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Abstract

Complex African ecosystems such as the Miombo Woodland, with unique plant phenology, have
evaporation dynamics that have not been investigated due to very few, if at all existent, flux tower
observations. Furthermore, significant differences have been observed in satellite-based
evaporation estimates in the Miombo Woodland especially in the dry season. Therefore, deciding
which sattelite evaporation product to use in this ecosystem is difficult, as these products vary in
many respects. In this study, the actual evaporation estimates for six satellite-based evaporation
estimates are compared across Miombo Woodland phenophases in the Luangwa Basin, in southern
Africa. In the absence of basin scale field observations, the actual evaporation estimated using the
general water balance is used as reference, to which the six satellite-based evaporation estimates
have been compared. Our results show significant variation in actual evaporation estimates in the
water limited, high temperature and lower forest canopy cover and leaf chlorophyll conditions in
the dormant phenophase. Lowest variation is observed in water abundant, high temperature, high
leaf chlorophyll content and high forest canopy cover in the maturity/peak phenophase(s).
Compared to the basin scale water balance actual evaporation, all six satellite-based evaporation
estimates appear to underestimate evaporation. The results of underestimation at basin scale agrees
with local field observations in a dense Miombo Woodland in the Luangwa Basin, which indicates
that satellite-based evaporation estimates generally underestimate dry season (dormant
phenophase) and early rain season (green-up phenophase) actual evaporation. The discrepancies
in dry season satellite-based evaporation estimates may be cuased by the Miombo Woodland
species’ phenological adaptation attributes such as: leaf fall, leaf flush, access to deep soil moisture
and the within vegetation water storage, coupled with heterogenous plant species response to
phenological stimuli. Therefore, it appears that satellite-based evaporation estimates using model
structure, processes and inputs that are capable of capturing Miombo species dry season
phenological interaction with climate are likely to have actual evaporation estimates closer to field
conditions.
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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
(Pereira et al., 2022; Niu et al., 2013; Cleland et al., 2007). Forest 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 forest 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 forest transpiration and total evaporation (i.e., Marchesini et al.,
2015).

Evaporation in forested land 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 paper the term evaporation is
used for all forms of terrestrial evaporation, including transpiration by leaves, evaporation from
intercepted rainfall by vegetation and forest 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 forest ecosystems is key to
monitoring the climate impact on forest ecosystems, for hydrological modelling and the
management of water resources at various scales (Kleine et al., 2021; Bonnesoeur et al., 2019;
Roberts, (n.d.)). One of the key aspects to enable this understanding is the knowledge of the forest
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 forests, 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 forest phenology interaction with climate variables and seasons when
characterizing evaporation in forests. This is because, for instance, accounting for phenological
phases in evaporation models increases the predictive power (i.e., Forster et al., 2022).
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The Miombo 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; Fuller, 1996). Leaf flushing alos 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 forest 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). 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 et al., 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, a satellite
evaporation product that performs extremely well in energy limited conditions and homogeneous
forests, e.g., in Europe, cannot be assumed to have the same performance in a warm, water limiting
and heterogeneous forest 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 also falls in
both dry (i.e., southern Miombo Woodlands) and wet (i.e., central Zambezian Miombo
Woodlands) Miombo. 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
(Frost, 1996; White, 1983). It 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.
Therefore, the aim of this study was two-fold:

(i Compare the temporal trend and magnitude of six satellite-based evaporation estimates
across phenophases of the Miombo Woodland.

(i)  Compare satellite-based estimates of actual evaporation with water balance-based
estimates at the Luangwa Basin scale.

2 Materials and Methods
2.1  Study approach

The study had a two-way approach. The main focus of the study was about understanding
the behaviour of satellite-based evaporation in terms of behaviour of estimates of evaporation
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across the different phenophases in the Miombo Woodland. This helped to observe whether the
behaviour (i.e., trend and magnitude) of satellite-based evaporation estimates is in tandem with the
phenology-water interaction behaviour (i.e., trend and magnitude) of the Miombo Woodland
across seasons. Furthermore, point scale observations in the wet Miombo Woodland (Zimba et al.,
2022) showed that satellite products underestimated actual evaporation in the dry season and early
rain season phenophases. The question is whether this behaviour is reflected in the annual basin-
scale satellite-based evaporation estimates. Therefore, to better understand which of the product(s)
were closest to Miombo Woodland evaporation, the satellite products’ estimates were compared
with water balance estimates for the Luangwa Basin at annual scale. 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 catchment actual
evaporation.

