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Abstract. The abundant evapotranspiration provided by the
Amazon forests is an important component of the hydrolog-
ical cycle, both regionally and globally. Since the last cen-
tury, deforestation and expanding agricultural activities have
been changing the ecosystem and its provision of moisture to
the atmosphere. However, it remains uncertain how the ongo-
ing land use change will influence rainfall, runoff, and water
availability as findings from previous studies differ. Using
moisture tracking experiments based on observational data,
we provide a spatially detailed analysis recognizing poten-
tial teleconnection between source and sink regions of at-
mospheric moisture. We apply land use scenarios in upwind
moisture sources and quantify the corresponding rainfall and
runoff changes in downwind moisture sinks. We find spa-
tially varying responses of water regimes to land use changes,
which may explain the diverse results from previous studies.
Parts of the Peruvian Amazon and western Bolivia are identi-
fied as the sink areas most sensitive to land use change in the
Amazon and we highlight the current water stress by Ama-
zonian land use change on these areas in terms of the wa-
ter availability. Furthermore, we also identify the influential
source areas where land use change may considerably reduce
a given target sink’s water reception (from our example of the
Ucayali River basin outlet, rainfall by 5-12 % and runoff by
19-50 % according to scenarios). Sensitive sinks and influen-
tial sources are therefore suggested as hotspots for achieving
sustainable land—water management.

1 Introduction

The Amazon basin, draining an area of about 7 million kmz,
is the largest river basin in the world. It hosts the most
extensive tropical rainforest ecosystem, covering about
5.3 million km?, which represents 40 % of the global tropi-
cal forest area (Laurance et al., 2001; Aragdo et al., 2014).
The substantial transpiration from the canopy in addition to
the evaporation contributes to abundant water fluxes to the
atmosphere (Fisher et al., 2009). This atmospheric moisture
eventually returns to the land and contributes about 25-35 %
of the basin’s rainfall and 48-54 % of the regional rainfall
(Salati and Nobre, 1991; Eltahir and Bras, 1994; Trenberth,
1999; Bosilovich and Chern, 2006; Van Der Ent et al., 2010;
Zemp et al., 2014). When regulating the water cycle in the re-
gion, the Amazon forests are a key component of the regional
but also global climate system (Foley et al., 2003, 2005; Meir
et al., 2006; Snyder, 2010; Anderson-Teixeira et al., 2012).
It is uncertain how the ongoing land use change influences
the operation of this ecosystem and its climate regulations
(Pielke et al., 2002; Foley et al., 2007; Chapin et al., 2008;
Soares-Filho et al., 2014). Since the 1960s, there has been
substantial clearing of the Amazon forest for agricultural pur-
poses; about 15 % of the Brazilian Amazon rainforest has
been cleared (INPE, 2017). Deforested areas are most often
(80 %; Veiga et al., 2002) used as pastureland. Rice, cassava,
maize, and soybean cropping have also driven deforestation
(Nepstad et al., 2006; Barona et al., 2010). Soarse-Filho et
al. (2006) have projected a loss of 47 % Brazilian rain forest
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cover by 2050 under a business as usual scenario compared
to the situation in 2004. Although this fast Brazilian defor-
estation trend has decelerated since 2004, a rebound of the
deforestation rate has been observed since 2013 (Hansen et
al., 2013; INPE, 2017). Moreover, a more recent Brazilian
forest policy shift may allow for further deforestation in the
country (Soares-Filho et al., 2014; Aguiar et al., 2016) in ad-
dition to observed increases in deforestation rates in other
Amazonian countries (Hansen et al., 2013).

Through land-atmosphere coupling mechanisms, defor-
estation and other land use changes in the Amazon af-
fect climate both regionally and globally (Dickinson and
Henderson-Sellers, 1988; Dirmeyer and Shukla, 1994; Ged-
ney and Valdes, 2000; Costa and Foley, 2000; Snyder, 2010).
Among those changes, modified moisture fluxes to the at-
mosphere (Gordon et al., 2005; Silvério et al., 2015) in-
troduce shifts in rainfall pattern and runoff regime and in-
fluence water availability (Henderson-Sellers et al., 1993;
D’Almeida et al., 2007; Coe et al., 2011; Bagley et al.,
2014; Lima et al., 2014; Swann et al., 2015; Spracklen and
Garcia-Carreras, 2015). Given the spatial differences found
in land—atmosphere coupling strength (Koster et al., 2004;
Seneviratne et al., 2006) and continental moisture recycling
(Van Der Ent et al., 2010), the water regime in some areas
can be more sensitive to land use change than others. How-
ever, this spatially different sensitivity in the hydrological re-
sponses to land use change is not well understood. Indeed,
water regime changes are also experienced by the downwind
regions that are spatially distanced from where the land use
change is taking place (Pires and Costa, 2013; Bagley et al.,
2014; Badger and Dirmeyer, 2015; Keys et al., 2016; Pitman
and Lorenz, 2016; Zemp et al., 2017b). Thus, it requires in-
vestigation into both the sinks and the sources of the moisture
flows to understand this spatial difference. Such an investiga-
tion will advance the understanding of land use change im-
pacts on the water cycle and is necessary in order to identify
hotspots for conservation policy targets fulfilling the Sustain-
able Development Goals (the SDGs), goal 6 (“Ensure access
to water and sanitation for all”’) and goal 15 (“Sustainably
manage forests, combat desertification, halt and reverse land
degradation, halt biodiversity loss”), for example.

