and the long distance | used to cover to collect field
data I am glad that in the end it worked out. Because of this effort we now have the first
known field-based actual evaporation estimates of the miombo woodland. There a lot of
questions about the evaporation dynamics of the miombo woodland that need answers. This
study, in my view, is a foundation on which many conversations on the evaporation of the
miombo woodland can be initiated. For instance, the conversation has been started in the wet
miombo woodland but there are many other miombo woodland strata that need to be assessed
in order for us to have a relatively clearer understanding of the evaporation dynamics of the
ecosystem. Will we have other researchers take up this call? Will we have the resources to
do more on this aspect?

Henry Musonda Zimba
Delft, May 2023
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SUMMARY

Through precipitation retention and evaporation (by both interception and
transpiration), woodlands play a significant role in the global moisture cycle. Evaporation is
the largest, but at the same time, the most difficult flux to observe in a woodland. Accounting
for woodland evaporation is important for hydrological modelling for the efficient
development and management of water resources. Assessing evaporation is a challenging
undertaking that involves the use of a wide range of equipment and requires skilled personnel.
Much work has been conducted on assessing evaporation in agricultural crops. Even satellite
data-based models are largely structured to assess evaporation in agricultural crops to the
exclusion of understanding evaporation dynamics in natural woodlands, especially in African
ecosystems. However, evaporation in woodland surfaces accounts for a significant portion
of the water cycle over the terrestrial land mass. Understanding the characteristics of
woodland ecosystem evaporation like interception and transpiration, is key to monitoring
climate impact on woodland ecosystems, which is important for hydrological modelling and
the management of water resources at various scales. One of the key aspects to enable this
understanding is the knowledge of woodland phenological interaction with climate variables
and the seasonal environmental regimes. “Vegetation phenology” refers to the periodic
biological life cycle events of plants, such as leaf flushing and senescence, and corresponding
temporal changes in vegetation canopy cover. Solar radiation, temperature and water
availability (i.e., rainfall and soil moisture) are some of the key environmental variables that
influence plant phenology. The attributes of woodland phenology, solar radiation,
temperature and water availability differ across the diverse ecosystems globally, therefore,
requires better understanding at a more local or regional level. Yet, evaporation of natural
woodlands, especially in African ecosystems, with respect to phenological phases, are poorly
characterised. This is largely because phenological studies have mainly focused on northern
mid-latitude regions to the exclusion of other regions like the miombo of southern Africa.
For increasing the predictive power of hydrological models, it is important to account for the
interaction of woodland phenology with climate variables over the seasons and to
characterise evaporation.

This thesis aims at understanding the miombo woodland evaporation as a
consequence of the vegetation phenological interaction with environmental and hydrological
variables across seasons. Based on information in public domain, this study is the first
independent field observation data-based characterisation of actual evaporation of the
miombo woodland. The miombo is a heterogeneous woodland of the genus Brachystegia
with the dominant species in the study location being Bauhinia petersenia, Brachystegia
longifolia, Brachystegia boehmii, Brachystegia speciformis, Jubenerdia paninculata,
Pericopsis angolensis, Uapaca kirkiana and Uapaca sansibarica. Unique phenological
attributes are the simultaneous leaf fall, leaf flush and leaf colour changes that normally occur
in the dry season between May and October. Most miombo woodland species are broad
leaved and have developed dry season coping mechanisms such as deep rooting (capacity to
access deep soil moisture and ground water) and vegetation water storage. The canopy
closure is varied across the miombo woodland strata and is influenced by several factors
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including rainfall, soil type, soil moisture and nutrients, species diversity and temperature.
These phenological attributes are species dependent, with varied response to phenological
stimuli. This study sought to answer the question on the role of the phenology of the miombo
woodland in the evaporation dynamics. The thesis also endeavoured to show how phenology,
potentially, affects satellite-based evaporation estimates of the miombo woodland. The
Luangwa Basin in southern Africa, a largely miombo woodland covered basin, was used as
the study area. This basin was chosen because it is located in both the dry miombo woodland
and wet miombo woodland in the Zambezian miombo woodland which is the largest strata
of the miombo woodland. Furthermore, the Luangwa Basin is located in Zambia which is
described as the country possibly with the highest diversity of trees and is said to be the centre
of endemism for Brachystegia, with 17 species.

To answer the questions on the importance of the phenology of the miombo woodland
on the evaporation dynamics, the study used a coupled approach by applying both satellite
data and field observations. Phenological changes of the miombo woodland across seasons
were assessed using satellite-based data, the normalised difference vegetation index (NDVI)
and leaf area index (LAI). Satellite-based data, land surface temperature (LST) and
normalised difference infrared index (NDII), were used as proxies for climate variables
canopy temperature and canopy vegetation water content. Point scale field estimates of
evaporation across three different phenophases of the miombo woodland were obtained using
the Bowen ratio distributed temperature sensing (BR-DTS) system. By measuring profiles of
air temperature and wet bulb temperature, the evaporation could be estimated via the Bowen
ratio method (BR-DTS). Six satellite-based evaporation estimates were compared across
different phenophases of the miombo woodland. This was meant to observe the phenophases
in which significant diferences in the trend and magnitude of satellite-based evaporation
estimates occured. The general water balance approach was used to assess annual actual
evaporation at basin scale. Consequently, satellite-based evaporation estimates were
compared to the BR-DTS-based evaporation estimates at point scale and the water balance-
based evaporation at basin scale.

Results, based on satellite data, show that the phenology of the miombo woodland,
i.e., changes in woodland canopy cover and photosynthetic activities, have a season-
dependent correlation with climate variables. Woodland canopy cover, across phenophases
and seasons, appear to be more influenced rather by water than temperature. This may explain
the particular species-dependent buffering mechanisms during water limited conditions i.e.,
leaf shedding, deep rooting systems with access to ground water, and the vegetation water
storage mechanisms. In agreement with available literature in public domain it appears there
is little variation in canopy cover/closure (i.e., proxied by LAI) in wet miombo woodland in
the dry season.

At the wet miombo woodland site in Mpika, Zambia, the BR-DTS observations
showed that, across the different phenophases, the actual evaporation trend and magnitude
appeared to be more associated with the available energy than the changes in the woodland
canopy cover. Further analysis showed that the net radiation has a greater influence on actual
evaporation as it accounted for more variations in the actual evaporation compared to the
changes in the woodland canopy cover (i.e., NDVI). The energy partitioning showed that
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available energy expenditure varied with phenological season. In the green down phenophase
during the cool dry season the available energy was largely partitioned as sensible heat flux.
As the temperature and net radiation begun to increase in the early dormant phenophase
during the late cool dry season (July August) the available energy appeared to be equally
partitioned between sensible and latent heat flux. In the late dormant phenophase during the
early warm pre-rainy season (i.e., September) available energy was largely partitioned as
latent heat flux. In the green-up phenophase during the late pre-warm rainy season (i.e.,
October) and early rainy season (i.e., November to December) the avialable energy was
largely partitioned as latent heat flux. During the rain days the available energy appeard to
be equally partition between latent and sensible heat flux. It appears that as the net radiation
and canopy cover increased the available energy was largely partitioned as latent heat flux
during the dry season. A remarkable observation was the continued rising trend of actual
evaporation even during the lowest woodland canopy cover period in August and September.
The rising trend in actual evaporation during the dry season may be due to the developed dry
season water stress buffering mechanism such as deep rooting with access to moisture in
deep soils and possibly access to ground water. The trend of the BR-DTS-based actual
evaporation of the miombo woodland in the dry season points to the interaction between
hydro-climate variables (i.e., precipitation linked soil moisture and net radiation) and the
plant phenology.

When compared to field observations, at point scale, all satellite-based evaporation
estimates underestimated actual evaporation of a wet miombo woodland in the dry season
and part of the early rainy season. Substantial underestimations were in the dormant and the
green-up phenophases. Additionally, except for the WaPOR, the trends of all other satellite-
based evaporation estimates differed from that of field observations. Plausible explanations
for the behaviour (trend and magnitude) of satellite-based evaporation estimates in the dry
season include the non-integration of soil moisture directly into the modelling of transpiration
and the optimisation of the rooting depth. For instance, the use of proxies such as the NDVI
and LST for soil moisture in surface energy balance models, such as SSEBop, results in
uncertainities as the proxies are unable to take into account other factors that influence the
sensible heat flux. In MOD16 the use of relative humidity and vapour pressure difference as
proxies for soil moisture may be a source of uncertainty in estimating transpiration. On the
other hand it has been observed that direct integration of soil moisture in the MOD16
algorithm appeared to improve the accuracy of actual evaporation estimates. This may
explain why the WaPOR which integrate soil moisture stress in the algorithm appeared to
have a smilar trend to field observations and also had higher estimates of actual evaporation
compared to the other satellite-based evaporation estimates. It has also been shown that
optimising the rooting depth improves the accuracy of transpiration estimates in vegetation
with a dry season. Most miombo woodland species are deep rooting with access to deep soil
moisture and potentially groundwater. Therefore, direct integration of soil moisture into the
algorithms for the satellite-based evaporation estimates and optimising the rooting depth is
likely to improve the accuracy of actual evaporation estimates for the miombo woodland.

The phenophase-based comparison at pixel scale in dry miombo woodland and wet
miombo woodland and at the Luangwa Basin miombo woodland scale showed similar
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results. In all three scenarios substantially high coefficients of variation in actual evaporation
estimates among satellite-based evaporation estimates were observed in the water limited,
high temperature and low woodland canopy cover conditions in the dormant phenophase.
The coefficients of variation in actual evaporation estimates were also substantially high in
the green-up phenophase at the boundary between the dry season and the rainy season. The
lowest coefficients of variation in actual evaporation estimates were observed in water
abundant, high temperature, high leaf chlorophyll content and high woodland canopy cover
during the maturity/peak phenophase. The high coefficients of variation in actual evaporation
estimates, among satellite-based evaporation estimates, in the dormant and green-up
phenophases, points to the challenge of estimating the actual evaporation of the miombo
woodland in the dry season and early rainy season. The same scenario emerged as was
observed at point scale, with reference to field observations, in which satellite-based
evaporation estimates which directly integrate soil moisture in their algorithm appeared to
have higher estimates of actual evaporation in the dormant phenophase in the dry season. For
instance, the FLEX-Topo and WaPOR integrate soil moisture in their algorithms. Compared
to each other the FLEX-Topo and WaPOR appeared to have no statistically significant (p-
value > 0.5) differences in their trends and mean estimates of actual evaporation in the
dormant phenophase in the dry season. Compared to the FLEX-Topo and WaPOR the other
four satellite-based evaporation estimates, GLEAM, MOD16, SSEBop and TerraClimate
showed statisticantly significant (p-value < 0.05) differences in the trend and mean estimates
of actual evaporation in the dormant phenophase in the dry season. Considering the canopy
phenology and the associated physiological adaptation of the miombo woodland plants in
the dry season, it appears that the direct integration of the soil moisture in the algorithms and
optimising the rooting depth is likely to improve the accuracy of the satellite-based
evaporation estimates. In the maturity/peak phenophase(s) during the mid-rainy season,
compared to other satellite-based evaporation estimates, the MOD16 appeared to have
significantly (p-value < 0.05) higher estimates of actual evaporation. The plausible
explanation for this observation could be that the interception module of MOD16 is more
responsive to the miombo woodland phenology. The wet miombo woodland intercepts
between 17-20 percent of rainfall annually.

Compared to the general annual water balance-based actual evaporation all six
satellite-based evaporation estimates underestimated actual evaporation of the Luangwa
Basin. The implication of this observation is that satellite-based evaporation estimates likely
underestimates evaporation even in non-miombo woodland such as the mopane woodland
that are also part of the larger Luangwa Basin vegetation landscape. However, for a
comprehensive overview of the performance of the satellite-based evaporation estimates
there is need for vegetation type and land-cover type based assessments of actual evaporation
for the Luangwa Basin.

At both point and basin scale-based assessments, there was a negative linear
relationship between the spatial resolution of satellite-based evaporation estimates and the
estimated actual evaporation. Satellite-based evaporation estimates with fine spatial
resolutions showed lower underestimates compared to those with coarser resolutions. The
implication is that the finer the spatial resolution the lower the underestimation. However, at
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both assessment scales, the linear relationships between the spatial resolutions and the
evaporation estimates were statistically insignificant (i.e., p-value > 0.05). The reason for this
outcome is exhibited in that some satellite-based evaporation estimates with relatively
coarser spatial resolutions, i.e., SSEBop at both point and basin scale and TerraClimate at
basin scale, underestimated less compared to MOD16 which had a finer spatial resolution.
Furthermore, at basin scale a coarser spatial resolution estimate FLEX-Topo and a finer
spatial resolution estimate WaPOR showed similar magnitude of actual evaporation in the
dormant phenophase in the dry season. The implication of this observation is that other
factors (i.e., heterogeneity in the landscape, model structure, processes and inputs) influence
more the estimated actual evaporation rather than the spatial resolutions of the satellite-based
evaporation estimates. Consequently, it appears that satellite-based estimates at finer spatial
resolution with the structure, processes and inputs that couple canopy transpiration with the
root zone storage, taking into account the vertical upward (beyond 2.5 m) and horizontal
moisture flux as well as the canopy phenological changes, are likely to provide actual
evaporation estimates that reflect actual conditions of the miombo woodland. This is
demonstrated by the WaPOR estimates which appears to include these aspects in simulating
actual evaporation.

The field-based actual evaporation assessments were conducted in the wet miombo
woodland. It is possible that the phenological response to changes in hydrological and climate
regimes in the drier miombo woodland are different from the observations at the Mpika site.
Therefore, there is need for similar observations to be performed in the drier miombo
woodland and to compare the results. However, this thesis has demonstrated the importance
of understanding and incorporating the canopy phenology and dry season physiological
adaptation (i.e., deep rooting) of the miombo woodland in modelling actual evaporation.
Additionally, for basins with heterogenous woodland types like the Luangwa, it is important
to conduct actual evaporation assessments in the different vegetation types. This is likely to
give a more representative understanding of basin scale evaporation dynamics. Nevertheless,
this study has provided a foundation on which other studies can build towards a more
comprehensive understanding of the actual evaporation dynamics in this unique woodland.
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Photograph showing clouds from under the canopy at the miombo woodland site at Mpika, Zambia
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Chapter 1

“I know there is pain when saw mills
close and people lose jobs, but we have
to make a choice. We need water and we
need these forests”

(Wangari Maathai)



Evaporation of the miombo woodland of southern Africa

1.1  Woodlands and evaporation

Global woodland cover accounts for about 31 percent of the total terrestrial land cover
(FAO, 2020). Through the processes of precipitation retention, infiltration, interception and
transpiration woodlands play a significant role in the global moisture cycle (Arsyad et al.,
2019; Bonnesoeur et al., 2019; Sheil, 2018; Van Der Ent et al., 2014; Gerrits, 2010; Van Der
Entetal., 2010; Gajic et al., 2008; Gerrits et al., 2007). Evaporation from woodland surfaces
accounts for a significant portion of the water cycle over the terrestrial land mass (Sheil,
2018; Van Der Ent et al., 2014; Gerrits, 2010; Van Der Ent et al., 2010). Understanding the
characteristics of various woodland ecosystems evaporation like interception and
transpiration, is key for monitoring of climate impact on woodland ecosystems, important for
hydrological modelling and the management of water resources at various scales (Kleine et
al., 2021; Bonnesoeur et al., 2019; Roberts, (undated)). One of the key aspects to enable this
understanding is the knowledge on the woodland phenological interaction with climate
variables and seasonal environmental regimes (i.e., Zhao et al., 2013). Solar radiation,
temperature and water availability are some of the key environmental variables that influence
plant phenology (Forrest et al., 2010; Forrest & Miller-Rushing, 2010; Kramer et al., 2000).
The attributes of solar radiation, temperature and water availability differ across the diverse
ecosystems globally, therefore, requiring better understanding at a more local or regional
level with minimal variations. Yet, evaporation of natural woodlands, especially in African
ecosystems, with respect to phenological phases are poorly characterised. This is largely
because the development of measuring instruments and models has largely focused on
understanding the phenological response of agricultural crops to climate variables and
seasons. Furthermore, phenological studies have mainly focused on mid-latitude regions to
the exclusion of other regions like Africa (Snyder et al., 2013; Schwartz, 2013). It is
important to account for woodland phenology interaction with climate variables and seasons
when characterising evaporation in woodlands. This is because, for instance, accounting for
phenological phases in evaporation models, increases predictive power (i.e., Forster et al.,
2022).

1.2 Plant phenology, energy and water interactions

“Vegetation phenology” refers to the periodic biological life cycle events of plants,
such as leaf flushing and senescence, and corresponding temporal changes in vegetation
canopy cover (Stokli et al., 2011; Cleland et al., 2007). Plant phenology and climate are
highly correlated (Pereira et al., 2022; Niu et al., 2013; Cleland et al., 2007). Woodland plant
phenological response to trigger elements like temperature, hydrological and day light
regimes include but not limited to leaf fall and leaf flush, budburst, flowering and variation
in photosynthetic activity due to changes in chlorophyll levels (Pereira et al., 2022; Niu et
al., 2013; Cleland et al., 2007). The phenological responses are species-dependent and are
controlled by adapted physiological properties (i.e., Lu et al., 2006). Plant phenology controls
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access to critical soil resources (Nord and Lynch, 2009). The phenological response
influences plant canopy cover and affects plant-water interactions. For instance, the
phenophases associated variations in canopy leaf display, i.e., due to leaf fall and leaf flush,
influences how much radiation is intercepted by plants (Shahidan, Salleh and Mustafa, 2007).
Intercepted radiation influences canopy conductance (Jones and Rotenberg, 2001). In water
limited conditions, at both individual species and woodland scales, leaf fall reduces canopy
radiation interception while leaf flush and the consequent increase in canopy cover increases
canopy radiation interception, leading to increased transpiration (Snyder and Spano, 2013)
controlled by available moisture storage, both vegetative and root zone. Canopy cover and
its interactions with atmosphere carbon dioxide, through the photosynthetic and autotrophic
respiration processes, influences transpiration. Ultimately, plant phenological response to
changes in the trigger elements influences woodland transpiration and actual evaporation
(i.e., Marchesini et al., 2015).

1.3 Remote Sensing, phenology and evaporation modelling

Remote sensing is anchored on the premise that all natural phenomena reflect, absorb
and emit energy, albeit at characteristic different wavelengths, both within and outside the
visible range of the electromagnetic spectrum (Lillesand et al., 2015; Shefali, 2013). This is
applicable to individual plant species, woodlands as ecosystems and many other natural and
man-made features. Through changes in the feature dependent spectral reflectance
characteristics (i.e., Lillesand et al., 2015), that arise from the energy interactions with
specific terrestrial features, in this case plants or vegetation, remote sensing is able to track
the changes in plant characteristics that emanate from phenological transitions across seasons
such as woodland canopy or leaf cover, leaf fall and leaf flush, changes in leaf colour as well
as levels of chlorophyll (Lillesand et al.,2015; Shefali, 2013). For instance, remote sensing
is applied to monitor phenology linked vegetation attributes such as vegetation water content
(i.e., Zhang et al., 2019), plant stress (i.e., Ramoelo et al., 2015), vegetation classification
(i.e., Guerschman et al., 2015), woodland canopy characterisation (i.e., Weishampel et al.,
1996; Peterson et al., 1988) and vegetation condition (i.e., Lawley et al., 2016). Neinavaz et
al.(2021) and Quemada et al. (2021) provide comprehensive reviews of remote sensing-
based approaches for vegetation monitoring across an array of spectral reflectance regimes
related to plant phenophases.

Ascertaining evaporation using field observations is a tedious, complex and
expensive undertaking, requiring specific devices and accurate measurements of various
physical variables at different intervals and scale (i.e., Jiménez-Rodriguez et al., 2020;
Schilperoort et al., 2018; Foken, Aubinet and Leuning, 2012; Gerrits et al., 2009; Gerrits et
al., 2007; Dyck 1972). Furthermore, field observations, which are usually point based, are
limited in application due to the heterogeneity in the land surface. To bridge these gaps, there
has been accelerated development and application of satellite-based approaches to estimate
evaporation at local, regional and global scales. Thus, evaporation estimates based on satellite
data, to a large extent, are bridging the gaps associated with field data collection, i.e., spatial
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and temporal constraints, though the approach comes with its own limitations (McCabe et
al. 2019; Zhang et al., 2016; Kalma et al., 2008; McCabe and Wood, 2006). For instance, the
model structure, inputs and processes of satellite-based evaporation models’ result in varied
performance (Stisen et al., 2008; McCabe and Wood, 2006; Lakshmi, 2004). For example,
McCabe and Wood (2006) showed that remote sensing data input from different sensors (i.e.,
ASTER, LANDSAT and MODIS) produced different estimates of evaporation and varied in
scale behaviour. Additionally, one important limitation of satellite-based evaporation
products is the discontinuity in temporal coverage by satellites, which entails having gaps in
space and time on evaporation estimates. This creates difficulties for model inter-comparison
and requires use of temporal upscaling techniques i.e., Tang et al., (2013) and Ryu et al.,
(2012) to overcome, though upscaling techniques have their own shortcomings.

A comprehensive review of the satellite-based approaches for computing evaporation
was performed by Zang et al. (2016). Based on this review, there are at least six approaches
on which computation of satellite-based evaporation estimates are anchored, of which four
are the most common. Firstly, the Surface energy balance methods (i.e., SEBS (Su, 2002))
that combines the surface energy balance expression and land surface flux equations with
remotely sensed temperature. In this approach evaporation is estimated as a residue of the
surface energy budget based on the SEBS equation. Secondly, the Penman-Monteith (PM)
based methods (Penman 1948; Monteith, 1965) generally compute the ratio of evaporation
and latent heat flux directly and/or estimate sensible heat flux in conjunction with the energy
balance equation. The success of PM using remote sensing data lies in the accurate estimation
of surface/canopy resistance to water vapor or its inverse-surface/canopy conductance.
Thirdly, the Priestley—Taylor (PT) (Priestley and Taylor, 1972) model is a simplification of
the Penman — Monteith equation and was originally used to estimate evaporation under water
unstressed conditions without computing aerodynamic and surface conductance. Lastly, the
Water Balance Method in which evaporation is estimated as a residue of the water balance
equation. In this approach, change in water storage is obtained by the balance of rainfall,
evaporation, and discharge/catchment runoff, often involving conceptual modelling to
account for storage variation (e.g., Savenije, 1997). The water balance method is the most
used approach in large sparsely gauged basins. This is because despite the challenges with
data runoff information in most basins, change in water storage and precipitation can be
estimated from satellite data-based products (Stisen et al., 2008; Wang et al., 2015). Some
commonly used satellite data based surface energy balance evaporation models, that map
actual evaporation with satellite data based on the above approaches include, but not limited
to, the Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen et al., 1998),
Surface Energy Balance System (SEBS) (Su, 2002), the Operational Simplified Surface
Energy Balance (SSEBop) (Senay et al., 2013), the Atmosphere-Land Exchange Inverse
(ALEXI) model (Anderson et al.,, 1997), Moderate-resolution Imaging Spectrometer
(MODIS) MOD16 (Mu et al., 2011; Mu et al., 2007), Mapping Evapotranspiration at High
Resolution with Internalized Calibration (METRIC) (Allen et al., 2007) and the Global Land
Evaporation Amsterdam Model (GLEAM) (Martens et al., 2017; Miralles et al., 2011).
Despite the availability of numerous satellite-based evaporation estimates, the challenge now
exists in that these products have varying performance outcomes depending on the land



Evaporation of the miombo woodland of southern Africa

surface. The differences in the outcomes are mainly associated with uncertainties in input
data, model structure, model parameters, high number of parameters associated with too
limited data, changing hydrological conditions and changes in land cover and use (Miralles
et al. 2016; Zhang et al., 2016). The overarching consequence of these challenges is that each
model’s evaluation of evaporation of a same surface (i.e., woodland) differ from each other
both in time and space. Furthermore, each model’s evaporation assessments are validated
using different field approaches such as the Eddy covariance based on different sites of
interest. However, the heterogeneity in the earth’s landscape implies that model validation
results from one point on the earth’s surface cannot be used for “all other characteristically
similar” locations on the earth surface. This is as a result of the influence of landscape
heterogeneity on scaling behaviour of surface fluxes as observed by satellite sensors with
different spatial resolutions (Zhang et al., 2016). Furthermore, Bastiaanssen et al. (1998)
showed that differences in approaches such as integration times (i.e., half hourly or hourly)
for measured sensible and latent heat could result in errors. This is because sensible heat flux
changes with solar elevation. Furthermore, the importance of evaporation products and
calculation procedures have largely been crafted around and often limited to crop
productivity. The overall consequence of this is inaccurate estimates of evaporation for other
land surfaces and particularly for woodland ecosystems (Coenders-Gerrits et al., 2020).
There is, therefore, taking into account the landscape heterogeneity, need for localised
modelling and validation of satellite data-based assessments such as the land surface heat
fluxes (i.e., sensible and latent heat fluxes) and actual evaporation. What this situation
presents is that, in the absence of comparison with field measurements, it becomes extremely
difficult, if not impossible, to determine which of the satellite data-based evaporation
estimates gives a close representation of the actual field conditions, both in time and space,
of a given land surface. In the application of satellite-based evaporation estimates (i.e., at
basin level) a lack of validation of these products causes difficulties in accounting for under-
or overestimation of the evaporation flux which has significant consequence(s) on the
allocation of water for food and energy production, as well as allocation for environmental
flows, among many demands for water. Therefore, in order to enhance outcomes in the
utilization of satellite-based evaporation estimates, especially with the noted (i.e., Agrawal
et al., 2008) climate change impacts in southern Africa, there is need for localized or
regionalized land surface specific validation of satellite-based evaporation estimates
(McCabe and Wood, 2006; Zhang et al., 2016).

There is increased usage of satellite-based evaporation estimates in the management
of water resources globally and in Africa (Garcia et al., 2016; Zhang et al., 2016; Makapela,
2015). However, in Africa, and specifically the miombo woodland region, there is paucity of
field observations due to extremely scarce or non-existent flux observation towers. It is,
therefore, extremely difficult to select satellite-based evaporation estimates that are close to
actual filed conditions of the miombo woodland. Some satellite-based evaporation estimates
were validated at global scale (i.e., Miralles et al. 2016) and across some African basins using
two different approaches: flux observations (i.e., Ramoelo et al., 2014), and the water balance
(i.e., Blatchford et al., 2020; Dile et al., 2020; Weerasinghe et al., 2020). Results showed that
satellite-based evaporation estimates have a mixed performance across ecosystems or land
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surfaces, they tend to either overestimate or underestimate actual evaporation. This mixed
behaviour of underestimation and overestimation is mainly attributed to the uncertainties
associated with model structure, forcing data, model processes and scaling (Pagéan et al.,
2019). Ramoelo et al. (2004) showed significant inconsistences between EC-actual
evaporation observations and MOD16 satellite-based evaporation estimates. Ramoelo et al.
(2004) attributed these inconsistences to various factors that included errors in flux tower
instruments, flux tower foot print, and the parameterization of the MOD16. While some
satellite-based evaporation estimates have been validated in a number of African ecosystems
(i.e., Blatchford et al., 2020; Dile et al., 2020; Weerasinghe et al., 2020; Ramoelo et al.,
2004), none of the undertakings was performed in the miombo woodland as a characteristic
land surface. However, in the miombo woodland, and the Luangwa Basin in particular,
satellite-based evaporation estimates appear to perform differently from each other in this
unique ecosystem. For instance, satellite products significantly differ in spatial and temporal
estimates of actual evaporation across miombo phenophases (i.e., Zimba et al., 2023, under
review).

14 Field measurements of woodland evaporation

Limitations can be found in all available conventional approaches, such as the eddy
covariance (EC) system (Foken et al., 2012; Jarmain et al., 2009; Savage et al., 1997),
lysimeters (Sutanto, Wenninger, and Uhlenbrook, 2012; Teuling, 2018), scintillometry
(Dzikiti et al., 2014; Jarmain et al., 2009) and the conventional Bowen ratio (Everson, 2001,
Savage et al., 1997; Bowen, 1926). For instance, inability to account for energy fluxes near
the observation tower causes energy closure problems in the EC-systems. Additionally, site
heterogeneities introduces horizontal and vertical advective terms that are impossible to
resolve by single point flux tower measurements (Foken et al., 2012; Liu et al., 2006).
Furthermore, if the optical path is obsecured, such as occurs in wet conditions, the EC’s
optical open-path sensors do not work properly and if the open-path analyzer is wet the
evaporation which occurs shortly after a rainfall event is not observed (Coenders-Gerrits et
al., 2020; Hirschi et al., 2017). In the case of the two vertical sensor-based Bowen ratio, each
sensor has its own errors which are propagated to the Bowen ratio. Additionally, it is difficult
to ensure that the two sensors are correctly aligned with each other which results in incorrect
Bowen ratio estimates (Angus and Watts, 1984; Spittlehouse and Black, 1980). Jarmain et
al. (2009) assessed and reported on various conventional methods for estimating evaporation
in different land surfaces in south Africa.

However, recent advances in the distributed temperature sensing system has
expanded possibilities for improved accuracy in energy partitioning and the application of
the Bowen ratio for evaporation flux assessment in forests (Euser et al., 2014; Schilperoort
et al., 2020; Schilperoort et al., 2018). In contrast to the conventional Bowen ratio approach,
the Distributed Temperature Sensing Bowen ratio technique (BR-DTS) makes use of several
vertical high resolution temperature measurements made with a single fibre optic cable. This
eliminates the need for the conventional configuration with two indivual sensors at different
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locations and the associated errors with this type of set up. One section of the fibre optic cable
measures the air temperature profile, while a second section, covered in a constantly wetted
cloth, measures the wet-bulb temperature profile. The vapour pressure profile can be derived
through the psychorometer principle. The DTS technique enables that wet and dry bulb
temperature measurements can cover the entire vertical profile through a woodland stand:
above the woodland canopy, within the canopy, and under the canopy. This is conducted
simultaneously along a single fibre optic cable, thereby facilitating a deepened understanding
of the energy partitioning in a woodland (Schilperoort et al., 2020; Schilperoort et al., 2018;
Euser et al., 2014). Coenders-Gerrits et al.(2020) have suggested that the DTS technique
offers opportunities to assess woodland energy storage components that are not normally
captured when using conventional approaches. The BR-DTS approach provides an avenue
for enhanced understanding and increased accuracy in the estimation of woodland
evaporation. This is notwithstanding the challenges associated with the BR-DTS approach
such as the requirement for sufficient ventilation and constant wetting of the fibre optic cable.
Furthermore, compared to the EC method the BR-DTS approach tends to minimally
overestimate diurnal latent heat flux (LE) by a mean difference of 18.7 Wm™? (Schilperoort
et al., 2018). Additionally, despite the highlighted advantages of the BR-DTS approach its
major limitation is that it is a point measurement.

For the miombo Woodland, the need for field-based actual evaporation estimates is
highlighted by the discrepancies in satellite-based evaporation estimates (Zimba et al., 2023
under review). Due to a lack of field-based observations of actual evaporation of the miombo
woodland the satellite-based evaporation estimate(s) that are close to field conditions are
unknown. Therefore, an independent energy partitioning and estimates of miombo woodland
actual evaporation that can be used to validate satellite-based evaporation estimates is of great
importance in the management of water resources in this ecosystem.

1.5  Why the miombo woodland

The miombo is the largest tropical seasonal woodland in sub-Sahara Africa with a
spatial extent of between 2.7 and 3.6 million square kilometres (Fig 1.1; White, 1983). The
woodland forms the transition zone between the tropical rainforest and the African savanna
woodland. The average annual rainfall and temperature in the miombo woodland is in the
range 710-1365 mm/year and 18.0-23.1 °C, respectively (Chidumayo et al., 2010;
Chidumayo, 2001; Frost, 1996; White, 1983).

The miombo woodland plays a crucial role in the water, energy and food nexus of the
countries it covers. For instance, the woodland provides food (wild foods and agriculture)
and energy (i.e., firewood and charcoal) to millions of people across the countries it services
(Gumbo et al., 2018; Frost, 1996).
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Figure 1.1: The location and extent of the miombo woodland in Africa. Much of the Zambezi
River Basin is covered by the miombo woodland. Major rivers in the Zambezi Basin have
their sources in the miombo woodland.

Some major rivers, like those in the Zambezi Basin i.e., Zambezi River and its
tributaries like the Luangwa and Kafue rivers, have their source in and whose catchment
areas are largely covered by miombo woodland. Therefore, the woodland is likely to have
significant transboundary impact on water availability due to evaporation, surface run-off
and ground water recharge. Water availability consequently affects irrigation and hydro
power generation projects placed on some of the rivers i.e., Zambezi River (Beilfuss, 2012).

The unigqueness, compared to other global ecosystems, of the plant-water interactions
of the miombo woodland has been highlighted (Tian et al., 2018; Guan et al., 2014; White,
1983), and has been particularly demonstrated by Vinya et al., (2018), Fuller (1999), Frost
(1996) and White (1983). Of importance is the adapted endogenous whole-plant control of
leaf phenology (i.e., Vinya et al., 2018), simultaneous leaf fall and leaf flush (i.e., Fuller,
1999) and deep rooting which gives ability to the plants to access groundwater resources to
buffer the dry season water limitations (Tian et al., 2018; Guan et al., 2014, Savory, 1963).
The miombo woodland is heterogeneous with diverse plant species whose phenological
response to stimuli is characteristically species dependent (Chidumayo, 2001; Fuller, 1999;
Frost, 1996). For instance, leaf fall, leaf flush and leaf colour change are triggered at different
times for each species. This means that for the miombo woodland, unlike what obtains in
other homogenous woodlands in which the entire woodland is either undergoing leaf fall or
leaf flush, the leaf fall and leaf flush occur simultaneously. This results in a woodland canopy
that is variable in terms of canopy closure and greenness especially during the dry season. To
this effect the miombo woodland has varied canopy closure ranging between 2 to about 70
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percent depending on the miombo woodland strata and local environmental conditions such
as rainfall, soil type, soil moisture, species composition and temperature (Chidumayo, 2001;
Fuller, 1999; Frost, 1996). For the wet miombo woodland with a canopy closure of about 70
percent, at any given time, there is a relatively large woodland canopy surface for
radiation/energy interception. The deep rooting in most miombo woodland species (Savory,
1963) provides access to deep soil moisture resources (Fan et al., 2017; Kleidon and
Heimann, 1998). The deep rooting miombo woodland green canopy provides an evaporative
surface that, in combination with other environmental variables, possibly facilitates
continued transpiration even during the driest periods within moisture stress threshold (i.e.,
Li et al., 2021). The question is whether actual field evaporation reflects this interaction.
Additionally, do satellite-based evaporation estimates capture the various phenological
transitions and account for this uniqgue miombo woodland species dry season canopy cover—
water interaction within the available energy and soil moisture dynamics at play? Regardless
the above highlighted importance of the woodland, there exists scant, if any, information on
the woodland evaporation dynamics. This is due to lack of flux observation towers in the
entire miombo woodland. Furthermore, the studies conducted in the miombo woodland have
tended towards the characterisation of woodland plant species, its role as a carbon sink and
the social-economic relevance of the ecosystem. Information on the phenology of the
ecosystem exists (i.e., Chidumayo et al., 2010; Chidumayo, 2001; Fuller, 1999; Chidumayo
and Frost, 1996), but there has been no attempt to characterise energy partitioning and
evaporation patterns linking them to the phenology of the ecosystem with access to ground
water resources, especially during the water scarce dry season. The above assertions are made
with reference to publications in public domain.