2.2  Classification of Miombo Woodland phenophases

Classification of the phenophases was based on the Collection 6 MODIS Land Cover
Dynamics (MCD12Q2) Product (Gray et al., 2019), Zimba et al. (2020), as well as field
observations of the Miombo phenology in the Luangwa Basin. Figure 1 shows the phenophases
classification. The 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.

“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 (Stockli ef al,, 2011)
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Figure 1. Grouping and description of phenophases in relation to seasonality for the Luangwa
Basin used in the study.

2.3 Delineation of the Miombo Woodland for the Luangwa Basin

Two approaches were used for the delineation. Firstly, for phenophase-based comparison
of satellite-based evaporation estimates we used the delineation of typical Miombo Woodland
regions as conducted by White (1983) and the vegetation map shown in Ryan et al. (2016) (see
Fig. 2). The delineated Luangwa Basin Miombo Woodland excluded the Mopane Woodland,
Mixed Woodland as well as the large water bodies like dams. This ensured that only the areas
classified as typical Miombo Woodland (Ryan et al., 2016; White, 1983) were considered. The
limitation with this approach is that, at the Luangwa Basin scale, what is classified as typical
Miombo Woodland regions includes other land covers like water bodies, cropland, grassland and
settlements/build up land. A more focused comparison was performed by using a known typical
Miombo Woodland land-cover with extremely limited anthropogenic activities. This was
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conducted in order to put the basin boundary Miombo Woodland generalisation into context. The
area of focus was based on approximately 27.7 km by 27.7 km grid of the coarsest resolution of
the satellite-based evaporation estimates used in the study. The comparison was aimed at observing
the extent of variations in satellite-based evaporation estimates in different Miombo Woodland
phenophases. Secondly, comparison of satellite-based evaporation estimates with the water
balance estimates was conducted using the entire Luangwa Basin boundary. This is because the
observed run-off data is generated from the entire Luangwa Basin including non-Miombo regions.
The comparison was aimed at establishing whether satellite-based evaporation estimates
underestimate or overestimate evaporation in a largely Miombo Woodland basin.

2.4  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., forest 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 Miombo
Woodland phenophases with emphasis on the dry season. This was conducted in order to observe
existence of discrepancies in monthly temporal behaviour of satellite-based evaporation estimates
under changing seasons and phenological stages. 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)
(Savoca 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 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.

2.5 Basin water balance —based 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 basin annual
average water balance evaporation (E,,;) is estimated using Eq. (1) where over-year storage change
is neglected.

Eyy =P-Q @
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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.

2.6 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),
ECMWF Reanalysis v5 (ERAS5) and TerraClimate. These products were selected purely based on
availability and the fact that they had desirable spatial and temporal resolutions.

2.7 Runoff data

The linear regression approach, with the 1981-1990 field observations and TerraClimate
run-off data, was used to extend the run-off time series for the period 2009 - 2020. This was
performed because reliable field observations of runoff were only available for the period 1981 —
1990. The TerraClimate data was used because of availability free of cost and with relatively fine
temporal and spatial resolution (monthly and 5 km respectively). Generally, both observed and
extended (with TerraClimate data) annual runoff was, on average, 11 percent of annual satellite-
based precipitation. With the given assumptions it was deemed that the satellite precipitation and
run-off products used were adequate for the study.

2.8 Field observations of forest canopy phenology

To observe changes in canopy cover in the Miombo forest, a Denver digital camera was
installed on a tower above the canopy of a known Miombo Woodland in Mpika (Fig. 2). This was
conducted to obtain field imagery to compare with the temporal behaviour of satellite-based leaf
area index (LAI) and the normalised difference vegetation index (NDVI), and the satellite
evaporation product’s behaviour across phenophases. In addition, the fish eye lens was used to
obtain images of differences in canopy leaf fall among Miombo species. The observations were
conducted for the period January — December 2021.

2.9  Statistical analyses

The coefficient of variation ¢, (%) in Eq. (2) (Helsel et al., 2020) was used to understand
the extent to which the satellite-based evaporation estimates varied among each other across
phenophases. 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
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which the satellite-based evaporation estimates underestimated or overestimated evaporation,
relative to E,,,, the mean bias (Eq. 3) was used.

G = % @)

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

280 MeanBias = ¥ (X — ¥')/N 3)

Where N = number of observations, ¥ = actual observations time series and X is the
modelled 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).