The most direct way of portraying the airborne moisture
flows is using diagnostic models driven by observation data
(or observation-based climatic data for data-scarce regions).
In the present study, we utilize a moisture recycling tracking
algorithm to structure the moisture flow for exploring spatial
heterogeneity in land use change impacts on the rainfall and
runoff in Amazonia. Moisture recycling describes the con-
tribution of local evaporation to local precipitation and was
investigated in earlier studies by utilizing bulk models to par-
tition moisture recycling in the water cycle within an area of
interest (Brubaker et al., 1993; Eltahir and Bras, 1996; Tren-
berth, 1999). Moisture tracking tools have been further de-
veloped to describe the course in which evapotranspirated
moisture travels through the atmosphere and precipitates in
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downwind regions within the area of interest, thus making
the architecture of “aerial rivers” perceivable, aerial rivers
being the preferential pathways of moisture flow, termed in
Arraut et al. (2012) as an analogy to surface rivers. Mois-
ture tracking recognizes teleconnection between moisture
sources and sinks, which are not limited to administrative
and topographical boundaries. These moisture tracking tools
include isotopic tracers (Salati et al., 1979; Victoria et al.,
1991; Henderson-Sellers et al., 2002; Tian et al., 2007), nu-
merical algorithms online coupled with an atmospheric cir-
culation model (Koster et al., 1986; Bosilovich and Chern,
2006), or offline a posteriori with reanalysis or operational
data (Yoshimura et al., 2004; Dirmeyer and Brubaker, 2007;
Van Der Ent et al., 2010; Tuinenburg et al., 2012; Spracklen
et al., 2012; Bagley et al., 2014). Here we use an offline Eu-
lerian numerical tracking algorithm (WAM-2layers, Van Der
Ent et al., 2014; see also Sect. 2.1.1) driven by observation-
based data to approach moisture flows for its relatively low
computation cost but robustness in identifying the spatial pat-
tern of moisture flow in a certain region (Keys et al., 2012).

Our objectives are (1) to explore how land use change im-
pacts on rainfall and runoff in Amazonia can differ spatially,
(2) to quantify this spatial variation, and (3) to identify the
regions sensitive to Amazonian land use change.

To address these objectives, spatially different rainfall and
runoff responses at moisture sinks are quantified when land
use change occurs in Amazonia. Different hydrological in-
fluences that result from land use change in various moisture
source areas are also calculated. Furthermore, we identify
the sensitive sinks (defined here as land surface areas where
the water regime is most impacted by land use change in a
given upwind area via moisture recycling) and the influential
sources (defined here as land surface areas where land use
change exerts the strongest impacts through moisture recy-
cling on the water regime of a given area downwind).

In the following section we describe the moisture tracking
experiments and the scenarios that were utilized to analyse
land use change impacts on water regimes. We also introduce
the concept of the most influential precipitationsheds (MIPs),
which is used for highlighting the influential sources of mois-
ture. In Sect. 3, we present the results of identification of
sensitive pairs of sinks and sources to Amazonian land use
change. Then, we present the quantified impacts on rainfall
and runoff by land use change in terms of sensitive sinks and
influential sources. Additionally, calculation of upper bound
water regime changes from hypothetical land use changes
from the whole of the Amazon is also shown for further com-
parison. We discuss implications of our results in Sect. 4.
These include the contribution of the interconnection be-
tween surface and aerial rivers to the spatial heterogeneity
and the importance of aerial river conservation hotspots when
compared with the upper bound. We highlight the current
pressure on the sensitive regions’ water availability by land
use change. The uncertainties and limitations of our results
are also discussed in this section. In Sect. 5, we conclude our
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Table 1. The specification of the MOD experiments which were used in our analysis to trace moisture.

Specification of the MOD experiments

Precipitation input
Evapotranspiration input
Humidity and wind speeds =~ ERA-Interim reanalysis
Temporal resolution 3h

Spatial resolution 1.5° x 1.5°
Experiment time span 2000-2010

Spatial domain

Tropical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis (TMPA)
Moderate Resolution Imaging Spectroradiometer (MODIS) product MOD16ET

South American continent (land part of 30-85.5° W, 15° N-49.5° S)

findings and show how they resonate with the current discus-
sion in the field. We then provide suggestions for managing
land use change impacts on water availability for sustainable
land—water use in Amazonia.

2  Methods
2.1 Outlining aerial rivers
2.1.1 Tracing moisture flow in Amazonia

The moisture flow is traced by the Water Accounting Model
— two layers, WAM-2layers version 2.3.01 (Van Der Ent et
al., 2014), for the South American continent. With a Eulerian
specification of the field, the WAM-2layers model backtracks
the moisture origin of precipitation that occurs over a given
area following water balance. The backtracking is based on
given input data while assuming that the water reservoirs of
the lower atmospheric layer and the land surface are well
mixed.

The WAM-2layers distinguishes between the bottom and
top atmospheric layers (separately by approximately 800 hPa
for a standard surface pressure) in the calculation of moisture
flux across grid cell boundaries (Van Der Ent et al., 2014).
This allows for a better capturing of the wind shear system
that resulted in errors in traditional offline 2-D tracking stud-
ies with a well mixed atmosphere assumption (Goessling and
Reick, 2013; Van Der Ent et al., 2013).

We use simulations from WAM-2layers from a previ-
ous moisture backtrack modelling experiment (MOD exper-
iment; see Zemp et al., 2014). The WAM-2layers model run
for the MOD experiment was on a 1.5° latitude-longitude
grid and the time coverage was 2000-2010. The input data of
the first year were used for spin-up runs. The MOD experi-
ment result further used in this study is the moisture transport
matrix m. Its elements m;; describe the amount of moisture
evapotranspirated from grid cell i which is precipitated in
grid cell j.

www.hydrol-earth-syst-sci.net/22/911/2018/

2.1.2 Input data

The input data for evapotranspiration (ET) and precipita-
tion (P) of the MOD experiments are based on global satel-
lite products (see Table 1). The evapotranspiration input was
derived from the Moderate Resolution Imaging Spectrora-
diometer (MODIS) evapotranspiration product MODI16ET
(Mu et al., 2013). Based on the Penman—Monteith equa-
tion and the algorithm from Cleugh et al. (2007), global
evapotranspiration is calculated as the sum of evaporation
(from different soil types and interception by the canopy)
and transpiration from the vegetation while environmental
constraints and diurnal cycles are recognized. The calcula-
tion is based on MODIS Earth observation data inputs (land
cover, albedo, and enhanced vegetation index) in conjunction
with the Global Modeling and Assimilation Office (GMAO,
v.4.0.0) daily meteorology data. Loarie et al. (2011) val-
idated MODI16ET’s estimation with eddy flux tower data
and reported its good performance (differences in annual
average of evapotranspiration are less than 4 % in savan-
nas, 5% in tropical forests, and 13 % in pasture agricul-
tural lands). The precipitation input used in the MOD ex-
periment was the product from the Tropical Rainfall Mea-
suring Mission (TRMM) Multisatellite Precipitation Analy-
sis (TMPA) algorithm 3B42 version 7, in which rainfall data
are acquired from multiple satellite observations including
passive microwave and infrared data, which were then cal-
ibrated by global rain gauge data (Huffmann et al., 2007).
These remote-sensing-based rainfall data are widely used in
regions that lack ground observations such as the Amazon
(Wagner et al., 2009; Su et al., 2008; Awadallah and Awadal-
lah, 2013). This dataset has been described as robust in pre-
cipitation estimations over the Amazon region, especially at a
monthly timescale (Su et al., 2008; Collischonn et al., 2008).
Humidity and wind speeds were taken from the ERA-Interim
reanalysis product (Dee et al., 2011). Input data have been
upscaled to the spatial resolution of the WAM-2layers model
and downscaled to a temporal resolution of 3 h using the tem-
poral variability in the corresponding ERA-Interim products.
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2.1.3 Structuring the precipitationsheds: the MIPs