1.6 Problem statement

Globally the advent of climate change has pressed demand on the need for efficient
and integrated management of available scarce water resources (Giupponi et al., 2017;
Savenije et al., 2008) especially in developing countries that are already grappling with
adaptation to its impacts (Agrawal et al. 2008). Of great importance in the climate adaptation
agenda and process is the availability of locally generated information (Agrawal et al., 2008).
The role of accurate information to enable generation of appropriate adaptation interventions
cannot be overemphasized (Sebestyén et al., 2021; UNFCCC, 2020; Kusangaya et al., 2014).
Evaporation is a key in water resources management as it is an important determinant of
water availability and consumption (Dimitriadou et al., 2021; Condon et al., 2020; Konapala
et al., 2020 ) by various competing uses. Evaporation is and will continue to be affected by
climate change (Yang et al., 2015; Snyder et al., 2011).

With respect to publications in the public domain, field-based information on
evaporation in the miombo woodland in sub-Saharan Africa is not available. Furthermore,
satellite-based evaporation estimates are not validated with data from the miombo ecosystem.
What has happened is that water resources managers arbitrary use satellite-based evaporation
estimates without knowing the degree of uncertainty. In most cases choice of satellite-based
evaporation estimates to use is based on validation results in non-miombo ecosystems. The
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challenge with this satellite-based evaporation estimates choice scenario is that non-miombo
ecosystems have different phenology and evaporation to that of the miombo ecosystem. For
instance, satellite-based evaporation estimates that performs extremely well in energy limited
conditions and homogenous woodland type i.e., in Europe, cannot be assumed to have the
same performance in a warm, water limiting and heterogeneous woodland like the miombo
woodland.

Overall, the lack of miombo woodland evaporation information means that water
resources at various scales i.e., local catchment and transboundary, are being managed using
unverified information. This state likely has many negative cascading implications across the
water use spectra in the miombo woodland region. The reason for non-availability of
evaporation information is because there are currently no flux observation towers in the
miombo ecosystem. This scenario, if left unabated, has potential to continue to negatively
affect water resources management in the miombo woodland region.

It is important that field estimates of evaporation of the miombo woodland across the
many miombo strata and phenophases are made available. This will facilitate deepened
understanding of the evaporation dynamics, and at the same time provide information for
comparison with satellite-based evaporation products, enabling the selection of an
appropriate product to use in a given miombo region basin. This in return will enhance
hydrological and climate modelling, consequently resulting in improved efficiency in the
overall water resources management standard in the region.

1.7 Research objectives

This thesis is about contributing to the understanding of the evaporation dynamics in
Africa’s miombo woodland. The focus was deliberately on the dry season, which is
characterised by different vegetation phenophases and water availability unique to the
miombo woodland. The study sought to contribute to the filling of information gaps with
respect to the energy partitioning and the diurnal and phenophase-based evaporation pattern
(i.e., trend and magnitude). Additionally, the study sought to establish the extent of agreement
between commonly used free of charge satellite-based evaporation estimates with field
observations.
Therefore, the specific objectives of this study were:

1. To characterise the phenophase-based changes in the woodland canopy cover of
the miombo woodland in relation to the woodland canopy vegetation water
content and the woodland canopy temperature using satellite data;

2. To characterise the Bowen ratio of the miombo woodland across the different
phenophases in the dry season and the early rainy season;

3. To partition the available energy into sensible and latent heat fluxes across the
different phenophases of the miombo woodland in the dry season and early rainy
season;
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4. Characterise actual evaporation according to the phenophases of the miombo
woodland;

5. Compare four commonly used free of charge satellite-based evaporation estimates
to field estimates of actual evaporation across the different phenophases of the
wet miombo woodland in the dry season and early rainy season;

6. To compare trends and magnitude of commonly used free of charge satellite-
based evaporation estimates in the miombo woodland,;

7. To compare free of charge satellite-based evaporation estimates to the general
annual water balance-based actual evaporation estimates for the Luangwa Basin.

The above objectives were meant to help answer the following questions.

1.8

1.

What are the changes in the woodland stand canopy cover, canopy vegetation water
content and the canopy temperature with respect to the phenology of the miombo
woodland?

What are the relationships between the woodland stand canopy cover and the canopy
vegetation water content and canopy temperature of the miombo woodland?

How is the available energy partitioned in the different phenophases of a wet miombo
woodland in the dry season and the early rainy season?

What is the trend and magnitude of actual evaporation across the phenophases of the
wet miombo woodland in the dry season and early rainy season?

How do the satellite-based evaporation estimates perform in estimating actual
evaporation in the different phenophases of the wet miombo woodland in the dry
season and early rainy season?

What could be the potential reasons for the behaviour of each satellite-based
evaporation estimate in relation to field-based actual evaporation estimates across the
different phenophases of the miombo woodland in the dry season and early rainy
season?

In which phenophases of the miombo woodland do the satellite-based evaporation
estimates differ/agree?

What could be the contributing factors to the observed differences/agreements of
satellite-based evaporation estimates?

Do satellite-based evaporation estimates agree with the water balance-based estimates
of actual evaporation at the Luangwa Basin scale?

Thesis structure
The thesis structure is based on the objectives and research questions of the study.

Chapter 1 gives the introduction to the concept of phenology. The chapter also highlights
available satellite-based evaporation estimates. Field-based evaporation assessment methods
are briefly discussed. In chapter 1 the uniqueness of the phenological characteristics of the
miombo woodland species is highlighted. The chapter further shows the miombo woodland
as an important ecosystem in sub-Sahara Africa’s energy, food and water nexus. Under
chapter 1 the existing challenges in assessing actual evaporation of the miombo woodland
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are discussed. Finally, the importance of this study in bridging the observed challenges is
presented.

Chapter 2 characterises the canopy phenology of the miombo woodland in relation to
the canopy vegetation water content and the canopy temperature using satellite-based proxies
NDII, NDVI, LAI and LST. Literature on the woodland canopy cover in relation to water
and temperature for the miombo woodland was also consulted. Chapter 2 is aimed at
objective 1 and answers research questions 1 and 2. It was found that canopy cover varied
with the changes in the woodland canopy vegetation water content and the canopy
temperature across phenophases. It appeared the canopy vegetation water content accounted
for more variations in the canopy cover proxies, LAl and NDVI, than the canopy temperature.
The lowest woodland canopy cover was observed during the period with the lowest
vegetation water content in the dormant phenophase. The question that followed was to
investigate if field observations and satellite-based evaporation estimates also followed this
trend.

The point scale phenophase-based available energy partitioning into sensible and
latent heat fluxes, daily estimates of the actual evaporation and the comparison to free of
charge satellite-based evaporation estimates is presented in chapter 3. In this chapter the BR-
DTS approach is used to estimate the Bowen ratio at hourly scale across the different
phenophases in the dry season and the early rainy season. Using the Bowen ratio, the
available energy is partitioned into sensible and latent heat fluxes. Using the energy balance
equation, the actual evaporation is estimated diurnally at hourly interval then summed up into
daily and 10-day estimates. The 10-day DTS-based actual evaporation estimates are then
compared to 10-day values of satellite-based evaporation estimates according to phenophases
i.e., green-down, dormant and green-up phenophases. The potential contributing factors to
the observed behaviour of each of the satellite-based evaporation estimate is discussed. It
appeared the actual evaporation of the wet miombo woodland followed more the changes in
available energy than the changes in the canopy cover. Generally, all satellite-based
evaporation estimates underestimated actual evaporation in the dormant and green-up
phenophases in the dry season and early rainy season. Chapter 3 is directed at objectives 2 to
5 and answers research questions 3 to 5.

In chapter 4 six satellite-based evaporation estimates are compared across different
phenophases. This was meant to observe the extent to which satellite-based evaporation
estimates differed or agreed, in terms of trend and magnitude, in each phenophase, and what
could be the contributing factors. Additionally, the annual water balance approach is used in
which basin scale actual evaporation is estimated as a residue of precipitation and runoff.
This component of the study was aimed at establishing whether the satellite-based
evaporation estimates underestimated/overestimated actual evaporation at basin scale.
Chapter 4 is aimed at achieving objectives 6 and 7 and answers research questions 7 - 9. It
was observed that major discrepancies among satellite-based evaporation estimates are in the
dormant and green-up phenophases of the miombo woodland. Direct integration of the soil
moisture component in satellite-based evaporation estimates could be a key factor which
contributed to the observed differences in the dry season and early rainy season. When
compared to the water balance-based actual evaporation estimates all satellite-based
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evaporation estimates underestimates actual evaporation of the Luangwa Basin.

In conclusion chapter 5 discusses the findings in chapters 2, 3 and 4 while chapter 6
provides an overview of the major conclusions and recommendations. Furthermore, chapter
6 looks at the potential areas for further research in order to augment and solidify the
understanding of evaporation dynamics in the miombo ecosystem, especially that field
estimates of evaporation in this study were focused only on the wet Zambezian miombo
woodland. For an overall conclusive overview on the evaporation dynamics there is need to
assess actual evaporation of the various miombo woodland strata.
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Photograph showing canopy of the miombo woodland and clouds viewed from the flux tower at the
Mpika site, Zambia
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Chapter 2

“Imit1 ikula empanga”
(Small growing trees become a forest)

(African Proverb)
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2.1 Introduction

The miombo woodland is Africa’s largest tropical seasonal woodland and dry
woodland formation spread in 11 countries and covering an area between 2.7 and 3.6 million
km? (Gumbo et al., 2018; Frost, 1996). The woodland forms the transition zone between the
tropical rainforest and the African Savannah. Being a transition zone, it is probably sensitive
to climate change where dry-out could possibly trigger ecosystem shifts. The word miombo
is used to describe Brachystegia, one of the many species found across the ecosystem. The
miombo ecoregion plays a crucial role in the food, water and energy nexus in sub-Sahara
Africa and maintain carbon stocks, thus regulating climate (Gumbo et al., 2018; Pelletier et
al., 2018; Jew et al., 2016; Munishi et al., 2010). Furthermore, studies (Sutanto et al., 2012;
Gerrits, 2010) showed that woodlands, such as the miombo woodland, plays a critical role in
the water balance by affecting the land surface water interaction such as precipitation canopy
interception and extraction of soil water via the transpiration process. However, rising
temperatures, changing precipitation regimes and changes in the amount of carbon dioxide
are expected to affect phenology, composition, structure, distribution and succession
processes of woodlands (Gumbo et al., 2018; IPCC, 2007). Thus, the relationships of canopy
cover with variables such as canopy water and temperature must be well understood and
consequently taken into account in climate and hydrological modelling (Wegehenkel, 2009)
in the miombo woodland. However, the species composition, richness and heterogeneity
(even at local woodland level) (Goncalves et al., 2017; Giliba et al., 2011; Frost, 1996;
Chidumayo, 1987) and the vastness of the miombo ecosystem in sub-Sahara Africa makes it
impossible to employ field observations at a scale capable of capturing an acceptable
representation of, for instance, the various plant-water and plant-temperature dynamics of the
ecosystem. For instance, field data-based studies like Vinya et al. (2018) and Chidumayo
(2001) only considered a few miombo species out of the many that exist in the miombo
ecosystem. Furthermore, in addition to financial limitations, field observations normally are
spatially and temporally constrained. This has possibly contributed to the paucity of data on
the various aspects of woodland-climate interactions in the miombo ecosystem. The
application of satellite based remote sensing techniques in assessing woodland-climate
interaction provides a significant and expanded platform for data collection and monitoring
of the dynamic state of woodlands, especially for vast transboundary woodlands like the
miombo woodland where ground-based methods are virtually not feasible. This is because
satellite remote sensing comes with the advantage of area coverage (spatial resolution),
regular revisit time (temporal resolution), acquisition of data in a wide range of the
electromagnetic spectrum (spectral resolution) and has a high degree of homogeneity.
Furthermore, a large number of satellite sensors, with global coverage, are currently
generating enormous amounts of data at various resolutions that form the base for both
historical and continued monitoring of woodland-climate interactions (Lechne et al., 2020;
Lausch et al., 2017; Wang et al., 2010; Wulder & Franklin, 2003). This is even more
important for Africa with limited capacity to undertake field measurements.

Some studies, including satellite data-based ones, related to plant-water and plant-
temperature interaction have been conducted, in the Savannah woodland in general and
miombo woodland in particular (Vinya et al., 2018; Tian et al., 2018; Chidumayo, 2001,



17
Evaporation of the miombo woodland of southern Africa

Botta et al., 2000; Jeffers & Boaler, 1966; Woodward, 1988). However, the type of satellite
data used and the climate variables considered leave room for further investigations using
other freely available satellite data products such as the Moderate Resolution Imaging
Spectroradiometer (MODIS). For instance, most previous studies used air temperature and
rainfall to understand the plant water and plant-temperature relationships in the miombo
woodland. These studies suggested that the miombo woodland is water controlled and that
temperature could be a critical determinant of plant distribution (Vinya et al., 2018; Tian et
al., 2018; Chidumayo, 2001; Botta et al., 2000; Woodward, 1988; Jeffers & Boaler, 1966).
The satellite data-based studies typically used air temperature and Normalised Difference
Vegetation Index (NDVI) (Rouse et al., 1973) i.e., Chidumayo (2001), the Leaf Area Index
(LAI), transpiration and Vegetation Optical depth (VOD) (i.e., Tian et al., 2018) to
understand the relationships. Chidumayo (2001) analysed the relationship between rainfall,
minimum and maximum air temperature with the NDVI. Chidumayo (2001) observed that
combined minimum and maximum temperature accounted for the largest variation (R? 0.96)
in NDVI values followed by rainfall (R?> = 0.35). Further, Chidumayo (2001) observed a
negative relationship between NDVI and maximum temperature. Tian et al. (2018) studied
seasonal variations in ecosystem-scale plant water storage and their relationship with leaf
phenology. They found that in the miombo woodland transpiration co-varied with LAI
seasonal variations. They further observed that plant water storage played a critical role in
“buffering seasonal dynamics of water supply and demand, and sustaining fresh leaves
formed before the rain”.

However, climate variables such as Land surface temperature (LST), which is the
radiative skin temperature of a surface derived from remotely sensed thermal radiation, is
increasingly becoming more useful in hydrological modelling, vegetation monitoring, global
circulation models-GCM and many more applications (Garcia-Santos et al., 2018; Hulley,
2017; Avdan & Jovanovska, 2016; Sun et al., 2016; Li et al., 2013; Cammalleri & Vogt,
2005; Dash et al., 2002; Jones & Rotenberg, 2001). The surface temperature is regarded as a
direct representation of the canopy thermal status due to its interaction with radiation (long
wave and short wave) and other biotic and abiotic processes (Jones & Rotenberg, 2001). The
LST is considered as a significant variable in controlling several environmental factors
including the hydrology, carbon cycle and the land surface energy budget (Sun et al., 2016).
In the case of the miombo woodland (Mildrexler, Zhao, & Running, 2011) showed that
during the dry season, with reduced canopy cover, the LST is higher than air temperature in
African Savannah woodland. Furthermore, during the period of high moisture (i.e., rainy
season) and high canopy cover maximum LST is almost 1:1 ratio with the maximum air
temperature. The surface in the case of the miombo woodland would largely be the woodland
canopy. The discrepancy between LST and air temperature in the dry season could possibly
render different results from those observed with the use of air temperature. This makes it
necessary to understand the LST (as proxy for canopy temperature) interaction with canopy
cover proxies such as the LAl and NDVI. Based on increased application of LST in vegetation
monitoring and climate and hydrological modelling the use of LST to understand the canopy
cover and canopy temperature relationship in the miombo woodland could be a significant
addition to the body of knowledge on the miombo ecosystem.
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In the context of plant water assessment using satellite data, Mobasheri & Fatemi
(2013) showed that there exists strong correlation between equivalent water thickness (ETW)
(defined as the weight of water per unit area of leaf) and the Near Infrared (NIR) and
Shortwave Infrared (SWIR) wavelengths in the electromagnetic spectrum. Additionally, they
showed that band combinations such as ratio and normalized difference had higher
regressions with leaf water content. Some satellite data-based indices such as the Normalised
Difference Infrared Index (NDII) (Fensholt & Sandholt, 2003), a normalised band ratio, have
shown capacity as proxy for both the vegetation water content and root-zone storage and is,
therefore, being used in hydrological modelling (Sriwongsitanon et al., 2015; Yilmaz ,Hunt
Jr, & Jackson, 2008; Gao, 1996; Hunt & Rock, 1989; Hardisky, Klemas, & Smart, 1988).
When plant water balance is considered, rainfall can generally be assumed as the gross water
received in a woodland (Gerrits, 2010; Marin, Bouten, & Sevink, 2000). The vegetation water
content and root-zone storage (i.e., as proxied by NDII) can be considered more
representative of the net water available for use by plants. What is also important is that the
NDII can be derived from freely available optical satellite data from sensors such as the
Moderate Resolution Imaging Spectroradiometer (MODIS). Therefore, instead of the use of
the VOD as proxy for vegetation water (Tian et al., 2018) or rainfall to indicate water
availability (Chidumayo, 2001) this study used the Normalised Difference Infrared Index
(NDII) as proxy for the woodland canopy water content.

When it comes to observing canopy cover and vegetation density the LAl i.e., the one-
sided green leaf area per unit ground surface area in broadleaf canopies (Myneni & Park,
2015) and the NDVI (Rouse et al., 1973) i.e., measure of density of vegetation, have been
used to assess canopy cover in dry woodlands of Africa and the miombo woodland in
particular (Tian et al., 2018; Chidumayo, 2001; Fuller et al., 1997). For instance, Fuller et al.
(1997) used the radiative transfer model to demonstrate the NDVI as a good predictor of
canopy cover in the miombo woodland in Zambia. In this study MODIS based LAI and the
NDVI were utilised as proxies for canopy cover.

The premise for the use of the MODIS data is that it is readily available for free, has
a near-global spatial coverage (250m-1km) suitable for assessing vegetation dynamics in a
vast woodland like the miombo woodland, has a comparatively better temporal scale (1-2
times/day) and can easily be processed with most available imagery computing applications.
Other than the availability of raw data MODIS also has several ready to use highly processed
products including but not limited to vegetation indices, land surface temperature and
evaporation (Cano et al., 2017; Running, 2017; Didanet et al., 2015; Myneni & Park, 2015;
Ticehurst et al., 2014; Garcia-Mora, Mas, & Hinkley, 2011; Vermote, Kotchenova & Ray,
2011; Reeves, Zhao, & Running, 2017; Dash et al., 2002). These attributes make MODIS
data suitable for application at local, catchment and regional scales in a cheaper and timely
manner especially in the African context with limited capacity to deploy field-based
assessments.

To better understand the interaction of canopy cover with canopy water content and
canopy temperature this study used several statistical approaches. Key among the statistical
analyses was the Correlated Component Regression Linear Model (CCR.LM) (Magidson,
2013). The most significant attributes for selecting the CCR.LM was the capacity to account
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for multicollinearity in predictor variables and to eliminate less important predictor variables,
using the step-down variable reduction approach, based on importance in affecting the
response variable. By using the CCR.LM we sought to evaluate which of the two variables
i.e., canopy water content (proxied by NDII) and canopy temperature (proxied by LST)
accounted for the most variations in the canopy cover at different time scales and seasons.
This was important for comparison with the previous studies that used rainfall and air
temperature to analyse the interactions with canopy cover.

This paper, therefore, describes the results of the assessment of the variations in the
canopy cover (proxied by the LAI and the NDVI) and its relationship with the canopy water
content (proxied by the NDII) and temperature (proxied by the LST) in the miombo woodland
using MODIS satellite based-data. The objectives of this study were to: (i) to analyse the
seasonal and inter-annual patterns in the woodland canopy cover, canopy water content and
canopy temperature, (ii) to ascertain correlation of the canopy cover with the canopy water
content and the canopy temperature, (iii) to determine the most determinant factor of the
variations in the woodland canopy cover between the canopy water content and the canopy
temperature in the miombo woodland, and to (iv) to observe if any significant change points
and historical trends in the means of the canopy cover, canopy water content and canopy
temperature occurred in the period 2009 — 2018. The analysis of change points and historical
trends was meant to further understand the relationships between the canopy cover, the
canopy water content and canopy temperature in the miombo woodland. The results of the
study could be useful to the monitoring of impact of climate change on the miombo woodland
phenology.

2.2  Materials and methods
2.2.1 Study site

The miombo woodland is situated within the southern sub-humid tropical zone of
Africa with mean annual precipitation and mean annual temperature in the range 710-1365
mm/year and 18.0 - 23.1°C, respectively. In the Luangwa Basin, in Zambia, where the study
was focused (Fig. 2.1), the rainy season is between October and April of a hydrological year.
The dry season, May to October, is split into the cool dry (May to August) and hot dry
(August to October). The rainfall is a result of the movements of the Inter-Tropical
Convergence Zone (ITCZ) over Zambia between October and April of a hydrological year
(Beilfus, 2012; Timberlake & Chidumayo, 2001; Frost, 1996). The study was centred on
miombo woodland at Nsansala and Mutinondo conservancy areas (lat: -12.4°S, long: 31.2°E)
in Mpika District which falls in the central Zambezian miombo, in the north western part of
the Luangwa Basin (Fig. 2.1). The location is a conservancy with extremely limited and
controlled anthropogenic activities.
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Figure 2.1: Extent of the miombo woodland in sub-Sahara Africa and the Luangwa sub-
basin of the Zambezi River Basin showing the miombo woodland study location in Zambia.
The studied miombo woodland is located within the central Zambezian miombo woodland,
which is the largest miombo subgroup. Map of miombo woodland adapted from the miombo
network (miombo Network, 2020). Land cover map was adapted/based on the 2018
Copernicus global land cover map for Africa.

The woodland is largely in its natural state. The central Zambezian miombo is the largest
of the four miombo sub-groups the other three being the Angolan miombo, Eastern miombo
and the Southern miombo (miombo Network, 2020). According to Frost (1996) Zambia has
possibly the highest diversity of trees and is said to be the centre of endemism for
Brachystegia, with 17 species. The miombo is a heterogeneous woodland of the genus
Brachystegia with the dominant species in the study location being Brachystegia longifolia,
Brachystegia boehmii, Brachystegia speciformis and Jubenerdia paninculata. Leaf fall and
leaf flush occur in the dry season between May and October (Vinya et al., 2018; Timberlake
& Chidumayo, 2001; Frost, 1996; Chidumayo, 1987).

2.2.2 Description of data sets

Climate and hydrological data i.e., modelled precipitation, were retrieved from the
National Ocean and Atmospheric Administration (NOAA) Climate Forecast System
Reanalysis (CFSR) model which uses satellite data (Saha et al., 2014; Saha et al., 2010) at
19200 m (1/5-deg) spatial resolution and daily temporal resolution using the Climate Engine
(https://clim-engine.appspot.com/climateEngine). The daily precipitation values were
summed into 8-day values to match the temporal resolution of the rest of the data sets.
MODIS surface reflectance (MOD09A1/MYDO09A1) (Vermote, Kotchenova, & Ray, 2011)
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data used to compute the NDVI and NDII at 8-day temporal scale and 500m spatial resolution
was obtained from the climate engine (http://clim-engine.appspot.com/climateEngine).
MODIS surface reflectance (MOD09A1/MYDO09AL1) is a 7-band level 3 surface reflectance
product with band characteristics as indicated in Table 2.1. Each product pixel contains the
best possible level 2 gridded observation during an 8-day period as selected on the basis of
high observation coverage, low view angle, absence of clouds or cloud shadow, and aerosol
loading. The MODO09A1/MYDO09A1 product has been corrected for the effects of
atmospheric gases and aerosols (Vermote, Kotchenova, & Ray, 2011).

Table 2.1 Characteristics of the MODerate resolution Imaging Spectroradiometer
(MODIS) Terra/Aqua surface reflectance data. NIR = Near-infrared and SWIR =
Shortwave infrared

Band No. Visible Range Band Centre (nm) Wavelength Range (nm) Resolution (m) Key Applications
Absolute land cover
BO1 Red 648 620-670 500 transformation, vegetation
chlorophyll
BO2 NIR-1 858 841-876 500 Cloud amount, vegetation,
land cover transformation
B03 Blue 470 459-479 500 Soil/vegetation differences
BO4 Green 555 545-565 500 Green vegetation
B05 NIR-2 1240 1230-1250 500 Leaf/canopy differences
Boé SWIR-1 1640 1628-1652 500 Snow/cloud differences
BO7 SWIR-2 2130 2105-2155 500 Cloud properties, land

properties

The NDVI is estimated using the ratio based on the Red (R) and Near Infra-red (NIR) bands
in Eg. 2.1 while the NDII is estimated using ratios of different values of near infrared
reflectance (NIR) and short-wave infrared reflectance (SWIR) as expressed in Eq. 2.2.

NDVI = {IR-R) 2.1)
(NIR + R)

NDI = (NIR=SWIR) (2.2)
(NIR+SWIR)

Satellite data-based Leaf Area Index (LAI) (MCD15A2H/MYD15A2H) (Myneni &
Park, 2015) at 8-day interval and 500m spatial resolution were obtained using the Moderate
Resolution Imaging  Spectroradiometer ~ (MODIS)  Global  Subset  Tool
(https://modis.ornl.gov/cgi-bin/MODIS/global/subset.pl). The LAI algorithm consists of a
main look-up table (LUT) based procedure that exploits spectral information content of the
MODIS red (648nm) and near-infrared (NIR) (858 nm) surface reflectances and the back-up
algorithm that uses empirical relationships between the NDVI and canopy LAI and the
Fraction of Absorbed Photosynthetically Active Radiation (FPAR). The  MODIS LAl
algorithm accounts for sun-sensor geometry. To augment the observations from the LAI and
NDVI the MODIS phenology data the collection 6 MCD12Q2 (C6 MCD12Q2) (Gray et al.,
2019; Friedl et al., 2019; Zhang et al., 2003) was used. The C6 MCD12Q2 derives
phenometrics from the 2-band Enhanced Vegetation Index calculated from MODIS nadir
bidirectional reflectance distribution function adjusted surface reflectances time series
(NBAR-EVI2). Valid vegetation cycles within the series are identified and records
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phenometrics for each vegetation cycle (Gray et al., 2019).

LST (MOD11A2 and MYD11A2) (Hulley, 2017) day and night values at 8-day
intervals and 1 km spatial resolution were obtained using the MODIS Global Subset Tool
(https://modis.ornl.gov/cgi-bin/MODIS/global/subset.pl). The Land Surface Temperature
(LST) and Emissivity daily data are retrieved at 1km pixels by the generalized split-window
algorithm. There are uncertainties associated with satellite based LST especially during hot
humid periods and for a cold and dry atmosphere (Dash et al., 2002). During the rainy season
(i.e., hot humid period) LST quality information showed that most pixels had data quality
pass of below 80 percent. Data from pixels with below 100 percent quality pass was removed
and gaps filled by interpolation. However, over 98 percent of the pixels from which data was
retrieved in the dry season (i.e., including the cool-dry season) had 100 percent quality pass.
The LST data was converted from Kelvin to degrees Celsius.

Actual evaporation (Ez) (MOD16A2/MYD16A2) (Running, 2017) at 8-day interval
and 500m spatial resolution was also obtained from the climate engine
(https://modis.ornl.gov/cgi-bin/MODIS/global/subset.pl). The MOD16A2/MYD16A2 uses
the Penman-Monteith equation (Monteith, 1965; Penman, 1948) and is a sum of night-time
and day-time actual evaporation. It is the sum of the evaporation from the wet canopy surface,
the transpiration from the dry canopy surface and the evaporation from the soil surface
(Running, 2017). In this study, the term evaporation is used instead of evapotranspiration.
This is based on the arguments by Miralles et al., (2020) and Savenije (2004) in which they
showed that the term evapotranspiration has limitations and can even be considered as
misleading.

All MODIS based data used in this study had quality reports. Based on the quality
report all data from pixels with below 100 percent quality pass, especially during the rainy
season, were removed and then the gaps were filled by interpolation. The data sets from the
MODIS Terra and MODIS Aqua sensors i.e., MOD16A2 and MYD16A2, MCD15A2H and
MYD15A2H and also the MOD11A2 and MYD11A2 were summed up per variable and
averaged to come up with Ea, LAI and LST data sets. Polygons for each of the miombo
woodland location(s) (Fig. 2.1) were used to extract the required data sets from January 2009
to December 2018. Raw filtered data provided on the global subset tool was used to estimate
the 5™ and 95" percentiles for the variables. The focus of the study was the dry season and
had most pixels with acceptable quality pass of 100 percent.

2.2.3 Study approach

The study evaluated the canopy cover relationship with canopy water content and
canopy temperature in the miombo woodland using satellite data. To track and evaluate
changes in the woodland canopy cover the LAl and NDVI were used as proxies for canopy
cover (Myneni & Park, 2015; Nielsen et al., 2012; Knyazikhin et al., 1999), the NDII as a
proxy for canopy water content (Sriwongsitanon et al., 2015; Tucker, 1979; Rouse et al.,
1973; The LAI, NDII and NDVI1 all, in their formulations, make use of the near infrared (NIR)
region of the electromagnetic spectrum. In addition, since actual evaporation (Ea) and rainfall
are closely linked to the LAI, LST, NDII and NDVI (Sun et al., 2016; Yu et al., 2016; Simic,
Fernandes, & Wang, 2014; Mildrexler, Zhao, & Running, 2011; Jones & Rotenberg, 2001;
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Hunt & Rock, 1989) they were used to augment the observations in the general patterns of
the LAI, LST, NDII and NDVI but were not included in the statistical analyses as predictor or
response variable. Furthermore, the phenology calendar was used to augment the LAI and
NDVI observations. We analysed a 10-year period (2009 — 2018) in order to capture long
term variations in the data. In the Luangwa Basin, hydrological year is categorised as the
period from September to August. The rainy season is between November and April while
the dry season is between May and October (Beilfus, 2012). Three polygons were used to
retrieve the data in a 30 km by 30 km (900 km?) area in the miombo woodland at Nsansala
and Mutinondo conservancy areas (Fig. 2.1). The conservancy areas were selected due to
availability of a dense miombo woodland which is protected and is with minimal
anthropogenic disturbances. The data for each variable from the three polygons was merged
into one data set per variable and analysed. To avoid mixing variables values from different
land cover types (i.e., grassland, bare soil and other woodland types) with miombo woodland
the assessment was restricted to a dense miombo woodland (Fig. 2.1). Hence, the assessment
was not conducted at the entire miombo ecosystem level in Africa but restricted to this dense
miombo woodland in the Luangwa Basin in Zambia.

The statistical analyses included testing for outliers with the Dixon test and Z-score
approach, testing for homogeneity and monotonic trends using the Pettit test and the Mann-
Kendall trends test, analysis of variations with the Analysis of variance (ANOVA) approach,
analysis of correlations was conducted with the Pearson r while the correlated component
regression linear model (CCR.LM) was used to understand the influence of predictor
variables on response variables. The methods are briefly explained in section 2.2.4 below.

2.2.4  Statistical approaches used to analyse the data
2.2.4.1 Testing for out-liers with the Dixon test

We used the Dixon test (Dixon, 1950) to assess if the data sets contained outliers at
either end points i.e., highest and lowest values in the data sets. The Dixon test is a process
developed to help ascertain if the greatest value or lowest value of a sample, or the two largest
values, or the two smallest ones can be considered as outliers. The test works based on the
assumptions that the data correspond to a sample extracted from a population that follows a
normal distribution. The null hypothesis is that there are no outliers in the data. The outlier
is said to be significant if the test statistic value is lower than the critical value from the Dixon
test table. Further examination of data for outliers was conducted with the Z-score analysis
approach. The Z-score defines the position of a raw score with reference to its distance from
the mean when measured in standard deviation units. The Z-score is positive if the value lies
above the mean, and negative if below.

2.2.4.2 Assessing correlation of variables with the Pearson r approach

Pearson’s r (Pearson, 1895) is the most commonly used measure of correlation
(Helsel & Hirsch, 2002). It is sometimes referred to as the linear correlation coefficient
because of its measure of linear association between two variables. Pearson’s r is a
dimensionless property obtained by standardizing and dividing the distance from the mean
by the sample standard deviation. The significance of r is determined by testing whether r
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differs from zero. The test statistic is compared to a table of the t distribution with n-2 degree
of freedom. The Pearson r value ranges between -1 and +1 with -1 indicating that the two
variables are perfectly negatively linearly related while +1 indicates that the two variables
are perfectly positively related. The closer the Pearson r value to either -1 or +1 the stronger
the correlation (Helsel & Hirsch, 2002).

2.2.4.3 Assessing variations in the variables with the RM-ANOVA

The repeated measure analysis of variance (RM-ANOVA) (Helsel & Hirsch, 2002)
is a commonly used typical parametric test which helps to ascertain whether samples in more
than two groups have the same central value (mean or median) or whether one of the groups
has the central value different from others. Reliability of the RM-ANOVA is dependent on
the fulfilment of the assumptions that; variables are independent and identically distributed,
variable residuals are normally distributed (or approximately normally distributed and the
variances of populations are equal. The total variation of all the observations about the overall
mean is measured by what is called the total sum of squares. The null hypothesis is that there
are no variations in the population means while the alternative hypothesis is that there are
variations in the population means. To test for the null hypothesis the F statistic is used. The
F statistic is compared with the F distribution with k — 1 and N — k degrees of freedom. The
F statistic is approximately equal to 1 if the null hypothesis is true but will be larger than 1 if
there are differences between the population means. Significance of the variations in the
population means is ascertained by the p-value which simply expresses the probability of
having the means constant or not constant. If the means are constant or are not further apart
the p-value is very large (no significant variations) while if the means are wide or further
apart (significant variation exists) the p-value is very small (< 0.00001) (Helsel & Hirsch,
2002).

