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The hydrology of the Amazon River basin (ARB) has been extensively studied; however, critical scientific gaps
remain regarding key processes that govern hydrologic dynamics and the resilience of the rainforest. This inhibits
the understanding of hydrological considerations needed for sustainable forest management under climate
change and growing human stressors. Here, using high resolution (~2km), long-term simulations from a process-
based hydrological model (LEAF-Hydro-Flood), we investigate the dominant hydrological processes across the
ARB, their key roles in shaping basin functions, and the decadal evolution therein. Results indicate that shallow
groundwater (<5m deep) strongly modulates the seasonality of the surface fluxes across the ARB and at least
34% of the Amazonian Forest is supported by groundwater during the dry season. A two-month lag between the
seasonal peak of evapotranspiration (ET) and river discharge is a key mechanism that potentially prevents the
rainforest from tipping into savanna. The dry season in the ARB is getting drier and the wet season is getting
wetter, pointing to an accelerating hydrologic cycle. The ARB is dominantly energy limited, however, our results
imply that in the absence of groundwater support, and with less than ~125 mm/month of precipitation, the basin
could have become water-limited over some regions. The long-term basin-averaged ET—dominated by tran-
spiration—changed with a split pattern of +9% in the past three decades. Similarly, water table depth (+19%)
and runoff (£29%) changed with heterogenous patterns across the ARB. Further, the contribution of canopy
interception loss and ground evaporation changed heterogeneously across the ARB in response to deforestation.
River discharge did not change substantially due to the crucial buffering role of groundwater, but terrestrial
water storage (TWS) decreased (increased) in the 2000s (2010s) compared to that in the 1990s. Although
groundwater is the dominant contributor to total TWS, the dynamics of TWS over the major river channels are
controlled by flood water, given relatively shallow groundwater. This study provides crucial insights on the
dominant hydrological processes in the ARB to inform forest management practices.
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1. Introduction basin functioning (e.g., carbon storage, maintenance of biodiversity, and

climate regulation) in the ARB has been altered substantially over the

The Amazon River basin (ARB) is home to the most extensive tropical
forest biome on the planet (e.g., 40% of the global tropical forest area)
and is also one of the tipping elements of the Earth system (Aragao et al.,
2014; Laurance et al., 2001; Lenton et al., 2008; Schellnhuber, 2009;
Weng et al., 2018). The basin is an important component of global
biodiversity as well as global water, energy, and carbon cycles, and plays
a key role in the global climate system through precipitation recycling
and atmospheric moisture transport (Arvor et al., 2017; Fan and Miguez-
Macho, 2010; Fassoni-Andrade et al., 2021; Laurance et al., 2002; Malhi
et al., 2008; Soares-Filho et al., 2006; Werth and Avissar, 2005). The
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past few decades due to climate variability and human disturbances with
deforestation as the dominant form; the deforestation is primarily a
result of cattle ranching and replacement of forests with pasture at the
agriculture frontier (“arc of deforestation”) in the southern subbasins
(Bagley et al., 2014; Costa et al., 2007; Costa and Pires, 2010; Davidson
et al., 2012; Guan et al., 2015; Fearnside, 2000; Moore et al., 2007;
Morton et al., 2006). In addition, rapid population growth, timber
extraction, mining, forest fires, and road network expansion are among
other sources of land use and land cover (LULC) change in the ARB
(Foley et al., 2005; Soares-Filho et al., 2006).
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The hydrological cycle in the ARB is strongly modulated by evapo-
transpiration (ET) and frequent (up to 7 recyclings per water molecule)
(Salati et al., 1979; Staal et al., 2018; Weng et al., 2018) and substantial
(25-50% of total Amazonian rainfall) moisture recycling (Aragao, 2012;
Eltahir and Bras, 1994; Spracklen et al., 2012; Staal et al., 2018; Van Der
Ent et al., 2010; Zemp et al., 2017). Therefore, the basin’s hydrologic
system is highly susceptible to widespread deforestation and forest
degradation because it can substantially reduce moisture availability for
recycling by increasing surface runoff (Lovejoy and Nobre, 2019; Malhi
et al., 2008; Schellnhuber, 2009; Zemp et al., 2017). In addition, the
possibility of having positive feedback due to tree loss might exacerbate
deforestation impacts (Zemp et al., 2017); tree loss reduces both ET and
rainfall, lengthening dry season, reducing humidity, and potentially
increasing forest fire (Zemp et al., 2017). Over most of the deforested
areas in the ARB, land use is beyond moderate intensity and the hy-
drologic system has evolved under climate variability and anthropo-
genic disturbances, especially land use change (Chagas et al., 2022). For
example, wet (dry) season is becoming wetter (drier) during the past
decades in around one-third of the ARB (mainly in southern and eastern
regions of the basin) (Leite-Filho et al., 2019) and the seasonal storage
deficit has increased over time (Chaudhari et al., 2019). In addition,
vapor pressure deficit (VPD) is increasing over South America (Bar-
khordarian et al., 2019) and mortality rate of wet-climate tree species
where dry season is becoming longer is increasing (Esquivel-Muelbert
et al., 2019). Moreover, due to the increase in the frequency of extreme
droughts, higher temperatures and increased forest degradation, the
rainforest is becoming more vulnerable to fires (Aragao et al., 2018).
Therefore, over many of the deforested regions, especially in southern
and eastern ARB, the hydrological system is likely being transformed
with some changes being potentially irreversible (Lovejoy and Nobre,
2019).

Several studies have predicted that with the current rate of defor-
estation and biodiversity loss, the ARB may have two tipping points,
which could lead to savannization of the bistable regions of the tropical
forest through loss of moisture recycling as a result of crossing the 40%
deforestation threshold (change in internal state of the system due to
anthropogenic impacts) or a 4°C increase in temperature (global/
regional climatic drivers) (Cox et al., 2004; Nobre et al., 2016; Nobre
and Borma, 2009; Sampaio et al., 2007; Schellnhuber, 2009; Soares-
Filho et al., 2006; Staver et al., 2011; van Nes et al., 2016; Walker,
2020; Zak and Nippert, 2012). However, based on the Assessment
Report 5 of the Intergovernmental Panel on Climate Change (IPCC) and
by going beyond a single-factor in explaining the forest degradation and
considering the combined roles of global warming, deforestations and
wildfires, the threshold for deforestation has been suggested to be as low
as 20-25% instead of 40%, which could push the ARB toward an open-
canopy degraded state, a very likely near future scenario (Lovejoy and
Nobre, 2019; Nobre et al., 2016; Walker, 2020). Other studies have
shown that temperatures in the region rose by 1-1.5°C over past six
decades (Nobre et al., 2016), ~18% of the forest area is deforested
(Mapbiomas_Amazonia, 2022), forest degradation reached 17%
(Bullock et al., 2020; Matricardi et al., 2020), forest fires significantly
increased (Aragao et al., 2018), dry season lengths (number of consec-
utive days with less than 50 mm rainfall) are three to four weeks longer
in comparison to six decades ago (Fu et al., 2013), and dry season water
storage deficit is on a divergent trend (Chaudhari et al., 2019). Some
studies suggest that the increasing frequency of unprecedented droughts
such as those of 2005, 2010, 2015-16 and 2020 could be signaling that
the tipping point is at hand (Bagley et al., 2014; Lovejoy and Nobre,
2019; Walker, 2020). Therefore, there is a need to reduce deforestation
in the ARB, rebuild the lost forest in its southern and eastern regions and
to provide science-based guidelines to assist forest management policies
(Lovejoy and Nobre, 2019; Walker, 2020).