2.10 Data sources
Sources and characteristics of the data used in this study are shown in Table 1. The FLEX-
Topo was included because it was structured for the Luangwa Basin landscape and was calibrated
on field-based discharge of the basin at a daily scale (Hulsman et al., 2021). The FLEX-Topo
290 model is forced with spatially distributed CHIRPS precipitation and GLEAM potential
evaporation. Each cell has been discretised into functionally distinct hydrological response units
(HRU) based on the topography. The model uses a single ground water system within a grid cell
to which all HRUs are connected. The model is composed of several storage components
representing the interception storage, unsaturated root-zone storage, as well as fast and slow
responding storages. Furthermore, each storage component has been structured as a reservoir with
matching water balance equations. In terms of performance, with respect to observed discharge,
calibrated for the period 2004 -2009, the model performed relatively well with the following Nash-
Sutcliffe metrics: NS_Q = 0.66 (using discharge time-series), NS_log (Q) = 0.82 (using
logarithmic discharge time-series), NS_FDC = 0.91 (using flow duration curve) and NS_log
300 (FDC) =0.97 (using logarithmic flow duration curve). However, the limitation with the FLEX-
Topo was the 27.7 km spatial resolution. For the GLEAM, MOD16, SSEBop and WaPOR the
detailed explanations on the model configurations, processes and inputs are provided in the
respective references as given in Table 1.

310
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Tablel. Characteristics of satellite products used in the study

Variable Product name ._._Bm Spatial . .ﬂm_.:_oo.qm_ mum:w_ Reference Source of data
Period coverage/Location  resolution  resolution
Precipitation ) . (Sahaet al., 2014; Saha . .
and CFSR v2 2009 - 2020 Global Daily 19.2 km etal., 2010) Climate Engine
temperature CHIRPS 2009 - 2020 Global Daily 27 (Funk et al., 2015) Climate Engine
ERA5 2009 -2020 Global Daily 24 (Hersbach et al., 2017) Climate Engine
TerraClimate 2009 - 2020 Global Monthly 5 km (Abatzoglou et al. 2018) Climate Engine
LAl MODIS 2021 Global 8-days 05km  (Myneni & Park, 2015)  Clobal subsets tool: MODIS/VIIRS
Land Products
NDVI MODIS 2021 Global 8-days 0.5 km (Didan, 2015) Climate Engine
Runoff Observations 1981-1990 N/A Daily N/A WARMA, Zambia
TerraClimate 2009 - 2020 Global Monthly 5km (Abatzoglou et al., 2018) Climate Engine
Net radiation CFSR V2 2009-2020 Global Daily 192km mmg%h_.m%%“ Saha Climate Engine
Soil moisture CFSRv2 2009 -2020 Global Daily 192km  (Sahaetal, 2014; Saha Climate Engine
etal., 2010)
Digital .
elevation ASTER GDEM v3 N/A Global N/A 30 (Abrams and Crippen, NASA Glovis portal
2019)
model (DEM)
Fwﬂa cover Copernicus ,m%_.m._.opoo 2019 Global Annual 100 ( Buchhorn et al, 2020) Google Earth Engine
(Hulsman et al., 2021,
FLEX-Topo 2009 - 2020 Catchment Daily 27.7 km Hulsman et al., 2020; This study
Savenije, 2010)
GLEAM . (Martens et al., 2017;
(v3.23) 2009 -2020 Global Daily 27.7 km Miralles et al., 2011) GLEAM FTP server
Evaporation MOD16v2 2009 2020 Global 8-day 05km  (Runningetal., 2019; My  C'0Pal subsets tool: MODIS/VIIRS
Land Products; Climate Engine
etal., 2011)
SSEBop 2009 -2020 Global Monthly 1km (Savoca et al., 2013). Climate engine
TerraClimate 2009 -2020 Global Monthly 4 km (Abatzoglou et al., 2018) Climate engine
WaPOR v2. (ETLook) 2009 -2020 Continental Decadal 0.25 km (FAO, 2018) WaPOR Portal
o o o o o
N ™M < n ©
[e2] [e2] [a2] [a2] [a2]
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2.11  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. 2 (a), 75 percent of the total Luangwa Basin land mass is covered by the
Miombo Woodland, both dry and wet Miombo.
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Figure 2. (a) Spatial extent of the Miombo Woodland in Africa and the location of the
Luangwa Basin in Zambia. (b) Spatial distribution of elevation in the Luangwa Basin and
the Miombo Woodland extent as illustrated by ASTER digital elevation model (DEM).
Google earth satellite (©Google Earth) image as backdrop.

Additionally, the 2019 Copernicus land cover classification (Fig. Al in the appendices),
with 80 percent user accuracy and forest classification accuracy of about 75% (Buchhorn et al.,
2020; Martins et al., 2020), indicates that 77 percent of the total basin area is forest (dense and
open forest) which is largely Miombo Woodland.

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. 2 b). 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~2, and river runoff reaches about 100 mm
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yr !t (Beilfuss, 2012; World Bank, 2010). The key character of the Miombo Woodland species is

410 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).

