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Abstract
Restoration of tree cover is strongly needed to capture atmospheric carbon dioxide and mitigate climate change.
While currently a hot topic in climate programs, its water requirements are overlooked. With a new tree restoration
potential map on high resolution it is interesting to see how this affects global and local waterbalances. In this
study the evapotranspiration is calculated after tree restoration using a Budyko framework that includes vegetation.
The changes in ET are translated to streamflow and the integrated effects are analysed for 6 of the largest river
catchments. This showed us that at 100% tree restoration, the situation where all possible afforestation is applied,
the streamflow decreases on average with 3.4%. The effects on streamflow varies between catchments but is largest
for the Mississippi which sees the largest relative increase in tree cover. This is the strongest explanatory variable
for streamflow decrease on catchment scale. Although the approach for aligning input variable datasets to the same
resolution requires some extra attention, the overall impact of afforestation is clear: strong decreases in streamflow
where it is applied on a large-scale.
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1 | Introduction
Droughts, floods and forest fires are witnessed more frequently, more severely and with a longer duration since
the last decade (Otto et al., 2018). These are all effects
of anthropologically enhanced global warming. If no action is taken the impact of these disasters will worsen
and global warming will accelerate (Leng et al., 2015).
In recent years awareness has risen and policy, politics
and programs have been developed to mitigate the effects of climate change as drafted in the Paris Climate
Agreement (Shukla et al., 2019). Efforts such as the reduction of greenhouse gas emission in transport; steering
away from fossil fuels towards renewable energy sources;
combating deforestation and protection of nature and
wildlife areas. Among these initiatives is afforestation,
the effort to turn unoccupied land which has not been
recently used for forestation, into tree cover. Together
with restoration of forest and reforestation they are one
of the most important strategies for climate change mitigation (Canadell and Raupach, 2008).
Afforestation takes place to sequester atmospheric
CO2 through photosynthesis, increase biodiversity and
improve soil quality through rooting and droppings of
organic material (Fearnside and Laurance, 2004; Flannigan et al., 2000; Glade, 2003). It is estimated that in
the last decade China invested more than US$ 100 billion in afforestation, an effort unmatched by any other
nation. Ahrends et al. (2017) describe that the 1988
Yangtzee River Floods were a turning point. Since then
numerous afforestation programs have been introduced
to reduce environmental deterioration, reverse the effects
of tree loss, and cope with the huge demand in timber
products. However, not all practices of afforestation are
only beneficial. The plantation of pine forest for timber
production can acidify the soil and reduce groundwater
quality (Allen and Chapman, 2001). Mono-culture palm
oil plantations that decrease biodiversity, could threaten
wildlife ecosystems (Yue et al., 2015) and deteriorate
the soil through fertilizer use (Saswattecha et al., 2015).
Apart from proper management, planting forests require
nutrients, light, CO2 , land and water (Jackson et al.,
2005). The focus for this research is the requirement of
water for tree growth, specifically the volume of water
that will be used for photosynthesis and biomass growth
instead of replenishment of groundwater or runoff. In
the article by Allen and Chapman (2001) it was observed
that afforestation can lead to a 20% runoff reduction.
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Bosch and Hewlett (1982) were one of the first researches that established the link between changes in
land cover and changes in water resources. They observed a decrease in streamflow for changing agricultural
ground to forest. Through a series of paired-catchment
experiments the researchers were able to show that per
10% forest cover increase, the water yield (mean annual streamflow volume) would reduce with 10 to 40
mm depending on forest type. Over the past years research has shown that the decline in average streamflow and decreasing groundwater recharge due to increasing evapotranspiration are effects of afforestation
(Adane et al., 2018). The evapotranspiration increases
can be assigned to the greater leaf area index (LAI),
releasing more vapour from stomata during photosynthesis, reduced througfall from denser canopy cover and
deeper roots that tap from deeper groundwater layers
(Adane et al., 2018). These effects directly decreases
the amount of water available for groundwater recharge
and streamflow. On a large enough scale theses changes
can affect surrounding ecosystems and communities and
can even give rise to political conflicts (Cao and Zhang,
2015)

Figure (1.1)
(1974)

The Budyko Curve, retrieved from Budyko

Most research on the relation of forest and water
budgeting has been done on single or multiple catchment scale. These small scale studies could be performed on a high-resolution and with relatively complex
representations of the water and energy balance (Sterling et al., 2013; Iroumé and Palacios, 2013). These
studies often rely on an interpretation of the Budyko
Curve (Figure 1.1), the use of site observations for precipitation, evapotranspiration and streamflow or a com-
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Figure (1.2)