2.2.4.4 Correlated component regression linear model (CCR.LM)

The correlated component regression (CCR), developed by Magidson, (2013), is an
ensemble dimension reduction regression technique which utilises the K correlated
components to predict the dependent variable. It is equivalent to the corresponding Naive
Bayes solution for K = 1 and equivalent to traditional regression for K = P with P predictors.
The application of the Naive Bayes rule deals with the effects of multicollinearity among
predictor variables. In the CCR-linear algorithm the outcome variable Y is predicted by K
correlated components, each a linear combination of the predictors Xz, Xz, .. ., Xp. The CCR-
linear algorithm is a generalisation of the CCR-logistic and is generally performed in three
steps. Stepl: The first component S; captures the effects of prime predictors which have
direct effects on the outcome. It is an average (ensemble) of all 1-predictor effects: Step 2:
The second component Sz, correlated with Sy, captures the effects of suppressor variables
(proxy predictors) that improve prediction by removing extraneous variation from Si: Step
3: Estimate the 2-component model using Si: and S: as predictors: The predictions
(coefficients of estimates) for Y in the K-component CCR model are obtained from the
ordinary least square regression of Y on Si,.......... , Sk. The regression coefficient for
predictor a variable is simply the weighted sum of loadings, where the weights are the
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regression coefficients for the components in the K-component model. The step-down
variable reduction step for a given K-component model, eliminates the predictor variable that
is the least important, where importance is quantified as the absolute value of the variable’s
standardized coefficient. If a predictor variable is found to have the least absolute value of
the standardised coefficient the predictor is excluded and the steps of the CCR estimation
algorithm repeated on the reduced set of Predictors. The regression correlation coefficient of
determination (R?) and the Normalised Mean Square Error (NMSE) (Cirillo & Poli, 1993)
are used to assess the performance of the CCR.LM in predicting the response variable(s) with
a given combination of predictor variables.

2.2.4.5 Testing for homogeneity with Pettit test

To observe if there were any significant abrupt changes (i.e., due to changes in
climate, change in land cover type and other factors) in the means of the variables we used
the Pettit (1979) homogeneity test. The Pettit Homogeneity test approach is a common non-
parametric application in change point detection studies involving hydrological or climate
series which are known to be non-normal data (Zimba et al., 2018; Helsel & Hirsch, 2002).
The test statistic counts the number of times a member of the first sample exceeds a member
of the second sample. The null hypothesis is that the data are homogenous i.e., absence of a
change point. The test statistic is said to indicate a significant change point when the
associated probability < 0.05. When a significant change point was found the time series data
were divided into two parts at the location of the change point. The Pettit test was then
conducted on the time series from which the change was detected to see if any further changes
occurred (Helsel & Hirsch, 2002).

2.2.4.6 The Mann-Kendal trends test and the Sens’ method

The Mann-Kendall test (Kendall, 1975; Dixon, 1950; Mann, 1945) used in this study
was chosen premised on the advantages it possesses over other tests such as being a non-
parametric test which does not need the data to be normally distributed and its low sensitivity
to abrupt changes due to inhomogeneity in time series data. In general terms, the Mann-
Kendall test seeks to establish whether monotonic changes are present in a given set of
random values. The test statistic represents the number of positive differences minus the
number of negative differences for all the differences between adjacent points in the time
series. Positive values indicate an upward trend while negative values indicate a downward
trend. The test statistic is used to test the null hypothesis and is a measure of the strength of
the trend. The null hypothesis is that there is no trend in the series while the alternative
hypothesis is that there is a trend in the series. If the computed p-value is greater than the
chosen significance level (i.e., alpha level=0.05 used in this study), the null hypothesis is
accepted while the alternative hypothesis is accepted if the p-value is less than the
significance level.

The Sens’ method (Sens, 1968) is a non-parametric approach used to estimate
magnitude of trends in data time series. The Sens’ method can be used in cases where the
trend can be assumed to be linear. It estimates the slope of “n” pairs of data. The Sens’
estimator of slope is the median value of these N values of the slope estimate. To obtain the
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slope estimator the N values of the slope estimate are ranked from the smallest to the largest.
Lastly, a two tailed test at 100 (1 — o) % confidence interval is used to test the slope estimate
with a non-parametric technique based on the normal distribution (Salmi et al., 2002)

2.3 Results
2.3.1 Assessment of outliers with the Dixon test and Z-score approach

The assessment for outliers in the data was conducted with the Dixon test. The data
was first categorised into sample population of n < 100 based on the seasons i.e., rainy season
and the dry season (categorised into cool-dry and hot dry). The data was then tested for
outliers on each category. Table S1, in the supplementary data of Zimba et al., 2020, gives
some of the results of the Dixon test. Across seasons no statistically significant (P-value >
0.05) outliers were detected. However, further analysis with the Z-score values showed that
some variables had some outliers. These were removed and the gaps filled by interpolation.
For instance, Z-score values showed some LAlwax values to be outliers. The LAlmax outliers
were lowest values of 1.1 observed on the 7" and 20" of July 2009, 20" and 13" of August
2011 and also on the 13" and 19" July 2012. These observations can possibly be attributed
to underestimation by the LAI algorithm as the observations were for shorter periods between
two points with higher values on both ends (before and after). Furthermore, these outliers in
LAlmax were not linked to any changes in the LST, NDII or NDVI on the same dates or period.
For the LST, some outliers were mostly flagged in the rainy season which is possibly due to
the associated challenges in assessing the LST in hot-humid environments. The rainy season
LST “outliers” could also indicate drought periods during the rainy season though this was
discounted based on the counterchecking with rainfall, LAI, NDII and NDVI values for the
same dates/period(s). In general, the test for outliers showed that there were no extreme
events in the variables examined for the period 2009 — 2018 in the study area.

2.3.2 Pattern observed in phenology, canopy cover, water content and temperature

Based on the phenological observations by collection 6 MCD12Q2 data, shown in
Fig. 2.2, it was noticed that senescence (i.e., process of leaf aging) generally occurred
between January and March in the rainy season. The green down (i.e., reduction in green
colour in leaves due to reduction in chlorophyll) was normally reached between March and
May while the dormancy state (i.e., state of temporary metabolic inactivity or minimal
activity) was mostly attained between May and July. The green up (i.e., increase in green
colour in leaves due to increase in chlorophyll and metabolic activity) was noted to normally
start around October in the dry season reaching peak between December and January.
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Figure 2.2: Satellite-based phenology calendar at the miombo woodland site in Mpika,
Zambia based on the data for the period 2009 to 2017. Shaded box indicates the dry season.

There seemed to be synchronism between the phenology calendar and the changes in
canopy cover values (i.e., LAl and NDVI) and the canopy water content (i.e., NDII). Canopy
cover peak was observed during the rainy season between January and February (Figs. 2.3a
and 2.4) the same period when phenological maturity was attained (Fig. 2.2). Minimum
canopy cover was observed during the dry season between August and September during the
dormancy state (Figs. 2.2, 2.3a and 2.4). The period January 2017 to May 2019 was used to
illustrate the annual temporal patterns in the variables. During this period the canopy cover
(proxied by LAI and NDVI) showed synchronism with the canopy water content and the
actual evaporation (Fig. 2.3). A sharp decline in the LAI, NDVI and Ea were observed at the
end of the rainy season in April.
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Figure 2.3: lllustration of (a) the seasonal pattern in the means of the 8-day values of the
woodland canopy cover (i.e., LAl and NDVI), canopy water content (i.e., NDII) and canopy
temperature (i.e., LST) and (b) the seasonal pattern in the means of the 8-day values of actual
evaporation (Ea). Shaded area for variables is the 5 and 95" percentiles. The shaded area
(grey) is the dry season. The rainy and dry season seasons are clearly delineated with peak
values in Ea, LAI, NDII and NDVI observed during the rainy season while lowest values
were observed in the dry season. Peak canopy temperature (i.e., LST) value(s) were observed
during the dry season.

The start in decline in the variables in Fig. 2.3 coincided with the green-down phenological
phase in Fig. 2.2. There appeared to be a time lag of about one to two months between the
LAI and the NDVI as to the start in the rise in canopy cover (Fig. 2.3a) in the dry season.
Generally, the LAI begun to rise in mid-August while NDVI started at the beginning of
October. Start in steady decline in canopy cover (i.e., both LAl and NDVI) was observed in
May a month after the end of the rainy season in April (Figs. 2.3a and 2.4) the same period
when the vegetation enters the dormancy stage (Figs. 2.2). However, there was a difference
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when canopy cover begun to increase with maximum LAl values indicating mid-August
while NDVI seemed to show end of October (Fig. 2.4). Peak canopy water content (i.e., NDII)
was observed in the rainy season between December and February while lowest values were
observed in the dry season in September (Fig. 2.4). The peak and lowest canopy water content
corresponded with the peak and dormancy stages in the phenology. The canopy water content
begun to decline in May following the end of the rainy season in April. However, it was
surprising that canopy water content (i.e., NDII) like canopy cover (i.e., NDVI) started to
increase in the hot dry season in October before the commencement of the summer rains
(Figs. 2.3a and 2.4). However, like with canopy cover, canopy water content started to
increase in October before the commencement of the summer rains (Figs. 2.3a and 2.4).

The start in decline in variables in Fig. 2.3 coincided with the green-down
phenological phase in Figure 2.2. There appeared to be a time lag of about one to two months
between the LAI and the NDVI as to the start in the rise in canopy cover (Fig. 2.3a) in the dry
season. Generally, the LAI begun to rise in mid-August while NDVI started at the beginning
of October.

Start in steady decline in canopy cover (i.e., both LAl and NDVI) was observed in
May a month after the end of the rainy season in April (Figs. 2.3a and 2.4) the same period
when the vegetation enters the dormancy stage (Fig. 2.2). However, there was a difference
when canopy cover begun to increase with maximum LAl values indicating mid-August
while NDVI seemed to show end of October (Fig. 2.4). Peak canopy water content (i.e., NDII)
was observed in the rainy season between December and February while lowest values were
observed in the dry season in September (Fig. 2.4). The peak and lowest canopy water content
corresponded with the peak and dormancy stages in the phenology. The canopy water content
begun to decline in May following the end of the rainy season in April. However, it was
surprising that canopy water content (i.e., NDII) like canopy cover (i.e., NDVI) started to
increase in the hot dry season in October before the commencement of the summer rains
(Figs. 2.3a and 2.4). However, like with canopy cover, canopy water content started to
increase in October before the commencement of the summer rains (Figs. 2.3a and 2.4).
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Figure 2.4: 2009-2018 January to December minimum (a) and maximum (b) values
of Ea, LAI, NDII, and NDVI. The lowest values were seen during the dry season
while peak values were observed in the rainy season. Shaded areas represent the
rainy and dry seasons: November—December indicate start of the rainfall, January—
February is the peak rainfall period, while March—April is the end of the rainfall
season. May -October is the dry season.

The start in decline in variables in Fig. 2.3 coincided with the green-down phenological
phase in Fig. 2.2. There appeared to be a time lag of about one to two months between the
LAI and the NDVI as to the start in the rise in canopy cover (Fig. 2.3a) in the dry season.
Generally, the LAI begun to rise in mid-August while NDVI started at the beginning of
October.

A start in steady decline in canopy cover (i.e., both LAI and NDVI) was observed in
May, one month after the end of April’s rainy season (Figs. 2.3a and 2.4), which happens to
be the same period when vegetation enters dormancy (Fig. 2.2). However, there was a
difference when canopy cover increased with maximum LAI values, indicating mid-August,
while NDVI seemed to show at the end of October (Fig. 2.4). Peak canopy water content
(i.e., NDII) was observed in the rainy season between December and February, while the
lowest values were observed in the dry season in September (Fig. 2.4). The peak and lowest
canopy water content corresponded with the peak and dormancy stages in the phenology.
The canopy water content declined in May following the end of April’s rainy season.
However, it was surprising that canopy water content (i.e., NDII) like canopy cover (i.e.,
NDVI) increased in the hot-dry season in October before the commencement of the summer
rains (Figs. 2.3a and 2.4). However, like with canopy cover, canopy water content started to
increase in October before the commencement of the summer rains (Figs. 2.3a and 2.4).

The periods for the lowest and highest canopy temperature (i.e., LST) values
corresponded with the dormancy and green-up phenological stages (Figs. 2.2 and 2.3a). One
important observation was that there seemed to be synchronism between the Ea and the
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canopy cover (i.e., LAl and NDVI) and the canopy water content (i.e., NDII) across seasons
(Figs. 2.3 and 2.4).

2.3.3 Analysis of the observed patterns with the RM-ANOVA test

The RM-ANOVA results for the comparison between the rainy and dry season values of
variables and the inter-annual comparison of the dry season values of variables are shown in
Tables 2.2 and Table S2 of supplementary data of Zimba et al., 2020. The LAI, LST, NDII,
and NDVI values for the rainy season significantly (p-value < 0.05) differed with the dry
season values. The highest values of the LAI were observed in the rainy season, while the
lowest values were observed in the dry season. The opposite was true for the LST with the
high and lowest values both occurring in the dry season. The differences in terms of the
means were 2.32, 2.48 °C, 0.15m and 0.13 for the LAI, LST, NDII, and the NDVI,
respectively. The dry season values of the LAI, NDII, and the NDVI significantly (p-value <
0.05) differed across the years (2009-2018), while the LST values did not show significant
(p-value = 0.81) differences. However, further analysis involving the all pairwise multiple
comparison with the Holm-Sidak method showed that values of variables between some
years were not significantly different (Table S3 of supplementary data of Zimba et al., 2020).

Table 2.2. Repeated measure-analysis of variance (RM-ANOVA) test results for
variables.

Dry Season Inter-Annual
Variations

Variable Mean Diff DF F p-Value DF F p-Value
LAlvean 2.32 (1,454) 596.62 <0.001 (9,198) 9.41 <0.001
LSTmean 2.48 (1,438) 20.87 <0.001 (9,197) 0.59 0.805
NDl mean 0.15 (1,458) 485.12 <0.001 (9,192) 11.27 <0.001
NDV Iuean 0.13 (1,454) 306.70 <0.001 (9,192) 7.96 <0.001
Mean Diff = Mean difference, DF = Degree of freedom, F = Test statistic

Rainy Season vs. Dry Season

2.3.4 Pearson r correlation analysis of the relationship of variables

Minimum, maximum, and mean values of variables were analysed for correlation. Mean
values were used to demonstrate the relationships among variables across seasons. Figure 2.5
shows the annual (January—December) correlation plots using mean values of variables.
Table 2.3 gives the results of the correlation statistics of variables at annual scale. Detailed
correlation statistics for the rainy and dry seasons are shown in the supplementary data
(Tables S4-S7 of supplementary data of Zimba et al., 2020). In Figs. 2.3 and 2.5, there
seemed to be hysteresis behaviour between LAlvean and NDllmvean, as well as between LAImean
and LSTwmean, indicating that changes in canopy cover (i.e., LAlwvean) lagged behind changes
in canopy water content (i.e., NDllvean), as well as changes in canopy temperature (i.e.,
LSTwmean). The changes in the canopy cover were not only affected by the canopy water (i.e.,
NDIlmean) and temperature (i.e., LSTwmean) in @ given day but by cumulative canopy water and
temperature conditions. Generally, canopy cover (i.e., NDVImean) showed synchronism with
canopy water content (i.e., NDllmean) throughout the year. Canopy cover (in the case of
LAlmean) Only showed strong correlation with canopy temperature during the hot-dry season.
Statistically, at the annual scale, the canopy water content (i.e., NDllvean) relationship with
woodland canopy cover (i.e., LAlmean and NDVlwean) Was strongly positive with r = 0.78,
0.97 with p-value < 0.0001, respectively (Fig. 2.5 and Table 2.3).



(a)
30 A . o+
+
281+ ¥ trqpte 3
26{ outh® 'itt?r @
G * ++++++++i'|f
o, 247 g."z + o+ “'#_'_"""_'_
5 . | L -
v 22 L ) * ¥ *
= ™ A V
% 20 { W sl®
9 (R S SR
18 04°
. 0
16
e ® [
T
144 ‘ ‘ T T
0.5 0.6 0.7 0.8
NDWMean[ ]
(C)
30 A +
28 ++ *
. +. i*;* t++
G' 26 !.'. .+ ii +.H.l|l"'
o 24 .' 1;1: : +
= ! 'i ""' +3 341,%
D224 O' oy # L J
£ i12 %
~ 20 1 *® s ] Sviope o
d LN s ; = ks
181 | ol
gff
ety
14 - : T T
1.0 1.5 2.0 2.5
LAI"Mean[']

Evaporation of the miombo woodland of southern Africa

0.25 A

0.20 A

0.15 A

0.10

0.05

ND!luean[-]

0.00 A

—0.05

—0.10 A

Green-up/MidGreen-up

Maturity/Pick
Senescence/Green-down
Dormant

0.25
0.20 A
0.15 A
0.10 A

0.05 A

NDllean(-]

0.00 A
—0.05 A

=0.10 A

Green-up/MidGreen-up

1.0 15

2.0

LAI"Mean[']

Maturity/Peak
Senescence/Green-down
Dormant

Figure 2.5: Correlation of mean values for the 8-day NDV Imean and LAImean With NDlHmean
(a, b), as well as with LSTwmean (c, d) at the annual scale. The NDVlmean Shows stronger
correlation with canopy water content (i.e., NDII) and canopy temperature (i.e., LST)
compared to the LAlmvean When used as proxies for canopy cover. LSTwmean Shows hysteresis
with NDVImean and LAImean While NDllvean Shows hysteresis with LAImean.

Table 2.3. Pearson (r) correlation statistics of the minimum, maximum, and mean values of
LAI, LST, NDII, and NDVI at an annual scale. The LST minimum values showed relatively
stronger correlation with minimum values of LAI, NDII, and NDVI compared to the
maximum and mean values.

Variable LAlvin  LAlyax LAlvean  LSTmin  LSTmax LSTmean  NDllvin ~ NDllax ~ NDllyean ~ NDVImin ~ NDVivax ~ NDViyvean
LAlmin 1.00

LAlvax 0.20 1.00

LAlmean 0.51 0.79 1.00

LSTwin -0.12 -0.02 -0.08 1.00

LSTwmax -0.11 0.10 0.01 0.94 1.00

LSTwmean -0.11 0.09 0.01 0.97 0.99 1.00

NDllwvin 0.34 0.65 0.75  -0.42 -0.33 -0.33 1.00

NDllvax 0.36 0.70 0.78 -0.24 -0.14 -0.15 0.92 1.00

NDllvean 0.35 0.69 0.78  -0.37 -0.26 -0.27 0.97 0.96 1.00

NDVlwmin 0.35 0.58 0.69 -0.51 -0.43 -0.43 0.97 0.86 0.94 1.00

NDVlmax 0.36 0.62 0.72  -0.38 -0.31 -0.31 0.92 0.93 0.94 0.90 1.00

NDVlmean 0.35 0.61 0.71  -0.50 -0.41 -0.41 0.96 0.89 0.97 0.98 0.94 1.00

Values in bold are different from 0 with a significance level alpha=0.05,
max= maximum, min = minimum
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At rainy and dry season scales, the canopy water content (i.e., NDllmean) Versus canopy cover
(i.e., LAlvean and NDVlwvean) correlation was strongly positive except for the NDII-LAI
relationship, which showed a low coefficient of correlation (i.e., r = 0.29 and p-value < 0.008) for
the rainy season (Tables S4-S7 of supplementary data of Zimba et al., 2020). However, during the
hot-dry season, strong NDII-LAI correlation was observed with r = 0.70 and p-value < 0.0001
(Table S7 of supplementary data of Zimba et al., 2020). Generally, the NDII-NDVI correlations
were stronger (i.e., r > 0.75) across all seasonal scales (Tables S4-S7 of supplementary data of
Zimba et al., 2020). Table 2.3 and Tables S4-S7 of supplementary data of Zimba et al. (2020)
gives statistics of the Pearson r correlation analysis of the woodland canopy temperature (i.e., LST)
correlation with the woodland canopy cover (i.e., LAl and NDVI). At the annual scale, the
woodland canopy cover (i.e., LAlwvean as a proxy) negatively covaried with woodland canopy
temperature with r = —0.11 and p-value < 0.83. When canopy cover was proxied by NDVI a
negative covariation with canopy temperature of r = —0.41 and p-value < 0.0001 was observed.
During the rainy season, the LST-NDVI relationship showed a correlation coefficient of r = —0.44;
and p-value < 0.0001, while LST-LAI correlation had r = —0.52; and p-value < 0.001. During the
dry season (May—October), the LAI-LST correlation was positive but weak and statistically
insignificant with r = 0.04 and p-value = 0.56. The NDVI-LST correlation was negative but
relatively stronger with r = —0.68 and p-value < 0.0001. During the cool-dry season (May—July)
the NDVI-LST correlation was positive but relatively weak (r = 0.26, p-value < 0.0046), and was
the same as the LAI-LST relationship (r = 0.26, p-value < 0.0044) (Tables S4-S7 of supplementary
data of Zimba et al., 2020). However, the hot-dry season (August—October) showed stronger
positive LAI-LST correlation (r = 0.62, p-value < 0.0001), while the NDVI-LST relationship was
negative (r=—0.25, p-value = 0.0097) (Tables S4-S7 of supplementary data of Zimba et al., 2020).
Generally, at the annual scale, LSTwmin values showed relatively stronger correlation with LAImin
and NDVImin compared to the LSTmax and LSTwmean Values (Table 2.3).

2.3.5 Relationship of the woodland canopy cover with the canopy water content and canopy
temperature using the CCR.LM
Figure 2.6, Tables 2.4, 2.5, and Tables S8-S10 of supplementary data of Zimba et al. (2020)
show results of the CCR.LM. First, regression was conducted with mean values of individual
predictor variables and later inputted simultaneously. This was conducted to benchmark the
relationship of the LST and NDII with the LAl and NDV I exclusive of the other predictor variable.
The second part of the regression was the relationship of the woodland canopy cover (i.e., the LAI
and the NDVI) with both the woodland canopy water content (i.e., NDII) and the woodland canopy
temperature (i.e., LST) used simultaneously as predictors. This enabled the assessment of the
combined influence of the variables on the variations in the woodland canopy cover. There was no
collinearity between the LST and NDII. The NMSE and the coefficient of determination (R?) were
used to assess the estimate of the overall deviations between predicted and “observed” values, thus
ascertaining the performance of the model. The standardised and unstandardized coefficients ()
were used to analyse which of the input variables (i.e., LST or NDII), at each run, had a significant
effect on each response variable (i.e., LAl and NDVI) at different time scales, i.e., annual and dry
season. However, it was observed that whether with the standardised or unstandardized coefficient
the NDII showed the most influence on the variations of the LAI and the NDVI (i.e., Fig 2.6) at
all intervals of assessment. Consequently, the unstandardised coefficient was used for analysis.
At the annual scale, the NDII as a single variable accounted for 61% (R? = 0.61) of the
variations in LAI and 93% (R? = 0.93) in NDVI.
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Figure 2.6: First row: Plots of the CCR.LM results at annual scale (January—December) (a,
b) and dry season (May—October) (c, d): LAI regression graphs at annual scale (a) with NDII
as only predictor variable and (b) with LST and NDII used simultaneously as predictors. LAI
regression graphs during the dry season (c) with NDII as only predictor variable and (d) with
LST and NDII combined as predictor variables. Second row: Plots of the CCR.LM results at
annual scale (January—December) (a, b) and dry season (May—October) (c, d): NDVI
regression graphs at annual scale (a) with NDII as only predictor variable and (b) with LST
and NDII combined as predictors. NDVI regression graphs during the dry season (c) with
NDII as only predictor variable and (d) with LST and NDII used simultaneously as predictor
variables. R? = coefficient of determination, B = standardized coefficient of estimate with
the NDII, By = unstandardized coefficient of estimate with the NDII, By ) = standardized
coefficient of estimate with the LST, Br) = unstandardized coefficient of estimate with the
LST, i = intercept, N = number of observations.

The LST as a single variable accounted for 13% in the LAI variations and 17% in the NDVI
variations (Table 2.4). A combination of the LST with the NDII accounted for about 67% (R? =
0.67) of the variations in the LAI and 96% (R? = 0.96) in the NDVI improvements of 9.83% and
3.22%, respectively. Further analysis of the coefficients of estimates showed that the NDII had the
most influence on variations in canopy cover with coefficient estimates of £ = 0.03, —0.003 and
=5.15, 0.97 for the LST and the NDII on the LAI and the NDVI, respectively (Fig. 2.6 and Table
2.4). When analysed for the rainy season scale (November—April), the most determinant factor of
variations in the canopy cover (i.e., LAl and NDVI) were by single variable interactions.



Table 2.4: CCR.LM coefficients of estimates and goodness of fit statistics (at 95% confidence level) at annual scale with NDII and
LST as predictors. Prediction of LAl was improved by about 9.83 percent when LST and NDII were simultaneously inputted as
predictors. NDVI prediction improved by 3.22 percent when LST and NDII were simultaneously used as predictors.

Predictors: NDII and LST

LST NDII Model
; Goodness of fit Changes
Model F Model F
ode GFS Cv ode GFS Cv LST NDII statistics Cv
. 5 , 5 . 5 5 Diff.

Variable B i R NMSE § i R2 NMSE B B R2 NMSE N mm (%)
LAI -0.001 1.69 013 087 469 146 0.61 0.39 0.03 515 061 067 033 435 006 983
NDVI -001 087 017 083 1.02 057 093 0.07 -0.003 097 067 09 004 435 009 322

Evaporation of the miombo woodland of southern Africa
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Table 2.5: CCR.LM coefficients of estimates and goodness of fit statistics (at 95% confidence level) during the dry season with
NDII and LST as predictors. Accounting for variations in LAI was improved by about 46 percent when LST and NDII were

simultaneously used as predictor variable.

Predictors - NDII and LST

LST NDII Model
Model GFS Cv Model LST NDII Goodness of fit statistics CV Change
Variable g i R NMSE [ i R g f i R NMSE N DiftR (%)
LAI 0.001 128 0.21 0.79 292 134 056 0.03 429 0.5 0.82 0.18 205 026 4643
NDVI -0.01 0.89 0.56 0.44 118 057 090 -0.004 093 071 096 0.04 205 0.11 6.67

Interpretation (Tables 2.4 & 2.5): GFS Cv = Goodness of fit statistics cross validated, i = intercept, N = number of observations, NDVI = Normalised
difference vegetation index, LST = Land surface temperature, LAl = Leaf area index, NMSE = Normalised mean square error, R? = coefficient of

determination and [ unstandardised coefficient of estimate
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For instance, LST as a single variable accounted for 21% of variations in the LAI while
interaction between LST and NDII only accounted for 24%. Further, as single variables, the LST
and NDII accounted for 50% and 91% of variations in the NDVI, respectively. LST and NDII
interaction also accounted for 91% variations in NDVI, the same as the NDII as a single variable
(Table S8 of supplementary data of Zimba et al., 2020). For the dry season, the NDII as a single
variable accounted for 56% variations in LAI and 90% in NDVI. As a single variable, LST
accounted for 21% (R? = 0.21) variations in LAl and 56% (R? = 0.56) of the variations in NDVI
(Fig. 2.6 and Table 2.5).

During the dry season the combination of LST and NDII as predictor variables accounted for
82% (R? = 0.82) of the variations in LAl and 96% (R? = 0.96) in the NDVI (Fig. 2.6 and Table
2.5). Consequently, adding LST to the regression improved the outcomes by 46.43% and 6.67%
in the case of LAl and NDVI, respectively (Table 2.5). During the annual time scale, the NDII had
the most influence on the variations in the canopy cover, as indicated by the coefficients of
estimates 2 = 0.03, -0.004 and R = 4.29, 0.93 for LST and NDII on LAI and NDVI, respectively
(Fig. 2.6 and Table 2.5). The interpretation of the coefficients (i.e., for the dry season), with LAI
as a proxy for the canopy cover, is that the amount of change (i.e., R = 4.29) in the canopy cover
(i.e., LAI) due to a 1-unit change of canopy water content (i.e., NDII) was higher than the change
(i.e., = 0.03) in the canopy cover (i.e., LAI) due to a 1-unit change in canopy temperature (i.e.,
LST) (Tables 2.5 and S8-S10 of supplementary data of Zimba et al., 2020). For every one-unit
increment in LST during the hot-dry season, the NDVI was reduced by about 0.01, while for every
increase in one-unit of NDII, the NDVI increased by about 1.1 (Table S10 of supplementary data
of Zimba et al., 2020). The model outputs and overall interpretation for the cool- and hot-dry
season analyses (Tables S8-S10 of supplementary data of Zimba et al., 2020) were different than
the annual scale results. For the hot-dry season (August—October), the LST, as a single variable,
accounted for most variations (35%) in the LAI, while the NDII accounted for most variations
(47%) in the NDVI. Furthermore, combination of the LST and NDII as predictors improved
accounting for variations in the LAI from about 35% (with either the LST or NDII) to 68% (with
the LST and the NDII combined) and NDVI from 48% (with NDII only) to 79% (with the LST
and the NDII combined). During the cool-dry season (May-July), LST, as a single variable, had
insignificant influence on variations in both LAI and NDVI. On the other hand, the NDII as a
single variable accounted for 87% variations in the LAl and 94% in the variations in the NDVI.
Thus, a combination of LST and NDII in the cool-dry season did not improve accounting for
variations in the LAI and the NDVI (Table S9 of supplementary data of Zimba et al., 2020).
Overall, the NDII seemed to account for the most variations in both the LAl and the NDVI across
seasons. However, during the dry season, the LST seemed to account for the most variations in the
LAL. Further, despite the LSTwmin showing relatively stronger correlations with the LAlmin and the
NDVlwin, there were no significant differences observed between the use of the LSTmean, LSTwmin,
and LSTwmax in the model. Generally, for the annual (January—December), dry season (May—
October), and cool-dry season (May—July) scales, adding the LST to the NDII improved
accounting for variations in the canopy cover (i.e., LAl and NDVI as proxies) but at varying
magnitudes with the most significant contribution noted in the dry season (Tables 2.5 and S10 of
supplementary data of Zimba et al., 2020). Based on the CCR.ML results (Fig. 2.6, Tables 2.4,
2.5, and Tables S8-S10 of supplementary data of Zimba et al., 2020), changes in canopy water
content accounted for the largest variations in canopy cover across seasons.
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2.3.6 Assessment of abrupt change in variables with the Pettit test

Figure 2.7 and Table 2.6 shows results of the Pettit test at the annual scale (January—
December), while Table S11a of supplementary data of Zimba et al. (2020) provides the dry season
Pettit test results. For the annual scale (January—December), the Pettit test on the 8-day values of
variables indicated only three variables—LST (minimum, maximum, and mean), NDIlImax, and
NDV Ivax—to have had abrupt change in mean values between the period 2009 and 2018. Daily
rainfall values also showed significant downward abrupt changes in 2012 and 2014, and an upward
change was observed in 2016. The mean annual and monthly rainfall values, as well as the rest of
the variables—i.e., LAlmin, LAlMax, LAlMean, NDVImin, NDVImean, NDllmin, and NDIlyean—did
not show any significant abrupt changes in the time space 2009-2018 (Tables 2.6 and S1la of
supplementary data of Zimba et al., 2020). The LSTwmin, LSTmax, and LSTwmean Values seemed to
have had a significant (p-value < 0.05) abrupt upward change. The NDIlImaxand NDV Iwvax Seemed
to have had a significant (p-value < 0.05) abrupt downward change in the mean values. At the 99%
confidence level, the LSTwmin mean value changed from about 28.30 °C between 2009 and 2012 to
30.04 °C between 2012 and 2018.

Table 2.6. Pettit test results for LAI, LST, NDII and NDVI for the period 2009 -2018.

Variable Period Cg::fe Year  p-value 1-}2:212‘ E:‘l;:i 122:: M::n Test decision
LAImin 2009 - 2018 0.5463 0.05 99% p > a, HO accepted
LAIMax 2009 -2018 0.6127 0.05 99% p > o, HO accepted
LAIMean 2009 -2018 0.5420 0.05 99% p > o, HO accepted
LSTwin 2009 - 2018 4t Aug 2012 0.0027 0.05 99% 28.3 30.04 p<a, HOrejected
LSTwax 2009 -2018 12 Aug 2012 <0.0001 0.05 99% 32.79 3559  p<a, HOrejected
LSTMean 2009 -2018 12t Aug 2012 <0.0001 0.05 99% 30.5 32.8 p < a, HO rejected
NDIImin 2009 - 2018 0.0798 0.05 99% p > o, HO accepted
NDIInmox 2009 -2018 16t May 2016 0.0004 0.05 99% 0.05 0.01 p < a, HO rejected
NDIInmean 2009 -2018 0.0942 0.05 99% p > o, HO accepted
NDVImin 2009 - 2018 0.0573 0.05 99% p > «a, HO accepted
NDVinmax 2009 - 2018 9t May 2010 0.0287 0.05 99% 0.62 0.56 p < o, HO rejected
NDVImean 2009 -2018 0.1496 0.05 99% p > «, HO accepted
Annual R 2009 - 2018 0.3162 0.05 99% p > o, HO accepted
Monthly R 2009 - 2018 0.8283 0.05 99% p > o, HO accepted
Daily R 2009 -2012 4% April 2012 0.0035 0.05 99% 4.98 3.90 p < a, HO rejected
Daily R 2012 -2014  22dApril 2014  <0.0001 0.05 99% 6.14 3.65 p < o, HO rejected
Daily R 2014 -2016 15t Nov 2016  <0.0001 0.05 99% 2.48 5.07 p <a, HO rejected
*R = Rainfall

For the same time steps, the LSTwmax and LSTmean Seemed to have changed from about 32.8 to
35.6 °C and from about 30.5 to 32.8 °C, respectively. The NDIImax mean changed from 0.05
between 2009 and 2016 to 0.01 between 2016 and 2018. Except for the daily rainfall data none of
the other variables showed further change points after the initial change points. For the dry season
scale, the Pettit test showed one-time abrupt change with upward change in the LAlmean in
September, 2013 from LAlmean Value of 1.25 to 1.37, while the NDllmax and the NDV Ivax changed
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downwards in July from —0.03 to —0.07 and 0.52 to 0.49, respectively. There was no change in

LST.
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Figure 2.7: Plots of the Pettit test for the 8-day LSTwmin (@), LSTmax (b), LSTmean (C),
NDIImax (d), NDVImax (€), and mean annual rainfall (f) for the period of 2009 to 2018 in
the miombo woodland in the Luangwa Basin. Significant upward change in the LST
means seemed to have occurred in August 2012. Significant abrupt changes in NDllmax
and NDV Iwvax seem to have occurred in May at the start of the dry season.