In our analysis, we utilize the concept of precipitationsheds
and outline them for our target areas according to m;;, the
amount of moisture evapotranspirated from grid cell i which
is precipitated in grid cell j, derived from the MOD exper-
iment as described in Sect. 2.1.1. The concept of precipita-
tionsheds was introduced by Keys et al. (2012) as the upwind
surface areas providing evapotranspiration to a specific area’s
precipitation. In the present study we focus on the terrestrial
component of precipitationsheds because of their relevance
to land use change. Intercontinental moisture transports are
neglected as they have little influence in our study region
(Van Der Ent et al., 2010). Recognizing the spatial hetero-
geneity of the contribution in the precipitationshed (Keys et
al., 2014), we further extract the most influential precipita-
tionsheds (MIPs) for our analysis. The MIP is defined here
as the collection of the most important source areas of a
given region’s rainfall. Since it includes the most prominent
contributing source areas of the evapotranspiration, the MIP
governs a given proportion of a given region’s precipitation
with minimum land surface areas. An example of a MIP for
a grid element located in the Yurimaguas area is depicted
in Fig. 1. The area delimited by the 0.2 contour line is the
smallest land surface contributing to 20 % of precipitation in
the Yurimaguas grid element from continental evapotranspi-
ration. Outside of this area, a wider land surface area col-
lectively contributes to the same amount, the area between
0.2 and 0.4 contour lines or the area between 0.4 and 0.6 con-
tour lines, for example. The area governs 20 % of continental
moisture and is defined here as the 20 % threshold MIP for
the Yurimaguas grid element. Likewise, the 40 % threshold
MIP and the 60 % threshold MIP are the areas delimited by
the 0.4 contour line and the 0.6 contour line in Fig. 1. The
larger the threshold value, the more insignificant contributing
source areas are included. The selection of the threshold de-
termines the MIP size and the representativeness of the most
important source areas; therefore it should be chosen accord-
ing to study purposes. Previous studies have suggested and
discussed different thresholds to delineate a precipitation-
shed boundary, e.g. 70 % (Keys et al., 2012) or 1 % (Keys
et al., 2017) threshold of continental recycled precipitation.
In the present study, we propose a threshold that is a trade-off
between the relative influence on the sink’s rainfall and the
size of the area delimited where land use change could occur
homogeneously.

Under the modelling resolution of the present study, a
40 % threshold is the minimum contour value to delimit pre-
cipitationshed areas for some regions (e.g. the Andes re-
gions). Aiming to approximate the MIP by a standard that
can apply to all the grid elements, the smallest valid 40 %
threshold has been applied throughout our analysis.

Hydrol. Earth Syst. Sci., 22, 911-927, 2018
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Figure 1. The precipitationshed of the Yurimaguas area. The con-
tour value represents the cumulative fraction of Yurimaguas’ rain-
fall that comes from the source region delimited by the contour, over
the precipitation originating from the South American continent.
Thus, the contour line delimiting the South American continent has
the value 1.

2.2 Modified downwind precipitation by land use
change

We employed different land use scenarios to investigate evap-
otranspiration shifts introduced by various land activities and
their impacts on rainfall and runoff. The proportion of precip-
itation changes for the grid cell j in a land use scenario that
occurs in the region €21 can be described as

ET
AP; = mi (1 - ﬁ) e))
l

i€

where AP; stands for the changes in precipitation in sink
grid cell j, ET; is the original evapotranspiration in source
grid cell i which is located in the domain €, and ET’ is the
corresponding evaporation of different land use types. This
description is a first-order approximation implying that ma-
jor wind patterns remain similar when land use change oc-
curs and feedback mechanisms such as altered energy bal-
ance, surface roughness, and aerosols (Bonan, 2008; Mah-
mood et al.,, 2014) have not yet been triggered or are of
minor importance (Bagley et al., 2014). Empirical evapo-
ration measurements of different land uses in the Amazon
were derived from Large-Scale Biosphere—Atmosphere Ex-
periment (LBA-ECO) flux tower data (see Table 2) (Sakai et
al., 2004). The LBA-ECO flux tower observation was estab-
lished in 2000 in the Santarém region in the Brazilian Ama-
zon. The field has been converted into different land uses in-
cluding old-growth forest, selective logging, bare soil, pas-
ture land, and rice cropping during the flux tower’s operation
period. The evaporation was estimated by the eddy covari-
ance (EC) method, corrected by the nocturnal boundary layer
budget method for night-time respiration underestimates, and
validated by Acevedo et al. (2004).

Changes in the annual surface runoff regime by altered
moisture recycling under land use change are investigated
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Table 2. LBA-ECO evaporation data.

Land use type Bare Dry Wet Rice
soil pastureland  pastureland  cropping
Evaporation rate (mm day*1 ) 1.2+07 1.9+0.6 22409 2712

Indicated uncertainties are standard errors.

as well. By assuming that ET and P are in equilibrium (i.e.
mean annual evapotranspiration does not exceed mean an-
nual precipitation) and steady groundwater storages, we use
precipitation minus evaporation (P —ET) to estimate an-
nual surface runoff. We calculate the control state of P —ET
throughout catchments using the 10-year average of the re-
spective input data from the MOD experiment (2000-2010).
The P — ET changes under different land use scenarios are
obtained by calculating the altered precipitation in the catch-
ment grid cells and subtracting altered evaporation (ET’) ac-
cording to each land use scenario. The P — ET values under
different land use scenarios are then compared with the con-
trol state.