Global Tree Restoration Potential, retrieved from Bastin et al. (2019) Figure 2c

bination of site measurements and modeling (Gao et al.,
2016). Budyko (1974) described the limitation of evapotranspiration as a balance between the supply of either
water or energy. When water is limited the maximum
possible evapotranspiration is equal to the precipitation,
for an energy limited situation the maximum possible
evapotranspiration approaches the net radiation divided
by the latent heat of vaporization, in this study this relation will be referred to as ’potential evapotranspiration’
or PET. Which situation occurs depends on the radiative
index of dryness (phi), known as the ratio of PET and P.
When Phi < 1, an energy limited environment occurs,
and for Phi > 1 water is limited, together they describe
the Budyko Curve (Figure 1.1) (Donohue et al., 2007).
Not all research to the relation of forest change and
water resource changes show a negative correlation. It
is long believed that forest cover prevents rapid runoff
due to the ’spongy’ character of the litter layer of forest droppings and debris allowing for more infiltration.
This causes the forest to soak up water during heavy
precipitation and releasing it during periods of droughts
(Bates and Henry, 1928; Laurance, 2007). The water
balance mechanism of forests has become more clear
as described above but also recent research has shown
disagreement on the effect forests have on evapotranspiration. Teuling (2018) highlighted the fact that two
studies in the relation between precipitation and evapotranspiration for forested and non-forested sights have
opposing conclusion. The research from Zhang et al.

(2001) used water balance closure and interpolation of
observed data to formulate a generalized relation to predict the evapotranspiration. This showed higher ET over
forested areas. Whereas Williams et al. (2012) used
eddy-covariance measurement for energy balance closure and showed lower ET over foreseted areas. To investigate which situation corresponds better with reality
Teuling (2018) studied lysimeter data, a highly accurate
method for estimating ET for different land cover. The
results from this study agreed much better with the water balance based relation of Zhang et al. (2001) than
with the energy balance from Williams et al. (2012), confirming that higher ET over forested area is more likely
than over grassland. For this study this last relation is
assumed to be correct since it is in line with the majority
of previous research.
In a study from Evaristo and McDonnell (2019) they
attempt to model the factors that control streamflow after de- or afforestation. Herein the changes in streamflow are attributed to the volume of water stored in a
landscape when an area is deforested and to evapotranspiration increase for an afforested area. However using
the same lysimeter data as described above, Teuling and
van Dijke (2020) debunked this anaylsis due to the lack
of sufficient record length of the forest-planting studies
used by Evaristo and McDonnell (2019). Hereby highlighting the importance of long-term analysis for forest
age and water yield. When relying on a Budyko Framework this particular problem is bypassed since you work

1.1. RESEARCH OBJECTIVES
with long-period means.
In numerous studies the Budyko framework has
been extended to capture the effect of vegetation,
soil properties, topographical characteristics and climate
variability (Ning et al., 2019; Trancoso et al., 2016; Potter et al., 2005). One of the studies that include vegetation in the Budyko Framework is from Zhang et al.
(2001). Herein a generalized approach is presented for
actual evapotranspiration with fixed PET values for nonforested land cover (1100 mm) and afforested land cover
(1410 mm). Requiring only precipitation and forest
cover fraction as input variables for this approach.
Previous studies relied on small scale high resolution data to identify areas suitable for afforestation/reforestation. This is seen by Zomer et al. (2008)
where estimations were made using spatial modeling and
interpolation of global geospatial databases. Herein they
were able to assign areas that were suitable for ’Clean
Development Mechanism afforestation’. No dataset was
available for accurate representation and allocation of
afforestation across the entire globe wherein carbon capture is the only incentive. Recently Bastin et al. (2019)
were able to create the Global Tree Restoration Potential
(TRP) (Figure 1.2). A 1km resolution world map that
indicates where new trees could be planted and grow
based on several variables and excluding current locations of agricultural land or urban areas. With the use
of the input variables from the maps created by Bastin
et al. (2019) and the ETa framework from Zhang et al.
(2001) a quantification could be made for the water cost
of afforesting the globe to mitigate climate change.

1.1

Research objectives

This highlights the objective of the research. Afforestation and tree restoration projects are often coined as the
solution for carbon capture, but the water requirements
and impacts on water resources are rarely a topic of discussion. This is where this research can take its place.
What would it mean for local and global waterbalances
when afforestation is applied to its maximum capacity?
Before this question can be answered a few issues need to
be addressed first. The change in actual evapotranspiration for newly afforested areas will need to be calculated.
The effect of ETa change on streamflow will need to be
assessed. The quantitative environmental impacts will
need to be mapped. Together this can sketch potential
water changes caused by afforestation on a large scale.