2.3.7 Assessment of trends in values of variables with Mann-Kendall trends test

To observe if trends existed in the variables, we performed the Mann—Kendall trends test on
all variables. Figure 2.8, Tables 2.7 and S11b of supplementary data of Zimba et al. (2020) shows
the results of the Mann—Kendall test for the tested variables. From 2009 to 2018, the Mann—
Kendall test revealed existence of significant (p-value < 0.05) trends in some variables with the
LSTwmin, LSTmax, and LSTwmean, indicating an upward trend, while the NDIllmax and NDV Imax
revealed significant downward trends with p-values of 0.0187 and 0.0022, respectively. At the
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alpha level = 0.05, there were significant trends in daily rainfall values (Table 2.7) but no
significant trend in the mean monthly and annual values was observed.

Table 2.7. Mann—Kendall trends test results for variables with abrupt change points.

. Mann-Kendall Kendall's Test Nature of
Variable Statistic(S) Tau Var ) p-ualue Alpha Interpretation Trend
LSTwmin 8642 0.0819 10850159.33 0.0087 0.05 Reject HO Upward
LSTmax 9305 0.0882 10850163.67 0.0047 0.05 Reject HO Upward
LS Tvean 9709 0.092 10850179.67 0.0032 0.05 Reject HO Upward
NDIIma -10094 -0.0956 10850248.00 0.0022 0.05 Reject HO Downward
NDVImax 7748 -0.0734 10850248.00 0.0187 0.05 Reject HO Downward
*Rainfall 2009-2018 -86112 -0.0147 4830751280.00 0.2154 0.05 Accept HO No trend
*Rainfall 2012-2018 -86394 -0.0385 1143571362.00 0.0106 0.05 Reject HO Downward
*Rainfall 2014-2018 78236 0.0614 492345124.00 0.0004 0.05 Reject HO Upward
*Rainfall 2016-2018 77711 0.0609 493326659.67 0.0005 0.05 Reject HO Upward
Annual rainfall 9.0000 0.2000 125.0000 0.4743 0.05 Accept HO No trend
Monthly rainfall 182 0.0263 191454.67 0.6791 0.05 Accept HO No trend
Rainfall = Daily rainfall values used
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Figure 2.8: Mann—Kendall trends test and the Sens’ slope estimates for mean annual
rainfall (a), mean annual LAlmean (b), mean annual NDllvean (), mean annual NDV Ivean
(d), and mean annual LSTwmean (€) for the period of 2009 to 2018. Years with relatively
high LST values seem to correspond to years with relatively low rainfall and NDII values.
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However, the negative sign in the S-statistic and the Kendall’s Tau for the mean monthly and
annual rainfall data indicated a general downward movement. The direction of the trend is revealed
by the S-statistic and the Kendall’s Tau with a positive value indicating an upward trend, and a
negative value indicating a downward trend (Table 2.7).

Annual averages of rainfall, LAI, LST, NDII, and NDVI were analysed with the Mann-
Kendall and Sens’ slope estimate. This was conducted to find out the possible change in the
variables per unit of time (i.e., per year) and if these changes showed any relationship(s). Figure
2.8 shows the results of the analyses of the annual average data of variables. The Q is the true slope
of linear trend and the Z is the test statistic. It was observed that during the period 2009-2018,
rainfall generally increased at a rate of 24.25 mm year, which was significant at alpha level > 0.1.
The LAl increased at the rate of 0.008 year at alpha level > 0.1. At alpha level 0.1, the NDII
reduced at an annual rate of 0.001 year™, while the NDVI reduced at —0.0001 year at alpha level
> 0.1. The most significant rate of change was with the LST, which increased at 0.17 °C year™ at
alpha level 0.05. In essence, at the alpha level of 0.05, only the LST showed a significant annual
rate of change. In general, mean LSTmean and LAlmean increased while NDllvean and NDV Ivean
reduced despite the insignificant (at alpha > 0.1) increase in rainfall.

2.4 Discussion
2.4.1 Variations in canopy cover, canopy water content and canopy temperature

Water and temperature have already been advanced as key variables in the miombo
woodland’s canopy cover (Vinya et al., 2018; Tian et al., 2018; Chidumayo, 2001; Frost, 1996;
Fuller, 1994). However, the studies that used remote sensing-based data such as Chidumayo (2001)
and Tian et al. (2018) used air temperature, LAI, NDVI, rainfall and the VOD to understand the
relationships. In this study satellite-based LST and NDII were used as proxies for the woodland
canopy temperature and the woodland canopy water content respectively. Like in the other
assessments i.e., Chidumayo (2001) and Tian et al.(2018) this study used the LAl and NDVI as
proxies for the woodland canopy cover. The observations made in this study in terms of the
variations in the woodland canopy cover across seasons were similar to those previously noted by
Chidumayo (2001) and Tian et al. (2018). The observed variations in the woodland canopy cover
during the dry season could be attributed to climatic factors such as rainfall. According to Fuller
(1994) and Frost (1996) depending on the amount of rainfall received in the preceding season some
miombo species may shed leaves early at the commencement of the dry season in case of low
rainfall or may keep leaves late into the dry season in case of high rainfall. These observations are
affirmed by the phenology calendar (Fig. 2.2) which show differences in occurrence of
phenological stages across years. Further, the ANOVA analyses in this study found statistically
significant inter-annual variations in the woodland canopy water content (i.e., NDII) and the
woodland canopy cover (i.e., LAl and NDVI). In this study it was observed that the woodland
canopy cover is highly correlated and is in sync with canopy water content. These observations,
coupled with those by Fuller (1994) and Frost (1996), demonstrate water as a significant woodland
canopy cover controlling factor. However, based on the observations in Figs. 2.3 and 2.4
significant woodland canopy cover, as proxied by the LAl and the NDVI, begun to decrease
immediately following the end of the rainy season. A plausible explanation for the observed sharp
decrease in LAl and NDVI in May could be that the remote sensing LAl and NDVI calculations are
based on the 500 m by 500 m spatial resolution (Myneni & Park, 2015) which potentially includes
under canopy grass and shrubs. Under canopy grass in the miombo woodland easily dry out at the
end of the rainy season when soil moisture reduces (Frost, 1996). Therefore, the observed sharp
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decrease in the LAI and the NDVI in May could be due to wilting and drying of the canopy
undergrowth grass and shrubs (Mildrexler et al., 2011) as rainfall would have stopped and soil
moisture begun to reduce in the upper layers hence little moisture to sustain grass and shrub
turgidity and greenness.

In this study there seemed to be a minimal discrepancy of about one to two months between
when the LAI and the NDVI values begun to rise in the dry season with the LAI values appearing
to begin rising in August during the dormant stage while the NDVI begun to rise between end of
September and beginning of October at the start of the green-up stage (Figs. 2.2, 2.3 and 2.4). One
plausible explanation for this observation could be that in some miombo woodland species new
leaf colour transitions during the dry season. Leaf flush in some miombo woodland species is
followed with leaf colour transitions from red to green and occurs at different times for different
species with most species undergoing this process between August and October (Vinya et al.,
2019; Johnson & Choinski, 1993; Ernst, 1975). The NDVI is sensitive to green vegetation thus the
colour transitions may affect the values and possibly results in the observed delay. The start in rise
in the NDVI values in September/October may suggest that that’s when the leaf flush or growth of
vegetation component occurs which is contrary to the field observations (Vinya et al., 2019;
Chidumayo, 2001; Frost, 1996). The start in the rise in the mean LAI values in August is likely to
be more representative of the occurrence of leaf flush than that of the NDVI in September/October.
However, the start in rise in NDVI values in the dry season correspond with the collection 6
MCD12Q2 start in green-up (Figs. 2.3 and 2.5). This could suggest the LAl as being a good proxy
for the woodland canopy cover during the dry season than the NDVI.

The observed high LST values (Fig. 3) in the dry season can be attributed to reduction in
the woodland canopy cover (i.e., LAI) and the vegetation water content (i.e., NDII) (Figs. 2.3 and
2.4). This is because the start in increase in the LST values in July when the LAI values were
towards the lowest could indicate that there is reduced canopy closure which exposes the woodland
floor (normally covered with dry leaves and exposed soil) to direct interaction with radiation
resulting in increased surface temperature (Jones & Rotenberg, 2001). Furthermore, the NDII
exhibited zero values in June (Figs. 2.3 and 2.4) which signify that plant water stress is normally
attained around this period. LST is used as an indicator for plant water stress and drought (Delogu
et al., 2018; Cammalleri & Vogt, 2005; Karnieli et al., 2010). Therefore, the start in rise in LST in
July could also signify plant water stress due to limited water conditions. According to Baldocchi
et al. (2004) and Mildrexler et al. (2011), in the dry season, stomata shut in the savannah trees and
the sensible heat fluxes significantly increase. This observation is contrasted by the start in decline
in LST values in October when the woodland canopy water content (i.e., NDII) begun to rise (Figs.
2.3 and 2.4). Most importantly, by October the woodland canopy cover (i.e., LAI) and the actual
evaporation had increased (Figs. 3 and 4) which imply that there is increase in energy demand (i.e.,
increase in latent heat fluxes) for evaporation resulting in decline in canopy temperature (i.e., LST)
(Sun et al., 2016).

2.4.2 Canopy cover relationship with canopy water content and canopy temperature
Contrary to the observations with the air temperature by Chidumayo (2001) this study
found that the LST accounted for less variation, i.e., 13 percent and 17 percent, in the LAI and the
NDVI respectively compared to the canopy water content at 61 percent and 93 percent in the LAI
and the NDVI respectively. For instance, at the Mpika miombo woodland site Chidumayo (2001)
found that rainfall as a single variable accounted for 35 percent of the variations in NDVI while a
combination of minimum and maximum air temperature accounted for 94 percent of the variations.
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However, this study revealed that the woodland canopy water content (i.e., NDII), and not the
woodland canopy temperature, as a single variable accounted for the largest, i.e., 93 percent, of
variations in the NDVI annually. However, the combination of the woodland canopy water content
(i.e., NDII) and the woodland canopy temperature (i.e., LST) accounted for the largest variation in
canopy cover proxies, i.e., 67 percent in the LAl and 96 percent in the NDVI (Tables 2.4 and 2.5).
For the dry season LST as a single variable accounted for 21 percent and 56 percent variations in
the LAI and the NDVI compared to the NDII at 56 percent and 90 percent for the LAl and the NDVI
respectively. This observation highlights the significance of surface temperature in observing
phenological response during the seasonal drought in the miombo woodland. The observed strong
positive correlation between the woodland canopy water content (i.e., NDII) and the woodland
canopy cover (i.e., LAl and NDVI) across seasons and the high percentage of accounting for
variations in both the LAl and NDVI could go to augment the role of the vegetation water content
in the woodland canopy cover of the miombo woodland. These observations agree with the
findings of Tian et al. (2018) who demonstrated that plant water storage, as proxied by the VOD,
strongly covaried with LAI and that plant water storage played a critical role in “buffering seasonal
dynamics of water supply and demand, and sustaining fresh leaves formed before the rain”. Like
demonstrated by Fuller et al. (1997) the NDVI as proxy for the woodland canopy cover seemed to
have better relationship, i.e., higher correlation coefficients, with both the woodland canopy water
content and the woodland canopy temperature compared to the LAI. Thus, MODIS NDVI can act
as a better proxy for variations in canopy cover in the miombo woodland in the Luangwa Basin
though it might be important to take into account the discrepancies observed in the start in rise of
LAI and NDVI values in the dry season. In previous studies (Sriwongsitanon et al., 2015; Yilmaz
et al., 2008; Hardisky et al., 1988) the NDII was found to be a good proxy for both vegetation
water content and root zone storage. In this study the NDII was used as proxy for the woodland
canopy water content. It was observed that in the dry season, one to two months before
commencement of rainfall, the NDII and the Ea values begun to increase (Figs. 3 and 4). This rise
in the NDII and the Ea cannot possibly be attributed to increased root zone storage but most likely
the vegetation own water storage mechanism as espoused by Tian et al (2018), Vinya et al. (2018)
and Vinya et al. (2013).

Generally, the seasonal changes in the canopy cover (as proxied by the LAl and the NDVI)
seem to be in response to the changes in the vegetation water content and the woodland canopy
temperature. This behaviour could be a water conservation strategy to deal with stress conditions
i.e., reduced water availability and high temperature as has been indicated by field observations
by Vinya et al. (2018).

2.4.3 Observed abrupt change point(s) and the trends in variables during the 2009 — 2018

period

The Pettit homogeneity test revealed significant upward abrupt change in the 8-day LSTwin,
LSTmax and LSTwmean in August 2012. The NDVIuax and the NDllIuax showed abrupt downward
changes in May 2010 and May 2016 respectively. The change point in the LST did not correspond
with the change points in the NDllvax and the NDVIwmax (Fig. 2.7). Analysis of the mean annual
values showed a significant (alpha =0.05) upward trend in the LST increasing at annual rate of
0.17°C year?; the Sens’ slope showed the LAl and rainfall to generally have been in an upward
trend (alpha level > 0.1) increasing at annual rates of 24 mm/year and 0.008 year respectively,
while the NDII and NDVI generally showed a downward trend at alpha levels 0.1 and >0.1 with
annual rates of decrease at 0.001 year! and 0.0001 year? respectively (Fig. 2.8). The upward
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change in the LST could be attributed to several factors including but not limited to; change in land
cover i.e. from woodland to cropland or grassland, the uncertainties associated with the estimation
of the LST especially during the hot-humid periods i.e. in the rainy season, reduction in vegetation
water content as a result of a prolonged drought period or reduced rainfall and, data quality (i.e.,
several outliers in the data) (Jaafar et al., 2020; Sun et al., 2016; Li et al., 2013; Mildrexler et al.,
2011; Karnieli et al., 2010). However, in this study it is more likely that the upward abrupt change
in the LST is a true change. This is because the LAl i.e., a proxy for the woodland cover showed a
generally upward trend indicating that there were possibly no changes in the woodland land cover.
The study site is also a conservancy with extremely limited anthropogenic activities that could
result in extensive change in the land cover type. What is more probable, as could be “evidenced”
by the generally downward movement in the NDII and the NDVI (Figs. 2.7 and 2.8) and the daily
rainfall values (i.e., as indicated by negative S and Kendall Tau values) (Table 2.7), is that the
abrupt change and rising trend in the LST maybe an indication of the woodland getting drier during
the period 2008 — 2018 ( Karnieli et al., 2010). Thus, the LST maybe a good indicator of temporal
changes in the plant water status as a result of changing climatic factors in the miombo ecosystem.

Furthermore, during the period 2009 — 2018 the NDII (proxy for canopy water content) did
not show any significant (at alpha level 0.05) trend but there was an upward trend in the LST (proxy
for canopy temperature) with a magnitude of 0.17°C year*. However, the upward trend in the LST
did not result in significant (at alpha level 0.05) downward changes in canopy cover (i.e., proxied
by the LAl and the NDVI). This result augments the observed least determinant factor
characterisation of temperature (i.e., LST) on the woodland canopy cover as compared to the
vegetation water content (i.e., NDII).

2.5 Limitations of the study

The satellite-based observations i.e., LAI, LST, NDII and NDVI used in the study were not
validated with the ground data in the miombo woodland. The Ea values were not direct
observations, but model-based and not validated with ground data. The Ea values were based on
MODIS MOD16A2 and MYD16A2, which also make use of the other indicators used (i.e.,
NDVI/LALI). Based on the results of this study further investigations should be made using field
data to verify these satellite data-based observations.

26  Conclusions

The study sought to analyse the relationships between the variations in the woodland
canopy cover and the changes in the woodland canopy water content and the woodland canopy
temperature at a local miombo woodland using satellite-based data and statistical methods. The
study was mainly focused on the dry season. The following conclusions can be drawn from the
results:

The woodland canopy cover and the water content were significantly higher during the
rainy season while the woodland canopy temperature was significantly higher during the dry
season. Over the years, there appears to be no significant difference in dry season canopy
temperature. Across seasons, variations in the woodland canopy cover seem to be more strongly
associated with the woodland canopy water content than the woodland canopy temperature.

The plant water status, i.e., canopy water content, as a single variable appears to be a major
determinant factor of the temporal variation in the woodland canopy cover across seasons, though
combination with the woodland canopy temperature appears to significantly improve accounting
for variations in the woodland canopy cover during the dry season.
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Based on the satellite data analysed in this study, seasonal variations in canopy cover could
be a water conservation strategy by miombo plant species as a result of the changes in plant water
availability and the woodland canopy temperature.

The satellite-based LST and the NDII seem to have captured the seasonal variations in the
miombo woodland, therefore, they may be good indicators of plant water status in this ecosystem.
However, field measurements are needed to determine the degree of correlation with actual
physical conditions.
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Chapter 3

“Estimating invisible water. Easy as
drinking water?”’

(Personal reflection — H.M. Zimba)
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3.1 Introduction

Global terrestrial evaporation is about 60 percent of the total incoming precipitation
(Miralles et al., 2011a; Van Der Ent et al., 2014). Evaporation in Africa, Asia and south America
accounts for 78 percent of this terresterial evaporation (Miralles et al., 2011a). A general paucity
of evaporation flux observation towers exists across the vast spectrum of ecosystems. As a
consequence, in most cases several satellite-based evaporation estimates (e.g., GLEAM, MODIS,
SSEBop) are used in hydrological modelling and water resources management without validation
with field observations from the African ecosystems. In the face of climate change, accurate
information on evaporation dynamics in major ecosystems, like the miombo woodland in southern
Africais important in the management of scarce water resources. Some studies have been
conducted to validate satellite-based evaporation estimates in Africa (e.g., Blatchford et al., 2020;
Dile et al., 2020; Weerasinghe et al., 2020; Ramoelo et al., 2014). However, none of these studies
used field observations based on the miombo woodland evaporation.

In southern Africa, the miombo woodland is the largest dry forest formation (Fuller, 1999;
Frost, 1996) and the characteristic vegetation cover for many river basins, including the Zambezi
Basin. The miombo woodland has unique phenology (Chidumayo, 2001; Fuller, 1999, Frost, 1996)
and plant-water interactions that are different from other ecosystems in Africa (Tian et al., 2018;
Vinya et al., 2018). For instance, Fuller (1996) conducted an assessment of miombo canopy
phenology, i.e., leaf display and canopy closure, in the Luangwa Basin in Zambia. The plots for
the assessment included the mopane woodland and the miombo woodland. Both wet miombo (i.e.,
plateau miombo in Mpika) and dry miombo (i.e., valley areas) in the Luangwa Basin were
assessed. The assessment involved field estimates of the normalised vegetation index (NDVI) for
leaf display and the upward pointing photographs were used for canopy closure observations. The
results showed the plateau miombo with the lowest seasonality in the tree layer with mean range
of 40 - 60 % closure over one season. The canopy closure values among the miombo plots ranged
between a minimum of 2 % for the scrub miombo to a maximum of 70 % for the plateau miombo.
For the plateua miombo, compared to other miombo plots (i.e., scrub and valley miombo) it was
observed that there is net zero change in the increase in the canopy closure due to simultaneous
leaf fall and leaf flush in the dry season before the commencement of the rains. The leaf fall, leaf
flush and the acompanying change in leaf colour occur during what is normally termed the
transition period in the dry season (May — October) (Fuller, 1999; Frost, 1996; White, 1983). The
leaf fall and leaf flush are species dependent, occurring at different times for each species in the
dry season. The flushing of new leaves, weeks to months or more, before commencement of
seasonal rainfall is a unique feature of the miombo woodland (Frost, 1996; White 1983).
Depending on rainfall received in the preceding rain season, the leaf fall and leaf flush processes
may start early in the cool dry season (i.e., in case of low rainfall received) or late (in case of high
rainfall received) and may extend into November in the early rainy season (i.e., in the case of high
rainfall received) (Fuller, 1999; Frost, 1996; White, 1983). The new young flushed leaves have
high leaf water content of about 66% which declines to around 51% as the leaves harden until they
are shed in the next season. The osmotic pressure in the flushed leaves in the dry season increases
as the leaves harden but declines after the onset of the rains reaching minimum levels in February
(Ernst and Walker 1973). Most miombo species are broad leaved with capacity to intercept more
radiation than other vegetation types such as the mopane species (Fuller, 1999). Wet miombo
woodland canopies intercept between 18-20 % of incoming rainfall annually (i.e., Alexandre,
1977). Most miombo species are deep rooting, beyond 5 metres, with access to deep soil moisture
(Savory, 1963). The moisture in miombo woodland soils increases with depth (Chidumayo, 1994;
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Jeffers and Boaler 1966; Savory, 1963). Miombo species also have a plant water storage
mechanism (i.e., Vinya et al, 2018; Ernst and Walker 1973) that helps to buffer dry season water
limitations. The highlighted unique phenological attributes of the miombo species suggests that
the miombo woodland gives evaporation feedback incomparable to other ecosystems.

The evaporation dynamics of the miombo woodland and its relationship with the above
highlighted phenological characteristics have not been studied. However, given the need for
assessing the limited water resources in the ecosystem, there is a clear need for a detailed
understanding of the phenophase-based evaporation of the miombo woodland. Yet, estimating
evaporation over natural vegetation such as the miombo woodland in southern Africa remains a
challenge.

Limitations can be found in all available conventional approaches, such as the eddy
covariance (EC) system (Foken, Aubinet, and Leuning, 2012; Jarmain et al., 2009; Savage et al.,
1997), lysimeters (Sutanto, Wenninger, and Uhlenbrook, 2012; Teuling, 2018), scintillometry
(Dzikiti et al., 2014; Jarmain et al., 2009) and the conventional Bowen ratio (Everson, 2001;
Savage et al., 1997; Bowen, 1926). For instance, inability to account for energy fluxes near the
observation tower causes energy closure problems in the EC-systems. Site heterogeneities
introduces horizontal and vertical advective terms that are impossible to resolve by single point
flux tower measurements (Liu et al., 2006) . Furthermore, if the optical path is obsecured, such as
occurs in wet conditions, the EC’s optical open-path sensors do not work properly and if the open-
path analyzer is wet the evaporation which occurs shortly after a rainfall event is not observed
(Coenders-Gerrits et al., 2020; Hirschi et al., 2017). In the case of the two vertical sensor-based
Bowen ratio, each sensor has its own errors which are propagated to the Bowen ratio. Additionally,
it is difficult to ensure that the two sensors are correctly aligned with each other which results in
incorrect Bowen ratio estimates (Angus and Watts, 1984; Spittlehouse and Black, 1980). Jarmain
et al. (2009) assessed and reported on various conventional methods for estimating evaporation in
different land surfaces in south Africa. However, recent advances in the distributed temperature
sensing system has expanded possibilities for improved accuracy in energy partitioning and the
application of the Bowen ratio for evaporation flux assessment in woodlands (Euser et al., 2014;
Schilperoort et al., 2020; Schilperoort et al., 2018). In contrast to the conventional Bowen ratio
approach, the Distributed Temperature Sensing Bowen ratio technique (BR-DTS) makes use of
several vertical high resolution temperature measurements made with a single fibre optic cable.
This eliminates the need for the conventional configuration with two indivual sensors at different
locations and the associated errors with this type of set up. One section of the fibre optic cable
measures the air temperature profile, while a second section, covered in a constantly wetted cloth,
measures the wet-bulb temperature profile. The vapour pressure profile can be derived through the
psychorometer principle. The DTS technique enables that wet and dry bulb temperature
measurements can cover the entire vertical profile through a woodland stand: above the canopy,
within the canopy, and under the canopy. This is conducted simultaneously along a single fibre
optic cable, thereby facilitating a deepened understanding of the energy partitioning in a woodland
(Schilperoort et al., 2020; Schilperoort et al., 2018; Euser et al., 2014). Coenders-Gerrits et
al.(2020) have suggested that the DTS technique offers opportunities to assess forest energy
storage components that are not normally captured when using conventional approaches. The BR-
DTS approach provides an avenue for enhanced understanding and increased accuracy in the
estimation of forest evaporation. This is notwithstanding the challenges associated with the BR-
DTS approach such as the requirement for sufficient ventilation and constant wetting of the fibre
optic cable. Despite the highlighted advantages of the BR-DTS approach its major limitation is



49
Evaporation of the miombo woodland of southern Africa

that it is a point measurement. Furthermore, compared to the EC method the BR-DTS approach
tends to minimally overestimate diurnal latent heat flux (LE) by a mean difference of 18.7 Wm™
(Schilperoort et al., 2018).

For the miombo woodland, the need for field-based actual evaporation estimates is
highlighted by the discrepancies in satellite-based evaporation estimates (Zimba et al., 2023 under
review). Due to a lack of field-based observations of actual evaporation of the miombo woodland
the satellite-based evaporation estimate(s) that are close to field conditions are unknown.
Therefore, this study is focused on providing an independent estimation of actual evaporation of
the wet miombo woodland that can be used to validate satellite-based evaporation estimates.

In this study field observations were compared to four commonly-used free satellite-based
actual evaporation estimates: GLEAM (Martens et al., 2017; Miralles et al., 2011b), MOD16 (Mu
etal., 2011), SSEBop (Senay et al., 2013) and WaPOR (FAQ, 2018). The satellite-based estimates
were selected because they can be obtained free of cost, have comparatively high spatial-temporal
resolution, and good spatial coverage (i.e., global in the case of GLEAM, MODIS, SSEBop and
continental in the case of WaPOR), and are ready-to-use products with no further processing
required. Hence, the focus of our study was on characterising the actual evaporation of the miombo
woodland using the BR-DTS approach, and comparing the field observations to the satellite-based
evaporation estimates. Consequently, objectives of this study were to:

1. Estimate the actual evaporation of the wet miombo woodland across difference canopy/leaf
phenophases to help understand the flux trend and magnitude in the ecosystem,

2. Compare free satellite-based evaporation estimates to the field-based estimates at point
scale across the different canopy/leaf phenophases of the wet miombo woodland.

3.2 Materials and methods
3.2.1 Study site

The study was centred on a miombo woodland at the Nsanzala and Mutinondo conservancy
areas (lat: —12.38° S, long: 31.17° E) in the Mpika District, northern Zambia in southern Africa
(Fig. 3.1). Zambia was selected because it is considered to have the largest diversity in miombo
woodland species composition (Frost, 1996; White, 1983). The site in Mpika was chosen because
it represents a large area of undisturbed miombo woodland with high heterogeneity in species
typical of miombo woodland. The site is also situated in the largest miombo ecosystem component
of the wetter central Zambezian miombo (Olson et al., 2001; White, 1983), in the north-western
part of the Luangwa Basin (Fig. 3.1). At the study site, species identification and counts within a
250m-by-250m sample plot showed that over 95 percent of the dominant miombo species is semi-
deciduous and include: Brachystegia floribunda, Brachystegia longifolia, Brachystegia boehmii,
Brachystegia speciformis, Jubenerdia paninculata, Uapaca kirkiana, Pericopsis angolensis,
Bauhinia petersenia and Uapaca sansibarica. These are typical miombo species, especially the
Brachystegia floribunda, found in the wetter Zambezian miombo woodland (Fuller, 1999; White,
1983). The typical characteristics of the miombo species at the site are that they shed off leaves
(leaf fall) and also leaf flush during what is termed as the transition period in the dry season (May
— October). Frost (1996) indicated that, based on the amounts of rainfall received in the preceding
rain season, the leaf-fall and leaf flush processes may start early (i.e., in case of low rainfall
received) or late (in case of high rainfall received) and may extend up to November (i.e., in the
case of high rainfall received). Elevation ranges between 318 m and 2327 m above sea level (Fig.
3.1 b). The study site has a mean annual rainfall of 1200 mm year and mean annual temperature
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of 26 °C. Rainfall is a result of the movement of the intertropical convergence zone (ITCZ) over
Zambia. Rainfall period is between October and April while the dry season is between May and
October (Hachigonta and Reason, 2006; Chidumayo, 2001).The woodland at the study site is
undisturbed by anthropogenic activities due to the site being a conservancy. The major activities
in the area are controlled cattle ranching and tourism.

| 8 Country boundary

Land cover classification
Class

| Shrubs

| Herbaceous vegetation
| Cropland

B urban / built up

| Bare/ sparse vegetation
B Permanent water bodies
| Herbaceous wetland
B Forest

-20  -10

— River

~ Miombo Woodland |

Elevation
(m.m.s.l)

28 29 30 31 32 33 34 28 29 30 31 32 33 34

Figure 3.1: Location and extent of the miombo woodland in Africa (a), elevation characterisation
in the Luangwa Basin and at the study site in Mpika (b) and land cover classification of the
Luangwa Basin (c). The ASTER Digital elevation model was used to depict elevation while the
2019 Copernicus Land cover for Africa was used for land cover characterization.

Controlled burns at the study site are normally conducted in August when the Dambos (wetlands)
are dry, and are mainly conducted in the dambo grassland for livestock grazing purposes. The non-
burning of the study site ensured the evaporation observations were not influenced by fire activity
especially burning of the canopy leaves.

3.2.2 Study approach
3.2.2.1 Characterisation of phenophases at the study site

This study compared estimates of actual evaporation by the BR-DTS method with the
Penman-Monteith reference evaporation (Allen et al., 1998) and to four satellite-based evaporation
estimates at point scale in the miombo woodland. The observations were conducted for the period
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May to December 2021. The study period facilitated assessment of evaporation during the dry
season and early rainy season across three different phenophases of the miombo woodland. The
phenophases were characterised using satellite-based data (Gray et al., 2019; Zimba et al., 2020)
and the climate (rainfall and temperature) and soil moisture-based classification by Chidumayo
and Frost (1996). Satellite-based classification uses the changes in canopy greenness to
characterise the canopy phenophases (Gray et al., 2019). In this study the Collection 6 MODIS
Land Cover Dynamics (MCD12Q2) Product (Gray et al., 2019; Friedl et al., 2019; Zhang et al.,
2003) was used to identify the satellite-based phenophases. For the year 2021 eight phenophases
were identified using the satellite-based data MCD12Q2 (Fig. 3.2), NDVI, leaf rea index (LAI)
and photographs from a digital camera (Denver WCT-8010) installed on the flux tower at the study
site (see Fig. 3.9 in section 3.3.6). For the climate and soil moisture-based classification
Chidumayo and Frost (1996) observed five phenological seasons: warm pre-rainy season, early
rainy season, mid-rainy season, late rainy season and the cool dry season (Fig. 3.2). Within these
phenological seasons the phenology of miombo species transition through various stages i.e., from
leaf fall/leaf flush, growth of stems, flowering to mortality of seed (Chidumayo and Frost,1996).
The satellite-based phenophases can be identified within the climate-based phenological seasons
(Fig. 3.2). Based on the period for this study, May — December, five satellite-based phenophases
were identified within three climate-based phenological seasons (Fig. 3.2). The identified
phenophases based on satellite data were the green-down, mid-green down, dormant, green-up and
the mid-green up (Fig. 3.2). For easy of analysis some satellite-based phenophases were merged
based on the dominant activity.

“Vegetation phenology" refers to the periodic biological Ilfe cycle events of plants,
such as leaf flushing and and corresponding in
vegetation canopy cover (Stockli et al., 201 1)
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Figure 3.2: Characterisation of canopy phenophases of the miombo woodland in relation to
seasonality at the study site. Photographs show the changes in the canopy cover on selected days
across phenophases for the year 2021.
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For instance, the green-down and mid-green-down were merged together into one green-
down phenophase while the green-up and mid-green-up were merged into one green-up
phenophase. The established satellite-based phenophases green-down (may-June), dormant (July
— September) and green-up (October — December) were in the cool-dry season, warm pre-rainy
season and early-rainy season phenological seasons (Fig. 3.2). The detailed characterisation of the
phenology of the miombo woodland, particularly in Zambia, can be found in Chidumayo (2001),
Fuller (1999), Chidumayo and Frost (1996) and Fuller et al. (1996).

3.2.3 Estimating potential evaporation

The Penman-Monteith (PM) equation (i.e., Eg. 6 in Allen et al., 1998) was used to estimate
reference evaporation (Eo) from which potential evaporation for the miombo woodland was
calculated using Eq. (3.1). All required inputs for the PM equation were obtained at the study site.
To obtain potential evaporation for the miombo woodland the crop coefficient (K¢) value of 0.8
was used. The K, value used was obtained from literature (Hunink et al., 2015). The K, value was
estimated based on the miombo woodland in Mahele, Tanzania. The K¢ value for the Mahele region
in Tanzania was utilised because it is situated in the wet miombo region receiving rainfall of about
1000 mm year, with similar seasonality as the study site in Mpika, Zambia in which rainfall starts
late October and ends early May (Hunink et al., 2015). Furthermore, despite its vast expanse there
is unexpectedly little variation in miombo woodland species diversity (Chidumayo and Gumbo,
2010). In this study the same K. value was applied for the dry and the rainy season.

Ec(PM) =K. E, (3.1)

3.2.4 Conventional Bowen ratio energy balance method

The Bowen ratio is the proportion of the sensible (H) to the latent heat flux (LE) of a
surface. In simple form the Bowen ratio can be determined by multiplying the psychrometric
constant by the ratio of the temperature and vapour pressure gradients as expressed in Eq. (3.2):

B =~ v.AT;/Aeq 3.2)

where y is the pyschrometric constant (kPaK™) (Eq. 3.3), AT, is the difference in temperature (K)
between two heights and Ae,, is the difference in the actual vapor pressure (kPa) between the same
two heights. The psychrometric constant is obtained using the relationship between air pressure
and ventilation of the psychrometer as given by Allen et al. (1998) in Eqg. (3.3):

y = 0.0665 X 103.P, (3.3)

where, P, is the atmospheric air pressure (kPa).

Despite the simplicity of the approach, the energy balance Bowen ratio method needs to
meet several conditions in its application for results to be reliable. For instance, the two levels at
which the temperature and vapor pressure are measured must be within the boundary layer of the
air flow, which has adjusted to that particular land surface. The measurement site therefore requires
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extensive fetch in the upwind direction for the airflow over the land surface, in this case the forest
canopy. A fetch of at least 100 times the maximum height of measurement is typically suggested
for such measurements (Angus and Watts, 1984).