2.3 Sensitive pairs of sink and source regions

High precipitation sensitivity of a sink region regarding
land use changes in its source regions combines two as-
pects: firstly, the precipitation in the sink region must depend
strongly on aerial moisture transport from terrestrial sources
(i.e. high dependency on the aerial rivers) and secondly, the
areal extent of the relevant source regions has to be rather
small. The latter results in strong effects with even spatially
limited land use changes. Given the importance of the Ama-
zonian provision of moisture on the regional climate, we first
calculate the precipitation recycled from the basin for each
continental grid element. In the following, we identify the
grid elements with the highest ratios (defined by the 98 %
percentile) of precipitation contributed by the moisture from
the Amazon basin as sensitive sink areas. Next we determine
the MIP (40 % threshold MIP; see Sect. 2.1.3) for the sen-
sitive sink areas to examine their precipitation sensitivity to
Amazonian land use changes.

3 Results

3.1 Sensitive sinks and influential sources: water
regime shifts by upwind land use change

The most sensitive sinks regarding the evapotranspiration of
the Amazon basin are situated in the eastern foothills of the
Andes, a geographical region in southern Peru and western
Bolivia, where over 70 % of the precipitation originates from
the Amazon, according to our results. The sensitivity to po-
tential Amazonian land use change is shown in Fig. 2. The
sensitivity increases westward throughout the Amazon for-
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Figure 2. Rainfall dependency on the Amazon basin. The number
shows the fraction of local rainfall recycled from Amazonian evap-
otranspiration. The yellow areas are among those regions having the
greatest sensitivity to Amazonian land use change.

est and reaches its peak at its south-western fringe. We iden-
tified regions that have more than 50 % of rainfall coming
from Amazonian evapotranspiration (98 % percentile of the
highest sensitivity to Amazonian land use change, hereafter
called “sensitive areas”) and tracked back the location of the
most influential sources for them as the second step in the
procedure described in Sect. 2.3. It turns out that the south-
western part of the Amazon forest exerts the strongest influ-
ence. As demonstrated by Fig. 3, the most influential pre-
cipitationshed (MIP; the area delimited by the first contour
line in Fig. 3) of the sensitive areas is located in the region
of Ucayali, Peru. This particular part of the Amazon forest
governs the rainfall of the sensitive areas with high spatial
efficiency (high control per unit area) compared to the rest
of the moisture sources. While covering 3.5 % of Amazonia,
the MIP accounts for 50 % of the Amazonian evapotranspira-
tion’s contribution (80 %) to the sensitive areas’ continentally
sourced rainfall.

The above result on the most sensitive source and sink re-
gions leads to the choice of interesting areas to quantify the
influence of defined land use scenarios on precipitation and
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Table 3. Estimated changes in annual rainfall (A P) and runoff (AR) over the Ucayali River basin outlet following land use scenarios in

different spatial domains.

Land use change domain

MIP of the river

MIP of Ucayali basin excluding the
Ucayali basin river outlet Ucayali basin

Ucayali River outlet’s water regime AP AR AP AR AP AR

Bare soil 3% +103% —12% -9% —16 % —50 %

Dry pastureland —2% +67 % 8% —T% —12% —-36%

Wet pastureland —2% +52 % 7% —6% —10% —-30%

Rice cropping —1% +27 % 5% —4% —7 % —19%

Precipitationshed of the itive areas
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Figure 3. The precipitationshed of the sensitive areas. The contour
value stands for the fraction of rainfall from continental evapotran-
spiration in sensitive areas that is evapotranspirated from the de-
limited region collectively. The first contour delimits areas (shown
in dark blue) corresponding to the most influential precipitation-
shed (MIP) for the sensitive regions (represented by yellow cells). A
total of 74.7 % of the sensitive areas’ total rainfall comes from con-
tinental evapotranspiration. Of this, 40 % originates from the MIP.

runoff regimes. As we are interested in the relationship of
land use effects with both precipitation and surface runoff
availability, we investigate them at the outlet of the Ucay-
ali River basin (referred to as the target sink hereafter), a
sub-basin where half of the sensitive areas are located (see
Fig. 3). Accordingly, we applied land use scenarios in dif-
ferent spatial domains including the Ucayali River basin (the
watershed of the target sink) and the MIP of the target sink.
In addition, land use scenarios are also employed to the MIP
of the Ucayali River basin (the MIP of the watershed) but
excluding the basin component cells in order to understand
land use change influences outside of the watershed bound-
ary, which is traditionally not covered in depth in water avail-
ability studies. Figure 4 shows the location of different land
use scenario domains.

Different land use scenarios including the conversion of
the areas to bare soil, dry and wet pastureland, and rice crop-
ping are applied in each domain depicted in Fig. 4. For each
domain and each scenario, we investigate changes in the rain-
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Figure 4. Different land use scenario domains for exploring rain-
fall and runoft susceptibility of the target sink (Ucayali River out-
let). These domains include the Ucayali River basin (the watershed
of the target sink), the MIP of the target sink, and the MIP of the
Ucayali River basin (the MIP of the watershed) but excluding the
basin component cells, in order to understand land use change in-
fluences outside of the watershed boundary. In addition, land use
scenarios are also applied in the domains of the Amazon basin and
the Amazon basin without the Ucayali River basin for upper bound
investigation.

fall and runoff reception of the Ucayali River outlet, the tar-
get sink, as described in Sect. 2.2. Figure 5 shows the in-
teractions which are considered: changes in evapotranspira-
tion when applying land use scenarios influence the rainfall
downwind in both the target sink (here the Ucayali River
basin outlet) and the target sink’s upstream watershed (here
the Ucayali basin) through moisture recycling (the light blue
arrows in Fig. 5), thus altering the rainfall and runoff recep-
tion in the target sink. We note that the runoff changes mea-
sured in the target sink are also influenced by the land use
scenario applied in the domain of the target sink’s upstream
watershed (here the Ucayali basin) as shown by the black ar-
rows in Fig. 5.