1.2
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Research questions

• How does evapotranspiration change for a maximal
afforested globe?
• How does the change in evapotranspiration influence streamflow/runoff for specific catchments?
• What is the strongest indicator for streamflow
change when applying afforestation?

|

2 | Data
In this research several datasources have been used.
Global Tree Restoration Potential (Bastin et al., 2019)
is the 1-km resolution tree cover percentage World map.
The values are the result of a machine learning method
based on direct observations of tree cover from protected
areas with little human interference. The following 10
variables, served as input to interpolate the ’natural tree
cover’ areas. 5 climatic variables: annual mean temperature, mean temperature of the wettest quarter, precipitation seasonality, annual precipitation and precipitation of the driest quarter. 2 topographic variables:
hillshade and elevation. 3 variables in relation to soil:
soil sand content, soil organic carbon and the depth to
the bedrock. The map displays the maximum potential
tree cover excluding areas of arable land, urban areas
and current tree cover.
Precipitation is retrieved from Fick and Hijmans
(2017) available through Worldclim.org. The data used
is at a resolution of 30 arcseconds, this corresponds to
1-km resolution at the equator. The precipitation data
was created through spatial interpolation of monthly climate data between 1970-2000. Weather stations data
and satellite data were used for the interpolation.
For Potential Evapotranspiration the dataset created by Trabucco and Zomer (2018) is used. The Global
Reference Evapo-Transpiration dataset is also created
over the time period 1970-2000 and at 30 arc seconds
resolution. For this dataset the estimation of ET0 was
based upon the Penman-Monteith equation.
The streamflow observations are taken from FLO1K
by Barbarossa et al. (2018). This dataset is a regression
from artificial neural networks, fitted against observations from 6600 monitioring stations. This was done for
a time period between 1960-2015 at 30 arc seconds resolution. To test the FLO1K maps they were confronted
with independent data, this agreed well with each other.
Shapefiles for river catchments are taken from Major River Basins created by the Federal Institute of Hydrology (GRDC, 2020). The datasets consist of 254 river
or lake basins with information ranging from name and
place to fish count, but most importantly the perimeter
of the water divide for the specific catchments.
Land use data is taken from the GlobCover project
corresponding to the year 2009 (Bontemps et al., 2009;
Arino et al., 2012). The data is available as a raster
map containing distinctive classes per land use type. The
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legend accompanying the maps will be explained in more
detail when the maps are discussed.
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In order to make a statement about the water cost of
large scale afforestation the following steps have been
taken: Pre-processing of the available data (3.1), calculation of actual evapotranspiration according to a
Budyko framework (3.2) and the current global tree
cover, ETa calculation under new circumstances that include the TRP (3.3), waterbalance calculation for the
quantification of streamflow, selection of certain river
catchments for quantifying changes in streamflow in
more detail (3.7). The streamflow values under current
tree cover circumstance were validated against observations (3.4). A sensitivity analysis for estimating the
accuracy of the ETa results has been performed (3.6)
using a point sample analysis (3.5).

3.1

Pre-processing

The gathered datasets require pre-prossesings steps to
create workable formats. Global monthly averaged precipitation is summed to create yearly datasets, and then
cropped to reduce filesize and computation time. PET
and TRP only require cropping. PET and P also required
a different projection to match the World Robinson projection of the TRP dataset. Current global tree cover
(CTC) was projected to the same format as the created
precipitation datasets. This allowed for immediate calculations with TRP. All datasets followed a cropping raster
over the globe for every 60 longitudinal degrees, totaling
in six bands from east to west (−180; 180), figure 3.1.
After reprojecting and cropping the data, the resolution of the different datasets still differed. Too match
PET and P with TRP they needed to be segregated by a
factor of 1.20 and 1.44 respectively. This was done with
a billinear approach in two steps: first ’disaggregated’
with (5*4), then aggregated with (6*4) for PET and
for P by factor of (5*5) and (6*6) respectively. These
datasets served as input variables for the equation 3.2
for determining actual evapotranspiration under 100%
of the TRP. Wherein each squared kilometer will be calculated.
The streamflow observations were available as a
NetCDF file, this required extra pre-processing steps.
The complete dataset consisted of 56 individual years
of mean annual streamflow. This was extracted and averaged to generate a single rasterfile. This data was
available as accumulated streamflow at outlet areas of

Figure (3.1) Spatial distribution of average precipitation over the part of the Americas [−120; −60]
catchments. This meant that the calculated streamflow
had to be cropped to specific catchments in order to
make a correct validation and comparison.

3.2

Budyko Framework

From Zhang et al. (2001) the following rational Budyko
function was retrieved:
ET /P =

1 + w × P PET
1 + w × P PET + P PET

(3.1)

where w is the plant-available water coefficient. For
this study this was fitted against observations from Australian catchments in one study and Californian catchments in an other study. Both catchment studies varied
in land cover and provided sufficient data to set w = 2.0
for tree cover and w = 0.5 for non-tree cover. Subsequently this allowed for a generalized form for the approximation of evapotranspiration as follows:
!
1 + 2 × 1410
P
ET =
f×
P
1 + 2 × 1410
P + 1410
!!
1 + 0.5 × 1100
P
+ (1 − f ) ×
×P
P
1 + 0.5 × 1100
P + 1100
(3.2)
with f as the fractional forest cover and P as precipitation. The PET has been fitted to 1100 mm for
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non-forested land cover and to 1410 mm for land cover
including forest cover.