3.25 BR-DTS energy balance approach
The BR-DTS method measures air temperature gradients directly and the vapour pressure
gradients are estimated via the wet bulb temperatures using Eq. (3.4):

ea(Ta) = es(Tw) - }/(Ta - Tw) (34)

where €a(r, is the actual vapour pressure, eS(TW)is the saturated vapour pressure, y is the

psychrometric constant, T, and T, are the dry bulb and wet bulb temperature. Details on this
calculation can be found in Schilperoort et al. (2018).

In contrast to the conventional Bowen Ratio Energy Balance, where only the temperature
and vapour pressure at two heights are used, the BR-DTS method uses all measuring points
between two heights. All dry and wet bulb temperatures within this segment are used to determine
the gradients according to a natural logarithmic of the height (Egs. 3.5 and 3.6):

Tafit =a.In(z) +b (3.5)
€asy = C- In(z) +d (3.6)

The fitted DTS temperature and actual vapour pressure at 11 m (bottom) and 15.5 m (top)
heights above the forest canopy were used to estimate the Bowen ratio following Eqgs. (3.7) — (3.9):

ATy fir jAeq fi
B=y. Azf/ Ath (3.7)
in which;
AT, u/4z=T, g (z=top)-T, s(z=bottom)/(z=top - z=bottom) + I' (2) (3.8)
and
Aey, fir _ S fit (z=top) - &,, ﬁt(Z:bOttom) (3 9)

Az z=top - z=bottom
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where AT, ; is the difference in air temperature (K) of the fitted curve between the bottom and
top of the height range used for the Bowen ratio, Ae, f;; is the difference in actual vapor pressure
(kPa) of the fitted curve over the same height as in temperature, 4zis the difference in height (m)
between the two points and I' is the adiabatic lapse rate (normally around 0.01 Km). During dry
and unsaturated conditions, very small temperature and vapor pressure gradients could result in
errors in the Bowen ratio estimates. The use of the lapse rate is recommended in such
circumstances (Schilperoort et al.,2018; Barr et al., 1994). In this study the lapse rate was applied
throughout the study period following Schilperoort et al. (2018). Before fitting the raw DTS data
was calibrated following the approach by des Tombe et al. (2020).

3.2.6 DTS data quality control

The quality control process followed the demonstration by Schilperoort et al. (2018) as
shown in Egs. (3.10) and (3.11). Only diurnal temperature and actual vapour pressure data (i.e.,
obtained between 06AM and 18PM were considered). This is because night time actual
evaporation was not estimated, as it was assumed to be negligible. The correlation coefficient of
determination (r?) values for fitted vapour pressure were used for quality control. The fitted actual
vapour pressure with r? values below 0.2 and Bowen ratio values approaching -1.1 and -0.9 were
removed from the data and gaps filled by the regression method. The coefficients (r?) for dry and
wet bulb temperature were not considered because the high uncertainty in temperature is
propagated in vapour pressure.

Flag 1: r?,, , > 0.20, (3.10)
Flag 2: B<-1.1 or § >—0.9. (3.11)

3.2.7 Actual evaporation estimation

Several studies (i.e., Buttar et al., 2018; Euser et al., 2014; Xing et al., 2008; Spittlehouse
and Black, 1980) demonstrated the use of the Bowen ratio in combination with the energy balance
to assess the latent heat flux. In combination with other energy terms the Bowen ratio energy
balance estimate of evaporation (Eg ) can be performed using Eq. (3.12):

Ep = (Ry— M~ G)/L(1+ ) (3.12)

where R,, is the net radiation flux (Wm), L being the latent heat of vaporization of water (2.45
MJkg™), G, is the ground heat flux (Wm) and the M is the change in energy storage in the system
canopy storage (Wm2). The ground heat flux in this study was estimated from the net radiation at
hourly intervals. For the Penman-Monteith model (Allen et al., 1998), the ground heat flux for
hourly (Gy,) or shorter periods for reference/growing crop, can be estimated from net radiation
(Rn) using Eq. (3.13) during daylight and Eq. (3.14) during night-time periods. However, the G,
for woodlands is different from that of grass or growing crop. Some studies, in different
woodlands, found G, to be between 5 — 24 percent of R,, (i.e., Ma et al., 2017; Van Der Meulen



55
Evaporation of the miombo woodland of southern Africa

and Klaassen, 1996; McCaughey, 1982). With reference to observed G in different woodlands,
this study selected 10 percent of R,, for hourly daytime G. The 10 percent was selected because
the wet miombo woodland at the study site, at any period of the year, has about 70 percent canopy
closure (Fuller, 1999; Frost, 1996). Furthermore, during the dry season (May-October) top soil (0
- 30 cm) moisture, was not expected to vary significantly.

Gpr = 0.1R, (3.13)
Gnr = 0.5R,, (3.14)

We follow Schilperoort et al. (2018) in their observation that the change in canopy storage (M)
can be ignored. The E; was estimated at hourly intervals and then summed up into daily and 10-
day values.

3.2.8 Comparison of satellite-based evaporation estimates to field observations

For comparison to satellite-based evaporation estimates, field actual evaporation estimates
were aggregated into 10-day and monthly data sets to align with the satellite-based evaporation
estimates temporal scales. The native spatial resolutions (Table 3.1) of the satellite-based
evaporation estimates were used because these products are mostly applied or used in their native
resolution configuration. All satellite-based estimates used in this study can be obtained free of
cost and are readily available. In Africa, financial constraints are a resource limitation for field
observations. Therefore, to have access to free of cost satellite-based evaporation estimates has
significant advantage. Furthermore, in the context of this study, sufficient historical data was
available and all satellite-based evaporation estimates are continuously being processed which
assures, to a large extent, future availability of data for continued monitoring. Except for the
WaPOR, which had a continental spatial extent, the rest of the satellite-based evaporation estimates
had global spatial extent. However, all four satellite-based evaporation estimates adequately
covered the extent of the miombo woodland, which was the focus of this study. All four satellite-
based estimates were accessed online from different platforms as indicated in Table 3.1. Details of
the methods for each satellite-based evaporation estimate can be found in the specific documents
cited in Table 3.1.

3.2.9 Statistical analysis

The field observations and satellite-based evaporation estimates were compared using the
Kendall and Pearson correlation coefficients, correlation coefficient of determination (R?) (Eq.
3.15), Root Mean Square Error (RMSE) (Eg. 3.16) and the mean bias error (MBE) (Eq. 3.17).
These are some of the commonly used techniques for comparing pairs of variables and assessing
performance of hydrological models (Helsel et al., 2020). The coefficient of determination
measures the strength of relationship between the observed with the modelled values. The
relationship between variables is strongest as the R? value approaches 1. The RMSE quantifies the
deviation of the predicted values from the observed values. The model predictions are more
accurate as the RMSE value approaches zero. The mean bias error is the measure of the extent to
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which modelled values deviate from observed values and indicates whether there is under or
overestimation. The smaller the mean bias error value the less the deviation of the predicted values
from the observed values (Helsel et al., 2020). Negative value indicates underestimation while a
positive value indicates overestimation.

Zi:l(ES - Ea(DTS))Z

R>=1- = 5 (3.15)
Zi=1(E¢7L(DT5)i_ Ea(DTS))
1 n
RMSE = ;Z(Esi — Eapre)? (3.16)
i=1
1
MBE = 231 (Esi = Eagprs)) (3.17)

where, Eaprs) is the BR-DTS-based actual evaporation estimate, Eaprs, is the mean of the BR-

DTS-based actual evaporation estimate, Ej is the satellite-based evaporation estimate and n is the
number of observations.
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Table 3.1. Characteristics of satellite-based evaporation estimates used in this study

Satellite-
based Spatial Temporal Spatial Estimation Source of input R Source of
. h ] eference
evaporation coverage resolution resolution(m) approach data data
estimate
Priestley
GLEAM Taylor AMSER-E, (Martensetal, 1" SeNVer
(V3.6aand Global Daily 27700 m equation, LPMRM, 2017; Miralles accessed:
v3.6b) Soil moisture  MSWEP+MSWX etal., 2011b) 05/06/202-2
stress factor
Penman-
ot
MOD16v2 Global 8-days 500 m surface ! MODIS (Muetal.,2011) Engine
conductance portal
model
Access: https://app.climateengine.com/climateEngine
Last accessed: 05/06/2022
Penman-
Monteith .
- Climate
equation, ET MODIS and (Senay et al., -
SSEBop Global 10-days 1000 m fractions from  GDAS 2013) Englr;e
T, estimates porta
Access: https://app.climateengine.com/climateEngine
Last accessed: 05/06/2022
Based on the
ETLook
model,
Penman- (FAO, 2018; WaPOR
WaPOR v2 Continental 10-days 250 m Monteith MODIS Bastiaanssen et Portal
equation, al., 2012)
estimates Ea,
land T
separately

Access: https://wapor.apps.fao.org/home/WAPOR_2/1
Last accessed: 05/06/2022

3.2.10 Flux observation tower setup

Temperature was measured using a single 3 mm 1 km long white jacket duplex single tube
fibre optic cable connected to the DTS machine. The cable’s ends were spliced together to loop
the signal back making a double ended configuration. Double ended configuration was explained
in (van de Giesen et al., 2012). The DTS machine used is the Silixa XT-DTS (Silixa Ltd, 2016)
with sensing capabilities as shown in Table Al in the appendices. A calibration bath was set up in
which 10 m of the fibre cable from the DTS was placed in water together with 2 x 2 PT-100 probes
for the entire period of the measurements. The DTS was set to take temperature measurements at
a 5 minutes interval. The fibre optic cable was firmly secured on a 17.25 m vertical tower
(illustrated in Figs. 3.3 and 3.4) following the techniques demonstrated by Euser et al. (2014) and
Schilperoort et al. (2018). One section of the fibre cable (blue line in Fig. 3.3) from the DTS
machine was wrapped in cotton cloth (Fig. 3.4 a) starting at the base up to the top of the tower and
was always kept wet for estimation of what is known as wet bulb temperature. Separated by a1 m
gap the other section of the fibre cable (red cable in Fig. 3.3) was not wrapped (Fig. 3.4 b) in a
cotton cloth and was designated to measure the air temperature. The cloth on the designated wet
cable was kept constantly wet by the water that was pumped to the 65-litre tank placed at the top
of the tower. The water flow from the water tank to the fibre cable was regulated (roughly 20 litres
per day) to ensure a smooth and constant wetting of the cotton cloth.
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Figure 3.3: Schematic drawing (not to scale) of the field set-up of the observation tower at the
wet miombo woodland study site in Mpika, Zambia.

As recommended by Euser et al. (2014) the wet cable was placed on the downwind side while the
dry cable was placed on the upwind side of the tower. The type of cables arrangement prevented
water from the wetted cotton cloth for the wet cable from splashing onto the dry cable. This set up
of cables ensured that the dry bulb temperature measurements were not affected. Furthermore, a
gap of 1 m also contributed to ensuring that the dry cable was not affected by the water from the
wetted cotton cloth. Following the recommendation by Schilperoort et al. (2018) both the wet and
dry cables were shielded from direct sunlight by 8-meter long two layered wire mesh screens
placed above the canopy (Fig. 3.3). A portion of data, within 2 m of the top of the tower, was not
included in the assessment because it was assumed to influence the wet clothe/wet cable
temperature as the water from the tank above the tower was at a temperature slightly higher than
the air temperature.
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* Fibre cable
wrapped in
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Figure 3.4: Optic fibre cable wrapped in the wet cloth (a) for collecting the wet bulb temperature
and (b) optic fibre cable not wrapped in cloth for estimating the dry bulb temperature on the
observation tower at Mpika site, Zambia. Under canopy view without screens.

The 2 m length was considered a sufficient length for the temperature of the water from the tank
to be uniform with the environment and suitable for measurement of wet bulb temperature. For
this study the tower height was 17.25 m and the fetch was beyond 1.7 km. The fetch covered an
area with more than 20 km of uninterrupted miombo woodland with typical sporadic small
seasonal wet grasslands (Fig. Al b in the appendices of Zimba et al., 2023). Furthermore,
Spittlehouse and Black (1980) showed that greater accuracy in the Bowen ratio measurements
could be attained by increasing the separation between, and interchanging the psychrometers. In
this study it was ensured that more than 4 metres separation were between the two levels at which
the temperature and actual vapour pressure were selected above the canopy.

To obtain the net radiation (Rn, Wm2) the NR Lite 2 net radiometer (Kipp & Zonen CNR4)
was installed at about 2 m above the canopy (that is 11 meters from the ground) (Fig. 3.3). The net
radiation was logged at an hourly interval using the Campbell CR10X data logger. With reference
to estimates in other ecosystems (i.e., Ma et al., 2017; Van Der Meulen and Klaassen, 1996;
McCaughey, 1982) an hourly ground heat flux (Go, Wm?) was estimated at 10 percent of the
hourly net radiation. The soil moisture was obtained using two HOBOnet ECH20™ EC-5 soil
moisture sensors placed at 5 cm and 30 cm in the soil sub-surface. The Onset HOBO S-THB-
MO002 smart sensors were used to measure under-canopy air temperature and relative humidity at
2 m above the ground and logged at a 5-minutes interval. Using the Onset HOBO RG2-M —
raingauge rainfall was measured at the flux tower site 2 m above ground and away from tree
canopies (Fig. 3.3). The rain gauge was logged at a 5-minutes interval.

The air temperature and actual vapour pressure to compare with the DTS measurements
were obtained using the METER Group Em60G ATMOS-41 all-in-one weather station sensors.
The ATMOS-41 sensors meet standards for the World Meteorological organization (WMO). The
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accuracy of the ATMOS-41 is £ 0.6 °C for air temperature at below 40 °C and + 3% for relative
humidity. Details on the capabilities of the ATMOS-41 sensors can be found in the manual (Meter
Group AG 2020). Characteristics of selected ATMOS-41 sensors are given in Table A2 in the
appendices of Zimba et al. (2022 under review). Two ATMOS 41 stations were used, placed at 2
m above the canopy (11 meters from the ground) and at 8 meters above the canopy (16.5 meters
from the ground) (Fig. 3.3). The ATMOS-41 station sensors were logged at a 5-minutes interval
same as the DTS.

3.3 Results and discussion
3.3.1 Evaporation flux foot print/Fetch analysis

The analysis of the evaporation flux foot print was performed using the wind rose (Fig. Al
in the appendices of Zimba et al., (2022 under review)). The wind rose was used to obtain the most
frequent and consistent wind direction to help determine which part of the study site had the
greatest influence on the evaporation flux. The wind was predominantly coming from the eastern
direction with wind speed ranging between 2 — 6 m s%. The use of the wind direction guided the
selection of pixels of satellite-based evaporation estimates for comparison with BR-DTS
evaporation estimates Eaprs). Using the identified predominant wind direction, the fetch/flux

footprint equal to 100 times the height (17.25 m) of the observation tower was designed. Thus, the
fetch/flux footprint was designed to cover a 1.725 by 1.725 km area (approximately 2 km by 2 km

grid).

3.3.2 DTS data quality control

The DTS measurements were conducted from 1 May to 25 December, 2021. Following the
quality control processes by Schilperoort et al. (2018), DTS data for seven days (2 in June, 2 in
August, 2 in September and 1 in October) did not pass the quality test. These data were collected
on the days when challenges of keeping the entire wet fibre cable cloth constantly wet were
experienced. The data were removed and gaps filled by the linear regression method. Due to
challenges with power supply for the DTS machine, six days in December (26th to 31st) were not
available for analysis.

3.3.3 Comparison of DTS-based estimates with the ATMOS-41 estimates

DTS estimates of air temperature and actual vapour pressure were compared with the
ATMOS41 estimates at 11 m and 16.5 m heights above the forest canopy on the tower (Fig. 3.3).
At height 16.5 m the DTS-based estimates and the ATMOS-41-based estimates showed relatively
lower correlation (R? = 0.97; 0.79 for air temperature and actual vapour pressure respectively).
However, at 11 m the correlation coefficients (R2 = 0.98; 0.86 for air temperature and actual vapour
pressure respectively) were relatively higher (Fig. 3.5 a - d). The lower correlation coefficients at
16.5 m may be explained by the installation of the ATMOS-41 weather stations above the forest
canopy that exposed the temperature sensors to direct sunlight in early morning and late afternoon.
This influenced the temperature measurements and resulted in deviations in ATMOS-41 air
temperature for the two periods. Additionally, the water from the tank on the tower did not always
reach the wet bulb temperature at the 16.5 m height resulting the overestimation of the DTS-based
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actual vapour pressure. Overall, the DTS and ATMOS-41-based estimates, at both heights, showed
good agreement, sufficient for this study. The accuracy properties of the ATMOS-41 are shown in
Table A2 in the appendices of Zimba et al.(2022 under review).
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Figure 3.5: Comparison of DTS temperature (T, prs)) and actual vapour (V Pprs)) measurements
with the ATMOS-41 (Tqarmos-41) aNd VParmos-41)) Measurements at 11 m and 16.5 m above
the wet miombo woodland canopy at Mpika site, Zambia.

3.3.4 Meteorological conditions

The wind direction was mainly between the North-East and South-East direction (approx.
50 — 110 degrees) (Fig. Al in the appendices of Zimba et al. (2022 under review)). Wind speed
(u) ranged between 0.7 - 8 m st with relatively higher speeds observed in the dry season between
July and September during the dormant phenophase (Figs. 3.5 and 3.6). Minimum and maximum
net radiation (Rn) were observed during the dry season and wet season respectively. The drop in
air temperature (T,) and relative humidity (RH) coincided with reduced soil moisture (SM) in the
dormant phenophase in the dry season (Fig. 3.6). Ta ranged between 7 — 32° C. Relative humidity
negatively co-varied with T, and Rn.
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Using the DTS-based Bowen ratio (BRDTS), available energy was partitioned into sensible
(H) and latent heat (LE) fluxes (Fig. 3.6 and Fig. A2 in the appendices of Zimba et al. (2022 under
review)). The H and LE co-varied with latent heat predominantly exceeding sensible heat across
phenophases. On days with precipitation (P) the H and LE appeared to be equally partitioned.
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3.3.5 Canopy phenophase based Bowen ratio and evaporation trend

During the green-down phenophase the Bowen ratio was highest while air temperature was
lowest in a relatively lower net radiation and vapour pressure environment. During the dormant
and green-up phenophases the Bowen ratio was lowest while the temperature was highest in
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relatively higher net radiation and lower relative humidity conditions (Figs. 3.6, 3.7 and Fig. A2
in the appendices of Zimba et al. (2023)). The green-down phenophase (i.e., May-June) showed
the lowest air temperature and net radiation (Figs. 3.6 and 3.7) and exhibited the highest mean
diurnal Bowen ratio (BR) (i.e., diurnal mean BR = 1.3) indicative of the energy being largely
partitioned as sensible heat compared to the dormant (i.e., diurnal mean BR = 0.27) and green-up
(i.e., diurnal mean BR = 0.35) phenophases with raised air temperature and net radiation when the
energy was mainly partitioned as latent heat (i.e., diurnal mean BR < 0.4) (Figs. 3.6 and 3.7).
Alternating energy partitioning was detected across the phenophases as can be seen through the
mean Bowen ratio, sensible and latent heat fluxes (Figs. 3.6 and 3.7). Diurnal energy partitioning
interchange, across the three phenophases, occurred round 06 AM and 6PM (Fig. 3.7). The study
site is situated in a warmer miombo region (Chidumayo and Gumbo, 2010).
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Figure 3.7: Characterisation of the wet miombo woodland canopy phenophase based hourly
averages of wind direction (WD), wind speed (u), Energy flux (EF) (net radiation (Rn), ground
heat flux (Go), latent heat flux (LE) and sensible heat flux (H)), Bowen ratio (BRpts) and actual
evaporation ( Eq(prs)). Shaded area is the standard deviation.
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The observed alternating energy partitioning (i.e., Bowen ratio) pattern is similar to what has been
observed in warm ecosystems and climates (i.e., Cho et al., 2012) such as the miombo ecosystem.
Consequently, diurnal evaporation pattern at the study site is dependent on daily energy
partitioning, increasing with net radiation and air temperature (Figs. 3.6 and 3.7).

3.3.6 Comparison of potential evaporation and actual evaporation

Ea (oTs) was estimated at diurnal (06 AM — 6 PM) hourly interval and then summed up into
daily and dekadal estimates. Overall, daily Ec (M) Was higher than Ea (prs) by an average of 17
percent (Fig. 3.8 a). However, under low temperature conditions (i.e., June — July) on some days
the Ea (prs) was higher than the Ec pm) (Fig. 3.8 a). In higher air temperature and low canopy cover
(i.e., in the dormant phenophase August and September), Ec (m) Was higher than Ez (prs). The soil
water limitations and changes in leaf colour (Fig. 3.9 and Fig. A3 in the appendices of Zimba et
al. (2022 under review)) may have resulted in significantly higher Ec (pmy compared to Ea (prs).
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The Ea oTs) and E¢ (pm) showed similar behaviour (i.e., trend and magnitude) across canopy
phenophases with strong correlation (r = 0.95) at dekadal scale (Fig. 3.8 b and Table A4 in the
appendices of Zimba et al. (2022 under review)). For both Ea (prs)and Ec (pmy, significant variations
(i.e., coefficients of variations and standard deviations) in evaporation estimates were observed in
the green-up phenophases (i.e., October — December) (Fig. 3.8 b, Table A3 in the appendices of
Zimba et al. (2022 under review)). The high coefficients of variations in the magnitude of actual
evaporation in the dormant and green-up phenophases could have been caused by changes in both
meteorological conditions and forest canopy cover characteristics such as leaf fall, leaf flush and
leaf colour (i.e., Figs. 3.6 and 3.9).

The E,prs) appeared to follow the trend of available energy (i.e., net radiation, air
temperature) (i.e., Kendall’s tau (1) from 0.09 to 0.6) instead of the changes in forest canopy cover
(i.e., Kendall’s tau (1) from 0.09 to 0.2) (Figs. 3.6 and 3.10). For instance, the lowest Ea (pts) was
observed during the lowest net radiation and air temperature in June while the highest Ea (prs) was
observed during the period with highest net radiation in the green-up phenophase. In the dormant
phenophase, the Ea (prs) increased as NDVI reduced (t = -0.22). The upward trend in the dormant
Eprs) even when forest canopy cover (i.e., NDVI) reduced may have been caused by the access
to deep soil moisture and vegetative water storage (Tian et al., 2018; Vinya et al., 2018) by plants
that had either not started the leaf fall or those that already acquired new leaves and had greened
up (Fig. 3.9). The leaf fall and leaf colour transitions (i.e., Fig. 3.9 and Fig. A3 in the appendices
of Zimba et al. (2022 under review)) in some wet miombo species, at any given time, across the
three phenophases, is compensated by the leaf flush and greening up process in other species,
which ensures that about 70% evaporative surface (i.e., canopy closure) (Fuller, 1999, Frost, 1996
and Fig. 3.9) is available at any period of the year.
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The canopy cover percentage increases as the phenophases transition from dormant to the peak
phenophase (i.e., Fig. 3.9 and Fig. A3 in the appendices of Zimba et al. (2022 under review)).
Zimba et al. (2020) showed that August/September and not June, had the highest plant water stress
(i.e., lowest NDII (Sriwongsitanon et al., 2015)). June showed the lowest net radiation and air
temperature (Fig. 3.6). However, E,prs) for August/September was higher than that for June. This
E4prs) trend and magnitude of actual evaporation demonstrates available energy, coupled with
adapted physiological processes, as the possible main driver(s) of the evaporation of the miombo
woodland during the dormant phenophase (in the cool dry season and warm pre-rainy season).

In the green-up phenophase, Ea (pts) increased with increase in net radiation and NDVI (t
=0.60; 0.29 respectively) (Fig. 3.10). The highest net radiation and air temperature were observed
in the green-up phenophase (Fig. 3.6). The NDII values (i.e., vegetation water content) started to
rise in September (Zimba et al., 2020). The increase in the Ea (ors) from July was sustained through
October to December (green-up phenophase) (Fig. 3.8), before the commencement of stable rains.
The NDII trend (Zimba et al., 2020) in the green-up phenophase may have been as a result of the
increased canopy cover as proxied by the LAl and NDVI1 (Fig. 3.9) facilitated by the plants access
to deep soil moisture/ground water after the leaf flush. The Ea (ors) green-up phenophase trend
could have been caused by increased canopy cover, access to deep soil moisture and high available
energy. The marginal drop of Ea (prs), in November, at the start of the rain season, could be
attributed to the drop in net radiation and air temperature (Fig. 3.6) influenced by cloud cover and
rainfall activity (Fig. 3.8a). During increased rainfall activity, atmospheric water demand may have
been lowered as relative humidity increased while net radiation reduced (Fig. 3.6). The same
explanation holds for the Ea (prs) estimates in December.

3.3.7 Comparison of satellite-based evaporation estimates to field observations
3.3.7.1 Comparison of temporal trend and magnitude

Among the four satellite-based evaporation estimates, only the WaPOR showed similar
trend to field observations across the three phenophases from May to December with strong
correlation coefficients (r = 0.85, 0.83 with Ea (o1s) and Ec (pm) respectively) (Fig. 3.11 and Table
A4 in the appendices of Zimba et al. (2022 under review)). This was followed by SSEBop (r =
0.51, 0.58 with Ea (prs)and Ec (pmy respectively), while MOD16 showed the weakest correlation (r
= 0.01, -0.01 with Ea ors) and Ec (pm) respectively). In contrast, GLEAM showed a negative
correlation with both Ea (prs) and Ec (pmy observations (r = -0.53, -0.48 with Ea (prs) and Ec (pwm)
respectively) (Fig. 3.11 and Table A4 in the appendices of Zimba et al. (2022 under review)). With
an exception of WaPOR, diversion from observed Ea (prs) and Ec (pmy begun in July at the
commencement of the rise in air temperature and net radiation, increased wind speed and the
beginning of the dormant phenophase (i.e., typified by leaf fall, leaf flush and leaf colour change
activities (Figs. 3.6, 3.9 and 3.11). Surprisingly, GLEAM appeared to substantially underestimate
actual evaporation during the dormant and green-up phenophases (in the cool-dry season and warm
pre-rainy season) (Fig. 3.2 and Fig. 3.11).
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3.3.7.2 Phenophase-based cumulative estimates and coefficients of variations of estimates
Between 1% May to 20" December, 2021, observed actual evaporation Eq(prs) Was about

24 percent lower than the estimated potential evaporation Ecpuy (Table 3.2). The largest
difference (approximatelly 130 mm) between E¢ppy and E, prs) Was in the water limited dormant
phenophase in the dry season proper.

Table 3.2. Comparison of the 2021 monthly cumulative evaporation for the wet miombo
woodland, Mpika, Zambia

Phenophase mean actual evaporation estimate Satellite- Satellite-
(mm phenophase™) based based
estimate % estimate %
Product Green-down Dormant Green-up  Total lower than lower than
Eqprs) E.pmy
Eq(prs) 146.62 341.75 479.47  967.83
Ecpmy 237.86 471.32 558.88 1268.06
GLEAM 128.22 84.69 94.25 307.16 68.26 75.78
MOD16 147.44 152.14 182.75 482.33 50.16 61.96
SSEBop 124.99 226.72 287.05 638.76 34.00 49.63

WaPOR 131.40 204.93 338.64 674.97 30.26 46.77
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Over the same period, cumulative average GLEAM actual evaporation was about 76 percent lower
than potential evaporation and 68 percent lower than Ea (pts). MOD16 was about 62 percent lower
than potential evaporation and 50 percent lower than actual evaporation Ea (prs). The SSEBop was
about 50 percent lower than potential evaporation and 34 percent lower than actual evaporation Ea
o1s)- WaPOR was about 46 percent lower than potential evaporation and 30 percent lower than
actual evaporation Ea (prs) (Table 3.2). The green-down phenophase showed the least differences
between satellite-based evaporation estimates and field observations (Table 3.2). Overall, the four
satellite-based estimates underestimated actual evaporation across the forest canopy phenophases
(Fig. 3.11 and Table 2). However, in the green-down all four satellite-based estimates showed
similar behaviour (i.e., trend and magnitude) with the Ea (pts) (Fig. 3.11 and Table 3.2).

The green-down phenophase showed the lowest coefficient of variation among the four
satellite-based evaporation estimates (Fig. 3.12). The low coefficient of variation coupled with the
low underestimation in the green-down phenophase showed that satellite-based estimates are
closer to miombo woodland actual evaporation in conditions of high forest canopy cover and high
soil moisture content in the sub-surface. The dormant and green-up phenophases showed large
underestimation and large coefficients of variation among the satellite-based estimates (Table 3.2
and Fig. 3.12). The underestimation during the green-up phenophase may be caused by difficulty
of modelling interception, especially in October and November at the beginning of the rain season.
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Figure 3.12: Box plots showing variations in satellite-based evaporation estimates at dekadal scale
across phenophases. Dotted red line is the mean for each phenophase. Coefficients of variation
(CV) of satellite-based evaporation estimates were largest during the dormant and green-up
phenophases.
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The significant variations in dormant phenophase actual evaporation estimates showed that
satellite-based evaporation estimates have difficulty estimating evaporation of the miombo
woodland in conditions with low canopy cover (with associated changes in leaf display
characteristics), both high and low available energy, and low soil moisture content in the upper
layers of the soil. If canopy transpiration is not coupled with access to deep soil moisture beyond
250 cm, as is the case with GLEAM (as explained in section 3.4.1), satellite-based estimates are
likely to underestimate actual evaporation in the dormant phenophase of the miombo woodland.

3.3.7.3 Performance statistics of satellite-based estimates with reference to BR-DTS

estimates

Overall, for the eight-month period, the WaPOR showed the lowest underestimation (i.e.,
MBE), had the highest correlation coefficient and lowest RMSE. The WaPOR was followed by
the SSEBop and then MOD16. The GLEAM showed the lowest estimates, high RMSE and largest
MBE. Only the WaPOR consistently showed positive correlation (r) with field observations across
the three phenophases (Fig. 3.13a). The underestimations were mainly associated with the dormant
and green-up phenophase (Fig. 3.11), as can be seen from the uncertainty RMSE and MBE values
(Fig. 3.13 b, c). Therefore, for satellite-based estimates, it appears the dormant and green-up
phenophases are the most difficult to assess. The SSEBop and WaPOR estimates appeared closer
to dry season miombo woodland actual evaporation than the MOD16 and GLEAM. The bahaviour,
in terms of trend and magnitude, of satellite-based evaporation estimates in relation to field
observations of the miombo woodland actual evaporation may be attributed to individual satellite
product characteristics.
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3.3.8 Potential causes of the discrepancies between Ea (pts) and satellite-based estimates
3.3.8.1 Global Land Evaporation Amsterdam Model (GLEAM)

GLEAM has four modules that are used to obtain actual evaporation. The modules include
the potential evaporation, rainfall interception, soil and stress modules. The potential evaporation
module uses the Priestly and Taylor equation, and is driven by observed surface meteorology. The
interception module is based on the Gash analytical model, and is driven by observed precipitation.
The soil module is a multi-layer model driven by observed precipitation and satellite surface soil
moisture. The stress module is based on semi-empirical relation to root zone soil moisture and the
vegetation optical depth (VOD) (Martens et al., 2017; Miralles et al., 2011b).

GLEAM’s green-down phenophase behaviour was similar to both field observations and
other satellite-based evaporation estimates. However, GLEAM’s behaviour, in low soil moisture
and low forest canopy cover dormant phenophase, was different, both in terms of trend and
magnitude. This showed GLEAM’s sensitivity to changes in the sub-surface moisture dynamics.
GLEAM soil module only takes into account 250 cm of the sub-surface soil moisture that is linked
to observed precipitation. GLEAM drainage algorithm does not take into account horizontal and
upward moisture fluxes beyond 250 cm depth. This implies that GLEAM is fully based on net
precipitation, thereby not taking into account the groundwater fluxes that are not related to
precipitation. At the study site, and the miombo woodland in general, the green down and dormant
phenophases occurs in the dry season. The soil moisture (i.e., at 30 cm) begins to decline in March
at the end of the rain season but stays relatively unchanged throughout the dry season (Fig. 6).
However, the moisture residue at 30 cm subsurface is higher during the green-down phenophase
as compared to the dormant and start of the green-up phenophases (Fig. 3.6 and Chidumayo, 2001).
Studies (e.g., Gumbo et al., 2018; Tian et al., 2018; Vinya et al., 2018; Guan et al., 2014; Frost,
1996; Savory, 1963) showed that miombo species have vegetative water storage mechanisms as
well as deep (beyond 5 m depth in some species) and extensive lateral rooting system providing
accessing to ground water resources. This explains the behaviour of field observations which
showed a rise in evaporation during the dormant and green-up phenophases in the dry season. The
rise in GLEAM actual evaporation in October could be attributed to the interception, due to rainfall
activity, and the sporadic rise in soil moisture in October (Fig. 3.6). This validates GLEAM’s
dependence on net precipitation for actual evaporation assessment. In increased solar radiation and
canopy cover (i.e., leaf area index (LAI)) conditions, i.e., in October at the study site, a small
amount of precipitation is likely to result in high interception, and only begins to reduce as
precipitation increases. This shows that the GLEAM interception module, aided by the use of good
quality rainfall product, i.e., Multi-Source Weighted-Ensemble Precipitation (MSWEP), is
responsive in the miombo woodland.

The overall driving factor of GLEAM’s actual evaporation estimates, with reference to the
Eqprs) in this study, might be the accuracy of the vegetation fraction product used in GLEAM, in

this case the Global Vegetation Continuous Fields product (MOD44B). Since the evaporative flux
components (i.e., interception loss, soil evaporation and transpiration as well as potential
evaporation estimates) are all based on the vegetation fraction cover, the accuracy of the vegetation
fraction product is a key factor in the overall accuracy (in relation to the miombo ecosystem) of
the estimated actual evaporation for each land cover. The GLEAM is based on four land cover
classifications that include bare soil, low vegetation (i.e., grass), tall vegetation (i.e., trees), and
open water (i.e., lakes). Misclassification of the land cover type will have a cascaded effect on
several components of the model, including the interception loss estimation and the multiplicative
stress factor which influences the estimation of the various evaporation components in the model.
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Additionally, the coarse spatial resolution (Table 3.1) could have contributed to the magnitude of
GLEAM actual evaporation estimates as shown in section 3.4.5 of this study. It is also possible
that the Priestley-Taylor equation used in GLEAM underestimates evaporation for the miombo
woodland in the cool-dry season and warm pre-rainy season. This is because the other satellite-
based evaporation estimates which uses the Penman-Monteith equation (Table 3.1) appear to
underestimate less compared to GLEAM during these two periods.