Changes in the rainfall and runoff reception of the target
sink vary in direction and magnitude when land use change
occurs in different spatial domains (Table 3). The bare soil
land use scenario leads to more considerable alteration than
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Table 4. Estimated changes in annual rainfall over different regions when applying various land use scenarios in the Amazon basin. Note
that annual rainfall is reduced continental-wise, but the sensitive areas experience greater reductions.

Area Rainfall Rainfall change for different land uses (%)
(km?) dependency Bare Dry Wet Rice
on the Amazon soil pastureland  pastureland  cropping
basin (%)
Sensitive areas 3.25 x 10° 60.3 —38.5 —25.8 —20.4 —11.3
Amazon basin 7.77 x 100 27.5 —18.2 —12.7 —10.4 —6.5
South American continent ~ 1.70 x 107 20.0 —12.9 —8.8 7.0 —4.0

LU (basin) LU (MIPy,g, - basin) LU (MIPy.ir outiet )

Figure 5. Influence of land use (LU) in different spatial domains
(orange ellipses) on runoff and precipitation (cyan blue ellipses)
of the outlet of the basin. Light blue arrows show influences via
moisture recycling (“aerial rivers”); black arrows represent surface-
bound relations. ET denotes the annual evapotranspiration of the
basin and Prc stands for precipitation.

the pastureland and rice cropland scenarios, which have the
least impact. Generally, the rainfall decreases when land use
changes, but the extent depends on the location of such a
change. Land use change in the MIP of the target sink leads
to a reduction in the target sink’s rainfall ranging from 5 %
(rice cropping) to 12 % (bare soil). On the other hand, when
land use change occurs in the Ucayali River basin, the rain-
fall in the target sink experiences a mild reduction of less
than 5 % in all scenarios. Runoff shifts differ in sign when
land use change occurs in different locations. An increase
in runoff received by the target sink is found when applying
land use scenarios in the Ucayali basin: the runoff is intensi-
fied by adding a quarter (27 %, rice cropping) to more than
doubling (103 %, bare soil) the original flow. However, we
found that applying land use scenarios outside of the water-
shed boundary has negative influences on the runoff of the
target sink. Land use change in the MIP of the watershed re-
sults in a 19 % (rice cropping) to 50 % (bare soil) reduction
in the target sink’s runoff. The heterogeneous hydrological
response due to the location of land use change is discussed
in Sect. 4.
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3.2 Upper bounds for the influences of Amazonian land
use change

So far we have investigated the most sensitive source-sink
pairs and have chosen the considered land use change areas
accordingly. However, land use change may occur in various
parts of the Amazon basin. Therefore, we estimated rainfall
and runoff changes considering land use change Amazon-
wide to describe the upper bounds of land use change im-
pacts on water availability. For that, in the following we apply
different hypothetical homogeneous land uses to the whole
Amazon basin and calculate their effects on precipitation and
runoff at different locations.

Table 4 shows the results for the reduction of rainfall in
different Amazonian land use scenarios. Sensitive areas can
experience 11.3-38.5 % (according to scenarios) annual rain-
fall reduction via moisture recycling when all of the Amazon
forest is cultivated. The reduction in sensitive areas almost
doubles the reduction of rainfall in the Amazon basin aver-
age (6.5-18.2 %, according to scenarios) and it also greatly
surpasses the average South American continent decrease in
rainfall (4.0-12.9 %, according to scenarios). The bare soil
land use scenario results in the greatest reduction in rainfall
while the rice cropping scenario exerts the least influence on
rain reception in the sensitive areas. The same pattern ap-
pears in the continental and the Amazon basin average.

Conversely, runoff estimates rise in all land use scenar-
ios but to a different extent across sub-basins. As shown in
Table 5, the bare soil land use scenario introduces the great-
est increase (by 32.7 %) among all scenarios in the runoff of
the Ucayali River basin, a sub-basin where half of the sen-
sitive areas are located. Rice cropping has a milder impact,
resulting in nearly a 1 % increase in the Ucayali runoff. The
extent of the runoff increase is different across the basins.
Runoff estimates of the Madeira basin, the largest sub-basin
in the Amazon (see Fig. 3), increase in the range of 4.1 %
(rice cropping) to 40.3 % (bare soil). The spatial pattern of
P —ET change in different Amazonian land use scenarios
(bare soil, dry pastureland, wet pastureland, and rice crop-
ping) can be seen in Fig. 6. As this figure shows, generally,
land use scenarios for almost the entire Amazon basin result
in a surface runoff increase across the Amazon basin but a

Hydrol. Earth Syst. Sci., 22, 911-927, 2018



918 W. Weng et al.: Aerial and surface rivers: downwind impacts on water availability from land use changes

Table 5. Runoff (P — ET) estimates in different regions under different land use scenarios.

Control Bare Dry Wet Rice

soil  pastureland pastureland  cropping

Ucayali basin P —ET in the Ucayali basin ~ 23.285 30.891 27.444 25.966 23.504
(3.1%ofthe  (10km3yr—1)

Amazon) Comparison with the - +32.7% +17.9 % +11.5% +0.9 %
control group

Madeira basin P — ET in the Madeira basin ~ 103.15 144.68 127.39 119.84 107.42
(13.9% (10km3 yr—1)

of the Comparison with the - +40.3 % +23.4% +16.2% +4.1%
Amazon) control group

Bare soil Dry pastureland

80° W 60° W 40°W

Wet pastureland

0°

40° S 40° S

80° W 60° W 40°W

80° W 60° W 40°W

Rice cropping

80° W 60° W 40°W

Figure 6. Spatial patterns in local runoff (P — ET) changes compared to the control state for land use scenarios applied in the Amazon basin.
Runoff generally increases in all scenarios (especially in the north-eastern part of the Amazon basin) but the rise is less pronounced in the

rice cropping scenario over Amazonia.

decrease outside of it. Runoff increase within the Amazon
basin also shows spatial differences as it is more pronounced
in the north-eastern part of the Amazon and less significant
in the western part.