Globally, passive and active approaches have been used to alleviate
environmental stressors and to restore the forest through a secondary
succession (Morrison and Lindell, 2011; Poorter et al., 2021). To
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measure the success of forest restoration, typical characteristics such as
forest structure and diversity and ecosystem functioning are compared
between the old-growth forest and the secondary forest where hydro-
logical functioning is often neglected (Poorter et al., 2021). While tree
restoration has been recognized as an effective way to store carbon and
mitigate the impacts of climate change, not many studies have consid-
ered the hydrological effects of tree restoration (Hoek van Dijke et al.,
2022). A recent study on the impacts of large-scale tree restoration
showed that restoration can significantly alter terrestrial water cycle at
different spatial scales and the impacts are non-linear and complex
(Hoek van Dijke et al., 2022). Traditional management policies in the
ARB were commonly developed focusing on maximizing economic
benefits and neglecting hydrological roles of the forest (Nobre et al.,
2016). Such omission of the hydrological roles arises partly from the
lack of a comprehensive understanding of the short- and long-term im-
pacts of management practices over varying temporal and spatial scales.
As such, it is imperative that we better understand the dominant hy-
drological processes across the ARB that govern forest resilience and are
crucial for improved management practices. In addition, since forest
management can have long-term implications on the future of the ARB,
it is important that such studies investigate the decadal evolution of the
dominant processes under climate variability and human disturbances.
Lastly, identifying warning signals can help better monitor the impacts
of management policies on the terrestrial hydrological cycle.

However, observational data—even those based on remote sen-
sing—for such long-time scales and all relevant hydrological variables
are lacking, especially for the entire ARB, or are available at short
temporal scales, which make hydrological modeling the only viable
option to study the terrestrial hydrology of the ARB. Early hydrological
modeling studies in the ARB were conducted to uncover the underlying
processes involved in moisture recycling and to study the impact of
LULC change on the water cycle (Costa and Foley, 1999; Eltahir and
Bras, 1994; Nobre et al., 1991; Shukla et al., 1990; Zeng, 1999; Zeng
et al.,, 1996). These studies have emphasized the importance of land-
—atmosphere feedback in hydrological modeling to reduce the uncer-
tainty in the results as some earlier studies found contradictory
outcomes associated with neglecting the feedback (Eltahir and Bras,
1994). The limitations in required data and computational resources to
run distributed hydrological land surface models in the past lead to
significant growth of lumped hydrological models and data-based
studies in the ARB. Lumped models are valuable tools to understand
the big picture of hydrology in the ARB and to address wide range of
research questions, however, they do not fully account for the hetero-
geneity in biomes and are simplistic in parameterizing various storages
and fluxes, making them inappropriate for studies on process charac-
terization (Heerspink et al., 2020; Maeda et al., 2017).

Advances in process-based hydrological modeling and remote
sensing methods have provided new opportunities to simulate basin
hydrology and study the dominant terrestrial hydrological processes
(Clark et al., 2015; De Paiva et al., 2013; Frappart et al., 2019; Getirana
etal., 2012; Pfeffer et al., 2014). Such models have been used to simulate
groundwater dynamics across the ARB, leading to fundamental ad-
vances in the understanding of the role of groundwater and providing
opportunities to disentangle research questions that were not possible to
address before (Chaudhari et al., 2021; Miguez-Macho and Fan, 2012a,
b; Pokhrel et al., 2014, Pokhrel et al., 2013). For example, Miguez-Ma-
cho and Fan (2012a) investigated the role of groundwater on the surface
water dynamics of the ARB and the buffering role of groundwater during
the dry season based on the results of LEAF-Hydro-Flood (LHF) simu-
lations. They found that the dynamics of WTD dominates streamflow in
the headwater catchments and the two-way exchanges of surface and
subsurface water over the large floodplains. In addition, shallow WTD
supports large areas of waterlogged wetlands that are rarely flooded. In
a following study, Miguez-Macho and Fan (2012b) investigated the role
of groundwater in mitigating water stress on related processes to soil
moisture and ET. Further, Pokhrel et al. (2013), studied the influence of
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groundwater on terrestrial water storage (TWS) using LHF model,
finding that subsurface storage dominates the dynamics of TWS over a
major part of the ARB; however, they reported that where WTD is
shallow, the dynamics of TWS is governed by floodwater. In another
study and based on the results of the LHF model, Chaudhari et al. (2019)
investigated the dominant mechanisms modulating the dynamics of
TWS and droughts over the ARB. They suggested that the ARB is getting
wetter overall, but the southern and southeastern subbasins are getting
drier with the dry season water storage deficit on a divergent trend. A
recent study suggests that the double stress of waterlogging and drought
is the primary driver of forest-savanna coexistence with alternating
drought and waterlogging at the seasonal scale favoring savanna over
forests (Mattos et al., 2023). Despite the findings in recent studies, to the
best of our knowledge, there are no comprehensive studies that inves-
tigated the key processes governing the hydrologic dynamics at the
basin and subbasin scales across the ARB, the linkages therein, and their
historical evolution.

The present study addresses the aforementioned research and
knowledge gaps by answering the following science questions. (1) How
did the fundamental hydrological processes in the ARB evolve over the
past three decades? (2) What key factors govern the seasonality of the
ARB at the basin and subbasin scales? (3) To what extent can hydro-
logical variables in the ARB serve as viable early or late warning signals
of alterations in the terrestrial water cycle during secondary succession?
(4) What are the implications for forest management that can be derived
from the findings of studies such as ours? We hypothesize that the
shallow water table depth (WTD<5m) was a key attribute that sup-
ported the ARB’s hydrologic regime during the past three decades
against climate variability and anthropogenic disturbances. As such,
shallow groundwater fraction area could be taken as a proxy to monitor
the impacts of human activities on the basin’s hydrology and ecosystem
functioning. Our second hypothesis is that the changes in the spatial
distribution of ET serve as a direct measure of the hydrological impact of
large-scale LULC changes in the basin. In addressing these questions and
hypotheses, we first identify the dominant hydrological mechanisms by
using the results from a basin-scale, fully process-based hydrological
model. Then, we investigate how the key hydrological processes have
evolved over the last three decades. Finally, we examine the role of the
governing hydrological processes for sustainable forest management in
the ARB.