3.3

Calculation

The calculated evapotranspiration is used for determining the changes in streamflow over potentially afforested
areas according to: P = R + ETa + dS, with precipitation (P), runoff/ streamflow (R / SF) and storage
change (dS). It is assumed that storage change remains
zero for long-term calculations on the waterbalance, resulting in R = P - ETa , as was shown by Milly (1994).
The six ’slices’ for SF approximation are combined to
form a full streamflow world map. Each of these world
maps are overlain with a catchment shapefile for detailed
analyses of streamflow changes due to reforestation. The
cut-out catchment maps for streamflow under CTC and
combined tree cover and the TRP are used for calculating average changes in percentages for tree restoration,
streamflow and streamflow difference. The catchments
are chosen based on the catchment area. The largest
catchment of each continent is taken. For completeness
the land use of each of the catchments has also been
mapped (figure 3.2).

3.5
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Sensitivity analysis

The sensitivity analysis will be performed using a base
run and the mean and standard deviation from the precipitation sampled in the above description. A second
and a third run will be calculated with a deviating precipitation input of plus 6% and minus 6% of the mean
precipitation, respectively. The relative changes between
the base run and the second and third runs will be calculated according to 4.1. This will give a weighted standard deviation for the calculated ETa in equation 3.2.
6% devation is taken since the correlation coefficient of
the P database is 0.94.
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Point sample analysis

Using the uniform distribution function from RStudio we
selected 10 000 random sample points. These points are
used to sample the variables P, ETa, and TRP at those
locations. Since the sampling function does not take into
account whether the location is over land or sea, the majority of the points returned ’empty’ values. Discarding
the empty cells left a sample of 517 locations where each
of the 3 variables have a real outcome. This sample was
used for the analysis of correlation between variables and
a sensitivity analysis for calculating streamflow.

3.6

Mississippi Land Use map

latitudes

current forest cover is used for ETa calculations. The
streamflow observation is only available as a summed
quantity for outlet per specific catchment. This means
that the generated streamflow values at 1 km resolution will be summed for their specific catchment. This
is done for 6 catchments and matched with the same
6 catchments from the calculated values. Mean annual streamflow was averaged over the catchment area.
Since the observations are in [m3/s/10km2] and the estimations in [mm/year/km2] they were both changed to
[m3/s/catchments] and compared for correlation.
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Figure (3.2)
Basin

3.4

Distribution of land use in the Mississippi

Validation

For validation of streamflow calculation the data are
tested against streamflow observations. In this situation

3.7

Catchment case study

6 catchments have been selected, the catchment with
the largest area for each continent. Mississippi, North
America; Amazon, South America; Danube, Europe;
Ob, Asia and the Murray-Darling basin for Australia. For
each catchment the following is estimated: streamflow
under CTC; Land use cover; TRP; P; ET and streamflow
difference between CTC and CTC combined with TRP.
The quantities of the estimations are compared in table

3.7. CATCHMENT CASE STUDY

Figure (3.3)

Legend for Globcover 2009 land use maps, from Arino et al. (2012)

3.5. The relative changes are represented as
% = (new − old)/(old) × 100

(3.3)

Note that the new situation for tree cover equals CTC
including TRP and reduces to
% = (new/old) × 100

(3.4)
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Figure (3.4) World precipitation map according to WorldClim.org including catchment extent: from top left to
bottom right: Mississippi, Danube, Ob, Amazon, Congo/Zaire and Murray-Darling catchment

Figure (3.5)

Table 1: Waterbalance comparison catchment analysis
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4 | Results
In the paper from Bastin et al. (2019) it is stated that
0.9 billion hectares of land can be afforested, enough to
sequester 25% of the current atmospheric carbon dioxide
worldwide. When this global projection is translated to
streamflow loss little can be analysed by eye in figure 4.1.
With an average −3.37% change in streamflow for the
largest 6 catchments of the world a true world average
is likely to be similar (figure 3.5). On a world map this
decrease is not visible and therefore we will zoom in to
catchment scale in the following section.

4.1

Catchment Analysis

In order to display the effects of tree restoration 6 large
catchments have been compared for their waterbalance
quantities. This has been visualized in figure 4.2 where
the catchments are ordered in decreasing catchment
area. From this analysis the following can be noticed.
Decreases in streamflow for the entire catchment are
negatively correlated to the relative increase of tree cover
area (R2 = 0.94, figure 4.3). The Mississippi river
basin has the largest relative increase in tree restoration (88.88%) and the largest decrease in streamflow
(−10.69%). Although the Danube river basin has a
larger absolute increase in TRP (23.66 %) than the Mississippi basin, this does not translate to a larger decrease
in streamflow (−5.79%). All water balance mean quantities and changes for the catchments can be found in
table 3.5 and are visualized in figure 4.2.To clarify these
results we zoom in to the spatial distribution of the waterbalance terms and land use cover of the catchments
starting with the Mississippi basin, since the changes are
most prominent here.