Similarly to in our investigation on smaller domains such
as the MIP of the target sink, we apply different land use
scenarios in the domains of Amazon basin and the Amazon
basin without the Ucayali River basin to investigate the up-
per bounds of the rainfall and runoff reception changes in the
target sink, the Ucayali River basin outlet (see Table 6). The
comparison of these upper bounds with the impacts from the
influential sources hotspots is presented in Sect. 4.3. Rain-
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fall in the target sink decreases in the range of 10 % (rice
cropping) to 26 % (bare soil) in all cultivated Amazon basin
scenarios, but runoff in the target sink increases by 11 % (wet
pastureland) to 33 % (bare soil). Converting the whole Ama-
zon basin into rice cropping has in fact a very small influence
on the runoff received by the target sink (—1 %). Contrary
to the results from applying scenarios to the Amazon basin,
runoff decreases in the range of 27 % (rice cropping) to 69 %
(bare soil) when applying land use scenarios in the domain
of the Amazon basin without the Ucayali River basin. This
resonates with the findings in Sect. 3.1 that applying land use
scenarios outside of the watershed boundary has negative in-
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fluences on the runoff of the target sink and is discussed in
the following section.

4 Discussion
4.1 Sensitive sinks under pressure

The sensitive areas most dependent on the moisture recycled
from the Amazon forest have been identified as being situ-
ated in the Peruvian Amazon and its transition to the Andes,
such as the Junin, Cusco, and Puno regions, and a part of
western Bolivia. Given that the average annual rainfall of the
sensitive areas is 997 mmyr~! (on average 74.7 % from ter-
restrial recycling), the 11.3-38.5 % rainfall reduction from
the upper bound of our investigation has considerable im-
pacts on the ecosystems and agriculture in these areas, espe-
cially during dry seasons (Bagley et al., 2014; Alves et al.,
2017). Though this upper limit in which land use change
takes place in the whole Amazon is hypothetical, land use
change within the MIP, covering 3.5 % of the Amazon, is
possible (Aguiar et al., 2016). As it controls half the Ama-
zonian provision of evapotranspiration in the sensitive areas,
the land use change taking place in the MIP has a greater
ability to alter the rainfall of the sensitive regions compared
with that which occurs in the rest of the Amazon basin. The
location of the MIP for the sensitive areas is identified here
in the Ucayali and Madre de Dios region of Peru, as shown in
Fig. 3. About 2.76 % of the forests were cleared in the Ucay-
ali region in the period between 2001 and 2014 (MINAM,
2017) but the deforestation rate is expected to increase be-
cause of continuing migration into these regions and increas-
ing investment in roads and transportation (Piu and Menton,
2014).

Our results on the spatial pattern of rainfall dependency
in the Amazon basin (Fig. 2) agree with maps produced in
studies on other aspects of moisture recycling (Eltahir and
Bras, 1994, Figs. 4 and 6; Burde et al., 2006), though the
rainfall dependency may be slightly overestimated along the
Andes because of the imbalance between the input precip-
itation TRMM product and the evapotranspiration product
MODI6ET (Zemp et al., 2014). Nevertheless, the overes-
timation is small when the MOD experiment reports gen-
eral agreement with other studies using other datasets and
other moisture tracking approaches (see Table 2; Zemp et al.,
2014).

4.2 Interconnected aerial and surface rivers — spatially
different response to land use change

Our investigation suggests that the sensitive areas’ rainfall
reacts more significantly to land use change in the Ama-
zon basin, by doubling the average rainfall reduction of the
Amazon basin and tripling that of the South American con-
tinent average, and this propagates to the runoff responses
in the sensitive areas. Taking the upper bound investigation
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for instance, significant drops in evapotranspiration due to
land use scenarios applied within the Amazon basin lead to
higher runoff estimates (P — ET surpluses) throughout the
basin. However, these runoff rises are more compensated for
in sensitive catchments which experience more significant
rainfall reduction by land use change. This is reflected in the
spatial heterogeneity in the extent of runoff response across
basins (Fig. 6; also see Table 5 for the comparison between
the Ucayali River basin and the Madeira River basin runoff
responses). As shown in Fig. 6, the rise in P —ET in each
scenario becomes less prominent towards the western Ama-
zon, corresponding to growing sensitivity of the rainfall to
Amazonian land use change (see Fig. 2). The north-eastern
part of the Amazon, where rainfall is the least dependent on
Amazonian evapotranspiration, shows the greatest growth in
the P — ET surplus in all scenarios.

We estimated altered rainfall as a result of land use change
through the moisture recycling process while neglecting the
moisture pathway dynamic resulting from the altered en-
ergy balance (Shukla et al., 1990; Bonan, 2008; Mahmood
et al., 2014; Lejeune et al., 2015), the deepening convective
boundary layer (Fisch et al., 2004), and the reduction in sur-
face roughness (Khanna and Medvigy, 2014) after land use
change. Nevertheless, our estimate of shifts in rainfall caused
by land use change is in line with results from studies con-
sidering such effects. Our calculation of an annual rainfall
reduction of 10.4-12.7 % in both wet and dry pastureland
Amazon scenarios falls in the range of a mean 16.5+ 13 %
reduction in annual rainfall in the Amazon basin, reported
from 44 global general circulation model (GCM) and re-
gional climate model (RCM) studies that hypothetically con-
vert 100 % of the Amazon into soybean or pastureland use in
Spracken and Garcia-Carreras’s (2015) meta-analysis. A to-
tal of 18 out of the 44 studies also considered roughness and
albedo changes through coupled runs with land surface mod-
els or biosphere models. Our estimates are still in agreement
with their results, reporting an average 15.3 & 8 % reduction
in annual Amazon rainfall (Spracklen and Garcia-Carreras,
2015). In this case, the neglected processes have minor influ-
ences on our overall results.

As for runoff discharges, modelling outputs from previ-
ous studies applying Amazon deforestation scenarios have
diverse predictions. Some report increases after land use
change (Dirmeyer and Shukla, 1994; Lean and Rowntree,
1997; Kleidon and Heimann, 2000) and some found a de-
crease (Henderson-Sellers et al., 1993; Hahmann and Dick-
inson, 1997; Voldoire and Royer, 2004). Our results show
that runoff response differs from basin to basin and depends
on alternative land use practices. This spatial heterogeneity
in the P — ET response (as shown in Fig. 6) may contribute
to the diversity of the findings from previous studies.