2. Methods
2.1. Model description

The model used in this study is LHF (Miguez-Macho and Fan, 2012a,
b; Pielke et al., 1992; Pokhrel et al., 2014, 2013; Walko et al., 2000). As
described in detail in Miguez-Macho and Fan (2012a), LHF is a fully
process-based hydrology model capable of resolving coupled surface
and subsurface hydrological processes at the continental-scale. The
model was developed at two stages Dbuilding on the
Land-Ecosystem-Atmosphere Feedback (LEAF), the land-surface
component of Regional Atmosphere Modeling System (RAMS) (Walko
et al., 2000). The physics in the original LEAF model is described in
detail in Walko et al. (2000). Turbulent and radiative exchange of the
atmosphere with multilayer soil and snow water and thermal energy,
surface storage, vegetation canopy, canopy air are inherited features of
LEAF in LHF (Miguez-Macho and Fan, 2012a,b). These include the pa-
rameterizations for simulating ET, which are similar to those used in
state-of-the-art land surface models (e.g., Lawrence et al., 2019); details
are available in Walko et al. (2000). However, LEAF parameterizations
including representation of sub-grid hydrologic heterogeneity, lateral
soil water movement based on TOPMODEL (Beven and Kirkby, 1979)
and groundwater flow processes have been replaced with new schemes
or largely improved. The new developments and enhancements have
been particularly tested over the ARB as described in the following.
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At the first stage of LHF development over North America (Miguez-
Macho et al., 2007), LEAF-Hydro was adapted from LEAF by adding a
prognostic groundwater module to allow (1) the rise and fall of water
table or shrinkage and growth of the vadose zone, (2) the recharged
water table to reach a new equilibrium following a rain event by dis-
charging into rivers within a grid cell and convergence and divergence
of lateral flow among adjacent cells, (3) two-way exchange between
surface water and groundwater to represent both gaining and losing
streams, (4) river routing to the ocean using the kinematic wave method
and (5) sea level to influence coastal drainage by assigning the sea level
as the groundwater head boundary condition. During the second stage
over the ARB (Miguez-Macho and Fan, 2012a,b), LHF was developed
through further enhancement of LEAF-Hydro by incorporating a
river-floodplain routing scheme to estimate streamflow more realisti-
cally by solving the full momentum equations of open channel flow, also
considering back water effect and the inertia of deep flow, which are
both significant in the ARB (Bates et al., 2010; Miguez-Macho and Fan,
2012a,b; Yamazaki et al., 2011). The incorporation of flood dynamics
also enabled an explicit simulation of floodwater-groundwater in-
teractions, a dominant process in the ARB. The initial LHF studies over
the ARB provided an extensive evaluation of many hydrologic variables
across the basin (Miguez-Macho and Fan, 2012a,b). The model was
subsequently used in numerous studies that presented further evalua-
tions using observational and satellite-based data on various hydrologic
fluxes and stores, and by using different atmospheric forcing datasets
demonstrating robust model performance over the ARB (Brown et al.,
2022; Chaudhari et al., 2021, 2019; Chaudhari and Pokhrel, 2022;
Miguez-Macho and Fan, 2012a,b; Pokhrel et al., 2014, 2013).

2.2. Atmospheric forcing

LHF model in this study is forced with ERAS5 reanalysis (Hersbach
et al., 2020) available from 1950 to present at the spatial resolution of
0.25 degree and hourly time steps. The availability period and the
spatial resolution were the main reasons for using EAR5 data. In pre-
vious studies, LHF results forced by WATCH Forcing Data methodology
applied to ERA-Interim (WFDEI) reanalysis were successfully validated
over ARB, however, the dataset is not available after 2019 (Chaudhari
et al., 2019). Staal et al. (2020) used ERA5 over the ARB to conduct
hydrological and atmospheric moisture tracking simulations and their
results showed that ERA5 performs better than ERA-Interim in esti-
mating wind fields and rainfall, especially in tropics (Staal et al., 2020).
A total of eight variables from ERA5 dataset are used: precipitation,
surface pressure, surface solar (i.e., shortwave) radiation downwards,
surface thermal (i.e., longwave) radiation downwards, air temperature,
dewpoint temperature, u- and v-components of wind speed. Specific
humidity is calculated from dewpoint temperature and surface pressure.
The 3-hourly data at the coarser resolution noted above are spatially
interpolated within LHF to the model grid resolution (~2km) using a
bilinear interpolation (Chaudhari et al., 2021; Pokhrel et al., 2013,
2014; Miguez-Macho and Fan, 2012a).

2.3. Land Use/Land cover and LEAF area index

The annual LULC maps are derived from the European Space Agency
(ESA) Climate Change Initiative’s Land Cover project; the original data
are reclassified and aggregated to match the land use categories used in
LHF, following our previous study (Chaudhari et al., 2019). Specifically,
the 22 classes from the ESA land cover maps are reclassified into the 30
classes of LHF (Table S3). The datasets comprise an annual time series
land cover maps with 300-meter spatial resolution for the 1992 to 2020
period. The baseline maps in the ESA dataset are generated using the
Medium-spectral Resolution Imaging Spectrometer (MERIS) instrument
based on the UN Land Cover Classification System (LCCS) and the maps
were further modified based on the detected changes in LULC by AVHRR
(1992-1999), SPOT-Vegetation  (1999-2012), and PROBAV
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(2013-2020) instruments. The LHF model updates LULC on an annual
basis to account for year-to-year LULC changes; in the ARB, these annual
changes are largely caused by human activities. The lookup table for leaf
area index (LAI) is derived by overlaying the ESA land use map over the
LAI maps from Moderate Resolution Imaging Spectroradiometer
(MODIS) for the period of 2000 to 2020 and using a pixel-by-pixel
analysis and the monthly values (Table S4) are calculated from the
long-term 4-day mode of LAI for each LHF land cover class.
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2.4. Simulation setup

The LHF model is set up for the entire ARB (~7.1 million km?)
including the Tocantins River basin (Fig. 1). Simulations are conducted
for the 1979-2020 period at a spatial resolution of 1 arcmin (~2km)
with a time step of 4 minute as in previous studies (Chaudhari et al.,
2019; Pokhrel et al., 2013, 2014; Miguez-Macho and Fan, 2012a), and
the output is saved at daily time steps. To capture the hillslope processes
at up to the first-order stream valleys, very fine spatial scale for the
simulations is desired, however, due to the computational costs and the
coarse resolution of input data (such as soil characteristics) the spatial
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Fig. 1. River discharge validation based on monthly average values derived from daily river discharges at 55 gauge stations across the ARB. The size of the circles in
the top panel indicates flow magnitude with each of the three portions of the circles showing a model performance metric: PCC (red), KGE (green), and NSE (blue).
The background image shows simulated river discharge indicated by line thickness (~2km grids). The grid panels at the bottom depict the long-term seasonal cycle of
monthly river discharge for 12 major gauge stations indicated on the top panel. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)



O. Bagheri et al.

resolution of 1 arcmin is chosen as a tradeoff, as in previous studies.
Reservoirs are not considered in the simulation, however, based on
previous studies the impact of the reservoirs in the ARB are not sub-
stantial in the downstream reaches (Chaudhari and Pokhrel, 2022). As
the focus of this study is to investigate the terrestrial hydrological pro-
cesses at basin and subbasin scales, the impacts of reservoirs would not
alter the findings. Starting with the equilibrium water table (Fan et al.,
2013) for 1979, the model is spun up for ~200 times for the year 1979 to
stabilize WTD and the results for the 1992-2020 period (28 years) are
analyzed. As the primary goal of this study is to examine the dominant
processes in the ARB on a decadal scale and since the land cover and LAI
datasets are available after 1992, simulations for 1979 to 1992 are
discarded as additional spin-up. Moreover, as the model simulates land
surface, hydrologic, and groundwater processes on a full physical basis,
no calibration was performed (Chaudhari et al., 2019).