4.1.1

Mississippi Delta

The land use of the Mississippi basin (figure 4.7a) is
dominated by sparse and herbaceous vegetation and
croplands both irrigated and rainfed in the western half.
Moving east the dominant land use changes to closed
to open broad-leaved deciduous and evergreen forest including some splintered land use that is dominant in the
west. Unsurprisingly the highest percentages of TRP can
be found in the eastern half of the basin (figure 4.7b),
here the natural circumstance for tree growth are more
preferable as the current LU demonstrates. The distribu-
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tion for streamflow also follows a west to east direction.
Lower streamflow magnitudes in the west increasing towards the east and the outlet of the Mississippi river in
the far south (figure 4.7c). The differences in streamflow
for the situation with 100% TRP is displayed in figure
4.8a. Here the yellow base color shows changes between
−10 and 10 mm of mean annual change. This base
interval was chosen to amplify extreme situation. The
yellow to orange gradient indicates decrease in streamflow. The green pixels suggest increase in streamflow,
this is unexpected and will be discussed in a later stage.
The actual evapotranspiration increase towards the east
and lower latitudes.

4.1.2

The Amazon

The Amazon basin has predominantly closed broadleaved deciduous forest, to follow the Globcover 2009
legend by Arino et al. (2012) in figure 3.3. It is fair to
say that the dominant land cover is tropical rainforest.
To the western edge of the basin, where the basin is
bordered by the Andes mountains, we find more open
herbaceous vegetation, a waterlogged cluster of grassland can be found in the lower center (figure 4.9a). The
tree restoration is clustered in a few areas; the western
and southern edge of the basin; center top and lower center (figure 4.9c). The mean TRP is 20.84% for the entire basin, increasing the total forest cover with 25.69%.
Streamflow is high in the northwest and has some clusters of higher values in areas close to the foot of the
Andes. Lowest streamflow values can be found in the
area of herbaceous vegetation (figure 4.9b). Differences
in streamflow follow the same patern as TRP and is
highest in places where TRP is highest (figure 4.10a).
The mean annual streamflow decreases with 1,69%. The
color scheme is equal to that of the Mississippi Streamflow differences. Evapotranspiration is rather uniform
over the catchment 4.10b and seems to follow the tropical rainforest land use. Precipitation is slightly higher
close to the equator and lower in the areas close to the
Andes (figure 4.10c).

4.1.3

Congo / Zaire

Globally the second largest basin is the African Congo
/ Zaire river basin. With a predominately closed broadleaved decideous forest it reflects the fact that the river

12
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basin is home to a tropical rainforest. The land use map
in figure 4.11a shows that the basin is also home to some
vast lakes, with Lake Tanganyika being the largest in the
south west of the area. In the top north and mid south
the vegetation is more variable and differs from open
deciduous forests to savannas. The savannas are also
dominant in the mid west. The TRP distribution follows the more sparse vegetation of the savanna and open
deciduous forest slightly and is largest here. At an average TRP of 16.23% the total forest cover increases with

25.76%. The streamflow under current tree cover has
a spike in the outlet region of the basin (figure 4.11b),
an area of higher streamflow is also visible in the mid
south-west. Decreases in streamflow are most evident
in the regions of highest TRP and has a mean annual
decrease of 2.09% (figure 4.12a). For evapotranspiration the largest values are found near the equator and
decrease moving away from it. The precipitation in the
basin is rather uniform and decreases from the center
outwards.
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Figure (4.1)
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Global distribution of mean streamflow for the period 1960-2000 under current land cover.

Figure (4.2)

Hydrological response to larges scale afforestation in 6 large river basins.

4.1. CATCHMENT ANALYSIS

Figure (4.3)
flow change

4.1.4

Relative tree cover increase vs. stream-

Ob

The Ob river basin in central Russia and Kazakhstan has
a diversified land use pattern. In the south we can find
a combination of shrubland, forest and cropland. Moving east we find the plains of deserted Mongolia. More
towards the north the landscape changes towards water
logged vegetation varied with open broad-leaved forests.
At these northern latitudes the water logged fields are
frozen taiga for most of the year (figure 4.13a). The
streamflow is lowest in the Mongolian plains and becomes higher moving north. In the lower north east,
between 50N and 55N latitudes, the streamflow is highest, here land use is dominated more by closed evergreen
forests (figure 4.13b). With a mean TRP of 17.60% the
total forested area increases with 44.60% as visible in
figure 4.2. Highest potential is found in the lower north
east, the area that already has prominent evergreen forest cover. Throughout the catchment TRP is scattered
except in the combined land type of the south. Changes
in streamflow fall mostly between ± 10 mm and have decreased with an average of 3.38% for the whole catchment (figure 4.14a). The largest decreases are found
in the mid north east. Precipitation and ETa follow a
similar distribution with a clear north-south difference,
high-low respectively. With the exception of the lower
south east where both terms are highest.