Hydrol. Earth Syst. Sci., 22, 911-927, 2018



920 W. Weng et al.: Aerial and surface rivers: downwind impacts on water availability from land use changes

Table 6. Estimated changes in annual rainfall (A P) and runoff (A R) over the Ucayali River basin outlet following land use scenarios in the

Amazon basin and the Amazon basin excluding the Ucayali basin.

Land use change domain Amazon basin excluding

the Ucayali basin Amazon basin
Ucayali River outlet’s water regime AP AR AP AR
Bare soil —23% —69 % —26% +33%
Dry pastureland —17% —49 % -19% +18%
Wet pastureland —14% —41 % —16% +11%
Rice cropping 9% —27 % —10% —1%

4.3 Water conservation hotspots outside of watersheds

Our results suggest that a given region’s water availability is
not only related to land activities in its upstream watershed
but is also highly controlled by those in its MIP and its wa-
tershed’s MIP. These are the areas not necessarily located in
the upstream watershed, which is traditionally considered in
land use assessments for water conservation.

The importance of land use change in the MIP on the tar-
get sink’s rainfall is shown by comparing it with impacts on
rainfall by land use change in the whole Amazon (the upper
bound investigation in Sect. 3.2). In our exploration for the
Ucayali River basin outlet as a target sink, land use change
in its MIP results in a 5-12 % drop of the target sink’s rain-
fall. This is considerable compared with a 10-26 % decrease
in the target sink’s rainfall by land use change in the whole
Amazon basin, 9 times the size of the target sink’s MIP. In
contrast, when land use change occurs in the Ucayali River
basin, the reduction in the target sink’s rainfall is consider-
ably lower (by less than 5 %).

The interconnection between surface rivers and aerial
rivers implies that the land use changes taking place outside
of the watershed can be crucial to the runoff reception, as also
found in Wang-Erlandsson et al.’s (2017) global analysis. In
fact, in our investigation, land use change that happens in the
target sink’s upstream watershed brings converse impacts on
runoff compared with land use change taking place outside of
the target sink’s upstream watershed. We found an abundant
increase in the runoff received in the Ucayali River outlet, the
target sink, when land use scenarios are applied in the Ucay-
ali basin. This is consistent with modelling and observational
studies that investigate runoff response to land use change in
a specific sub-basin or catchment (Costa et al., 2003; Coe et
al., 2011; Panday et al., 2015). However, the runoff reduces
by 27-69 % when employing land use scenarios in the do-
main of the Amazon basin excluding the Ucayali River basin
(see Table 6). Within this area, land use change in the MIP of
the watershed is more influential on the target sink’s runoff.
The result is a 19-50 % reduction, even though its areal con-
tent is less than half that of the Amazon basin excluding the
Ucayali basin. These results also reflect that when applying
land use scenarios at a pan-Amazon scale, runoff estimates of
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a specific watershed yield contradicting responses to land use
change in different moisture source areas (within the water-
shed a positive response, outside of the watershed a negative
response).

4.4 Managing interconnected surface and aerial rivers
crossing boundaries

Our results suggest that sensitive sinks (e.g. the sensitive ar-
eas; see Sect. 3.1) and influential sources such as the MIP
of the given region and the MIP of its watershed are the ar-
eas crucial for managing water availability under intercon-
nected aerial and surface river regimes. In order to do this,
transboundary involvement crossing regions, municipalities,
provinces, or countries is necessary. For example, our re-
sults of the sensitive pairs reflect that as they are located in
the downstream area of the aerial river, the Bolivian sensi-
tive areas should recognize the importance of the land ac-
tivities in the neighbouring Peruvian Amazon. For another
example of the target sink in the Ucayali basin outlet, though
its watershed area is located completely in Peru, its MIP
has Peruvian, Brazilian, and Colombian components. There-
fore, for the Amazon countries’ sustainable use and manage-
ment of the fresh water, understanding the roles in the aerial
river regime within and across individual countries and ini-
tiation of co-management are crucial. Previously, Dirmeyer
et al. (2009) have investigated the imports and exports of the
moisture per country globally. Though these moisture bud-
gets can be useful for understanding each country’s depen-
dency, they provide limited spatial information for conser-
vation targets. Keys et al. (2012) introduced the concept of
precipitationsheds to identify areas providing moisture for
precipitation in downwind areas. We extended the discussion
on precipitationshed boundaries (Keys et al., 2014, 2017) by
showing that a particular component of the precipitationshed
with small areal extent can be especially influential (MIP)
for rainfall and that the interlinkage between the aerial and
surface rivers marks the importance of the MIP of the wa-
tershed for runoff. The identification of such hotspots and
quantification of potential hydrological influences by land
use change within them provide conservation targets for the
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sustainable management of interconnected surface and aerial
river regimes crossing boundaries.

4.5 Limitations

Our analysis based on the average output of the period 2000-
2010 from the MOD experiment has not accounted for the
interannual variation of moisture recycling, though it is gen-
erally reported as small in the Amazon basin (Bosivolich and
Chern, 2006). However, we note that the two major droughts
(2005 and 2010) in the simulated period of the MOD experi-
ment may lead to an overestimation of the moisture recycling
influence (Bagley et al., 2014). The seasonal variation was
also masked despite the slight difference (3—5 %) reported by
Zemp et al. (2014) between dry and wet seasons in the pre-
cipitation recycling ratio in Amazonia over the investigation
period. We are aware that the spatial patterns of recycling
vary through the seasons (Arraut et al., 2012; Zemp et al.,
2014) and that this can influence the identification of the MIP
location. However, Keys et al. (2014) concluded that the core
part of precipitationsheds can be suggestive for the analysis
of terrestrial precipitation recycling, which may be reflected
by our decadal average results. Still, further studies that fo-
cus on seasonal specific purposes such as rain-fed agriculture
should take the growing season’s precipitationshed shift into
account.