2.5. Trend analysis

The Mann-Kendall (MK) test (Kendall, 1948; Mann, 1945) which
serves as a prevalent method for detecting alterations in time-series data
(Li et al., 2014) is used to detect the long-term trend. In this study, the
detected trend is deemed statistically significant when the p value is less
than 0.05 (i.e., 95% confidence level). Moreover, we employ the Theil-
Sen slope estimator (Sen, 1968; Theil, 1950) to calculate the slope of
change which computes the median slopes of lines fitted through pairs of
data points in the dataset. Importantly, it exhibits greater robustness
against outliers compared to simple linear regression methods (Lav-
agnini etal., 2011). The outcomes of the MK test are interpreted utilizing
the z-score metric, wherein the sign of the z-score denotes the direction
and magnitude of the trend. To comprehensively address the heteroge-
neity observed in the changes across key hydrological variables in our
study, we calculate the mean slope separately for areas exhibiting
negative and positive slopes. Additionally, we compute the basin-
averaged slope to provide a more intricate understanding of the trans-
formations occurring over the past three decades within the ARB.

3. Results and discussion
3.1. Validation

The simulated streamflow from LHF is compared with observations
obtained from the Ageéncia Nacional de Aguas (ANA) in Brazil
(https://www.gov.br/ana/pt-br, last accessed: 10 September 2022). In
this regard, 55 stream gauging stations from a wide range of river
discharge magnitudes with at least 30 years of record are considered
across the ARB. Fig. 1 presents the results of three performance metrics,
namely the Pearson correlation coefficient (PCC), modified Kling—Gupta
efficiency (KGE) and Nash-Sutcliffe efficiency (NSE) (Siqueira et al.,
2018). High values for PCC, KGE and NSE metrics can be observed for
most stations, indicating overall good performance for various topo-
graphic locations and river discharge values. However, there are some
stations with relatively lower PCC, KGE and NSE, which are situated
mostly in streams with low annual mean flow and steep slopes, including
the headwaters across the Andes in Japura and Negro subbasins and
along the streams in the northeastern regions of the ARB. The lower
accuracy at those stations is likely related to high topographic gradient,
where precipitation drains quickly, causing rather erratic patterns of
seasonal streamflow, which adds challenges to resolving hillslope pro-
cesses for low order streams at 2km resolution. In addition to the above
statistical measures, the long-term seasonality of streamflow for 12
major gauge stations is compared (Fig. 1). R-squared and RSR (a stan-
dardized version of the root mean square error (RMSE) that takes the
standard deviation of the observed data at different stations into account
(Legates and McCabe, 1999)) indicate good model performance in pre-
dicting the streamflow seasonality.

As shown in previous studies (Chaudhari et al., 2019; Felfelani et al.,
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2017; Pokhrel et al., 2013) and corroborated in this study (Section 3.2),
groundwater is the major component of TWS in the ARB because over
most parts of the basin the water table is relatively shallow. Therefore,
given the lack of systematic water level observations in the ARB, TWS
validation can be used as a proxy for groundwater validation. Compar-
ison of TWS anomalies between LHF simulations and GRACE data
(Fig. 2) shows a high level of agreement for the basin-averaged anom-
alies and for most of the eight subbasin-averaged anomalies. However,
at some of the subbasins there are some differences which are likely
caused by the biases in forcing data, imperfect model parameterizations,
and potential biases in GRACE data for small subbasins (Chaudhari
etal., 2019, 2018; Felfelani et al., 2017; Longuevergne et al., 2010) such
as Tocantins. However, in all subbasins the simulated TWS follows the
patterns of precipitation anomalies (grey bars in Fig. 2), further sug-
gesting that some of the discrepancies could be attributed to precipita-
tion biases. The model performs better in the first half of the simulation
period in comparison to the second half, especially in the western sub-
basins including Solimoes and Japura, which could be partially attrib-
uted to the decreasing trend in precipitation in the first half of the
simulation period (Figure S2).

The model simulates the seasonality of TWS very well in comparison
to GRACE (low RSR and high R% Fig. 2), which adds more confidence to
the results of this study as the seasonality is a key focus area in this study
(Fig. 2). The seasonal cycle of TWS components shows the dominant role
of groundwater storage in governing TWS changes in the majority of the
subbasins, especially in the subbasins with relatively deep groundwater
(WTD>2m) such as Tocantins, Tapajos, and Xingu. However, in the
subbasins where the groundwater is relatively shallow, flood water
storage plays an equally prominent role in modulating TWS anomalies
(e.g., Solimoes, Purus, and Negro). We note that because soil moisture
storage in LHF is defined as the moisture above WTD, the seasonal cycles
of groundwater and soil moisture storage have an inverse relationship.