3.3.8.2 MODerate resolution Imaging Spectroradiometer (MOD16)

The MOD16 evaporation algorithm is based on the Penman-Monteith equation (Monteith,
1965). The model computes actual evaporation as a summation of plant evaporation (canopy
interception and transpiration) and soil evaporation utilising both remote sensing and
meteorological inputs (Mu et al., 2011). In the green-down phenophase MOD16 showed similar
behaviour, in terms of trend and magnitude, with Ea (ors). However, in the dormant phenophase
MOD16 had a different trend from Ea (pts) and underestimated actual evaporation. In the green-up
phenophase MOD16 showed a trend similar to Ea (ors) but underestimated evaporation. Potential
evaporation (Ec (pmy) and actual evaporation (Ea (prs)) Showed lowest evaporation estimates in June
(Figs. 3.8 and 3.11). In contrast, the MOD16 showed September with the lowest estimates of actual
evaporation (Fig. 3.11). This was two months delay. During the dormant phenophase (i.e., dry
season proper) miombo woodland actual evaporation is through the transpiration process. At
Mpika’s miombo woodland site, Zimba et al. (2020) showed lowest LAl and NDVI values in
August and September respectively. The MOD16 actual evaporation trend agreed with the
vegetation indices, LAl and NDVI. However, net radiation and air temperature started to increase
in July (Fig. 3.6). At the Mpika miombo woodland, Zimba et al. (2020) showed long-term average,
2009-2020, NDVI of about 0.5 in July. The July NDVI value was indicative of presence of green
health vegetation. Furthermore, the normalised difference infrared index (NDII) indicated that
lowest soil moisture and maximum plant water stress was reached in August/September (i.e.,
Sriwongsitanon et al., 2015; Zimba et al., 2020). Additionally, miombo species dry season plant
water interactions have been sufficiently highlighted (e.g.., Gumbo et al. 2018; Tian et al. 2018;
Vinya et al. 2018; Frost 1996, Savory, 1963). Therefore, the start in increase in air temperature
and net radiation (indicative of available energy) in July is before the plants are highly water
stressed, and might be the correct start in rise in actual evaporation as depicted by Ea (prs), SSEBop
and WaPOR. Consequently, if the MOD16 energy balance module is not well adjusted for the
miombo woodland it may be the reason for downward dormant phenophase trend of evaporation
estimates.

The key MOD16 component during the dormant and early green-up phenophase is the
plant transpiration module driven by land cover/LAl, net radiation, air pressure, air temperature
and relative humidity. The canopy/stomata conductance thresholds are the link between the
highlighted drivers and the assessed plant transpiration. The MOD16 energy balance module and
canopy conductance may not be appropriately configured for the miombo ecosystem. This could
explain why the MOD16 trend and magnitude of actual evaporation estimates differed from field
observations. Furthermore, for the MOD16 the use of the relative humidity and vapour pressure
difference as proxies for soil moisture maybe a source of uncertainty in estimating transpiration
(Novick et al., 2016). Direct integration of soil moisture into the MOD16 algorithm appeared to
improve the accuracy of actual evaporation estimates (Brust et al., 2021). Additionally, daily
MOD16 evaporation is a summation of both day and night evaporation. Ea (prs) was estimated at
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hourly scale between 06 AM and 6PM. Actual evaporation (Ea (pts)) values for day time only (about
12 hours) were different from 24-hour averages for MOD16.

3.3.8.3 Operational Simplified Surface Energy Balance (SSEBop)

The SSEBop is based on the energy balance, distinguishing between hot and cold pixels to
estimate evaporation. The SSEBop actual evaporation is calculated using an evaporation fraction
that is based on the hot/dry and cold limiting conditions. To obtain actual evaporation the
evaporation fraction is multiplied with the crop coefficient (Kc) and potential evaporation (Eo)
(Senay et al., 2013). The SSEBop appeared to have a similar behaviour, both trend and magnitude,
with Ea (ors) during the green-down phenophase but these differed during the dormant and green-
up phenophases in August and December. The SSEBop is sensitive to solar radiation/temperature
and thus, effectively responded to the changes in these variables (i.e., net radiation and air
temperature) as they started to rise in July. The marginal drop in evaporation in August could be
due to the leaf shedding processes that exposed the dry leaf and grass covered forest floor to more
interaction with radiation resulting in increased temperature. The increased soil surface
temperature was interpreted by SSEBop as non-evaporative surface. Furthermore, the drop in the
SSEBop actual evaporation in August could have been caused by the relatively (i.e., compared to
the MOD16 and the WaPOR) coarser spatial resolution (i.e., 1 km), the heterogeneity in the leaf
fall and leaf flush trend, and the bush burns that normally occur during this period (Gumbo et al.,
2018; Frost, 1996). Additionally, the energy balance-based SSEBop doesn’t explicitly consider
soil moisture dependency and assumes that the variations in satellite-based land surface
temperature and vegetation indices such as the NDV1 accounts for the soil moisture (Senay et al.,
2013). The challenge with the use of the proxies for soil moisture in surface energy balance models
is that these are unable to fully account for changes in other factors that may influence sensible
heat fluxes (Gokmen et al., 2012). To improve on the accuracy of estimation of water and energy
fluxes in regions with recurrent plant water stress, i.e., miombo woodland, Gokmen et al. (2012)
suggested that the soil moisture be integrated in the surface energy balance models. The SSEBop
underestimation of actual evaporation in December could be attributed to two factors; cloud cover
and the uncertainties associated with estimating land surface temperature (LST) in hot humid
conditions (Dash et al., 2002). There is increased cloud cover and rainfall activity in December
that affects the quality of the satellite LST product. The SSEBop is based on clear sky net radiation
balance principle (Senay et al., 2013). Zimba et al. (2020) indicated that the quality pass for the
satellite-based MODIS LST product at the study site was below 80 percent during the rainy season
(i.e., December).

With reference to the Ea prs) the underestimation by the SSEBop could be attributed to
several factors, including the quality of the satellite LST product used and the overpass time of the
MODIS satellite over the study site. The SSEBop daily evaporation estimates includes the night
time. Ea (ots) estimates were between 6AM and 6 PM. The differences in the time intervals results
in different daily actual evaporation averages contributing to the observed discrepancy. This is
even more important when the 10AM and 1 PM overpass time for MODIS Terra and Aqua is
considered. The overpass time affects the minimum and maximum LST estimation which
influences estimated SSEBop actual evaporation.
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3.3.8.4 Water Productivity through Open access Remotely sensed derived data (WaPOR)

The WaPOR is the only one of the four satellite-based evaporation estimates which showed
similar trend with Ea (prs) across phenophases and had very strong correlation (r = 0.85) (Fig. 3.11
and Table A4 in the appendices of Zimba et al. (2022 under review)). However, WaPOR
substantially underestimated actual evaporation in the dormant and green-up phenophases.
WaPOR is based on satellite estimates from the modified Penman-Monteith (P-M) ETLook model
which has been adapted to remote sensing inputs (Blatchford et al., 2020; FAO, 2018). The actual
evaporation is estimated based on seven data components which include precipitation, surface
albedo, solar radiation, NDVI, soil moisture stress, land cover and weather data. The WaPOR
actual evaporation is a summation of interception, soil evaporation and canopy transpiration. In
the WaPOR transpiration is coupled via the root zone soil moisture content while soil evaporation
is coupled via the top soil moisture content. The Net radiation is split into soil and canopy net
radiation. This implies that increase in LAI exponentially reduces available soil net radiation and
increases canopy net radiation. The LAl is derived from the NDVI. The WaPOR estimates canopy
resistance and establishes the coupled response of soil moisture and LAI on transpiration. The land
cover data is used to generate vegetation type dependent stomata conductance thresholds. In the
WaPOR, the classes in the land cover data are used to estimate soil and canopy roughness, while
the NDVI is used to account for seasonal variations during the growing season (Blatchford et al.,
2020). In estimating the soil and canopy aerodynamic resistance, the WaPOR includes buoyance
turbulence using the Monin-Obukhovi similarity theory. The accuracy of the land cover product
used influences the thresholds for stomata conductance and other land cover type related
components of the model. The use of relatively high spatial resolution Copernicus land cover
product in the WaPOR, which has high forest classification accuracy, contributes to its ability to
capture the vegetation type, which coupled with appropriate parameterisation of the stomata
conductance and other vegetation related variables, appeared to correctly model the trend of the
actual evaporation of the miombo woodland.

Unlike GLEAM, the WaPOR is not a product of a full net precipitation-based model. The
ETLook model takes into account the vegetation type interaction with the sub-soil moisture
content. The soil moisture stress module appeared to correctly model the miombo species
interactions with soil moisture across the three phenophases. Most importantly, WaPOR correctly
characterised actual evaporation trend in the dormant phenophase, which the other three satellite-
based estimates did not. Both Ea (ors) and WaPOR are dependent on correctly partitioning available
energy into sensible and latent heat fluxes. Therefore, the WaPOR energy balance module
correctly partitioned energy fluxes in the miombo woodland across the three phenophases. The
various inputs and processes in the WaPOR, as described above, may explain why it showed the
same trend as the field observation and had lower underestimation of actual evaporation. Just like
in GLEAM, MOD16 and SSEBop the underestimation by WaPOR could have been partly due to
the differences in the daily time intervals for the estimation of actual evaporation, as well as the
quality of the net radiation product used in the model. The WaPOR is estimated over a 24-hour
(day) period while Ea (prs) was estimated between 06AM and 6 PM.

3.3.9 Possible causes of the Ea (pTs) overestimation

It appeared that the spatial resolution of satellite-based estimates was of influence, as the
underestimation was clearly observable, with reference to each satellite-based evaporation
estimate’s spatial scale. The correlation coefficient of -0.87 (Fig. 3.14) implies that the finer the
spatial resolution the higher the actual evaporation estimates. Therefore, the finer the spatial
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resolution the lower the underestimation (Fig. 3.12 and Table 3.2). This indicates that at finer
spatial resolutions, higher than the WaPOR’s 250 m, the underestimation of actual evaporation is
likely to be reduced. However, the results are statistically insignificant since the p-value > 0.05
and, SSEBop’s higher estimates than the MOD16 may suggest that other factors other than the
spatial resolution were of greater influence on the estimated evaporation.
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Figure 3.14: Point scale-based correlation of spatial resolution with estimates of actual
evaporation of satellite-based evaporation estimates.

Furthermore, the ground heat flux (Go) used in the Eaprs, estimates was taken as 10 percent

of the diurnal net radiation, based estimates found in other forests (i.e., Ma et al., 2017; Van Der
Meulen and Klaassen, 1996; McCaughey, 1982). The miombo woodland phenology is different
from other ecosystems. It is possible that the G, was underestimated, and may have contributed to
the higher Eaprs). @S compared to the satellite-based evaporation estimates of the GLEAM,

MOD16, SSEBop and WaPOR.
Another source of overestimation by the Eaprs,

heat flux (LE) due to difficulties in flux tower instrumentation. Diurnal high temperature in the dry
season (i.e., the dormant and green-up phenophases), coupled with the challenge of the constant
wetting of the fibre cable for attaining wet bulb temperature, could have resulted in overestimation
of the actual vapour pressure, and consequently underestimated the Bowen ratio. Underestimating
the Bowen ratio could have resulted in overestimating diurnal latent heat flux, therefore,
overestimating the diurnal hourly actual evaporation. This suggestion agrees with the observation
by Schilperoort et al. (2018) which showed that, compared to the EC approach, the BR-DTS
method slightly overestimated diurnal LE by a mean difference of 18.7 Wm™,

However, using the water balance approach, Zimba et al. (2023 under review) showed that

could be the overestimation of the latent
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satellite-based estimates generally underestimated actual evaporation in the heterogenous
woodland, but largely miombo woodland covered, Luangwa Basin. Therefore, the outcome of this
study’s comparison of point-based field observations with satellite-based estimates, agreed with
the larger picture at the Luangwa Basin scale. Consequently, the trend and magnitude of satellite-
based evaporation estimates, across various miombo strata, are likely to be the same as what this
current study has observed. Nevertheless, to consolidate the observations of this study, further
studies, such as this one, are needed in the different miombo woodland stratifications in Africa.

3.4  Conclusions and recommendations

The study characterised evaporation across three forest canopy phenophases of the miombo
woodland at point scale using the BR-DTS approach. Consequently, four satellite-based
evaporation estimates were compared to the field observations. Major conclusions from our study
are that:

Despite the dry season challenge with consistently wetting the fibre optic cable, the BR-
DTS approach can be used to successfully estimate actual evaporation across different canopy
phenophases of the miombo woodland.

The actual evaporation trends appeared to be rather more closely associated with the
available energy for evaporation than the changes in the characteristic canopy cover dynamics
during the three phenophases. This is because across the three phenophases analysed, actual
evaporation had higher correlation with the net radiation trend than the changes in canopy cover
(proxied by the NDVI). The actual evaporation estimates in the three phenophases are likely to be
more representative of the evaporation of the miombo woodland plants. For instance, the total
NDVI/LAI during the dormant and green-up phenophases in the cool-dry season and warm pre-
rainy season can largely be attributed to miombo plants. This is because in the three phenophases
the non-deep rooting understory and field layer components such as grasses and shrubs normally
dry out. However, for a comprehensive analysis it is important that evaporation for the period with
the highest LAl and NDVI (January — March) is assessed.

Coupling the canopy transpiration with the root zone storage, taking into account the
vertical upward (beyond 2.5 m) and horizontal soil moisture flux is likely to improve satellite-
based dry season actual evaporation estimates of the miombo woodland. This is because during
the dry season, i.e., dormant phenophase in the cool dry and warm pre-rainy seasons, field-based
actual evaporation estimates were higher than satellite-based evaporation estimates. The trend and
magnitude of the actual evaporation of the miombo woodland in the dry season is linked to the
developed dry season water stress buffering mechanism i.e., leaf fall, leaf flush, plant water storage
and deep rooting access to deep soil moisture including ground water.

Phenology plays a role in satellite-based actual evaporation estimates of the miombo
woodland. This is evidenced by the phenophase dependent variations (i.e., coefficients of
variation) in satellite-based evaporation estimates. Some phenophases (i.e., dormant and green-up)
had higher coefficients of variation in actual evaporation estimates compared to the green-down
phenophase.

Compared to field observations (Ea(DTS)) all satellite-based evaporation estimates

underestimated actual evaporation. However, this result could have been influenced by the Eaprs,
assessment time intervals, errors in flux tower instrumentation, spatial resolution of satellite-based

estimates, and the ground heat flux used in the Eaprs, estimates.
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Consequently, of the four satellite products considered in this study, only the WaPOR
showed the same trend as field observations of the actual evaporation of the miombo woodland
across the three phenophases. The WaPOR also showed the least underestimation. For the wet
miombo woodland, as was represented by this study site, and limited to the four satellite-based
estimates assessed, the WaPOR represents a better choice for use across the assessed miombo
phenophases. With inference based on the WaPOR, it appears that satellite-based estimates made
at a scale that takes into account the local variations in the input variables might give better results.

There is need for observations, such as found in the current study, to be conducted in the
drier miombo landscapes and to compare the results. This is because this study was conducted in
the wet miombo woodland; therefore, it is possible that the phenological response to changes in
hydrological regimes in the drier miombo woodland will differ from the observations at the Mpika
site.



Chapter 4

On the importance of phenology in the evaporative
processes of the miombo woodland: Could it be why
satellite-based evaporation estimates differ?

Photograph showing a portion of the Luangwa River in the dry season
Image: Henry Zimba
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Chapter 4

“A river doesn’t flow through the
forest without felling the trees.”

(African proverb)
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4.1 Introduction

“Vegetation phenology” refers to the periodic biological life cycle events of plants, such
as leaf flushing and senescence, and corresponding temporal changes in vegetation canopy cover
(Stokli et al., 2011; Cleland et al., 2007). Plant phenology and climate are highly congruent
(Pereiraetal., 2022; Niu et al., 2013; Cleland et al., 2007). Woodland plant phenological responses
to trigger elements, such as temperature, hydrological and day light regimes, include among others
leaf fall and leaf flush, budburst, flowering and variation in photosynthetic activity due to changes
in chlorophyll levels (Pereira et al., 2022; Niu et al., 2013; Cleland et al., 2007). The phenological
responses are species-dependent and are controlled by adapted physiological properties (i.e., Lu et
al., 2006). Plant phenology controls the access to critical soil resources such as nutrients and water
(Nord and Lynch, 2009). The phenological response influences plant canopy cover and affects
plant-water interactions. For instance, the phenophases associated variations in canopy leaf
display, i.e., due to leaf fall and leaf flush, influences how much radiation is intercepted by plants
(Shahidan, Salleh, and Mustafa, 2007). Intercepted radiation influences canopy conductance. In
water limited conditions, at both individual species and woodland scales, leaf fall reduces canopy
radiation interception while leaf flush and the consequent increase in canopy cover increases
canopy radiation interception leading to increased transpiration (Snyder and Spano, 2013)
controlled by available moisture storage, both vegetative and root zone. Canopy cover and its
interactions with atmosphere carbon dioxide through the photosynthetic and autotrophic
respiration processes influences transpiration. Ultimately, plant phenological response to changes
in the trigger elements influences woodland transpiration and actual evaporation (i.e., Marchesini
etal., 2015).

Evaporation in woodland surfaces accounts for a significant portion of the water cycle over
the terrestrial land mass (Sheil, 2018; Van Der Ent et al., 2014; Gerrits, 2010; Van Der Ent et al.,
2010). Miralles et al. (2020) defined evaporation as “the phenomenon by which a substance is
converted from its liquid into its vapour phase, independently of where it lies in nature”. Likewise,
instead of the often-used term 'evapotranspiration’, in this study the term evaporation is used for
all forms of terrestrial evaporation, including transpiration by leaves, evaporation from intercepted
rainfall by vegetation and woodland floor, soil evaporation, and evaporation from stagnant open
water and pools (Miralles et al., 2020; Savenije, 2004). Understanding the characteristics of
evaporation, such as interception and transpiration, in various woodland ecosystems is key to
monitoring the climate impact on woodland ecosystems, for hydrological modelling and the
management of water resources at various scales (Kleine et al., 2021; Bonnesoeur et al., 2019;
Roberts, (undated)). One of the key aspects to enable this understanding is the knowledge of the
woodland phenological interaction with climate variables and seasonal environmental regimes
(i.e., Zhao et al., 2013). Plant phenology influence environmental variables differently across the
diverse ecosystems globally (Forrest et al., 2010; Forrest & Miller-Rushing, 2010; Kramer et al.,
2000) therefore requiring better understanding at a local or regional level with minimal variations.
Yet, evaporation of natural woodlands, especially in African ecosystems, with respect to
phenological phases are poorly characterised. This is largely because the development of
measuring instruments and models has mainly focused on understanding the phenological response
of agricultural crops to climate variables and seasons. Furthermore, phenological studies have
mainly focused on mid-latitude regions which excludes other regions such as Africa (Snyder et
al., 2013; Schwartz, 2013). It is important to account for woodland phenology interaction with
climate variables and seasons when characterizing evaporation in woodlands. This is because, for
instance, accounting for phenological phases in evaporation models increases the predictive power
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(i.e., Forster et al., 2022).

The miombo woodland in sub-Sahara Africa is a heterogeneous woodland with a unique
and complex phenology adapted to dry season conditions such as leaf shedding, deep rooting with
access to ground water resources, and vegetation (i.e., stem) water storage (Vinya et al., 2018;
Tian et al., 2018; Guan et al., 2014; Chidumayo, 2001; Frost, 1996; Chidumayo and Fuller, 1996).
Leaf flushing also occurs before the commencement of seasonal rainfall (Chidumayo, 1994; Fuller
and Prince, 1996). While at individual species level the entire tree canopy can be leafless or
changing leaf colour this does not occur at woodland canopy level due to heterogeneity in species
composition and varied species response to phenological stimuli. The miombo woodland canopy
cover varies with phenophases. These phenological attributes influence the evaporation process
(Forster et al., 2022; Snyder et al., 2013; Schwartz, 2013).

Evaporation is land cover dependent i.e., evaporation from an open water body, woodland
and grassland (Han et al., 2019; Liu & Hu, 2019; Wang et al., 2012). Different satellite-based
evaporation estimates give different evaporation estimates depending on the landcover (i.e., Global
Land Evaporation Amsterdam Model (GLEAM) (Martens et al., 2017; Miralles et al., 2011);
Moderate-resolution Imaging Spectrometer (MODIS) MOD16) (Running et al., 2019; Mu et al.,
2011; Mu et al., 2007); Operational Simplified Surface Energy Balance (SSEBop) (Senay et al.,
2013); and Water Productivity through Open access of Remotely sensed derived data (WaPOR)
(FAO, 2018)). There is currently no publication in the public domain showing how various
satellite-based evaporation estimates compare in the miombo woodland, especially with a focus
on the miombo phenology across climatic seasons. Yet, the usage of satellite-based evaporation
estimates in the management of water resources globally and in Africa is on the increase (Garcia
etal., 2016; Zhang et al., 2016; Makapela, 2015). However, because of the absence or scarce field
observations and extremely limited validation, it is impossible to know which satellite-based
evaporation estimates are close to actual physical conditions of the miombo ecosystem. In most
cases, the choice for a satellite-based evaporation product is based on validation results in non-
miombo ecosystems. This product choice scenario is a challenge in that non-miombo ecosystems
have a different phenology and evaporation to that of the miombo ecosystem. For instance,
satellite-based evaporation estimates that performs extremely well in energy limited conditions
and homogeneous woodlands, e.g., in Europe, cannot be assumed to have the same performance
in a warm, water limiting and heterogeneous woodland such as the miombo.

Therefore, this study was formulated in order to contribute to the bridging of the gap in
information on satellite-based evaporation estimates performance in different phenophases of the
miombo woodland. We focused on the Luangwa sub-basin in the larger Zambezi Basin, one of the
largest river basins in the miombo ecosystem. The Luangwa Basin was chosen because it is situated
in a sparsely gauged region (Beilfuss, 2012), where it is essential that management of water
resources is based on reliable information, for various competing uses, i.e. hydropower,
agriculture, wildlife, industrial and domestic (WARMA, 2022). The Luangwa Basin is located in
both dry (i.e., southern miombo woodlands) and wet (i.e., central Zambezian miombo woodlands)
miombo. The central Zambezian miombo woodland is the largest of the four miombo woodland
sub-groups, the other three being the Angolan miombo woodland, eastern miombo woodland, and
the southern miombo woodland (Frost, 1996; White, 1983). The Luangwa Basin is also located in
Zambia, argued to have the highest diversity of miombo woodland trees and considered centre of
endemism for the miombo woodlands Brachystegia species (Frost, 1996). These attributes suggest
a catchment that provides a fair representation of the miombo woodlands conditions and an
appropriate site for this type of study.
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Therefore, the aim of this study was two-fold:
Q) Compare the temporal trend and magnitude of six free of charge satellite-based
evaporation estimates across different phenophases of the miombo woodland.
(i)  Compare satellite-based evaporation estimates to the water balance-based actual
evaporation estimates for the Luangwa Basin scale.

4.2 Materials and Methods
4.2.1 Study approach

The study used both satellite-based data and field observations. Firstly, the study sought to
find out if satellite-based evaporation estimates performed differently in the different phenophases
of the miombo woodland. To achieve this the canopy phenology of the miombo woodland was
understood using satellite-based proxies leaf area index (LAI), the normalised difference
vegetation index (NDVI) and photographs taken above a flux tower at a known miombo woodland
site for the period January — December, 2021. The phenophases were identified using both
satellite-based data and the ecological phenological seasons classified based on literature from the
miombo woodland. The satellite-based evaporation estimates were then compared to each other in
relation to the identified canopy phenophases of the miombo woodland. The trend and magnitude
of satellite-based evaporation estimates across the different phenophases of the miombo woodland
were observed. The comparison of the satellite-based evaporation estimates was conducted at pixel
scale and at the Luangwa Basin miombo woodland scale. This was performed in order to observe
if the trend and magnitude of each satellite-based evaporation estimate is in tandem with the
phenology-water interactions of the miombo woodland species across different phenological
seasons.

Secondly, point scale observations in the wet miombo woodland (Zimba et al., 2022 under
review) showed that satellite-based evaporation estimates underestimate actual evaporation of the
wet miombo woodland in phenophases in the dry season and early rainy season in the Luangwa
Basin. However, the Luangwa Basin has a heterogenous land cover which include substantially
mopane woodland and grasslands. The question was whether the heterogenous nature of the
Luangwa Basin would give a different result from what has been observed at point scale in a wet
miombo woodland. This question was answered by the use of the annual water balance approach
in which the basin scale actual evaporation is estimated as the difference between basin rainfall
and run-off.

A 12-year period from 2009 — 2020 was used for the assessments. This period was chosen
because of data availability and was sufficient to capture long-term seasonal, monthly and annual
variations in the actual evaporation of the basin. The proceeding sections elaborates the methods.

4.2.2 Study site

The Luangwa is a sub-basin in the larger Zambezi Basin in sub-Saharan Africa in Zambia
with spatial extent of about 159,000 km? (Beilfuss, 2012; World Bank, 2010). Based on the
miombo woodland delineation by White (1983) and the vegetation map shown in Ryan et al.
(2016) as given in Fig. 4.1 (c) about 75 percent of the total Luangwa Basin land mass is covered
by the miombo woodland, both dry and wet miombo. Additionally, the 2019 Copernicus land cover
classification (Fig. Al in the appendices of Zimba et al. (2023 under review)), with 80 percent
user accuracy and woodland classification accuracy of about 75% (Buchhorn et al., 2020; Martins
et al., 2020), indicates that 77 percent of the total basin area is woodland (dense and open
woodland) which is largely miombo woodland.
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Elevation ranges between 329 — 2210 m above mean sea level with the central part
generally a valley. miombo woodland, both dry and wet, is generally in the upland (Fig. 4.1b). The
Luangwa River, 770 km long, and its tributaries drain the basin (Beilfuss, 2012). The Luangwa
Basin is scarcely gauged. This has resulted in a paucity of data on various hydrological aspects
such as rainfall and discharge. The basin is located in a climate environment characterised by a
well-delineated wet season, from October to April and a dry season, May to October. Furthermore,
the dry season is split into the cool-dry (May to August) and hot dry (August to October) seasons.
The movements of the inter-tropical convergence zone (ITCZ) over Zambia between October and
April dominate the rainfall activity in the basin. The basin has a mean annual precipitation of about
970 mm yr %, potential evaporation of about 1560 mm yr*, and river runoff reaches about 100 mm
yr~! (Beilfuss, 2012; World Bank, 2010). The key character of the miombo woodland species is
that they shed off old leaves and acquire new ones during the period May to October in the dry
season. Depending on the amounts of rainfall received in the preceding rain season the leaf fall
and leaf flush processes may start early (i.e., in case of low rainfall received) or late (in case of
high rainfall received) and may continue up to November (i.e., in the case of high rainfall received)
(Frost,1996).
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Figure 4.1: (a) Spatial extent of the miombo woodland in Africa and the location of the Luangwa
Basin in Zambia. (b) Spatial distribution of elevation ASTER digital elevation model (DEM) and
the extent of the miombo woodland in the Luangwa Basin. (c) Land cover characterisation of the
Luangwa Basin based on the Copernicus land cover classification.
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4.2.3 Classification of phenophases of the miombo woodland and assessment of phenological
conditions

The satellite-based LAl and NDVI have been used as proxies to observe phenological
conditions such as the canopy biomass formation, changes in the canopy closure (i.e., through leaf
fall and leaf flush), and changes in canopy chlorophyll conditions (i.e., Guan et al., 2014; Santin-
Janin et al., 2009; Chidumayo, 2001; Fuller, 1999). In this study the satellite-based LAl and NDVI
were used as proxy for observing changes in phenological conditions of the miombo woodland
across different phenological seasons. For the LAI the NASA’s MCD15A3H product with a four-
day temporal resolution and 500 m spatial resolution was used. The MODIS MOD09GQ.006
(Vermote and Wolfe, 2015) surface reflectance bands 1,5 and 6 were used to estimate the NDVI
at daily temporal resolution and 250 m spatial resolution using the band ratio method. The daily
NDVI values were then averaged into four-day values in order to have the same temporal
resolution as the LAL.

The phenophases were characterised using satellite-based data (Friedl et al., 2019; Gray et
al., 2019; Zimba et al., 2020; Zang et al., 2003) and the climate (rainfall and temperature) and soil
moisture-based classification by Chidumayo and Frost (1996). Satellite-based classification uses
the changes in canopy greenness to characterise the canopy phenophases ( Friedl et al., 2019; Gray
et al., 2019; Zang et al., 2003).

“Vegetation phenology” refers to the periodic biological life cycle events of plants,
such as leaf flushing and senescence, and correspending temporal changes in
vegetation canopy cover (Stéckli et al., 2011)
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Figure 4.2: Characterisation of canopy phenophases of the miombo woodland in relation to
seasonality for the Luangwa Basin. Photographs show the changes in the canopy cover on selected
days across different phenophases of a wet miombo woodland for the year 2021.
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In this study the Collection 6 MODIS Land Cover Dynamics (MCD12Q2) Product (Friedl
et al., 2019; Gray et al., 2019) was used to identify the satellite-based phenophases. For the year
2021 eight phenophases were identified using the satellite-based data MCD12Q2 (Fig. 4.2), NDVI,
LAI and photographs obtained using a digital camera (Denver WCT-8010) installed on the flux
tower at a miombo woodland in Mpika, Zambia (see Fig. 4.7 in section 4.3.2). The satellite-based
phenophases include: green-up, mid-green up, maturity, peak, senescence, green-down, and mid-
green down and dormant. For ease of analysis the phenophases were merged into four groups based
on dominant activity in each phase. For the climate and soil moisture-based classification
Chidumayo and Frost (1996) observed five phenological seasons: warm pre-rainy season, early
rain season, mid-rainy season, late rainy season and the cool dry season (Fig.4. 2). Within these
phenological seasons the phenology of miombo species transition through various stages i.e., from
leaf fall/leaf flush, growth of stems, flowering to mortality of seed (Chidumayo and Frost,1996).
The satellite-based phenophases can be identified within the climate-based phenological seasons
(Fig. 4.2).

4.2.4 Delineation of the miombo woodland components used in this study

The comparison of satellite-based evaporation estimates was performed at two levels: pixel
level at known dry miombo woodland and wet miombo woodland locations, and at entire miombo
woodland scale in the Luangwa Basin. Firstly, a pixel-based comparison was performed by using
undisturbed known wet and dry miombo woodland locations (Figs. 4.1 and 4.3). The focus on a
known wet miombo woodland enabled comparison of the field observations of the changes in
canopy cover using digital camera images to the satellite-based LAI and NDVI for the year 2021.
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Figure 4.3: The wet (a) and dry (b) miombo woodland locations used for comparison of satellite-
based evaporation estimates at FLEX-Topo and GLEAM spatial resolution (approximately 27.7

km by 27.7 km). The dotted red line is the actual location of the FLEX-Topo and GLEAM pixels.
Seasonal wetlands are typical miombo ecosystem features.
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The pixel-based comparison used actual location of FLEX-Topo and GLEAM pixels with original
spatial resolutions (approximately 27.7 by 27.7 km) (Fig. 4.3). For MOD16, SSEBop,
TerraClimate and WaPOR, the mean of actual evaporation estimates in all the pixels within the
dotted red square (Fig. 4.3) were used. Secondly, the delineation of typical miombo woodland
regions as conducted by White (1983) and the vegetation map shown in Ryan et al. (2016) (see
Fig. 4.1 a,b) were used to delineate the miombo woodland in the Luangwa basin. The delineated
miombo woodland in the Luangwa Basin excluded the mopane woodland, mixed woodland as
well as the large water bodies like dams. This delineation (as shown in Fig. 4.1) ensured that only
the areas classified as typical miombo woodland (Ryan et al., 2016; White, 1983) were considered.