3 Results and discussion
3.1  Climate and phenological conditions
Figure 3 shows Luangwa Basin Miombo Woodland aggregated 2009-2020 average NDVI
and CFSR data climate conditions, net radiation (Rn), air temperature (Ta), specific humidity (SH),
420  soil moisture (SM) and precipitation (P).

F20 7
>,
v}
T
10 £
E
0 o
F20 7
>,
v}
T
10 £
430 E
0 o
F20 7
>,
v}
T
10 £
E
0 o
Lo0
>,
3
440
F10 g
E
0 o
0.5 _
F20 '
0.4 1 1| N EE— 1 E
¥ ’ Il T
m Mt L0 £
0.3 ‘
0.2 - . . ; . 0o &
2019-01 2019-03 2019-05 2019-07 2019-09 2019-11 2020-01
DOY
450

Figure 3. Luangwa Basin Miombo Woodland aggregated 2009-2020 daily climate and
phenological conditions NDVI, (net radiation (Rn), air temperature (T,), specific humidity
(SH), soil moisture (SM) and precipitation (P). Shaded areas represent the four phenophases.
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In Fig. 3, the shaded areas represent the phenophases as used in this study: January — March
is the peak/maturity phenophase, April — June is the senescence/Green-down phenophase, July —
September is the Dormant phenophase and October — December is the green-up/mid-green-up
phenophases. Shaded area for variables is the standard deviation. The NDVI was used as proxy
for phenological conditions through canopy biomass formation, variations in forest canopy cover
(i.e., leaf fall and leaf flush), and changes in forest canopy chlorophyll conditions (i.e., Guan et al.,
2014; Santin-Janin et al. 2009; Chidumayo, 2001; Fuller, 1999). Climate variables net radiation,
air temperature, specific humidity and phenology proxy NDVI co-varied depending on the
phenophase.

The peak climate and phenological variables values were generally observed in the rain
season, green-up and maturity/peak phenophases. The lowest values were observed in the dry
season in green-down and dormant phenophases. The relationship between climate and phenology
in the Miombo Woodland generally agreed with observations made by Chidumayo (2001) and in
other ecosystems (Pereira et al., 2022; Niu et al., 2013; Cleland et al., 2007).

3.2 Comparison of satellite-based evaporation estimates across phenophases
3.2.1 Delineation of Luangwa Basin and pixel level Miombo Woodland

Comparison of satellite-based evaporation estimates behaviour in the entire Luangwa
Basin’s Miombo Woodland was based on the delineation in Fig. 2. The delineated area excluded
non-Miombo vegetation and features such as Mopane woodland, large water bodies (i.e., dams
and lakes) and the grass wetlands in the middle of the basin (Fig. 2). Therefore, this comparison
was based on mean estimates for the entire Luangwa Basin Miombo Woodland. The limitation
with this approach is that the mean estimates included other land cover types such as cropland,
settlements and grasslands. A more focused comparison at pixel scale (Fig. 4) was conducted based
on a known typical Miombo Woodland in the uplands, north western side of the Luangwa Basin
at Mpika. 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). For MOD16, SSEBop,
TerraClimate and WaPOR, the mean of actual evaporation estimates in all the pixels within the
dotted red square were used.

3.2.2 Comparison of temporal variations in estimates of satellite-based evaporation
estimates

Figure 5 shows results for the comparison at (a) dense Miombo Woodland pixel and (b)
Luangwa Basin Miombo Woodland level. Across phenophases the behaviour of satellite-based
evaporation estimates at both scales appeared similar, as evidenced by the coefficients of variations
(Fig. 5) and correlation coefficients (Table Al in the appendices). Consequently, phenophase-
based assessment of variations within each satellite evaporation product and across products is
only shown at pixel level (Fig. 6). At pixel level the least difference among satellite-based
evaporation estimates was observed in the senescence/green-down phenophase (Cy =7.83 percent)
while at the Luangwa Basin level the maturity/peak showed the least difference (Cy=6.92 percent).
The maturity/peak phenophase had highest rainfall (above 190 mm/month), highest canopy cover
(i.e., NDVI > 0.6), highest soil moisture and net radiation of above 150 W m? (Fig. 3). Lower
variation and relatively higher correlation (Figs. 6 & 7 and Table Al in the appendices) among
satellite-based evaporation estimates in the maturity/peak and senescence/green-down
phenophases suggests similarity in behaviour, and that it is easier to estimate Miombo evaporation
in high moisture, high canopy cover and high available energy conditions.
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Figure 4. Typical Miombo Woodland area used for comparison of satellite products at FLEX-
Topo and GLEAM spatial resolution (approximately 27.7 km by 27.7 km). The dotted red line

530 is the actual location of the FLEX-Topo and GLEAM pixels. Seasonal wetlands are typical
Miombo ecosystem features.