Decadal mean of the spatial distribution of ET is validated against
MODIS MOD16A3GF Version 6.1 (Running et al., 2021) product, a year-
end and gap-filled yearly composite dataset produced at 500m resolu-
tion for the period of 2000-present (Fig. 3A). The comparison of long-
term annual mean of ET between the LHF simulation results (Fig. 3B)
and MODIS data shows a good agreement (Fig. 3D). However, there are
notable differences over certain areas which include flood-dominated
regions, grasslands, and shrublands (Figure S2). These differences
could be attributed to the differences in the way ET is estimated. The
annual MODIS ET was derived based on the Penman-Monteith equation
(Monteith, 1965), which includes inputs of daily meteorological rean-
alysis data along with MODIS remotely sensed data products such as
dynamic vegetation properties, albedo, and land cover (Running et al.,
2021). ET in LHF is, however, calculated based on energy balance
approach (Miguez-Macho et al., 2007; Walko et al., 2000). Another
source of discrepancy is the different in spatial resolution between the
two products; model results could have higher uncertainties in regions
within waterbodies including, river channels, lakes, and wetlands,
where MODIS product might have accurately captured the ET dynamics.
In addition to MODIS ET, the long-term annual mean of ET is compared
with The Global Land Evaporation Amsterdam Model (GLEAM,; Fig. S3C)
V3.8a (Martens et al., 2017; Miralles et al., 2011) product, a set of al-
gorithms to estimate daily components of land evaporation at 0.25 de-
gree grid cell from satellite and reanalysis data for the period of 1980-
present based on the Priestly and Tylor equation (Priestley and Taylor,
1972) and Gash’s analytical model (Gash, 1979). The comparison of
long-term annual mean of ET between the LHF simulation results and
GLEAM data shows a better agreement than MODIS over most of the
ARB (Fig. S3E). However, along the northern boundary of the ARB, the
comparison shows more discrepancy in comparison to MODIS. A further
investigation by comparing MODIS and GLEAM datasets shows that
there are notable discrepancies even between the two datasets
(Fig. S3F), making it difficult to draw a clear conclusion on model per-
formance. In general, given that MODIS and GLEAM ET are also
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Fig. 2. Validation of TWS anomalies obtained from LHF simulations against GRACE anomalies (CSR Mascons) for the entire ARB and its eight subbasins for the
period of 2002-2020. Basin and subbasin-averaged precipitation anomalies are obtained from ERAS5 dataset (grey bars). Seasonal cycles of GRACE and simulated
TWS and its components are shown in the right panel of each time series. GRACE results are shown as the mean of mascon solutions and simulated TWS anomalies are
calculated with respect to the anomaly window of 2004-2009 for consistency with GRACE.

estimates—not true observations—that is known to include un-
certainties (Xu et al., 2019), these comparisons demonstrate that the
simulated ET is not out of bounds (Fig. 3) and add further confidence to
the results of this study.

Overall, the evaluation of river discharge, TWS, and ET with multiple
independent products, in addition to a substantial validation presented
in multiple previous studies (Chaudhari et al., 2019; Pokhrel et al., 2013,
2014; Miguez-Macho and Fan, 2012a), presents sufficient basis on the
usefulness of the model to study the dominant hydrological processes
and their spatial and temporal variability across the ARB. Further, given
that the model is fully physically based, not calibrated with observa-
tions, and applied over a large domain of the ARB, we consider the
model performance to be satisfactory for our application.

3.2. Dynamics of key hydrological processes

In this section we address the first research question by presenting an
in-depth analysis of the dynamics of key hydrological processes within
the ARB over the last three decades with a focus on various water and
energy balance components and associating the changes in these com-
ponents with major hydrologic drivers. The dynamics of the hydrolog-
ical functioning of the basin, driven by climatic and anthropogenic
factors, have substantial implications for forest and ecosystem man-
agement of the ARB. Exploring the shifts in these processes provides
insights into the basin’s sensitivity to climatic change, the impacts of

human activities, and overall forest resilience. The subsequent sub-
sections unravel the details of each hydrological component, shedding
light on the interplay among them and implications for forest
management.

3.2.1. Dynamics of groundwater mechanisms

The hydrological dynamics within the ARB have undergone sub-
stantial changes over the past three decades (Fig. 4). The variations in
WTD across the ARB exhibit a remarkable spatial heterogeneity from
east to west, serving diverse functions and roles (Fig. 4F). The WTD
varies, with shallow water tables (WTD<5m) found predominantly in
the central and northwestern regions, and deeper water tables
(5m<WTD<20m) in the southeastern parts. This spatial pattern,
consistent with earlier studies (Miguez-Macho and Fan, 2012a; Fan
et al.,, 2013), underscores the prevalence of deep groundwater in the
headwater catchments of the basin, notably influencing headwater
streamflow (Frappart et al., 2019; Miguez-Macho and Fan, 2012a). In
the low-lying floodplains, groundwater-surface water interactions
regulate seasonal hydrologic dynamics, converting groundwater storage
into a sink during the wet season and a source during the dry season—a
key mechanism that sustains baseflow (Miguez-Macho and Fan, 2012a).

The basin-averaged WTD over the ARB changed with a heterogenous
pattern (£19%) during the past three decades. A notable decline in WTD
over the past three decades with an average slope of 69 mm/year over
these regions is apparent (Fig. 4L), with the trend being statistically
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Fig. 3. Decadal mean of the spatial distribution of annual ET in the past two decades from LHF model (A), MODIS (Running et al., 2021) dataset (B), and GLEAM
(Martens et al., 2017; Miralles et al., 2011) dataset (C). The relative errors (%) in LHF results compared to MODIS and GLEAM are shown in panels D and E,

respectively. Panel F shows the relative difference between MODIS and GLEAM.

significant (Mann-Kendall test; 95% confidence level, markers in
Fig. 4L). Examining the ARB at the basin scale, conspicuous indications
of a diminishing trend are discernible across its southeastern, southern,
western, and central portions which are dominantly driven by precipi-
tation and influenced by net radiation (Fig. 4A and 4B). It is worth
noting that the magnitude of this declining trend varies in correspon-
dence with the prevailing trends in precipitation (Fig. 4G) and net ra-
diation (Fig. 4H). In situations where precipitation has undergone a
decrease and net radiation a concurrent increase, the decline in TWD
level is more pronounced relative to other regions where a decreasing
trend in precipitation and net radiation can be seen. In contrast, some
portions within the basin exhibit an upward trend in WTD with an
average slope of 44 mm/year over these regions. This ascending trend,
notably observed in the northeastern extremity of the basin, can be
attributed to an increase in precipitation. The expansion in positive
trend in the “arc of deforestation” areas can predominantly be attributed
to the reduction in ET stemming from deforestation practices (Panels D
and L in Figure S4). These actions lead to a reduction in the available
evaporative surfaces (substantial reduction in LAI) within these local-
ized zones where increase in ground evaporation could not compensate
for sharp reduction in transpiration (Figure S4).

A closer examination of decadal trends in WTD reveals the dominant
role of precipitation while also underscoring the prominent role of net
radiation in governing the dynamics of WTD at larger temporal and
spatial scales (Fig. 4A, B, and F). The decadal analyses offer further in-
sights into the aforementioned observation, particularly in light of
divergent changes in precipitation and net radiation during the 2000s
and 2010s (Figure S2). This phenomenon is pronounced in the north-
west and northeast areas of the basin, where relatively limited defor-
estation has occurred. During the 2000s, groundwater storage
experienced a general decline, manifesting as deeper water tables in
many regions (Figure S3). A decrease in precipitation within the
northwestern region of the basin was accompanied by a concurrent
decline in WTD within that same geographical area (Figure S3). Further,
contrasting outcomes are observed in the northeastern ARB, where
increased precipitation resulted in a notably shallower WTD, where the
augmenting net radiation played a key role in regulating this

mechanism. Analyzing the alterations in precipitation, net radiation,
and WTD throughout the 2010s reveals a pattern that runs in contrary to
the changes detailed earlier. Groundwater depth is another major
modifier for WTD dynamics at large temporal and spatial scales (Fig. 4F
and L). The southeastern subbasins exhibited an accelerated WTD
decline in the 2000s due to reduced moisture transport into these areas
(Figure S2). Here, the “dry gets drier” paradigm is evident, with regions
with deeper water tables experiencing greater declines (e.g., Feng and
Zhang, 2015). This trend can be attributed to reduced precipitation and
infiltration, exacerbated by deforestation in certain regions (Figures S1
and S2).