4.2.5 Satellite-based evaporation estimates used in the study

Compared to other ecosystems, Pelletier et al. (2018) and Tian et al. (2018) observed that
miombo woodland species exhibit distinct behaviour (i.e., woodland canopy display and the
vegetation water content) during the dry season. To this effect this study compared the behaviour
(i.e., trend and magnitude) of six satellite-based evaporation estimates across the different
phenophases of the miombo woodland with emphasis on the dry season. This was conducted in
order to observe existence of discrepancies in monthly temporal trends and magnitude of satellite-
based evaporation estimates under changing phenological seasons. The six satellite-based
evaporation estimates consisted of: 1) FLEX-Topo (Hulsman et al., 2021; Hulsman et al., 2020;
Savenije, 2010); 2) Thornthwaite-Mather Climatic water balance model (TerraClimate)
(Abatzoglou et al., 2018); 3) Global Land Evaporation Amsterdam Model (GLEAM) (Martens et
al., 2017; Miralles et al., 2011); 4) Moderate-resolution Imaging Spectrometer (MODIS) MOD16)
(Running et al., 2019; Mu et al., 2011; Mu et al., 2007); 5) Operational Simplified Surface Energy
Balance (SSEBop) (Senay et al., 2013) and 6) Water Productivity through Open access of
Remotely sensed derived data (WaPOR) (FAO, 2018). These products were selected purely
because they are free of charge and easily accessible from various platforms and have an archive
of historical data with appropriate temporal and spatial resolutions. Furthermore, excluding FLEX-
Topo, the other five satellite-based estimates cover the entire miombo woodland of Africa. Except
for FLEX-Topo and GLEAM (with spatial resolution of 27.7 km), these products have high spatial
resolution (i.e., 500 m, 1000 m, 4000 m and 250 m for MOD16, SSEBop, TerraClimate and
WaPOR respectively) and temporal resolution (daily, 8-day, dekadal and monthly respectively),
which attributes were deemed suitable for this study. The original spatial resolutions of the six
satellite-based evaporation estimates were used. This was because these products are normally
applied as is, in their original resolutions. Resampling the spatial resolutions to a standard
resolution was thought to be problematic as it would have introduced unknown and unquantifiable
errors, regardless the extent resampled. For detailed explanations on the models for the satellite-
based estimates used in this study kindly refer to the cited literature above and Table 4.1.
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Table 4.1. Characteristics of satellite products used in the study

. Time Period Spatial Temporal Spatial
Variable Product name coverage/Location resolution resolution Reference Source of data
) . (Saha et al., 2014; Saha et Climate Engine portal
CFSRv2 2009 - 2020 Global Daily 19.2km al., 2010) https://app.climateengine.com/climateEngine
Precipitation and CHIRPS 2009 - 2020 Global Daily 4.8km (Funk et al., 2015) Climate Engine portal
temperature ERAS 2009 - 2020 Global Daily 24 (Hersbach et al., 2017) Climate Engine portal
TerraClimate 2009 - 2020 Global Monthly 4 km (Abatzoglou et al., 2018) Climate Engine portal
LAI MODIS MCD15A3H v6 2021 Global 4-Day 05km A_,\_émm% _HA@%NW_V%_: & Climate Engine portal
NDVI MODIS MODO09GA v6 2021 Global Daily 0.5 km (Vermote & Wolfe, 2015) Climate Engine portal
Observations 1960-1992 159,000 km? Daily N/A WARMA, Zambia
Runoff TerraClimate 1960 - 2020 Global Monthly 4 km (Abatzoglou et al., 2018) Climate Engine portal
Net radiation CFSR V2 2009-2020 Global Daily 192km  (Saha gw___ _N%%“ Saha et Climate Engine portal
Soil moisture . (Sahaetal., 2014; Saha et . .
(25 cm) CFSR v2 2009 -2020 Global Daily 19.2 km al. 2010) Climate Engine portal
Specific . (Saha et al., 2014; Saha et . .
humidity CFSR v2 2009 - 2020 Global Daily 19.2 km al. 2010) Climate Engine portal
Digital elevation (Abrams and Crippen, .
model (DEM) ASTER GDEM v3 N/A Global N/A 30m 2019) NASA Glovis portal
Land cover map Copernicus CGLS-LC100 v3 2019 Global Annual 100m (Buchhorn et al., 2020) Google Earth Engine
(Hulsman et al., 2021, . .
FLEX-Topo 2009 - 2020 Catchment Daily 27.7km Hulsman et al., 2020; ZAMSECUR ﬂm,m\mm_ Delft Technical
Savenije, 2010) Yy
GLEAM . (Martens et al., 2017;
(v3.22) 2009 -2020 Global Daily 27.7km Miralles et al., 2011) GLEAM FTP server
. . Climate Engine portal; Global subsets tool:
Actual MOD16v2 2009 -2020 Global 8-Day 0.5 km Am:::_mmwm_ﬁ mm_mpmpovpo_ Mu MODIS/VIIRS Land Products
evaporation "
SSEBop 2009 -2020 Global Monthly 1km (Senay et al., 2013). Climate engine portal
TerraClimate 2009 -2020 Global Monthly 4 km (Abatzoglou et al., 2018) Climate engine portal
WaPOR v2. (ETLook) 2009 -2020 Continental 10-Day 0.25 km (FAO, 2018) WaPOR Portal
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4.2.6 Basin water balance-based actual evaporation
In cases where spatially distributed measurements are not available, as is the case with
large basins and more importantly in the Luangwa Basin, the use of the water balance approach is
an acceptable approach (i.e., Weerasinghe et al., 2020; Liu et al., 2016). The general annual water
balance was conducted in order to have a general outlook on the performance of the satellite-based
evaporation estimates at basin level.
The general basin annual average water balance-based evaporation (E,

using Eq. (4.1) where over-year storage change is neglected.

(Wb)) is estimated

Eagp =P~ Q (4.1)

where, P is the annual average catchment precipitation in mm year? and Q is annual average
discharge in mm year?. The precipitation and discharge information for the water balance
approach were selected and used as explained below.

4.2.7 Satellite-based precipitation products

The challenge posed by using satellite precipitation data in African catchments is that most,
if not all, satellite precipitation products are geographically biased towards either underestimation
or overestimation, despite some of them having good correlation with ground observations (i.e.,
Macharia et al., 2022; Asadullah et al., 2008; Dinku et al., 2007). The lack of adequate ground
precipitation observations makes it difficult to validate, as well as correct, the product(s’) biases
with a good degree of certainty. There is not a single precipitation product that can be said to
perform better across African landscapes and southern Africa in particular (i.e., Macharia et al.,
2022). There is no guarantee any of the precipitation products are spatially representative of a basin
that is about 159,000 square kilometres with varying topographical attributes. Using an ensemble
of precipitation products is said to reduce errors and therefore, recommended (i.e., Asadullah et
al., 2008). To this extent, for the general water balance, this study used annual mean of four
satellite precipitation products. The four precipitation products are the Climate Forecasting System
Reanalysis (CFSR), Climate Hazards Group Infra-Red Precipitation with Station data (CHIRPS),
ECMWEF Reanalysis v5 (ERA5) and TerraClimate (Table 4.1). These products were selected
purely based on availability and the fact that they had desirable spatial and temporal resolutions as
given in Table 4.1.

4.2.8 Runoff data

Reliable monthly basin-scale field observations of run-off were only available for the
period 1961 -1992 and not for the study period 2009 — 2020. Monthly modelled TerraClimate run-
off data (Abatzoglou et al., 2018) was available for the period 1958 — 2020. Compared to field
observations TerraClimate run-off data was significantly higher during the peak rainfall period of
January-February. At annual scale TerraClimate overestimated run-off data but strongly correlated
(r=10.83) with field observations (Fig. 4.4a). Based on the correlation of annual TerraClimate run-
off data with field observations a linear regression equation was formulated to help generate
extended near field observations time series for the period 2009-2020. TerraClimate run-off data
was used as predictor variable. The TerraClimate run-off data was used because of availability free
of cost and with relatively fine temporal and spatial resolution (monthly and 5 km respectively)
(Table 4.1).
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Firstly, the field observations run-off data and TerraClimate run-off data for the period
1960 - 1992 were split into two segments, 1960 - 1972 and 1980 - 1992. The run-off data for the
period 1981 -1992 was used as training data to generate a linear equation with the TerraClimate
run-off data as the predictor variable (Fig. 4.4b). The generated linear equation was validated using
the 1961-1972 TerraClimate run-off data as a predictor variable (Fig. 4.4c). The predicted 1961-
1972 run-off data with the TerraClimate run-off data as a predictor variable was then compared to
the field observations for the same period (Fig. 4.4 ¢). The performance statistics of the equation
showed R%=0.68, RMSE = 27.90 mm year* and mean bias error (MBE) = 21.89 mm year* (Fig.
4.4 ¢). The validation results of the regression equation were deemed sufficient for this study. The
linear regression equation was then used to generate near field observations run-off data for the
period 2009 — 2020 with TerraClimate run-off data for the same period as the predictor variable
(Fig. 4.4 d). Generally, both observed and extended (with TerraClimate data) annual runoff was,
on average, 11 percent of annual satellite-based precipitation. The near field observations extend
run-off data was then used in the water balance approach, as explained in section 4.2.5, to estimate
actual evaporation at basin level.

Comparison of TerraClimate run-off data with observed run-off data for the period 1960 -1892
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Figure 4.4: Procedure for extending near field observations run-off data for the period 2009-2020
using the TerraClimate run-off data as the predictor.

4.2.9 Field observations of miombo woodland canopy phenology

To observe changes in canopy cover in the miombo woodland, a Denver WCT-8010 digital
camera was installed on a tower above the canopy of a known wet miombo woodland in Mpika
(Fig. 4.1). This was conducted to obtain field imagery to compare with the temporal trend of
satellite-based LAI and NDVI, and the satellite-based evaporation estimates trend across different
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phenophases. In addition, the fish-eye lens was used to obtain under-canopy images of differences
in canopy leaf display among miombo woodland species. The photographs were acquired for the
period January — December 2021.

4.2.10 Statistical analyses

The coefficient of variation C, (%) in Eq. (4.2) (Helsel et al., 2020) was used to understand
the extent to which the satellite-based evaporation estimates varied among each other across
phenophases. Furthermore, the analysis of variance (ANOVA) (Helsel et al., 2020) and all
pairwise multiple comparison procedures with the Tukey Test (Helsel et al., 2020) was performed.
Correlation among satellite-based evaporation estimates was assessed at monthly and annual scales
using the Kendal correlation test (Helsel et al., 2020). To establish the extent to which the satellite-
based evaporation estimates underestimated or overestimated evaporation, relative to E,,, the
mean bias (Eq. 4.3) was used.

where ¢ is the standard deviation and p is the mean of the observations. The higher the C, value,
the larger the standard deviation compared to the mean, which implies greater variation among the
variables.

MBE = - ¥, (E;_ E (4.3)

A(wb) i)

where n = number of observations, Eq )= Water balance-based actual evaporation time

series and E; is the satellite-based evaporation estimates time series. The smaller the mean bias
value (positive or negative), the less the deviation of the predicted values from the observed values
(Helsel et al., 2020).
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4.3 Results and discussion
4.3.1 Basin scale miombo woodland climate and phenological trend(s)

Figure 4.5 shows Luangwa Basin miombo woodland aggregated 2009-2020 average NDVI
and CFSR data climate conditions; net radiation (Rn), air temperature (Ta), specific humidity (SH),
soil moisture (SM) and precipitation (P).
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Figure 4.5: Luangwa Basin miombo woodland aggregated 2009-2020 daily climate and
phenological conditions NDVI, net radiation (Rn), precipitation (P), soil moisture (SM), specific
humidity (SH) and air temperature (T,). The shaded areas represent the aggregated phenophases
as used in this study: January — March is the peak/maturity, April — June is the senescence/Green-
down, July — September is the Dormant and October — December is the green-up/mid-green-up
phenophase. Shaded area for variables is the standard deviation.

The peak climate and phenological variables values were observed in the early and mid-
rainy seasons during the green-up and maturity/peak phenophases. The lowest values in climate
and phenological variables were observed in the cool dry season during the green-down and
dormant phenophases. Climate variables net radiation, air temperature, specific humidity covaried
(positively or negatively) with the NDVI (proxy for canopy phenology) depending on the
phenophase (Fig. 4.5 and Table Al in the appendices of Zimba et al. (2023 under review)). The
strong correlation between climate and phenology (i.e., NDVI and air temperature/soil moisture)
in the miombo woodland (Table Al in the appendices of Zimba et al. (2023 under review)) agreed
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with observations made by Chidumayo (2001) and in other ecosystems (Pereira et al., 2022; Niu
et al., 2013; Cleland et al., 2007).

4.3.2 Observed phenological conditions in the miombo woodland

The canopy closure is varied, ranging between 2 percent to about 70 percent in the shrub,
dry miombo woodland and wet miombo woodland (Fuller, 1999). Therefore, depending on
location and dominant species, exposure of the understory, field and ground layers to incident solar
radiation, through the canopy is substantial (Figs. 4.6, Chidumayo, 2001; Fuller, 1999). The field
layer during the rainy season mainly comprises green grass (Fig. 4.6b and Chidumayo, 2001).
Therefore, total LAl and NDVI1 in the rainy season phenophases can be largely attributed to both
the field layer i.e., grass, understory and the tree layer i.e., shrubs and tree canopy (i.e., Fig. 4.4b
and Chidumayo, 2001). In the dry season the grass in the field layer and some understory non-
deep rooting shrubs dry out (Fig. 4.4a and Chidumayo, 2001, Fuller, 1999). Therefore, the changes
in total LAl and NDV1 in the phenophases in the dry season can largely be attributed to the changes
in the tree layer of the miombo species (i.e., Fig 4.6a, Fig. 7 and Chidumayo, 2001).

702 e
a4 DENVER  CAM0OO @@ 31T

Figure 4.6: Dry season (a) and rainy season (b) tree layer, understory and field layer conditions at
the wet miombo woodland site in Mpika, Zambia. Images taken on 29" September and 23
December, 2021.

12/23/2020 1

The LAI and NDVI were used as proxies for observing the changes in the canopy cover across
different phenophases of the miombo woodland. At pixel scale the spatial distribution and mean
values of the LAI and NDVI1 for the wet miombo woodland differed with that for the dry miombo
woodland (Fig. 4.8a). This is due to the differences in the miombo woodland species composition
and distribution at each site. Furthermore, there are differences in soil type, soil moisture,
temperature, nutrients, rainfall and canopy closure at the two sites (i.e., Chidumayo, 2001; Fuller,
1999). However, trends in the NDVI and LAI across different phenophases of the miombo
woodland at the two sites were significantly similar (Pearson r = 0.73 for LAl and NDVI
respectively) (Fig. 4.8b). Highest LAl and NDVI, both in the dry miombo woodland and wet
miombo woodland, were observed in the maturity/peak phenophases during the mid-rainy season
(January — March) (Figs. 4.5, 4.7 & 4.8b). This period for peak LAl and NDVI (Figs. 4.7 and 4.8)
agrees with Chidumayo (2001) who observed that peak green biomass in the miombo woodland
occur anytime between January and May.
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Figure 4.7: Temporal trend of MODIS LAI, NDVI, and the wet miombo woodland canopy display
trend for the year 2021 at Mpika study site. Shaded area are phenophases: January — March is the
Maturity/Peak; April-June is the Senescence/Green-down; July-September is the Dormant while
October — December is the green-up. Shaded area for variables is the standard deviation.
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Table 4.2. Dormant phenophase CV correlation

Variables LAlwety NDVIwey LAl@ry NDVI@ry

LAI (wet) 1

NDVI (wet) -1.00 1

LAI @ry) 0.98 -0.98 1

NDVI @ry) -0.75 0.75 -0.59 1

Figure 4.8: Spatial distribution of NDVI at the (a) wet miombo woodland and (b) dry miombo
woodland site for the period January-December, 2021. Coefficients of variation in the LAI and
NDVI values at the wet miombo woodland and dry miombo woodland in the Luangwa Basin in
Zambia for the year 2021.

The lowest LAl and NDV1 were observed in the dormant phenophase in August/September during
the warm pre-rainy season (Figs. 4.5, 4.7 & 4.8). The leaf fall, leaf flush and changes in colour of
the leaves intensifies in the August-September period (Fig. 4.7, Chidumayo, 2001; Chidumayo
and Fuller, 1996; Fuller, 1999). The intensified leaf fall, leaf flush and leaf colour changes may
also explain the increased variations in the NDVI in August-September (Fig. 4.8d). Table 4.2
shows the correlation coefficients of the coefficients of variations in NDVI and LAI values for the
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dry miombo woodland and wet miombo woodland. The coefficients of variation in LAl and NDVI
values for the wet and dry miombo woodland were only similar for the dormant phenophase
(Pearson r = 0.98 and 0.75 for the LAI and NDVI respectively (Fig. 4.8). The similarity in the
coefficients of variations of estimates for the dry miombo woodland and wet miombo woodland
LAI and NDVI in the dormant phenophases may be due to the plants at the two sites undergoing
similar phenological processes leaf fall and leaf flush. In the dormant phenophase the grass
component would have dried out leaving largely the tree component (i.e., miombo woodland
canopy). The coefficients of variation in LAI values in July and August in wet miombo woodland
can be attributed to increased leaf fall activity (Fig. 4.8). Fuller (1999) observed that in the wet
miombo woodland the simultaneous occurrence of the leaf fall and leaf flush, in August and
September, among miombo woodland species resulted in net zero change in the canopy closure.
The net zero change increase in canopy closure may explain the observed low coefficient of
variation in the LAI values in September (Fig. 4.8). The substantially high coefficient of
variations in LAI and NDVI values, for both dry miombo woodland and wet miombo woodland,
during the mid-rainy season in the maturity/peak phenophases mainly can be attributed to two
factors. Firstly, the increase in the growth of the green biomass of the woodland which occur
anytime between January and May (Chidumayo, 2001, Fuller, 1999) and the effect of cloud cover
on the quality of the satellite-based LAl and NDVI products (Vermote and Wolfe, 2015; Zang et
al., 2003). Furthermore, the differences in the canopy closure between the dry miombo woodland
and wet miombo woodland (Fuller, 1999) may be the reason for differences between the
coefficients of variations in LAl and NDVI values in the maturity/peak and senescence\green
phenophases. For instance, the dry miombo woodland which has a lower canopy closure compared
to the wet miombo (Fuller, 1999) is likely to have a higher grass component. Additionally, the
differences in miombo woodland species composition, distribution of rainfall, soil type and soil
moisture, among other variables, may result in varied phenological differences between the dry
miombo woodland and wet miombo woodland (Chidumayo, 2001; Fuller, 1999). However, unlike
in the other phenophases, there appeared strong correlations (Table 4.2) in the variations in LAI
and NDVI values in the dry miombo woodland and wet miombo woodland in the dormant
phenophase.

The simultaneous occurrence of leaf fall and leaf flush (i.e., Fig. 4.9) is one of the
phenological attributes that distinguishes the miombo woodland from other woodlands (Fuller,
1999; White, 1983). The leaf fall and leaf flush in the dry season (Figs. 4.7 and 4.9) occur many
weeks and even months before the start of the rains. The growth of the new leaves in the dry season
is sustained by both access to deep soil moisture, including ground water, and the adapted plant
water storage mechanisms (i.e., Tian et al., 2018; Vinya et al., 2018; Fuller, 1999; Savory, 1963).
The leaf fall and leaf flush occur simultaneously (i.e., Fig. 4.9) and results in net zero change
increase in canopy closure in the dry season in wet miombo woodland (i.e., miombo woodland site
in Mpika) (Fig. 4.9 and Fuller, 1999). The balance in the leaf fall and leaf flush may explain the
lower coefficient of variation in LAI values in September in both dry miombo woodland and wet
miombo woodland.

Therefore, in the dormant phenophase and the early green up in October, when the total
LAI and NDVI can largely be attributed to the miombo woodland plants, the variations in the trend
in the changes in phenology appear to be similar in both dry miombo woodland and wet miombo
woodland though at different rates (Fig.4.8).
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Figure 4.9: Heterogeneity in leaf fall and leaf flush activities among miombo woodland species:
observed from under the canopy (a, b) and as observed above the canopy (c). Images taken at the
wet miombo woodland site in Mpika, Zambia. Images taken on 18 September, 2021.

4.3.3 Phenophase-based difference in satellite-based evaporation estimates

Figure 4.10 shows results for the comparison at (a) pixel(s) with wet miombo woodland,
(b) pixel(s) with dry miombo woodland and (¢) miombo woodland at basin scale. Across different
phenophases the trend and magnitude of satellite-based evaporation estimates at pixel and basin
scales appeared similar (Table Al in the appendices of Zimba et al. (2023 under review)). The
coefficients of variations for the dry miombo woodland and wet miombo woodland (Fig. 4.11)
strongly correlated (r = 0.95). This correlation coefficient implies that the trend in satellite-based
evaporation estimates at the dry miombo woodland and wet miombo woodland were similar (Fig.
4.11).

Substantial differences in satellite-based evaporation estimates, at both pixel level in wet
miombo woodland, dry miombo woodland and at the Luangwa Basin miombo woodland scale,
were observed during the green-up (Cy = 28.23; 30.06; 22.63 percent respectively) and dormant
phenophase (Cy =36.72; 58.87; 39.98 percent respectively) (Figs. 4.10, 4.11 and Table A2 in the
appendices of Zimba et al. (2023 under review)). The green-up phenophase is at the
commencement of the rain season with high canopy cover (i.e., mean NDVI between 0.5 and 0.7)
and highest net radiation (i.e., 150 Wm). The dormant phenophase is during the driest part of the
year with the lowest moisture in the topsoil, least woodland canopy cover (i.e., NDVI = 0.5) but,
compared to the senescence/green-down phenophase, with increasing net radiation and air
temperature (Fig. 4.5).



Evaporation of the miombo woodland of southern Africa

(a) Wet miombo woodland (b) dry miombo woodland (b) Luangwa Basin miombo woodland

250 |-

Precipitation
—8— FLEX-TOPO
—w— GLEAM
o— MOD16
—&— SSEBop
—a— TerraClimate
o —e— WaPOR

N

=3

o
T

[mm month'1]
g
T

=]

[=3

o
T
(=]

50

Jul |+

I L
T

s @ - = =

_:)’3: =3 "‘ rU:

DI e . e :I__I:II:I
‘ - Green - up - Maturity/Peak l:l Senescence/Green-down I:l Dormant

Figure 4.10: Comparison of aggregated 2009-2020 mean estimates of actual evaporation of
satellite-based evaporation estimates (a) at wet miombo woodland, (b) dry miombo woodland, and
(c) delineated Luangwa Basin miombo woodland across hydrological year (September — August)
in the Luangwa Basin.
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Figure 4.11: Comparison of satellite-based evaporation estimates across phenophases based on
hydrological year (a) in wet miombo woodland and (b) in dry miombo woodland. Most variations
in actual evaporation estimates among the satellite-based evaporation estimates were observed in
the dormant and green up phenophases.
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What is important to note is that, unlike during the maturity/peak and senescence/green down
phenophases, the total LAI and total NDVI during the dormant and green-up phenophases can
largely be attributed to the tree layer (i.e., miombo woodland canopy) (Chidumayo, 2001,
Chidumayo and Frost, 1996). The implication is that the dormant and green-up phenophases are
likely to be more representative of the evaporation of the miombo woodland than the other
phenophases in the rainy season when the grass component substantially increases. Compared to
the maturity/peak and the senescence/green-down phenophases, the dormant and green-up
phenophases showed higher variations in evaporation estimates and lower correlation among
satellite-based evaporation estimates (Fig. 4.11 and Table Al in the appendices of Zimba et al.
(2023 under review)). The substantial differences in satellite-based evaporation estimates during
the dormant and green-up phenophases suggests that it is more challenging to estimate evaporation
of the miombo woodland in low soil moisture in the upper layers, changing canopy phenology and
high available energy conditions.

4.3.4 All pairwise multiple comparison of satellite-based evaporation estimates at Luangwa
Basin miombo woodland scale

Tables A3 and A4 in the appendices of Zimba et al. (2023 under review) shows results of
the ANOVA and all pairwise multiple comparison of satellite-based evaporation estimates. In the
dormant phenophase the trend and magnitude of FLEX-Topo and WaPOR were significantly (p-
value > 0.05) similar to each other but significantly (p-value < 0.05) different from the other
satellite-based estimates. In the same phenophase GLEAM and MOD16 showed similar trend and
magnitude. SSEBop was significantly different from MOD16 and TerraClimate. The rest of the
comparisons did not show significant differences in trend and magnitude of satellite-based
evaporation estimates. During the green-up phenophase there were no significant (p-value >0.05)
differences between GLEAM estimates and FLEX-Topo and WaPOR estimates. However, the
TerraClimate and WaPOR were significantly different (p-value < 0.05) from other estimates. In
the maturity/peak phenophase MOD16 was significantly (p-value < 0.05) from the other satellite-
based evaporation estimates. During the same period GLEAM, SSEBop and WaPOR were
significantly different from at least one other satellite-based estimate. During the
senescence/green-down phenophase the WaPOR significantly differed with FLEX-Topo,
GLEAM, SSEBop and TerraClimate while the rest of the comparison showed similarity in trend
and magnitude among satellite-based evaporation estimates. Across phenophases WaPOR
appeared to be the most significantly different satellite-based evaporation estimate followed by
FLEX-Topo, MOD16 and TerraClimate (Fig. 4.12).
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Figure 4.12: Number of times each satellite-based evaporation estimate was significantly
different to one or more other estimates in each phenophase at Luangwa Basin miombo
woodland scale

4.3.5 Variations within each climate, LAI, NDVI and satellite-based evaporation

Variations in within satellite-based evaporation estimates were higher in the green-up and
senescence/green-down phenophases (Fig. 4.13a). These two phenophases are at the boundaries
of the dry season into the mid-rainy season (in case of green-up phenophase) and the rainy season
into the dry season (in the case of the senescence/green-down phenophase). The variations in the
rainfall in these two phenophases (Fig. 13b) likely explains the variations within each satellite-
based evaporation estimates. Additionally, there were more variations in the NDVI values across
phenophases than there were variations in the LAI values (Fig. 4.13b). The low variations in the
LAI may be due to the tree layer in the Luangwa Basin miombo woodland experiencing no
significant seasonality especially in the wet miombo woodland (i.e., Fuller, 1999). Furthermore,
the simultaneous occurrence of leaf fall and leaf flush in the dry season phenophases facilitates a
varied canopy closure of up 70 percent as was observed (Fuller, 1999) in the miombo woodland
in the Luangwa Basin.

It appears that at the boundaries of the commencement and end of the rainy season, green-
up and senescence/green-down phenophases, there is high variations (i.e., high standard deviation
values) in within satellite-based evaporation estimates (Fig. 4.13a). The possible explanation for
the high standard deviations could be the high variations in the amounts of rainfall received during
these two boundaries (Fig. 13b). During the maturity/peak phenophase the rains are consistent
while the dormant phenophase has no rainfall. It appears the rainfall interception could be a key
driver of the differences in satellite-based evaporation estimates of the phenophases in the rainy
season. For instance, field observations showed that wet miombo woodland canopies intercepted
up to 18-20 percent of rainfall annually (i.e., Alexandre, 1977). In the cool dry season and warm
pre-rainy season, in the dormant phenophase, it appears there is consistency in each satellite-based
evaporation estimates (Fig. 4.13 a). Yet, this is the phenophase when the largest differences are
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observed between the various satellite-based evaporation estimates. It is also the phenophase when
the total LAI and total NDVI can be largely attributed to the tree layer (i.e., canopy of the miombo
woodland). By implication, this is the phenophase when the satellite-based evaporation estimates
can largely, if no not entirely, be attributed to the transpiration of the miombo woodland species.

The maturity/peak phenophase had highest rainfall (above 200 mm/month), highest canopy
cover (i.e., NDVI > 0.6), highest soil moisture and net radiation of above 150 W m? (Figs. 4.5, 4.7
and 4.10). However, the total LAI and total NDVI in these two phenophases is largely attributed
to various components such as the tree layer (i.e., miombo woodland canopy), understory (i.e.,
shrubs) and the field layer (i.e., grass component) (Chidumayo, 2001; Chidumayo and Frost,
1996).

The highest coefficients of variations in satellite-based evaporation estimates were
observed in the dormant and green-up phenophases. The dormant phenophase in the cool-dry
season and warm pre-rainy phenological season is the driest part of the year. This is also the
phenophase with the most physiologically adapted changes in the canopy display characteristics.
During this phenophase the actual evaporation is mainly, if not entirely, through transpiration

@— Green - up

— o0 - == Maturity/Peak ® 120
‘_I_c 40 W Senescence/ Green - down 100 + R
] B e D t
S orman (b) 80 1 . (C)
£ 30 e X60 -
E 201 v $ v . >40 |
— 20 - . o
a 10 é—hm—‘é’/g ok @—SI/Z\L 3
n O 1 1 | 1 1 | 1 ] 1 1 1
[{e] o Q el = = = ) o
S 2 5 & 8 6 S 8 § 5 3
— _ o ) = © & o ©
x © = 3§ 9 = = ¢
L — — E
T o a2
L ~

Figure 4.13: Standard deviations (SD) (a) showing within satellite-based evaporation estimate
variations across phenophases and (b) coefficients of variation (Cy) in estimates for climate and
phenological variables across phenophases at Luangwa Basin miombo woodland scale.

4.3.6 Differences in spatial distribution of satellite-based evaporation estimates and the

potential contributing factors

Figure 4.14 shows spatial-temporal distribution of satellite-based actual evaporation
estimates across different phenophases for the hydrological year 2019/2020. The comparison was
based on the entire Luangwa Basin, including non-miombo regions. Generally, substantial
differences in the spatial distribution of actual evaporation were observed in the dormant and
green-up phenophases (Fig. 4.14). During the dormant phenophase, all six estimates appeared to
show higher actual evaporation in upland miombo areas than in other land cover types (Fig. 4.14)
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(refer to Fig. 4.1 and Fig. Al in the appendices of Zimba et al. (2023 under review) for extent of
the cover of the miombo woodland in the Luangwa Basin).

Substantial differences in the spatial-temporal distribution of satellite-based evaporation
estimates were observed in the dormant and green-up phenophases. The two phenophases were
characterised by low (cool dry season) and high (warm pre-rainy and early rainy season) available
energy conditions (i.e., net radiation) (Fig. 4.5). The key adapted phenological and physiological
characteristics during the two phenophases include the leaf fall, leaf flush, leaf colour change,
vegetation water storage, and the deep rooting with access to deep soil moisture (including ground
water) (Vinya et al., 2018; Fuller, 1999; Frost, 1996; Savory, 1963).
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Figure 4.14: Spatial-temporal distribution of satellite-based evaporation estimates across
different vegetation phenophases of the Luangwa Basin for the hydrological year 2019-2020.

In the dry season evaporation in the miombo woodland is through the transpiration process.
The transpiration is influenced by the above highlighted adapted phenological and physiological
characteristics (i.e., Marchesini et al., 2015; Snyder and Spano, 2013). It appears that satellite-
based evaporation estimates from models whose structure, processes and inputs take into account
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the highlighted phenological and physiological attributes in the dry season and early rainy season,
especially the access to deep soil moisture, are likely to have the accurate trend and magnitude of
evaporation of the miombo woodland.

Some studies have shown that direct integration of soil moisture rather than the use of
proxies improves the accuracy of actual evaporation estimates (Brust et al., 2021; Novick et al.,
2016). For instance, transpiration in the FLEX-Topo and WaPOR (ETLook model) is coupled with
the rootzone soil moisture using an integrated approach. The all pairwise comparison showed the
trend and magnitude of FLEX-Topo and WaPOR estimates were not significantly (p-value > 0.05)
different (in both dry miombo woodland and wet miombo woodland) in the dry season. GLEAM
only takes into account 2.5m of the sub-surface moisture linked to observed precipitation.
TerraClimate uses the plant-extractable water capacity of soil for soil moisture input. However,
the challenge with the plant-extractable water capacity of soil is in selecting the rooting depth. The
soil moisture in the miombo woodland tend to increase with depth. Some miombo plants are deep
rooting (beyond 5 metres) with ability to tap into ground water sources. The energy balance-based
SSEBop does not explicitly consider soil moisture dependency and assume that the variations in
satellite-based land surface temperature and vegetation indices such as the NDVI accounts for the
soil moisture (Senay et al., 2013). The challenge with the use of the proxies for soil moisture in
surface energy balance models is that these are unable to fully account for changes in other factors
that may influence sensible heat fluxes (Gokmen et al., 2012). To improve on the accuracy of
estimation of water and energy fluxes in regions with recurrent plant water stress, i.e., miombo
woodland, Gokmen et al. (2012) suggested that the soil moisture be integrated in the surface
energy balance models. For the MOD16 the use of the relative humidity and vapour pressure
difference as proxies for soil moisture maybe a source of uncertainty in estimating transpiration
(Novick et al., 2016). Direct integration of soil moisture into the MOD16 algorithm appeared to
improve the accuracy of actual evaporation estimates (Brust et al., 2021). The quality of the soil
moisture product(s), rooting depth and whether the model structure accounts for vegetation
interaction with ground water possibly contributed to the differences observed in the trend,
magnitude and the spatial distribution of satellite-based evaporation estimates of the miombo
woodland.

Additionally, among many other contributing factors, the land cover product as a model
input in satellite-based evaporation estimates may largely explain the observed differences in both
temporal and spatial distribution of evaporation. For instance, the MOD16 heavily relies on a
global land-cover product (Gray et al., 2019; Running et al., 2019) which had shown to misclassify
certain land cover types and showed low user accuracy in certain regions (i.e., Leroux et al., 2014).
The WaPOR uses the Copernicus land cover product, but adds the distinction between irrigated
and rain-fed areas (FAO, 2018). For the vegetation fraction, the GLEAM uses the MODIS
MODA44B product (Martens et al., 2017; Miralles et al., 2011). Different vegetation types have
different phenology and physiological attributes (i.e., Lu et al., 2006) which influence how actual
evaporation is estimated. Miombo woodland’s dry season evaporation mainly occurs through plant
transpiration, which is dependent on the landcover type, and is driven by root zone water
availability and climate variables such as net radiation, air pressure, wind speed, air temperature
and relative humidity. The link between the drivers and the plant transpiration are the rooting depth
and stomata conductance thresholds which are vegetation type dependent (ie., Urban et al., 2017;
Wehr et al., 2017; Tuzet, 2011). Therefore, dissimilarities in the land cover products and their
associated accuracy limitations possibly reflect in differences in the spatial-temporal distribution
of the satellite-based actual evaporation estimates.
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Furthermore, the differences observed in satellite-based evaporation estimates during the
green-up, maturity/peak and the senescence/green-down phenophases may be more related to the
ability of the models to effectively account for rainfall interception. For instance, field observations
showed that wet miombo woodland canopies intercepted up to 18-20 percent of rainfall annually
(i.e., Alexandre, 1977). As earlier mentioned above the accuracy of the vegetation cover product
influences the classification of the various vegetation types. Misclassification of the miombo
woodland would result in inaccurate estimation of rainfall interception. The differences in the set
up of the rainfall interception modules/models may also contribute to these differences in satellite-
based evaporation estimates.

4.3.7 Comparison of satellite-based evaporation estimates to the water balance-based

actual evaporation estimates

Figure 4.15 shows the results of the temporal comparison of satellite-based evaporation
estimates with the water balance-based evaporation estimates at Luangwa Basin scale for the
period 2009-2019. This comparison included non-miombo areas. All satellite-based evaporation
estimates showed insignificant correlation (p-value > 0.05) with the water balance-based actual
evaporation (Ewp) (Table A3 in the appendices of Zimba et al. (2023 under review)). The poor
correlation could be due to the uncertainties in the precipitation and run-off data used in the study.
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Figure 4.15: (a) Comparison of satellite-based evaporation estimates to the water balance-based
estimates of actual evaporation for the Luangwa Basin and (b, c) the results of the bias assessment.
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Compared to the Ewp estimates, all six satellite-based evaporation estimates underestimated
actual evaporation (Fig. 4.15). Potential reasons for the underestimation include the quality of the
precipitation product(s) used in this study. It is possible the precipitation was overestimated
resulting in overestimating the actual evaporation with the water balance equation. To the contrary
the extended run-off time series with the TerraClimate could have been overestimated resulted in
underestimating the water balance-based actual evaporation at basin scale. The assumption of
overestimation of the extended run-off data is based on the validation results of the linear equation,
used to extend the run-off time series, which showed RMSE = 27 mm year* and MBE = 21 mm
year .