4.1.5
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staying below 500mm annually and in most of the catchment lower, this makes the basin drier than other catchments (figure 4.16c). Streamflow is also much lower
than in the other basin with most of the area far below
100 mm in a year (figure 4.15b) and upwards of 800mm
near the coasts. TRP dominates in the upper part of the
catchment and is especially high near the eastern border.
Due to the sparser vegetation the TRP of 15.03% raise
the total tree cover with 73.31%. This increase is witnessed best in the eastern part where the streamflow can
decrease with 250mm yearly. Although the decreases in
streamflow are visible in only one area of figure 4.16a,
the mean decrease for the basin is 8.55%. Evapotranspiration can reach as high as 800mm in the basin the
average stay closer to 400mm.

4.1.6

Danube

For Europe the largest river basin is the Danube catchment. Starting in central Europe and the outlet in the
Black Sea its rivers flow from west to east. The land
use character is more human intervened than the previous river basins and is dominated by rainfed cropland.
The cropland is alternated by large patches of closed deciduous forest, specifically where the catchment is bordered by the Dolomites and the Dinaric Alps and the
Carpathian Mountains in the mid north west (figure
4.17a). Streamflow under current tree and land cover
ranges from 0 up to 150 mm in most of the catchment, mainly the areas with rainfed croplands. The
highest streamflow areas are found in the west near
the Dolomites and can reach 1500 mm annually (figure 4.17b). The 23.66% TRP raises the total tree cover
of the catchment with 68.58% (figure 4.17c). Most of
the catchment does not have a big change in streamflow after tree restoration. The north western area sees
the largest changes, both increases and decreases. On
average there is a 5.79% loss in streamflow. Evapotranspiration is lowest in the regions dominated by cropland
and higher near the feet of the mountain ranges. Precipitation stay around 750 mm a year with extremes near
the Dolomites of over 2500 mm.

Murray-Darling

The Murray-Darling river catchment can be found in
southern Australia. The land use is dominated by rainfed
croplands and sparse vegetation and drier and warmer
than previous described basins (figure 4.15a). In the
north of the basin we can also find a mosaic of forest, shrub- and grassland. With an average precipitation

4.1.7

Spatial correlation

Looking closely at the TRP maps and the precipitation
maps a minor trend is revealed. Or a lack thereof to
be more precise. The highest values for Tree restoration
potential are rarely in areas where precipitation is maximal. For example in the Murray-Darling basin maximum

14
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TRP is found in areas where P is around the catchment
average. Also in the Ob basin maximum TRP is found
at catchment average P. With 500 mm the Ob precipitation average is even rather low. These areas are therefore likely to experience stronger decreases in streamflow
than the catchment average. For the Danube catchment
it is less clear, but also here the precipitation is not a
limiting factor for the tree restoration potential. Areas in
these catchments with the highest P are often already
areas with high forest density and therefore have little
TRP.

4.2

Point sample Analysis

distribution the sample mean for P equals 681 mm with
a standard deviation of 25.56 mm. In table 4.5 the variables are visible for the sample, note that the calculated
outcome is the variance. When we enter the variables
into equation 4.1
X
σ2 =
(σ ∗ (δET a/δP )2
(4.1)
we end up with an average standard deviation for the two
runs of 9.98 mm. The sample average ETa 499.40 mm
with a sensitivity of ± 9.98 mm or 2%. Since taking
the mean averages out the shifts of pre-processing in
both directions it was assumed that calculations with
the mean are still plausible.

Figure (4.5)

4.2.2
Figure (4.4)

Point samples

In figure 4.4 the relative increase in streamflow has
been plotted against the relative increase in TRP. This
plot shows the same parameter dependency analysis as
figure 4.3. However the outcome is completely different,
no correlation is to be found between the relative increase in tree cover and the relative decrease in streamflow. An explanation for this is briefly addressed earlier, the green pixelated cells in the streamflow difference
maps of the catchments. The catchments showed a correlation since the mean of each catchment was used.
This caused any shifts in cells due to changing projection / resolution format to be evened out. For single cell
samples this leveling out does not take place and values
of a neighboring cell could be assigned to the sample cell.
This means that streamflow from cell A is compared to
tree restoration from cell B, therefore much less likely to
be correlated.

4.2.1

Sensitivity Analysis

For the sensitivity analysis of calculating ETa we used
the sample points of the above mentioned step. From
here we took the sample mean for precipitation and a
random location to analyse the effect of a small change
in input variables to the outcome. Assuming uniform

Variables at (-17,57630831 -56,05017254)

Validation

Comparing the discharge calculated with equation 3.2
under CTC against observations for the discharge resulted in the following figure 4.6. Herein is visible that
the magnitude of the catchment streamflows for the estimation and the observation agree well with each other.
The correlation of R2 = 0.9471 suggest high reliability
for the 6 catchments. This is however strongly influenced
by one large catchment, the Amazon. This validation
will be elaborated in the Discussion.