Significant differences in satellite-based evaporation estimates, at both pixel level in dense
Miombo Woodland and at the Luangwa Basin Miombo Woodland scale, were observed during the
green-up (Cyv = 28.23; 22.63 percent respectively) and dormant phenophase (Cv =36.72; 39.98
percent respectively) (Fig. 5). The green-up phenophase is at the commencement of the rain season
with relatively 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 top soil, least forest canopy cover (i.e., NDVI = 0.5) but, compared to the

540  senescence/green-down phenophase, with increasing net radiation and air temperature (Fig. 3).
Compared to the maturity/peak and the senescence\green-down phenophases, the dormant and
green-up phenophases showed relatively higher variations and lower correlation among satellite
products estimates. The significant differences in satellite-based evaporation estimates during the
dormant and green-up phenophases suggests that it is more challenging to estimate Miombo
evaporation in low moisture, low forest canopy cover and high available energy conditions. The
green-up phenophase has relatively high canopy cover, rising soil moisture and high available
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energy conditions that are similar to the maturity/peak and senescence phenophases. The
discrepancies observed during the green-up phenophase may be more related to the ability of the
satellite-based estimates to effectively account for rainfall interception at the commencement of
the rain season.
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Figure 5. Comparison of aggregated (2009-2020) mean estimates of actual evaporation by
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3.2.3 Variations in climate and phenological variables reflected in satellite-based evaporation
estimates

Figure 6 and Table A2 in the appendices shows across estimates and within estimates
variation in each phenophase. The standard deviation (SD) is used to show the within estimates
variations while the coefficient of variation (Cv) is used for inter estimates comparison. The
senescence/green-down phenophases showed the lowest differences (7.83 %) among the satellite-
based evaporation estimates, and was followed by maturity/peak phenophase (Cv = 10.13 %). The
highest difference was in the dormant phenophase (36.72 %) while the green — up phenophase
showed 28.33 percent variation. The least within estimates variations, with SD range of 5.72 —
10.04 mm month™? was observed in the dormant phenophase, and was followed by the
maturity/peak phenophase with SD range of 7.61 — 14.55 mm month™. The highest within
estimates variation was observed in the green-up phenophase (19.12 — 46.81 mm month™). This
was followed by the senescence/green-down phenophase with SD range of 14.34 — 29.0 mm
month. Some products (i.e., FLEX-TOPO and TerraClimate) showed relatively higher within
estimates variation in the dormant phenophase compared to the maturity/peak phenophase while
the other estimates showed higher variations in the maturity phenophase compared to the dormant
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phenophase. The within satellite-based evaporation estimates variations (Fig. 6 a, b and Table A2
in the appendices) may be attributed to variations in climate and phenological variables that
included rainfall, temperature, soil moisture and changes in canopy cover and chlorophyll (i.e.,
NDVI and LAI) in each phenophase. The within satellite-based climate and phenological variables
variations were reflected in the within variations in satellite-based actual evaporation estimates
(Fig. 6 b, ¢). For instance, lower within satellite-based actual evaporation estimates variations were
observed during the dormant phenophase (period of no rainfall, low soil moisture, low canopy

600 cover, and low chlorophyll) and the maturity/peak phenophase (period of stable rains and
consistently high canopy cover and chlorophyll) (Fig. 6 b). These two phenophases had the least
variations in rainfall, air temperature and LAI/NDVI (Fig. 6 c).
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Figure 6. (a) Comparison of satellite data-based evaporation estimates across phenophases

630 pased on hydrological year at the dense Miombo Woodland scale. Most variations in actual
evaporation estimates were observed in the dormant and green up phenophases. (b) Standard
deviations and coefficients of variation for satellite-based evaporation estimates and climate and
phenological variables across phenophases in the Miombo Woodland, Luangwa Basin.
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Increased variations in NDVI during the dormant (Fig. 6 ¢) and green-up phenophases may
be attributed to the changes in forest canopy leaf colour. The dormant phenophase is the driest part
of the year with lowest canopy cover and chlorophyll. Significant within satellite-based estimates
variations were observed at the boundaries, rain season to dry season, and the dry season to rain
season, during the senescence/green-down and the green-up phenophases. This behaviour may be
explained by the significant variations in precipitation during these two phenophases (Fig. 6 c).