Other uncertainties could remain in the extrapolation of
LBA-ECO flux tower data measured in the Santarém region
for the entire Amazon basin. The spatial variability in evap-
otranspiration that might arise from varying environmen-
tal conditions (Fisher et al., 2008) is not considered. How-
ever, the evapotranspiration approximation is still site- and
ecoregion-based (Christoffersen et al., 2014), while the evap-
otranspiration modelling power over Amazon forest ecosys-
tems is still poor (Karam and Bras, 2008; Werth and Avissar,
2004; Maeda et al., 2017). A similar limitation is shown in
our estimation of surface runoff. Our assumption of steady
groundwater storage is restrained by the fact that a lack of ad-
equate soil hydraulic information (Miguez-Macho and Fan,
2012) leads to a modelling challenge of groundwater dy-
namics across the Amazon basin in addition to the lack of
groundwater observation data due to remoteness. The devel-
opment of remote monitoring tools such as the Gravity Re-
covery And Climate Experiment (GRACE) satellite mission
(Tapley, 2004) allows the examination of the terrestrial wa-
ter storage (TWS) and can be potentially used for estimating
groundwater storage (Rodell and Famiglietti, 2002). How-
ever, the groundwater storage’s importance in regulating the
TWS change still remains inconclusive in the Amazon basin.
While some studies found river water storage to explain most
of the TWS variation (Kim et al., 2009), some others found
groundwater storage dominance (Niu et al., 2007; Pokhrel et
al., 2013) or the equal importance of both (Alkama et al.,
2010) in contributing to TWS changes due to process repre-
sentation differences in the models.
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In the present study, we focus on the effect of land use
change on moisture availability through the moisture re-
cycling process. Other processes are also known to be in-
volved in shifting water regime when land use change oc-
curs, for example, rising aerosols modifying cloud micro-
physics (Koren et al., 2012), altered infiltration and hy-
draulic redistribution (Lee et al., 2005; Yeh and Famigli-
etti, 2009), changed surface roughness (Khanna and Med-
vigy, 2014; Khanna et al., 2017), and its forcing on convec-
tive systems (Baidya Roy and Avissar, 2000; Baidya Roy,
2002; D’ Almeida et al., 2006). Feedback mechanisms such
as vegetation—atmosphere interaction intensifying droughts
and driving large forest dieback (Nepstad et al., 2008; Malhi
et al., 2009; Zemp et al., 2017a, b) can also influence the
rainfall and runoff regime. Since our study has suggested the
sensitive sinks and influential sources’ importance for cal-
culating the shifts in water regime, further studies on how
these processes interact with moisture recycling spatial het-
erogeneity can further advance our insights into the water
regime shifts caused by land use change.

5 Conclusion and outlook

From our analysis of the moisture recycling process, we con-
clude that the impacts of Amazonian land use change on
the water regime have spatial heterogeneity in two ways.
First, hydrological responses in moisture sinks vary spa-
tially. Second, land use change in different locations exerts
varying influences. This spatial difference implies sensitive
sinks and influential sources where land use change could
have strong downwind impacts on water availability. Using
a moisture tracking experiment of a water balance model
(WAM-2layers), we have identified the areas sensitive to
Amazonian land use change in the area of semi-arid south-
ern Peru and eastern Bolivia. We quantified changes in rain-
fall and runoff by various land use scenarios in the Amazon
and found that sensitive areas experience a more significant
rainfall reduction (11.3-38.5 %, depending on scenarios) and
a lower runoff increase (0.9-32.7 % in the Ucayali River,
depending on scenarios). In addition, we add to recent dis-
cussions on precipitationshed boundaries by introducing the
concept of MIPs (most influential precipitationsheds), where
the most important source areas of moisture for a given re-
gion are collectively situated (within a relatively small area)
and backtracked the MIP of the sensitive areas, which is lo-
cated in the Ucayali and Madre de Dios region in the Pe-
ruvian Amazon. We further explored the varying influences
of land use change on a target sink’s water availability from
different source areas and found that land use change in the
upstream watershed of the target sink leads to a runoff rise,
while land use change occurring outside of the target sink’s
upstream watershed leads to a reduction in runoff. We also
identified the MIP of the target sink’s upstream watershed
as the hotspot for conserving runoff (19-50 % reduction, de-
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pending on scenarios) and the MIP of the target sink as the
hotspot for conserving rainfall (5-12 % reduction, depending
on scenarios) for land use assessment. Our results also show
that the 40 % threshold MIP utilized in the present study is
plausible in reflecting important regions of moisture contri-
bution to a given sink. However, the MIP threshold for fur-
ther studies should be decided depending on different study
purposes, tools, and focus regions.

The importance of spatially different land use change im-
pacts on the water regime found in our analysis can ex-
plain the diversity of other modelling experiments’ findings.
Macro-scale experiments reflect aggregated influences and
responses from different spatial components; thus they do not
contradict different findings from mesoscale experiments, in
which estimates are geographically specific. Nevertheless,
for conservation targets, these aggregated results are rarely
suggestive. For future meso-scale analysis, we suggest a shift
of spatial focus from a pure watershed study because land
use changes outside of a target area’s watershed can also be
very influential. Our results also reflect that the deforesta-
tion tipping point, beyond which rainfall changes will lead
to strong rainfall reductions with drastic ecological impact
on the forest (Lawrence and Vandecar, 2015; Zemp et al.,
2017b), can be lower when the deforestation takes place in
influential source areas, such as MIPs.

At a national level, we suggest that a crucial step towards
the Amazon countries’ sustainable usage of water (resonat-
ing the fulfilment of SDGs 6 and 15) is to include the influ-
ence of land activity in water management. However, as op-
posed to only traditionally recognizing upstream watershed
regions in water management, land use in the precipitation-
sheds, especially the MIPs, is of importance in both the rain-
fall and runoff regime sustaining the ecosystem (Coe et al.,
2013) and agriculture (Bagley et al., 2012; Keys et al., 2014).
Our results also highlight the importance of transboundary
cooperation along both the surface and the aerial river for
managing water regime shift caused by land use change. Top-
down international laws and regulation offer an opportunity
(Keys et al., 2017) but bottom-up national efforts should fo-
cus on understanding each country’s role in the aerial river
regime crossing boundaries and the places in need of action.
This can be done by recognizing the moisture sinks sensitive
to land use change and locating influential sources (MIPs)
that exert strong controls on the rainfall and runoff regime
and water availability of the sensitive regions, as demon-
strated in the present study.

Code availability. The WAM-2layers model code is available
at https://github.com/ruudvdent/WAM2layersPython under the
GNU General Public License.
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al. (2004).
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