Figure (4.6) Relation between observed and simulated
discharge for the six basins.
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(c) Tree Restoration Potential for the Mississippi riverbasin (North America) in percentage at 1 km resolution. (Bastin et al., 2019)

Figure (4.7)
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Figure (4.8) Mississippi, Streamflow change (a), ETa
(b) and precipitation (c)
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Amazon SF difference [mm]
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at 1 km resolution. (Bastin et al., 2019)
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Figure (4.10) Amazon, Streamflow change (a), ETa
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Figure (4.11)
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Figure (4.12) Congo, Streamflow change (a), ETa (b)
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Figure (4.13)
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Danube basin Land Use map
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A limitation for the use of the Global Tree Restoration
Potential is the availability of sufficient water, provided
by precipitation. A threshold seems to be around 450
mm, figure 5.1 shows this clearly. For analysis of the
TRP’s influence on streamflow between dry and wet
catchments this becomes difficult. Although climates
with less than 450mm of annual precipitation are
inhospitable for most tree growth, some trees can still
grow here and could show impact of TRP on streamflow
with for example a dynamic minimum for precipitation.
The positive values in the streamflow difference
maps of the catchments, best visible in figure 4.12a,
are incorrect, since the Budyko analysis could only lead
to decreased streamflow. So the positive values could
be the result of shifting of resolution and projection
format during the pre-processing of the input variables.
An other explenation for the strong increases may lie in
the use of two different tree cover datasets. The TRP
datasets has used Hansen et al. (2013) for global forest
cover whereas this study used Buchhorn et al. (2020).
There is a possibility that allocated areas of current
forest in the TRP dataset have been deforested in the
dataset from Copernicus resulting in a net loss of tree
cover and potentially increasing the streamflow. An
option to aggregate precipitation and TRP raster files
first before calculating ETa could get rid of the large
increases in streamflow, although this decreases the
resolution scale.

Figure (5.1)
change
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tion, catchment characteristics, soil properties and topographic characteristics (Potter et al., 2005; Zhang et al.,
2001; Trancoso et al., 2016). In figure 5.2 the relation for
estimating actual evapotranspiration is visible for some
earlier mentioned studies and others. Herein the relation
of Zhang et al. (2001) is also visible, the lowest line with
blue stars. This relation is marginally lower than the
original Budyko relation and indicates that at equal P
and PET the ETa becomes slightly higher with Zhang’s
relation in which vegetation is included. In Zhang et al.
(2001) a comparison is performed to see how equation
3.2 fits against other Budyko curves, this shows that
the equation overestimates ETa at higher annual precipitation. Although the overestimation is not particularly
visible in the tropical catchments with high precipitation in this study, it is something to take into consideration when doing further research using equation 3.2.
For making the analysis of ETa even more accurate it
would be an option to crop the input variables first with
the catchment outlines. Afterwards you could determine
catchment characteristics, for example topography and
soil properties, and include this in a Budyko framework
that captures this. Moreover the values of PET in Zhang
et al. (2001) are fitted against grassland and forest cover
only. Of course these are not the only land cover types.
Fitting new PET values for the other land cover types
will also change the estimated ETa. Together this could
be interesting for further research.

correlation P and relative streamflow

The choice for the Budyko framework as appoached
by Zhang et al. (2001) was in the first place for the simplicity of requiring only two input variables, P and forest
cover. Of which forest cover was the variable of interest for this study. Several studies have extended the
Budyko framework by including parameters for vegeta-

Figure (5.2) Budyko-framework
(Wang et al., 2016) Figure 1

variations,

from

The catchments in this study were selected with
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a focus on the catchment area. It was assumed that
the larger a catchment would be the better changes
in streamflow would be visible. Taking the largest
catchment of each continent provided some variability
in climate and vegetation classes, but also some overlap
such as the tropical forest catchments of the Amazon
and Congo basin. A more thorough selection process,
including criteria for variability in vegetation classes
and climate could give a more complete picture for
the impact of afforestation. However the comparison
of similar catchments in size, climate and vegetation
are also important to substantiate the findings in the
research. Moreover the catchment comparison has been
performed with catchment means for the waterbalance
variables. This allows for easy comparison but it is an
important drawback for addressing spatial variability
within a catchment. The Murray-Darling catchment
for example has areas which are extremley dry and
inhibit little to no tree restoration or any tree growth
for that matter. The changes in streamflow are only
found in regions where a distinctively different climate
is present than in most of the catchment. Extrapolating
the changes to a catchment average dilutes the actual
changes at local scale and weakens the effects and
implications of tree restoration for these affected areas.
The diluted impacts of TRP are also important for the
Mississippi, Danube and Ob delta. Here the anthropologically changed landscape, next to the spatially
variable climate, starts to play a role as well. This
is due to the requirement of water for agriculture,
industry and drinking water and can see decrease in
streamflow sooner than under natural circumstances.
For the tropical catchments of the Congo and Amazon
the dilution effect is less present since the climate and
land use are more uniform. In future studies it might be
better to use catchments where the climate and land
use are more uniform and make performing calculations
with catchment means more significant.
Due to the assumptions/requirements for mean
annual variables in the Budyko framework the effect of
seasonality is not addressed. It is very likely that catchments behave differently for low-flow season compared
to high-flow season when it comes to the waterbalance
terms. During high-flow (June-September) it was shown
by Wu et al. (2017) that effects of human-activities,
such as afforestation, had a greater effect on changes
in runoff than climate variability. In my study the
effects of climate change have not been included. IPCC