3.2.4 Spatial variations in satellite-based evaporation estimates

Figure 7 shows spatial distribution of satellite-based actual evaporation estimates across
phenophases. The comparison was based on the entire Luangwa Basin, including non-Miombo
regions. During the dormant phenophase, all six estimates appeared to show higher actual
evaporation in forested upland Miombo areas than in other land cover types (Fig. 7) (refer to Fig.
2 and Fig. Al in the appendices for extent of Miombo Woodland cover in the Luangwa Basin).
Among many contributing factors, the land cover product as a model input in satellite-based
evaporation estimates may largely explain the observed discrepancies in the spatial distribution of
evaporation.
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Figure 7. Spatial evaporation distribution of satellite-based evaporation estimates (per
phenophase) across phenophases in the Luangwa basin.
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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
MOD44B 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 influences 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 is the 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 distribution of the satellite-based
actual evaporation estimates.

3.3 Heterogeneity in forest canopy cover across phenophases

Figure 8 shows the heterogeneity in tree canopy leaf fall among Miombo species during
the dormant phenophase. Figure 9 shows the heterogeneity in forest canopy conditions across
phenophases. The temporal changes in the satellite-based LAI and NDVI appeared to align well
with the observed changes in forest canopy cover characteristics at the Mpika Miombo forest site.
Lowest LAI and NDVI values were observed during the dormant phenophase. This is the period
with increased leaf fall, leaf flush and leaf colour changes as shown by the photographs in Fig. 8
and Fig. 9. It was observed that woody vegetation species like the Miombo could start growth
using stored carbon reserves acquired during the previous season (Higgins and Scheiter, 2012). In
the Miombo Woodland soil moisture increases with soil depth and remains relatively high in deep
soils beyond 30 cm depth but varies with season (i.e., Chidumayo, 1994). Miombo species are said
to have developed mechanisms such as extensive lateral and deep rooting (of up to 25 m in some
species), creating capacity for access to ground water resources in deep soils; the plants also shed
off leaves and utilise stem water storage as part of the system to buffer water limited conditions in
the dry season (Vinya et al., 2018; Tian et al., 2018; Guan et al., 2014). However, there is also
early flushing before the commencement of seasonal rainfall (Chidumayo, 1994; Fuller and Prince,
1996). While at individual species level the entire tree canopy can be leaf less (i.e., Fig. 8), or
changing leaf colour, this is not the same at forest canopy level due to heterogeneity in species
phenological changes (i.e., Figs. 8 & 9).

During the transition period high variability is observed in the leaf fall and leaf flush among
Miombo species (i.e., Zimba et al., 2020; Vinya et al., 2018, Fuller, 1999; Frost, 1996 and Figs. 8
& 9). This implies that while some species are transpiring others are in dormant stage. Therefore,
with access to groundwater and vegetative water storage the field actual evaporation in the dormant
and green-up phenophase is likely to be higher than satellite-based estimates as demonstrated by
Zimba et al. (2022).
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Figure 8. Heterogeneity in leaf fall and leaf flush activities among Miombo species at the
Mpika Miombo Woodland site. Photograph taken on 10m, September, 2021.

At forest canopy level, these dormant and green-up phenophase Miombo species adapted
characteristics influence the dry season Miombo Woodland transpiration and rainfall interception
at the onset of the rain season. It follows then that if the structure, processes and inputs of the
models, from which satellite-based actual evaporation estimates are derived, do not have capacity
to capture these dry season Miombo Woodland phenological attributes, this potentially influences
estimates of transpiration in the dry season and rainfall interception at the commencement of the
rain season. For instance, if dormant phenophase transpiration is not coupled with the vertical
upward moisture interaction such as access to ground water, as is the case with GLEAM, there
exists high potential by satellite-based evaporation estimates to have an incorrect trend and
magnitude of actual evaporation.

Maturity and peak phenophases showed the least differences in actual evaporation
estimates across satellite-based evaporation estimates. This means that the satellite-based
evaporation estimates had similar behaviour during periods of high forest canopy cover, high
atmospheric and soil moisture, and high chlorophyll levels. This scenario appeared to hold even
under the senescence and green-down phenophases.

It appeared that the changing conditions in plant phenology and its interaction with climate
and hydrological variables in the dormant and green-up phenophases may be what brings about
the large differences in the behaviour of the dry season satellite-based actual evaporation estimates.
Possible contributing factors to the behaviour of satellite-based evaporation estimates across
phenophases have been highlighted in Zimba et al. (2022).
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3.4  Comparison of satellite-based actual evaporation estimates with the water balance-
based evaporation estimates

Figures 10 shows the results of the temporal comparison of satellite-based actual
evaporation estimates with the water balance estimates at Luangwa Basin scale. This comparison
included non-Miombo areas as the runoff estimates, used to calibrate the FLEX-Topo, were for
the entire Luangwa Basin, including non-Miombo areas. All satellite-based evaporation estimates
showed insignificant correlation (p-value > 0.05) with the water balance evaporation (Ewp) (Table
A3 in the appendices). Compared with the Ewp estimates, all six satellite-based evaporation
estimates underestimated actual evaporation (Fig. 10). 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. 10 ¢).
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Figure 10. (a) Comparison of satellite-based evaporation estimates and the water balance-based
estimates of actual evaporation for Luangwa Basin and (b, c) the results of the bias assessment.