The contribution of decadal changes in WTD (Fig. S3A-C) to the long-
term trend (Fig. 4L) exhibits considerable spatial variations. While the
decadal changes from the 1990s to the 2000s dominate the long-term
trends in the northeastern ARB, the changes from the 2000s to the
2010s dictate the long-term trends more strongly along the Andes and
the central-southern portions of the basin. In the southeastern ARB, the
strong and significant long-term trend is a result of persistent decline in
WTD during the past three decades (Fig. 4L and S3A-C), which can be
further linked to a notable decline in precipitation in this region
(Fig. S2A-C).

The area fraction (the proportion of the basin/subbasin area that is
occupied by a particular range of WID) of varying WTDs indicates that
WTD of less than 2m is dominant across the ARB (~34% area), whereas
WTD between 2 and 5m is common in ~30% of the basin (Fig. 4F and
Table S1). This implies that at least 34% of the forest over the ARB is
supported by groundwater during the dry season, which underscores the
importance of shallow groundwater for forest resilience in the ARB. At
the subbasin scale, in over 50% of the Solimoes, Japura and Negro basins
WTD is shallower than 2m, suggesting an even greater groundwater role
in these subbasins. In Madeira and Purus, WTD is shallower than 2m in
~30% of areas, whereas in Tocantins, Xingu, and Tapajos, such shallow
groundwater is not commonly observed. Further, in Purus, Solimoes,
Japura and Negro subbasins, areas with WTD within the top 5m ac-
counts for ~70% while the WTD is between 2 and 5m in ~30% of areas.
Lastly, WTD is between 5 and 10m in 10% of areas in Solimoes, Japura
and Negro and 20-30% in the other subbasins.
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Fig. 4. The long-term (1992-2020) trends in the major drivers and major components of water and energy balances in the ARB over the past three decades. The long-
term mean of annual precipitation, net radiation, ET, runoff, and WTD are shown in panels A, B, D, E, and F, respectively. Panel C shows waterlogged wetlands based
on the number of consecutive months with WID<0.25m. The Mann-Kendall trends and significance (markers) at 95% confidence level for precipitation, net ra-
diation, waterlogged wetlands, ET, runoff, and WTD are shown in panels G to L, respectively.

In terms of the temporal evolution, during the 1990s, WTD was
shallower than 0.25m in over 4.5% of ARB which supports water-logged
wetlands (Table S2). At the subbasin scale, such shallow WTD is
observed in ~10% of the Solimoes, Japura, and Negro subbasins. In the
Tocantins, Xingu, and Purus, WTD is mostly deeper than 0.25m. The
decadal analysis shows that the area fraction of WID shallower than
0.25m decreased by ~42% from the 1990s to the 2000s; however, it
recovered by ~7% in the 2010s (Table S2). Over the past three decades,
the area fraction of WID<0.25m decreased by ~38%, which likely
caused significant biodiversity and ecosystem loss if it passed the func-
tional thresholds for these systems. The area fraction of WTD<2m also
decreased over the ARB by ~17% from the 1990s to the 2000s, with an
additional decline in the 2010s by ~4%. This amounts to a total decline
in areas with WTD<2m by ~19% during the past three decades. Most of
this reduction occurred in regions with WTD less than 1m. As a result,
the areas with WTD less than 2m and greater than 1m increased by ~5%
and most of this increase occurred in the Solimoes and Negro subbasins.
The areas with WTD between 5 and 20m increased at the expense of

decline in areas with shallower WTDs.

The analysis of the consecutive months with shallow groundwater
(<0.25m; following Miguez-Macho and Fan, 2012a) shows the role of
groundwater in supporting waterlogged wetlands (Fig. 4C). The
following key observations can be made from this figure. First, water-
logged wetlands exhibit a predominant presence alongside the main
river channels within the Amazon River, displaying notable prevalence
within the Madeira, Solimoes, Japura, and Negro subbasins. Second, the
waterlogged wetlands are highly dependent on high precipitation since
groundwater is very shallow in these regions and groundwater buffer is
relatively small. Third, a detailed temporal analysis reveals that regions
experiencing continuous waterlogging for 6 to 9 months, particularly
within the central and northern reaches of the basin, have witnessed a
reduction of over 2 months during the past three decades (Fig. 41).
Conversely, certain waterlogged regions along the mainstem Amazon,
the extended Andes region, and the Madeira subbasin, have undergone
an increase of at least one additional month of waterlogging as
compared to the trends three decades ago. Fourth, the decadal analysis
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suggests that the waterlogged wetlands decreased by over 37% in the
past three decades (Figure S3 and Table S2). The highest decline
occurred in the Solimoes, Negro, Madeira and Japura, in a descending
order. Fifth, these types of wetlands do not recover in a short timeframe
(Figure S3). Although annual precipitation increased in the 2010s, the
extent of wetlands did not change significantly. Overall, the extent of
waterlogged wetlands decreased substantially across the ARB.

3.2.2. Dynamics of ET processes

The long-term basin-averaged ET changed with a split pattern of
+9% during the past three decades. ET is more homogenously distrib-
uted within the basin’s boundaries in 1990s in comparison to 2010s
(Table 1), with some areas exhibiting lower ET attributable to limited
net radiation (e.g., Andes; Fig. 4B) or water availability (e.g., Tocantins
subbasin; Fig. 4A). Results indicate that ET exhibits strong positive
(significant) trend with an average slope of ~3 mm/year over majority
of the central and western ARB with a mixed signal in the eastern and
southeastern regions (Fig. 4J). Again, the spatial patterns of trends are a
result of spatially heterogenous changes in ET during the past three
decades (Fig. S3D-F) which has been noted in the previous studies as
well (Heerspink et al., 2020). Over the past two decades (2000s and
2010s), the spatial distribution of ET has undergone a noticeable shift
from a relatively homogenous pattern to a distribution that is more
pronounced in the central regions of the ARB (Fig. 4D). The findings
suggest that the primary driver for this shift is a significant increase
(decrease) in transpiration (Figure S4) resulting from climate variability
(LULC change). Analyzing the longterm-mean of ET over the past three
decades (Fig. 4D) reveals three distinct major regions within the ARB,
each characterized by different ET characteristics. The central region of
the ARB, known for its high rainfall (Fig. 4A) and dense forest cover
(Figure S1), exhibits the highest rates of ET among the identified re-
gions. In contrast, the northwestern region of the ARB displays relatively
lower ET values compared to the central region, primarily due to
reduced surface radiation (Figure S2) despite receiving greater precip-
itation than the central region (Figure S2). The southeastern region of
the ARB stands out with substantially lower ET rates compared to the
other regions, which can be attributed to the combined effects of
deforestation and a lower rate of precipitation in this specific area
(Fig. 4D, S1, and S2).