scenarios with high GHG emissions such as the RCP
8.5 (Riahi et al., 2011) could change the TRP, PET
and P in numerous ways both spatially, temporally
and in magnitude. Leading to possibly different results
and would therefore be an interesting area for further
research.
In a study by Gibbard et al. (2005) two competing
effects of afforestation on the climate were compared.
It states that afforested land cover increased the albedo
of the area and induced warming of the atmosphere
versus the increase of evapotranspiration that induced
cooling. The warming effect was particularly true for
mid-latitude forests and the cooling was more dominant
in the tropics. For semi-arid regions the afforestation
can lead on its own to alterations in the meso-scale
atmospheric circulation and cause increased precipitation over a larger area than the original afforested area
(Yosef et al., 2018). The complexity that comes with
large-scale afforestation does not end at the location
where afforestation takes place nor are its effects the
same for different latitudes. Again important mechanisms that should be considered when afforestation is
applied to this scale.
The sensitivity analysis was only performed for
one variable, precipitation. The TRP expressed as
percentage and based on the 10 variables described
earlier does not follow a uniform or normal distribution.
Calculating with mean and standard deviation from a
sample would be incorrect and therefore not suitable
in this sensitvity analysis. Additionally the budyko
approach in equation 3.2 for estimating ETa only relied
on these two input variables. Other methods that
also include PET as input variable would allow for a
more extensive sensitivity analysis. The assumption
for using 6% P deviation from the correlation coefficient was done due to a lack of other ground. Step
size in a sensitivity analysis is usually based on the
magnitude of all parameters involved, since P here is
the only parameter, the 6% seemed a reliable alternative.
For validating the streamflow calculations the data was
compared to the streamflow observation data from
Barbarossa et al. (2018). This data was created using
an articfical neural network and trained on annual flow
data from monitoring stations while using catchmentaveraged covariates for topography and climate. Land
use was not considered in the creation of these obser-
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vations. Since the method from Zhang et al. (2001)
relies heavily on land use it is likely that this could
explain why observed streamflow data is significantly
higher (+130%) for 4 of the 6 catchments than the
estimated streamflow with current tree cover considered.
All catchments show decreases in streamflow. For
the wetter tropical catchments the impacts are not so
big, but for temperate and especially dry climates the
local decreases can be very inconvenient. Streamflow
loss in a catchment decreases the discharge in the river,
this could for example reduce the navigability of the
waterways and decrease the output of a hydroelectricity
dam. Additionally, downstream of the river, where
the streamflow change effects are accumulated, river
depended communities could be dealing with crop
loss or decreases in fish yield. Consequentially leading
to geo-political conflicts if catchments extend over
international borders (Cao and Zhang, 2015).
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Afforestation is coined as one of the most important
strategies for climate change mitigation. With many
policies and programs already in place it is also likely
that afforestation and tree restoration will happen
on a large-scale. Although the mechanism behind
evapotranspiration increase and streamflow decrease for
tree restoration is not new and already well researched.
The detail and resolution at which the Global Tree
Restoration Potential has been mapped, had not yet
been linked to the waterbalance.
In this study a quantification was attempted for
100% TRP. By using the Budyko-framework by Zhang
et al. (2001) we were able to quantify the changes
of TRP in actual evapotranspiration at 1 km resolution. With the newly calculated ETa we were able to
determine that global streamflow could decrease with
3.37%. Since the implications of global numbers mean
little we zoomed in to catchment scale. The largest
catchment of each continent was selected. Cropping
each waterbalance term and land use to the catchment
borders gave a detailed insight of the changes. We saw
that the Mississippi basin was affected the most with a
10.69% decrease in mean annual streamflow at 22.84%
afforestation of the total area. Comparing the changes
in the catchments showed us that the relative increase
in tree cover was the best explanatory variable for a
decrease in streamflow with a R2 = 0.94. Although the
point sample analysis did not confirm this finding due to
the method in which the parameter sets were matched.
It is assumable that a different matching strategy
could confirm the correlation on a larger scale than 6
catchments. In addition, the spatial correlation between
TRP and precipitation could indicate an increase in
droughts on a local scale.
It would be interesting for further research to investigate whether an optimal TRP, not 100%, could
decrease the streamflow less. Next to this would it be
interesting to see if tree restoration in certain climates
or vegetation classes affect the streamflow differently.
With the large catchments the spatial variability of
climate, topography and land use was too large within
the catchments to attribute changes in streamflow
to a single type or class. A recommendation when
performing a similar study is to use a different method
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for matching database resolution in order to prevent a
miss match between cells. Moreover, a point sample
analysis could be performed after the parameter raster
files have been aggregated to average out a possible
miss match between cells. All things considered, the
water burden of the Global Tree Restoration Potential
is significant and the impact on a local scale deserves
careful consideration during the implementation of tree
restoration and afforestation programs.
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