In any given year, the WaPOR appeared to have the least underestimation with an
aggregated mean bias of 120 mm year, while the GLEAM had the largest underestimation with
an aggregated mean bias of 370 mm year. Only the SSEBop and the WaPOR showed a below
average aggregated annual mean bias (in dotted red line) (Fig. 4.15 c). The aggregated mean is the
average of all six satellite-based evaporation estimates. At basin scale, it appeared there was no
statistically significant correlation (r = -0.63; p-value =0.18; alpha = 0.05) between spatial
resolution of satellite-based evaporation estimates and evaporation estimates of each product (Fig.
4.16). For instance, the TerraClimate, with a coarser spatial resolution, compared to finer spatial
resolution products MOD16 and SSEBop, showed similar bias estimates. The MOD16 had a
higher spatial resolution than the SSEBop, but underestimated more. The FLEX-Topo had a
coarser spatial resolution than the MOD16 and the SSEBop but exhibited higher estimates in the
dormant phenophases (July-September) (Figs. 4.10 and 4.11). The lack of a clear significant
relationship, between spatial resolution and actual evaporation estimates (Fig. 4.16) may imply
that, other factors such as the heterogeneity in the land cover (i.e., miombo woodland, mopane
woodland, cropland, settlements etc), differences in model structure, processes and model inputs
(as highlighted in Zimba et al. (2022 under review)) may be the largest contributing factors of the
observed differences in the actual evaporation estimates at basin scale.
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Figure 4.16: Basin scale correlation of actual evaporation estimates with spatial resolution of
satellite-based evaporation estimates.



105
Evaporation of the miombo woodland of southern Africa

However, unlike the observations for the wet miombo woodland by Zimba et al. (2022 under
review) the underestimation of actual evaporation at basin scale by satellite-based evaporation
estimates cannot be entirely attributed to the difficulty of estimating evaporation of the miombo
woodland. The evaporation of other vegetation types, i.e., mopane woodland, that are also found
in the Luangwa Basin have not been investigated. What the basin scale water balance-based
comparison suggests is that the satellite-based evaporation estimates underestimate actual
evaporation even in other non-miombo woodland landscapes. However, this suggestion needs to
be investigated because it’s possible the satellite-based evaporations would behave differently in
each landscape or land surface such as grassland, shrubland, wetland. Therefore, the extent to
which each land surface i.e., miombo and mopane woodlands, contribute to the actual evaporation
of the Luangwa Basin need to be investigated. For a more comprehensive understanding of the
evaporation of the miombo there is need for the assessment of the phenology of each vegetation
type and the accompanying potential influence on the evaporation dynamics of the Luangwa Basin.

Nevertheless, the results of this study agreed with Weerasinghe et al. (2020) who showed
that most satellite-based evaporation estimates generally underestimated evaporation across
African basins though SSEBop and WaPOR showed mixed behaviour of both underestimating and
overestimating. In this study, in comparison to other satellite-based evaporation estimates, the
SSEBop and WaPOR appeared to have lower underestimations. The lower underestimation by
SSEBop and the WaPOR agreed with the point scale field observations for the wet miombo
woodland (Zimba et al., 2022 under review) and suggests the two estimates could be close to field
actual evaporation of the Luangwa Basin.

4.4 Conclusions and recommendations

The study sought to find out the extent to which satellite-based evaporation estimates were
similar to each other across the different phenophases of the miombo woodland. The study also
sought to establish the potential underlying factor(s) for the discrepancies. Furthermore, the study
compared the satellite-based actual evaporation estimates to the annual general water balance-
based actual evaporation estimates at basin scale. This helped to establish whether the
heterogeneity in the landscape at the Luangwa Basin scale would give a different result to that
observed at point scale in the wet miombo woodland. The following were the conclusions:

Q) Satellite-based evaporation estimates appeared to have difficulty estimating
evaporation in the dormant and green-up phenophases. This was evidenced by the
large differences (i.e., coefficients of variations) in satellite-based evaporation
estimates observed during these phenophases. The limited understanding and lack
of representation in models of the typical traits of the phenology of the miombo
woodland and its interaction with climate variables, including the access to deep
soil moisture stocks (and possibly to ground water), is what could have contributed
to the poor correlation among satellite-based evaporation estimates.

(i)  The canopy cover of the wet miombo woodland in the dry season remained
relatively high, green and healthy (LAI = 0.6; NDVI = 0.5) with capacity for
continued transpiration. This may have been aided by the species dependent
variations in time for the leaf fall and leaf flush activities, and the physiologically
adapted characteristics of the miombo woodland species such as access to deep soil
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moisture and vegetation water storage. Therefore, satellite-based evaporation
estimates that are better equipped to account for the physiological attributes of the
wet miombo woodland and the interactions with climate variables during the
dormant and green-up phenophases are likely to provide more accurate actual
evaporation estimates.

Satellite-based evaporation estimates appear to have similar (i.e., low coefficients
of variation in estimates) trend and magnitude during the maturity, peak,
senescence and green-down phenophases in the rainy season and at the end of the
rainy season. This may suggest that it is easier to assess satellite-based evaporation
of the miombo woodland during phenophases with high canopy cover/canopy
closure, available energy and soil moisture. However, during these phenophases the
total LAl and NDVI cannot entirely be attributed to the miombo woodland plants
as the grass component is high.

All satellite-based evaporation estimates appeared to underestimate actual
evaporation at basin scale. Although this result appeared to agree with the point-
based field observations in a wet miombo woodland the underestimation cannot be
entirely be attributed to the challenges of estimating actual evaporation in the
miombo woodland because the basin is composed of several other landscapes such
as the mopane woodland and grasslands. To understand the extent to which each
landscape contributes to the actual evaporation of the basin there is need for
landscape dependent evaporation in the basin like what was conducted for the wet
miombo woodland. Landscape dependent evaporation assessment can facilitate
improved accuracy in satellite-based evaporation estimates.

At basin scale, the spatial resolution of satellite-based evaporation estimates
appeared to be statistically insignificant in estimating the actual evaporation. With
an exception of the WaPOR, which had the finest spatial resolution, the FLEX-
Topo, MOD16, SSEBop and TerraClimate estimates had relatively similar
magnitude of estimates despite having varying spatial resolutions. For example, in
the senescence/green-down and dormant phenophases, FLEX-Topo, a product with
a coarser resolution showed higher estimates of evaporation compared to products
with relatively finer resolutions like MOD16, SSEBop and TerraClimate.
Additionally, the SSEBop, with a coarser resolution, relative to MOD16, showed
lower underestimation. These observations suggested that, among other factors, the
heterogeneity in the land surface, model structure, processes and inputs may
influence more the satellite-based evaporation estimates of the miombo woodland.

Overall, significant differences in satellite-based evaporation estimates of the
miombo woodland appeared to be phenophase dependent. This suggests that
phenology of the miombo woodland may have influence on the satellite-based
evaporation estimates. Therefore, understanding the phenology of the miombo
woodland and its interaction with soil moisture and climate variables, and
accounting for these in the model structure, processes and inputs, might improve
satellite-based evaporation estimates for this complex ecosystem.
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Consequently, field observations of evaporation across the different phenophases
of the miombo woodland are needed in order to establish the correct characteristics
of the actual evaporation. This information can be used to help improve satellite-
based evaporation assessments in the Luangwa Basin and the miombo region as
whole.
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Photograph showing the roots of miombo woodland species beyond 2.5 m at the Mpika site, Zambia
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Chapter 5

“Storms make trees take deeper roots”
(Dolly Parton)
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5.1 Introduction

This study used both field observations and satellite products. The focus of the study was
on understanding the evaporation dynamics in relation to the phenology of the miombo woodland.
The phenology was understood mainly using satellite-based data complimented with information
from literature in public domain (i.e., Chidumayo, 2001; Frost, 1996; Fuller, 1999) and the
photographs taken using a cameral installed on the flux observation tower. In the absence of field
measurements of woodland canopy leaf area index, woodland canopy temperature and woodland
canopy vegetation water content, the use of satellite data proxies was performed with assumptions.
The assumptions are here highlighted in order to contextualise the findings and the accompanying
implications of the study. Thereafter, the evaporation trend and quantities at both point and basin
scale as they relate to the phenology are discussed.

5.2 Limitations of using satellite products for phenology analysis

The first limitation is with the assumption that the total LAI, NDII, NDVI and LST were
entirely attributed to miombo woodland canopy. This assumption was made because the study on
canopy phenology focused on a wet miombo woodland, known to have canopy closure of up to 70
percent at any period of year. However, miombo woodland is characterised by understory and field
layer vegetation such as emerging miombo species, shrubs and grass. Grass and shallow rooting
shrubs normally dry out during the dry season proper (May — October), though in some places the
grass shots in August/September (or earlier) after the wild fires that normally occur during this
period (Chidumayo, 2001; Fuller, 1999). Furthermore, leaf fall, in the dry season, entails the
woodland floor is covered by dry leaves as well as bare soil. In such circumstances the satellite-
based total LAI, NDII, NDVI and LST includes that for the above-described understory and grass
components. In this study the understory and grass components were assumed insignificant in the
dry season. This is because, the observations on canopy phenology were based on plots sampled
from a wild life conservancy area with minimal and controlled anthropogenic activities including
bush fires. Furthermore, the plateau miombo is less seasonal (Fuller, 1999) with species found at
the study site mainly broadleaved with minimal seasonal variations in canopy closure (Fuller,
1999).

The constraint of cloud cover, especially in the rainy season, has been highlighted in
chapter 2 of this thesis. Other than limiting the number of days with clear sky, use of satellite
products with quality pass of below 100 percent, but above 80 percent, entails introduction of some
degree of error in the estimates of the satellite proxies. No field measurements of the LAI, NDVI,
vegetation water content or canopy temperature were conducted. Therefore, the degree to which
these satellite products agree with field conditions of the miombo woodland is unknown. However,
information from literature (i.e., Vinya et al., 2018; Chidumayo, 2001; Fuller, 1999, Frost, 1996)
on the miombo phenology, coupled with the cameral images taken at the miombo woodland at
Mpika site appeared to agree with trends in satellite products, LAl and NDVI.

5.3 Relationship of the LAl and NDVI with the LST and NDII

The canopy cover is proxied by both the LAl and the NDVI. The canopy temperature and
canopy vegetation water content relationship with changes in canopy cover proxied by LAI
appeared to be non-linear across all phenophases. This speaks to the observation that the wet
miombo woodland shows little variation in canopy cover across phenophases including in the dry
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season (Fuller, 1999; Frost, 1996). At woodland stand level this result showed that there are no
significant changes in the woodland total LAI (i.e., woodland canopy cover) to warrant
establishment of a clear linear relationship. Furthermore, this result speaks to the heterogeneity
nature of the miombo woodland species pointed out by Chidumayo (2001). However, at individual
miombo woodland tree species level, the result might be different as the leaf fall at this level is
significant with the entire individual canopy being leafless (i.e., Fig. 4.9; Fuller, 1999) at some
point. Therefore, at wet miombo woodland stand level it appeared changes in canopy vegetation
water content and canopy temperature does not result in significant changes in the woodland
canopy cover as proxied by the LAI. The dry season woodland canopy NDVI values were
indicative of a continuously photosynthetically active woodland. The heterogeneity in the species
composition at woodland level implies that the leaf fall and leaf colour transitions at individual
plant species level do not occur at the same. Therefore, the woodland canopy at any given point
during the dry season is a combination of different individual plant species phenology which
ensures up to about 70 percent canopy closure (Fuller, 1999). Fuller (1999) observed that
herbaceous and woody (i.e., miombo woodland species) vegetation phenology was largely in phase
within plots but varied across plots. Fuller (1999) suggested that the variations could be as a result
of resources available at individual sites in a given landscape.

However, when the NDVI was used as proxy for woodland canopy cover, distinct linear
relationships were observed between woodland canopy cover and the canopy vegetation water
content and canopy temperature. This is because, unlike the LAI that helps to understand the area
facet of the canopy, the changes in the NDVI also helps to observe the changes in chlorophyll i.e.,
leaf/canopy greenness over time. What was observed is that, with an exception of the green-up and
maturity phenophases during the rainy season, canopy temperature showed significant distinct
linear relationships with the NDVI during the senescence and dormant phenophases. This means
that during periods of abundant water and high leaf/canopy chlorophyll content, symbolic of
increased metabolism in plants, the woodland stand canopy cover - temperature relationship is
non-linear. Again, this observation at woodland stand level may be different from the relationships
at individual plant species canopy/leaf level. On the other hand, the canopy vegetation water
content showed significant strong linear relationships with woodland canopy cover across
phenophases. Water is utilised in the photosynthetic process. Thus, this was seen in the positive
linear relationship between the NDII and the NDV1 across phenophases.

Overall, the canopy phenology of the miombo woodland in terms of leaf fall, leaf flush and
photosynthetic activity during the dry season showed strong correlation with changes in water and
temperature. This affirms the strong correlation that exists between water availability and
temperature with plant phenology (Pereira et al., 2022; Niu et al., 2013; Cleland et al., 2007).

54  The miombo woodland canopy phenology, energy partitioning and the observed

evaporation trend

This study is about understanding the evaporation dynamics in the miombo woodland with
respect to adapted phenological and physiological characteristics. Central to this understanding is
the characterisation of the phenology and evaporation in relation to climate variables that are
known to influence both phenological and evaporative processes. Plant phenology influences
plant-energy interaction and facilitates access to both vegetative and root zone moisture storage
(Vinay et al., 2018; Nord et al., 2009) that, coupled with various species dependent physiological
processes (i.e., Lu et al., 2006), determines the evaporation dynamics of a woodland (Snyder et
al., 2013). In this study it appears that understanding the phenophase based plant-water and plant-
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energy interaction is crucial to ascertaining the appropriate trend and magnitude of evaporation in
the miombo woodland.

In Chapter 3 it was observed that miombo woodland plants phenology-energy interaction
and phenology—-water interaction influence evaporation trend. The woodland canopy cover
interactions with canopy vegetation water content and woodland canopy temperature observed in
Chapter 2 helps to understand the behaviour of evaporation in Chapter 3. It appeared that there is
an interchange in the dominant determinant of evaporation for the rainy and dry season
phenophases. During the green-down and dormant phenophases in the dry season the woodland
canopy cover (i.e., proxied by the LAI and NDVI) and the vegetation water content (i.e., proxied
by the NDII) are relatively high but in a downward trajectory reaching lowest values in August-
September. The LAI and NDVI values for the green-down phenophase were indicative of
availability of green and health woodland canopy. The NDII values for the green-down
phenophase were indicative of availability of sufficient woodland canopy vegetation water content
and root zone storage. Actual evaporation is a representation of simultaneous occurrence of energy
and water (Stephenson, 1990). In the green-down phenophase the net radiation was high in May
but lowest in June. Actual evaporation, as determined using the DTS approach, was in the
downward trajectory only during the lowest energy green-down phenophase (May-June) with
lowest values of actual evaporation observed in the month of June which had the lowest available
energy. The month of May, with relatively higher solar radiation than June, had relatively higher
evaporation. There was enough green and healthy woodland canopy (i.e., as proxied by the LAI
and NDVI values) that was able to intercept more radiation for evaporation (Figs. 3.9 and 4.5).
There was also relatively higher soil moisture and vegetative water content but the available energy
was lowest. Therefore, during green-down phenophase the available energy and not water
availability appeared to be the dominant limiting factor of evaporation. This is further augmented
by the energy partitioning during the green-down phenophase that showed a larger portion of the
available energy being partitioned as sensible heat (H) (Figs. 3.6 and 3.7). Additionally, relatively
low wind speeds (Fig. 3.7) during the green-down phenophase influences evaporation.

Canopy leaf fall, leaf flush and the accompanying leaf colour transitions, occurred largely
in the dormant phenophase. This was exhibited through continued decline in the LAl and NDVI
values reaching lowest values in August for the LAI and September for the NDVI. The NDII also
showed a declining trajectory with lowest values observed in September. On the contrary
woodland canopy temperature and available energy (i.e., LST and net radiation) and the observed
actual evaporation were on an increasing trajectory throughout the phenophase. The observed
actual evaporation in July, at the commencement of the dormant phenophase, was higher than that
of June in the green down-phenophase with relatively higher woodland canopy cover and
vegetation water content. Actual evaporation took on a rising trajectory despite the dormant
phenophase being the driest part of the year. During this period, it appeared the reduction in the
available evaporative surface, i.e., through leaf fall and leaf colour change, and the resulting overall
reduction in canopy vegetative water storage are the main limiting factors of evaporation. The
observations that some miombo woodland species have extensive lateral and deep rooting system
capable of accessing ground water resources during the dry season entails that it is mainly the
changes in the canopy cover, due to the leaf fall, leaf flush and leaf colour transitions coupled with
the plant physiological interaction with driving factors such as radiation and wind speed, that
influenced the evaporation process during the dormant phenophase. This could explain why the
actual evaporation kept rising as the canopy cover increased through leaf flush even without the
rains or horizontal/vertical changes in root zone storage. This observation could go towards
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validating the miombo species at the study site having access to both vegetative storage and ground
water resources in the dry season, especially that the site is in the high rainfall wet miombo
woodland region, with accompanying seasonal wetlands within the fetch of the flux observation
tower. Increasing canopy cover of new leaves implies increasing canopy interception of radiation
which, with access to both vegetative and ground water storage, could result in increased actual
evaporation. Canopy biomass formation i.e., leaf flush/leaf growth which occur in the dry season
requires water, which in the dry season can only come from vegetative storage and root
zone/ground water storage.

5.5 On the comparison of satellite-based evaporation estimates in the miombo woodland

This study endeavoured to compare performance of some commonly used satellite-based
evaporation estimates in a largely miombo woodland covered river basin the Luangwa. Firstly, the
satellite-based estimates were compared to each other. This comparison was meant to observe the
similarity in trend and magnitude of satellite-based evaporation estimates. Secondly, the satellite-
based evaporation estimates were compared to the water balance-based evaporation estimates at
basin scale. The comparison of satellite-based evaporation estimates to the water balance-
evaporation was meant to verify if the underestimation of actual evaporation by satellite-based
evaporation estimates, observed at point scale, also occurred at basin scale in a heterogenous
landscape. Chapter 4 shows the results of the comparison.

Results of this study showed that major differences in satellite-based evaporation estimates
were in the dormant and green-up phenophases in the dry season and early rainy season. The main
evaporative processes of the miombo woodland during these two phenophases are: transpiration
in the dormant and early green-up phenophases, transpiration and rainfall interception (i.e., canopy
interception) in the late green-up phenophase as the rains commence. The key determinants of
transpiration in the dry season are the rooting depth of plants, moisture storage in the root zone,
ground water storage (including depth of ground water table) and a photosynthetically active
canopy. Optimizing rooting depth than the use of the standard one metre has been shown to
increase transpiration in landscapes with a dry season (Kleidon and Heimann, 1998). Modifying
rooting depth can improve energy flux simulations at both field scale and regional scale (Liu et
al., 2020). Rooting depth has been shown to be sensitivity to local soil water profiles determined
by precipitation infiltration depth and ground water table depth from below (Fan et al., 2017). Soil
moisture in the miombo woodland increases with depth (i.e., Chidumayo, 2001). As earlier
discussed, some miombo woodland species are deep rooting, beyond 5 metres. Therefore, one of
the potential causes of the observed differences in satellite-based evaporation estimates could be
the rooting depth.

Additionally, direct integration of soil moisture rather than the use of proxies has been
shown to improve the accuracy of actual evaporation estimates (Brust et al., 2021; Novick et al.,
2016). Some of the satellite-based evaporation estimates used in this study such as MOD16 and
SSEBop use proxies for soil moisture. The challenge with the use of the proxies, i.e., NDVI, for
soil moisture, for instance in surface energy balance models, is that these are unable to fully
account for changes in other factors that may influence sensible heat fluxes (Gokmen et al., 2012).
The miombo woodland is located in a high available energy landscape. Woodlands, with the
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associated phenology, influence energy partitioning (i.e., Yuan et al., 2021; McGloin et al., 2019;
Grandgirard et al., 2002). Therefore, correct partitioning of miombo woodland available energy
into, for instance, sensible and latent heat fluxes may be a key to improving accuracy of satellite-
based evaporation estimates, especially in the phenophases in the dry season. In a woodland that
has a varied canopy closure of up 70 percent at any given time of the year, coupled with the root
zone storage that does not show significant changes in the dry season, energy partitioning into
sensible and latent heat fluxes appears to be a key factor in appropriate actual evaporation
assessment. Integration of energy partitioning may partly explain the trend of WaPOR which
appeared to agree with the point-based field observation of actual evaporation of the wet miombo
woodland.

Furthermore, the use of the relative humidity and vapour pressure difference as proxies for
soil moisture in MOD16 may be a source of uncertainty in estimating transpiration (Novick et al.,
2016). However, direct integration of soil moisture into the MOD16 algorithm appeared to
improve the accuracy of actual evaporation estimates (Brust et al., 2021). Consequently, to
improve on the accuracy of estimation of water and energy fluxes in regions with recurrent plant
water stress, i.e., miombo woodland, Gokmen et al. (2012) suggested that the soil moisture be
integrated in the surface energy balance models.

The quality of land cover products or their proxies used for satellite-based evaporation
estimates may explain the observed differences in the spatial-temporal distribution of satellite-
based evaporation across difference phenophases. This is because use of land cover products with
low woodland classification accuracy in satellite data-based evaporation modelling may result in
significant errors. These errors could arise due to incorrect parameterisation of land cover
dependent attributes such as stomata conductance thresholds. Therefore, the robustness of different
land cover products in evaporation modelling, especially for the miombo region should be
explored.

This study showed that there is strong correlation between the spatial resolution and the
magnitude of satellite-based evaporation estimates. Therefore, a spatial scale that is capable of
taking into account heterogeneity in landscape is likely to improve actual evaporation estimates of
the miombo woodland. Fine spatial resolution allows for isolation and capture of actual
evaporation of specific land surfaces with minimal overlaps. For instance, WaPOR has a continent
spatial coverage and spatial resolutions of 100m and 250m. These attributes contributed to the
WaPOR accounting for heterogeneity in the landscape and could be the reason for the lower
underestimation of actual evaporation.

5.6 Opportunities and challenges with using the DTS approach in an African landscape
While the use of the BR-DTS approach provides numerous opportunities for deepened
understanding of the energy fluxes in the African woodland ecosystems, it comes with its own
challenges. The BR-DTS approach requires uninterrupted power and water supply. This is a
challenge in most African environments, with one of the solutions requiring additional power
supply setup such as solar power. The additional cost implications, that is besides the cost of the
DTS equipment, are significant depending on the location of the land surface to be assessed.
The difficulty in attaining the wet bulb temperature due to high temperatures, especially in
the dry season, is likely to result in errors and underestimation of the Bowen ratio. Underestimating
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the Bowen ratio would result in errors in the partitioning of the available energy and the actual
evaporation. Adding screen shields, as a solution to overcoming high temperatures, comes with its
own shortcomings that could result in additional errors. However, insulating the water tank(s) for
water supply to the wet cable could limit the impact of the high temperatures.
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Chapter 6

“In a forest of a hundred thousand trees, no
two leaves are alike. And no two journeys
along the same path are alike”

(Paulo Goelho)



118
Evaporation of the miombo woodland of southern Africa

6.1. Introduction

The preceding chapters have given account of the various aspects of the plant-water
interaction and evaporation dynamics of the miombo woodland. The goal of this study was to
understand evaporation dynamics across the different phenophases of the miombo woodland, and
to observe if satellite-based evaporation estimates are correct. This chapter gives the main
conclusions and the outlook for assessments of the evaporation of the miombo woodland.

6.2 Canopy cover relationship with the vegetation water content and temperature

Woodland stand canopy cover relationships with vegetation water content and temperature
are season and phenophase dependent. For observing the relationship between the woodland
canopy phenology and climate variables the use of the NDVI, as a proxy, appears to show a clearer
relationship than when the LAI is used. The lack of a clear linear relationship between the
vegetation water content (proxied by the NDII), the woodland canopy temperature (proxied by the
LST) and the woodland canopy cover when proxied by the LAI consolidates the observation that
across seasons there is little variation in the woodland canopy closure of the wet miombo
woodland. The water availability, proxied by the NDII as vegetation water content, appears to be
a more significant influencing factor of the variations in the values of the NDVI, proxy for canopy
cover, of the miombo woodland than the woodland canopy temperature (proxied by LST). This is
because across climatic seasons and canopy phenophases the vegetation water content (proxied by
the NDII), as a single variable or in combination with temperature, accounts for more variations
in the values of the NDVI (proxy for canopy cover) of the miombo woodland than the woodland
canopy temperature (proxied by the LST).

6.3 Phenophase-based evaporation of the miombo woodland

6.3.1 Observed evaporation dynamics of the miombo woodland

In chapter 3 the Bowen ratio is first estimated at hourly interval using the DTS approach.
Using the energy balance equation, the Bowen ratio is used to partition available energy (Rn — Go)
into H and LE. Furthermore, actual evaporation is estimated at hourly interval and then summed
up into daily and dekadal values. Four satellite-based evaporation estimates are then compared to
the observed actual evaporation. The potential contributing factors to the observed trend and
magnitude of satellite-based evaporation estimates in relation to field observations are then
discussed. The following conclusions are made:

Across phenophases, the wet miombo woodland, represented by the study site at Mpika,
experiences alternating energy partitioning. This interchange occurs around 06;07 AM and 17;18
PM. This means that during day time the available energy is largely partitioned as LE while at
night it is partitioned as H. This agrees with the observed energy partitioning trend in other miombo
woodland like warm ecosystems and climates. In low energy phenophases like the green-down
(May-June) available energy is mainly partitioned as H while in high energy (i.e., high net
radiation) phenophases like the dormant and green-up, available energy is largely partitioned as
LE. In low energy phenophases, i.e., green down in the cool-dry season, with relatively higher
woodland canopy cover/closure (i.e., NDVI, LAI) and high vegetation water content (i.e., NDII),
it appears that daily actual evaporation is more constrained by available energy than water
availability. During the dormant and early green-up phenophases, it appears that access to moisture
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in deeper soils and potential access to ground water, make the canopy cover (evaporative surface)
of the miombo woodland a key driver of the evaporation flux. This is because actual evaporation
during the dormant phenophase is likely limited by the species dependent phenological changes
such as leaf fall and leaf flush as well as the leaf colour changes. The species dependent leaf fall,
and leaf colour changes reduces the available evaporative surface which increases as more miombo
woodland plants flush and green up. These changes in the canopy display occur as the available
energy for evaporation continue to increase.

There is need for a similar study such as the one in Chapter 3 to be conducted in the dry
miombo woodland and to compare the results. It would be interesting to investigate the magnitude
of the transpiration of the dry miombo woodland and wet miombo woodland in the dry season
with changes in soil moisture at different depths and the variations in canopy cover (leaf fall, leaf
flush and leaf colour change).

6.4  Why do satellite-based estimates behave the way they do?
6.4.1 Direct integration of soil moisture and optimisation of the rooting depth may

improve satellite-based evaporation estimates

The phenophase-based comparison of satellite-based evaporation estimates at pixel scale
in dry miombo woodland and wet miombo woodland and at Luangwa Basin miombo woodland
scale showed similar results. In all three scenarios substantially high coefficients of variation in
actual evaporation estimates among satellite-based evaporation estimates were observed in the
water limited, high temperature and low woodland canopy cover conditions in the dormant
phenophase. Coefficients of variation in actual evaporation estimates were also substantially high
in the green-up phenophase at the boundary between the dry season and the rainy season. The
lowest coefficients of variation in actual evaporation estimates were observed in water abundant,
high temperature, high leaf chlorophyl content and high woodland canopy cover during the
maturity/peak phenophase. The high coefficients of variation in actual evaporation estimates,
among satellite-based evaporation estimates, in the dormant and green-up phenophases, points to
the challenge of estimating the actual evaporation of the miombo woodland in the dry season and
early rainy season. The same scenario emerged as was observed at point scale, with reference to
field observations, in which satellite-based evaporation estimates which directly integrate soil
moisture in their algorithm appeared to have higher estimates of actual evaporation in the dormant
phenophase in the dry season. For instance, the FLEX-Topo and WaPOR integrate soil moisture
in their algorithms. Compared to each other the FLEX-Topo and WaPOR appeared to have no
statistically significant (p-value > 0.5) differences in their trends and mean estimates of actual
evaporation in the dormant phenophase in the dry season. Compared to the FLEX-Topo and
WaPOR the other four satellite-based evaporation estimates, GLEAM, MOD16, SSEBop and
TerraClimate showed statisticantly significant (p-value < 0.05) differences in the trend and mean
estimates of actual evaporation in the dormant phenophase in the dry season. Considering the
highlighted canopy phenology and the associated physiological adaptation of the miombo
woodland plants in the dry season the direct integration of the soil moisture in the algorithms and
optimising the rooting depth is likely to improve the accuracy of the satellite-based evaporation
estimates.
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6.4.2 Rainfall interception likely a major component during the rainy season

Rainfall interception of the miombo woodland is likely to be a cause for the differences in
satellite-based evaporation estimates in the phenophases in the rainy season. For instance wet
miombo woodland intercepts between 17-20 percent of rainfall annually. The values for the
rainfall interception for the dry miombo woodland are unknown. Among many factors, differences
in the algorithms and inputs for rainfall interception estimation are likely to be a source of the
differences in satellite-based evaporation estimates in the rainy season. For instance, in the
maturity/peak during the mid-rainy season, compared to the other five satellite-based evaporation
estimates, the MOD16 appeared to have significantly (p-value < 0.05) higher estimates of actual
evaporation. The rainfall interception module of MOD16 is different from that of FLEX-Topo,
GLEAM and WaPOR. It is possible that the rainfall interception module of MOD16 is more
responsive to the miombo woodland phenology than the other modules. It is also possible that the
rainfall interception module of MOD16 is inaccurate. Therefore, there is need for field
observations of rainfall interception of the miombo woodland and to compare these to satellite-
based estimates.

6.4.3 Satellite-based evaporation estimates likely underestimates evaporation in other

landscapes of the Luangwa Basin

Compared to the general annual water balance-based actual evaporation all six satellite-
based evaporation estimates underestimated actual evaporation of the Luangwa Basin. The
implication of this observation is that satellite-based evaporation estimates likely underestimate
actual evaporation even in non-miombo woodland landscapes such as the mopane woodland that
are also part of the larger Luangwa Basin vegetation landscape. However, for a comprehensive
overview, there is need for land-cover type based asseessments of actual evaporation in the
Luangwa Basin.

6.4.4 The spatial resolution of the satellite-based evaporation estimates may not be a key
factor for estimating evaporation of the miombo woodland and the other landscapes
of the Luangwa Basin
At both point and basin scale-based assessments, there was a negative linear relationship

between the spatial resolution of satellite-based evaporation estimates and the estimated actual

evaporation. Satellite-based evaporation estimates with fine spatial resolutions showed lower
underestimates compared to those with coarser resolutions. The implication is that the finer the
spatial resolution the lower the underestimation. However, at both assessment scales (pixel and
basin), the linear relationships between the spatial resolutions and the evaporation estimates were
statistically insignificant (i.e., p-value > 0.05). The reason for this outcome is exhibited in that
some satellite-based evaporation estimates with relatively coarser spatial resolutions, i.e., SSEBop
at both point and basin scale and TerraClimate at basin scale, underestimated less compared to
MOD16 which had a finer spatial resolution. Furthermore, at basin scale a coarser resolution
estimate FLEX-Topo and WaPOR with a finer resolution showed similar magnitude of actual
evaporation in the dormant phenophase in the dry season. The implication of this observation is
that other factors (i.e., heterogeneity in the landscape, model structure, processes and inputs)
influence more the estimated actual evaporation rather than the spatial resolutions of the satellite-
based evaporation estimates. Consequently, it appears that satellite-based estimates at finer spatial
resolution with the structure, processes and inputs that couple canopy transpiration with the root
zone storage, taking into account the vertical upward (beyond 2.5 m) and horizontal moisture flux
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as well as the canopy phenological changes, are likely to provide actual evaporation estimates that
reflect actual conditions of the miombo woodland. This is demonstrated by the WaPOR estimates
which appears to include these aspects in simulating actual evaporation.

6.4.5 The need for land cover-based assessment of actual evaporation for the Luangwa

Basin

The field-based actual evaporation assessment was conducted in the wet miombo
woodland. It is possible that the phenological response to changes in hydrological and climate
regimes in the drier miombo woodland are different from the observations at the Mpika site.
Therefore, there is need for similar observations to be performed in the drier miombo woodland
and to compare the results. However, this thesis has demonstrated the importance of understanding
and incorporating the canopy phenology and dry season physiological adaptation (i.e., deep
rooting) of the miombo woodland in modelling actual evaporation. Additionally, for basins with
heterogenous woodland types like the Luangwa, it is important to conduct actual evaporation
assessments in the different vegetation types. This is likely to give a more representative
understanding of basin scale evaporation dynamics. However, this study has provided a foundation
on which other studies can build towards a more comprehensive understanding of the actual
evaporation dynamics in this unique ecosystem.

6.5 Outlook

From the available literature in the public domain, this study appears to be the first attempt
at providing independent field data-based energy partitioning and actual evaporation estimates
across different canopy cover phenophases of the miombo woodland. Therefore, this study
provides a basis on which other studies on actual evaporation in the miombo woodland can build.
The miombo woodland is a diverse and vast ecosystem with many strata, that require several field
investigations in order to establish a clearer picture of the actual evaporation dynamics. One study,
in one location in a vast ecosystem like the miombo, cannot be used as representative of all actual
evaporation trends. This is because the phenological response to climate variables could be
different across the different strata of the miombo woodland.

In this vein, application of the BR-DTS approach to investigate actual evaporation in the
miombo woodland provides many opportunities as well as challenges. The BR-DTS approach
currently provides an expanded avenue for understanding woodland energy partitioning in a more
detailed manner than any other approach. Applying this technology would make available
information that is key for climate and hydrological modelling in a region that has an urgent need
for adaptation to climate change, and requires information for management of scarce water
resources. The continued application of the BR-DTS approach in African ecosystems entails
opportunity to find solutions to the challenges encountered and therefore, providing avenue for
continued improvement in the application of the DTS technology in African conditions.

It appears direct integration of soil moisture in algorithms and optimisation of the rooting
depth would improve the accuracy of estimates of transpiration of the miombo woodland. It would
be interesting to observe how after taking into account these two aspects the satellite-based
estimates compare to field observations.
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