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
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evaporation estimates of each product (Fig. 11). For instance, the TerraClimate, with a relatively
coarser spatial resolution, compared to finer spatial resolution products MOD16 and SSEBop,
showed relatively similar bias estimates. The MOD16 had a higher resolution than the SSEBop,
but underestimated more. The FLEX-Topo had a coarser resolution than the MOD16 and the
SSEBop but exhibited higher estimates in the dormant phenophases (July-September) (Fig. 5). The
lack of a clear significant relationship, between spatial resolution and actual evaporation estimates
(Fig. 11) may imply that, other factors such as the heterogeneity in the land cover, differences in
model structure, processes and model inputs may be the largest contributing factors of the observed
discrepancies in the actual evaporation estimates at basin scale.
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Figure 11. Basin scale correlation of actual evaporation estimates with spatial resolution of
satellite-based evaporation estimates

The water balance assessment included non-Miombo woodlands. However, about 75
percent of the Luangwa Basin comprises Miombo Woodland. The assumption was that the
observed underestimation of satellite estimates, in comparison to Ewb, was largely affected by
difficulty to assess Miombo Woodland actual evaporation, especially in the dormant and green-up
phenophases. The results of the comparison of the water balance-based evaporation estimates with
satellite-based evaporation estimates agreed with the point-based field actual evaporation
estimates by Zimba et al. (2022) which that showed satellite-based evaporation estimates
underestimated actual evaporation during the dormant and green-up phenophases at a Miombo
Woodland site in Mpika in the Luangwa Basin. The results of this study also agreed with
Weerasinghe et al. (2020) who showed that most evaporation products 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. This
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behaviour (i.e., trend and magnitude) of the SSEBop and the WaPOR agreed with the point scale
field observations (Zimba et al., 2022) and suggests the two estimates could be close to field actual
evaporation of the Miombo Woodland in the Luangwa Basin and Miombo region in general.

4 Conclusions and recommendations

This study aimed at comparing phenophase-based actual evaporation estimates of different
satellite-based evaporation estimates in the largely Miombo covered woodland of the Luangwa
Basin. The study sought to find out the extent to which satellite-based estimates of evaporation
were similar across Miombo phenophases. We observed the phenophases in which satellite-based
evaporation estimates differ, and showed the potentially underlying factor(s) for the discrepancies.
Furthermore, the study compared the satellite-based actual evaporation estimates to the general
water balance-based evaporation at basin scale. This helped establish which of the satellite-based
evaporation estimates were close to the field conditions in the Luangwa Basin. We arrived at the
following conclusions:

(M Satellite-based evaporation estimates appeared to have difficulty estimating
evaporation in the dormant and green-up phenophases. This was evidenced by the
large discrepancies (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 Miombo Woodland
phenology interaction with climate and access to deep soil moisture stocks (and
possibly to ground water) during these phenophases is not well understood and
lacks representation in models. This is what could have contributed to the relatively
poor performance of satellite-based evaporation estimates.

(i) Dry season wet Miombo forest canopy cover, proxied by the Mpika study site,
remained relatively high, green and healthy (LAI = 0.6; NDVI = 0.5) with capacity
for continued transpiration. This may have been aided by the physiologically
adapted access to deep soil moisture and vegetation water storage. Therefore,
satellite-based evaporation estimates that are better equipped to account for the
Miombo Woodland physiological interaction with climate variables during the
dormant phenophase are likely to provide better evaporation estimates.

(iii)  Satellite-based evaporation estimates show similar behaviours during the maturity,
peak, senescence and green-down phenophases in the rain season, as evidenced by
the small variation (i.e., coefficients of estimates) in evaporation estimates. During
these phenophases the forest canopy cover, available energy, water availability and
vegetation photosynthetic activities were high. Consequently, this may mean that a
large portion of the observed underestimation, with reference to the water balance
evaporation at annual scale, may be accounted for by the challenges in estimating
dormant and green-up phenophases evaporation.

(iv) At basin scale, the spatial resolution of satellite-based evaporation estimates
appeared to be statistically insignificant in estimating evaporation. With an
exception of the WaPOR, which had the finest spatial resolution, FLEX-Topo,
MOD16, SSEBop and TerraClimate estimates were relatively similar despite
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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. Overall, SSEBop, with a
coarser resolution, relative to MOD16 showed lower underestimation. These
observations suggested that, among other factors, the model structure, processes
and inputs may influence satellite evaporation estimates in the Miombo Woodland.