Over the northwestern region of the ARB transpiration and canopy
interception loss emerge as the primary components of ET (Figures 54),
whereas transpiration dominates over the central regions. Over major
parts of Madeira, the majority of Tocantins and the boundaries of the
southern subbasins ground evaporation stands out as the most dominant
component of total ET, following transpiration. The change in ET in the
2000s is caused primarily by the change in transpiration rather than the
other components (Figure S4). However, for the decrease in ET in the
southern regions in 2000s, the change in ET partitioning is more com-
plex. Over the agricultural lands in these regions ground evaporation
increased, however, transpiration and canopy interception loss
decreased, resulting in an overall decrease in ET with an average slope

Table 1
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of ~3.2 mm/year. Among the southern subbasins, Tocantins is different
from others in that the decrease is mostly a result of decrease in ground
evaporation. The changes from the 1990s to the 2000s are far more
pronounced than the changes in ET from the 1990s to the 2010s.
Overall, the results indicate that ground evaporation in the ARB is more
sensitive to climate variability than transpiration.

Transpiration is the dominant component of ET in the ARB and
canopy interception loss and ground evaporation contribute almost
equally to the total ET (Table 1). A comparison of total ET over the ARB
during the 1990s, 2000s, and 2010s indicates that the total ET increased,
likely driven by the increase in net radiation. Moreover, transpiration
contribution to total ET increased over the past three decades by ~5%,
owing to a combination of climate variability (increased due to increase
in surface radiation) and human impacts (decreased due to deforesta-
tion). At the subbasin scale transpiration is the dominant component of
total ET, but canopy interception loss and ground evaporation do not
contribute equally to total ET as on the entire ARB scale. Canopy
interception loss in Purus, Solimoes, Japura and Negro is the dominant
contributor to ET after transpiration, but in Tocantins, Tapajos and
Madeira ground evaporation contributes most dominantly to ET after
transpiration.

3.2.3. Dynamics of runoff and river discharge

The ARB displays two distinct regions characterized by high and low
runoff, related primarily to precipitation patterns (Fig. 4A and E). The
high runoff regions encompass the central, northern, western, and
southwestern parts of the basin. In these areas, runoff dynamics are
primarily governed by precipitation, as in these regions, the water table
isrelatively shallow (e.g., within 2m from the surface) (Fig. 4F). Analysis
of the long-term trend of runoff over the past three decades reveals a
complex interplay of increased and decreased runoff in these regions
(Fig. 4K). However, the majority of these areas have experienced a
decreased or relatively stable runoff and the trend in precipitation pri-
marily explains the trend in runoff (Fig. 4G and 4 K). Conversely, the low
runoff regions comprise the northeastern, eastern, southern, south-
eastern, and certain central and western sections of the basin. In most of
these regions, runoff has increased due to deforestation and cropland
expansion (Fig. 4K and S1). Nevertheless, the effects of decrease in
precipitation and increase in net radiation in the southeast and sought of
this region counterbalance the runoff increase resulting from defores-
tation (Levy et al., 2018). As a result, these regions have experienced a
decrease or marginal increase in runoff.

The long-term basin-averaged runoff changed with a heterogenous
pattern (+£29%) over the past three decades across the ARB. Investi-
gating the decadal analysis of the change in runoff offers more details
about the long-term trend observed in runoff (Fig. S3G-I). Overall,
runoff has decreased over some regions of the ARB by an average slope
of ~8 mm/year in the past three decades. The majority of this decrease
occurred in the 2000s due to multiple major droughts during this period
(Figs. S2 and S3G). In the 2010s, the runoff experienced an increase due
to arise in precipitation, but it could not reach the runoff levels observed

The decadal mean of basin-averaged annual ET and its components (transpiration (Trans), canopy interception loss (CIL), and ground evaporation (GE) over the ARB

and its subbasins (in mm/year).

Basin/Subbasin 1990s 2000s 2010s

ET Trans CIL GE ET Trans CIL GE ET Trans CIL GE
Amazon 1322 623 329 370 1335 643 312 380 1343 652 302 389
Tocantins 1373 701 309 363 1337 688 273 376 1345 698 259 388
Xingu 1322 709 299 314 1299 699 271 329 1300 700 255 344
Tapajos 1323 612 279 432 1314 614 256 443 1328 624 248 456
Madeira 1211 542 124 544 1171 530 108 533 1172 536 104 532
Purus 1451 740 417 293 1472 777 388 307 1491 796 376 319
Solimoes 1334 600 444 290 1379 641 440 298 1372 636 428 308
Japura 1269 582 383 304 1316 627 371 317 1303 626 360 317
Negro 1325 596 416 313 1380 640 417 323 1408 660 414 335
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in the 1990s over majority of the regions (Fig. S3H and S3I). At the
subbasin scale, the Solimoes subbasin did not experience substantial
changes in runoff. On the other hand, Tocantins, Xingu, and Madeira
subbasins witnessed significant runoff decreases of approximately 48%,
18%, and 2%, respectively, with climate variability being the primary
driver, mainly attributed to the reduction in precipitation (Figure S2).
Conversely, the runoff in the Purus, Japura, Negro, and Tapajos sub-
basins increased by approximately 15%, 5%, 3%, and 1%, respectively.
LULC change played a substantial role in these subbasins (Figure S1).
Tapajos and Xingu subbasins stand out with the highest impact of LULC
change, showing runoff increases of more than 5% over the past three
decades. These results emphasize the combined influence of climate
variability and LULC change in shaping the variability of runoff across
different subbasins within the ARB.

In the 2000s river discharge in Xingu, Tapajos and major parts of
Madeira remained relatively stable (Fig. S3J). Over the northeastern
regions of the ARB, river discharge increased in some river portions such
as in the Negro. However, over other areas of the basin, river discharge
decreased substantially, especially in the downstream reaches. In the
2010s, river discharge in areas that had experienced a decrease in the
2000s, increased substantially (Fig. S3K). However, over the north-
eastern regions of the basin the areas that experienced an increase
during the 2000s, river discharge decreased or remained unchanged.
The only consistent decreasing trend over the past three decades is in the
Tocantins, which can be observed primarily in the main river channels
(Fig. S3L). These results indicate that river discharge in the ARB has a
delayed response compared to ET and WTD. The analysis of TWS pre-
sented in the following will further corroborate this finding.

The decadal analysis of river discharge seasonality indicates that the
lowest monthly river discharge (in October) decreased by ~23% during
the past three decades while the highest monthly discharge (in May)
increased by ~3% (Figure S5). Most of the reduction in the low flow
occurred during the 2000s due to frequent droughts. In addition, the
high flow in the 2000s occurred one month earlier (in April) than in the
1990s. The results imply that while the high flow recovered from the
droughts during the 2000s, the low flow did not, even after a decade.
Overall, this means that the dry season in the ARB is getting drier and the
wet season is getting wetter. This finding complements the findings from
previous studies pointing to an accelerating Amazonian hydrologic cycle
(Barichivich et al., 2018; Chagas et al., 2022).