V) With reference to the water balance evaporation, WaPOR appeared to
underestimate the least and is likely to be close to field conditions. This is possibly
facilitated by the WaPOR model structure, inputs and processes such as the
Copernicus land cover product and the energy partitioning.

(vi)  Overall, plant phenology appeared to influence dry season satellite-based
evaporation estimates. Therefore, understanding the Miombo Woodland phenology
interaction with water and climate variables, and accounting for these in the model
structure, processes and inputs, is likely to improve satellite-based evaporation
estimates in this complex ecosystem.

(vii)  Consequently, field observations across phenophases, of Miombo Woodland
evaporation are needed in order to establish the correct actual evaporation
characteristics. This will help improve satellite-based evaporation assessments in
the Luangwa Basin and the Miombo region as whole.
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Figure Al. 2019 Copernicus land cover classification of the Luangwa Basin

Table Al. Kendall correlation coefficients of satellite-based evaporation estimates

Miombo woodland phenophases in the Luangwa Basin

PHENOPHASE
GREEN UP MATURITY-PEAK

Product GLEAM MOD16 SSEBop TerraClimate WaPOR | GLEAM MOD16 SSEBop TerraClimate WaPOR
FLEX-Topo 0.81 0.09 0.22 -0.17 -0.11 0.89 0.08 0.14 0.19 -0.04
GLEAM 1.00 0.07 0.21 -0.20 -0.16 1.00 0.05 0.15 0.17 -0.05
MOD16 1.00 0.11 0.40 0.02 1.00 0.43 0.53 017
SSEBop 1.00 -0.09 0.09 1.00 0.31 0.20
TerraClimate 1.00 0.09 1.00 0.20
WaPOR 1.00 1.00

SENESCENCE -GREEN DOWN DORMANT

Product GLEAM MOD16 SSEBop TerraClimate WaPOR | GLEAM MOD16 SSEBop TerraClimate WaPOR
FLEX-Topo 0.92 0.14 0.05 0.11 0.04 0.54 -0.05 -0.13 -0.25 0.20
GLEAM 1.00 0.11 0.02 0.09 0.01 1.00 -0.06 -0.17 -0.19 0.16
MOD16 1.00 0.36 0.64 0.19 1.00 -0.05 0.38 0.00
SSEBop 1.00 0.42 0.23 1.00 -0.17 -0.09
TerraClimate 1.00 0.12 1.00 -0.31
WaPOR 1.00 1.00
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Table A2. Satellite product phenophase mean, standard deviation and coefficients of variation
(%) for the Miombo Woodland

Product Green up MATURITY/PEAK  SENESCENCE/GREEN-DOWN DORMANT
125 o Cy 15 (4 Cy 15 o Cy L2 (4 Cy

FLEX-TOPO 47.18 26.52 55.36 96.76 7.61 7.75 73.65 12.59 16.84 50.34 10.04 19.64
GLEAM 53.18 30.34 56.19 96.39 7.74 7091 67.33 18.99 27.78 23.12 6.72 28.64
MOD16 4537 28.97 62.87 115.93 1455 12.36 80.84 29.00 35.32 26.81 8.24 30.28
SSEBop 54.89 20.61 36.97 96.14 850 8.70 66.40 18.72 27.77 2792 572 20.18
TerraClimate 78.57 46.81 58.67 10536 7.86 7.34 64.91 18.74 2843 2353 899 37.62
WaPOR 77.02 19.12 24.45 101.10 11.91 11.60 85.00 14.34 16.61 58.49 7.58 12.77

1 =mean, 0 = standard deviation, Cy = coefficient of variation

Table A3. Kendall Correlation coefficient of satellite-based evaporation estimates, rainfall and the
water balance evaporation in the Luangwa Basin

Product Rainfall Eyp FLEX-TOPO GLEAM MOD16 SSEBop  TerraClimate ~ WaPOR
Rainfall 1.00 0.79 0.45 0.44 0.49 0.50 0.54 0.20
1040 E,p 1.00 0.55 0.44 0.38 0.51 0.12 0.11
FLEX-TOPO 1.00 0.87 0.73 0.68 0.41 0.42
GLEAM 1.00 0.80 0.83 0.31 0.43
MOD16 1.00 0.70 0.67 0.24
SSEBop 1.00 0.18 0.40
TerraClimate 1.00 0.16
WaPOR 1.00

Values in bold are different from 0 with a significance level alpha=0.05
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