The decadal analysis at the subbasin scale indicates that Solimoes has
a dominant impact on the high discharge in the mainstream of the ARB,
while Tocantins and Tapajos have the least impact (Figure S5). How-
ever, none of the subbasins play a dominant role in governing the low
discharge in the ARB. The timing of high flow has not changed over the
past three decades and it occurs in March in Tocantins and Tapajos, in
April in Madeira and Xingu, in May in Solimoes and Purus, and in June
in Negro and Japura.

The analysis of the change in high discharge at the subbasin scales
indicates that at all the subbasins and during the past three decades,
river discharge at the outlet increased except for the Tocantins where it
decreased by ~16% (Figure S5). The other change worth mentioning is
~98% increase in the discharge peak in Japura due to the increase in
precipitation in the 2010s (Figure S2). The elongated shape of Japura
and shallow groundwater level over the majority of the subbasin makes
river discharge more responsive to the changes in precipitation than in
other subbasins. Over the past three decades, river discharge in Tapajos
and Madeira increased by ~17% and ~15%, respectively, due to a
combination of increase in precipitation and deforestation (Figure S1
and S2). In the other subbasins, the changes in high discharge are well
below 10% in comparison to the 1990s. Despite the increasing trend in
high discharge among the majority of the subbasins, the low discharge
decreased in all subbasins.

3.2.4. Dynamics of TWS
Results show that the spatial patterns of TWS remained relatively
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stable, but its magnitude changed substantially during the past decades
(Fig. 5A and S6). The spatial distribution of the trends in TWS anomalies
closely parallels the trend observed in WTD (Fig. 5A and 4L). None-
theless, it is noteworthy that the spatial pattern of the trend in flood-
water anomalies governs the spatial pattern of TWS trend along the
mainstem of the Amazon (Fig. 5D) which was reported by Pokhrel et al.,
(2013) as well; the contribution of water in river channels is less
prominent (Fig. 5C). Overall, a decreasing trend in TWS anomalies is
observed across the ARB which is largely associated with a decline in
precipitation and increase in net radiation. However, some regions with
an increasing trend over the “arc of deforestation”, the Andes, and the
northeastern areas of the basin can be observed. The increasing trend in
TWS over the “arc of deforestation” is associated with decrease in ET and
over the other regions with increase in precipitation and net radiation.
The decrease (increase) in the 2000s (2010s) along the mainstem of
the Amazon River is associated with the fluctuations in flood water due
to drought or wet periods, and as a result, no substantial trend is
observed in the long-term trend (Fig. 5A) (Pokhrel et al., 2013).
Tocantins subbasin experienced a decreasing trend in TWS over the past
three decades due to the decline in groundwater storage which could be
attributed to the reduced moisture transport into the eastern margins of
ARB (Walker, 2020). Over other southern subbasins including Xingu,
Tapajos and Maderia subbasins, TWS decreased from the 1900s to the
2000s and it increased from the 2000s to the 2010s. The changes in TWS
over the southern subbasins are dominantly associated with the changes
in groundwater storage (Fig. 5B and S6). Negro, Japura and Solimoes
subbasins experienced a decrease in TWS from the 1990s to the 2000s;
however, in the 2010s TWS increased in comparison to the 2000s. While
flood water is the dominant component of the variations in TWS in these
subbasins, groundwater component is the dominant contributor to TWS.
Over the northeast region of the ARB, TWS increased substantially
during the 2000s due to a large drop in WTD in comparison to the 1990s.
The same region experienced a decrease in TWS from the 2000s to the
2010s. Again, groundwater is the dominant portion of TWS in this region
and the variations in WTD lead to changes in TWS there. As depicted in
Figure S6, the changes in TWS for the majority of regions across the ARB
are governed by groundwater which confirms our hypothesis regarding
the mediating role of shallow groundwater. It should be noted that in the
LHF model soil moisture and groundwater compete for the same sub-
surface store (Pokhrel et al., 2013), thus an increase in groundwater
storage would lead to a decrease in soil moisture, and vice versa.

3.3. Governing hydrological processes

Here, we address the second research question regarding the key
factors that are governing the seasonality of the ARB at the basin and
subbasin scales. In addition to many other roles, groundwater in the ARB
supports streamflow and ET during the dry season. The comprehensive
groundwater area fraction analysis unravels the dynamics of surfa-
ce-subsurface fluxes (Fig. 6), indicating that in general WTD<5m
dominantly supports river discharge (Q) and ET across the ARB. The lag
time between the peaks of streamflow and ET is about one month and
June-November is the driest season. During April-June groundwater
(with WTD<1m) supports Q, but after June it becomes deeper with
WTD<2m being the more dominant condition until early September
when the hydraulic gradient decreases. As seen in the Amazon panel
(Fig. 6), the increase in area fraction of Im<WTD<2m is a result of
depletion in WID<1m that occurs around June. During the past three
decades (Fig. 6), the role of groundwater to support stream discharge
and ET during the dry season increased at the peak of the dry season by
~7% and ~30%, respectively. The dry season was longer (~1 month)
and more pronounced in the 2010s than it was two decades ago. Sub-
surface, river, and flood storages, on average, contribute to 69%, 26%,
5% of total TWS variability in the ARB, respectively. Subsurface storage
fluctuates by ~16% seasonally to mitigate surface water and ET deficits.
Contribution of subsurface storage increased in the 2010s, contributing
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Fig. 5. Temporal (1992-2020) trend in simulated TWS anomalies (panel A) and the anomalies of its components, namely subsurface (B), river (C), and floodwater
(D) stores, across the ARB. Markers indicate significant trends from Mann-Kendall test at 95% confidence level.

by more than 21% to the total storage variability than it did in the 1990s.
The impacts of frequent droughts in the 2000s are evident in the surface
and subsurface storages through substantial decadal changes in the
timing and magnitude of peak subsurface, river and flood storages
contributions in TWS variability (Fig. 6). From the 1990s to the 2000s,
annual mean of floodwater contribution in TWS variability decreased
by ~38%, and as a result, the ratio of Q to precipitation (Q/P) decreased
by ~5%. The timing and seasonality of Q/P in the Solimoes, Madeira,
Tapajos, and Purus are similar to those in the entire ARB. The substantial
difference between these subbasins comes from the difference in the
contribution of subsurface storages to the TWS variability. The share of
subsurface storage in total TWS variability in Solimoes, Tapajos, and
Purus is more pronounced than Madeira. This implies that Solimoes,
Madeira, Tapajos, and Purus have a dominant impact on the seasonality
of surface and subsurface fluxes in the ARB.

The seasonal cycle of ET over precipitation ratio (ET/P) and Q/P in
the Tocantins overlaps almost perfectly without any noticeable lag be-
tween their peaks. This is because the Tocantins receives the lowest
amount of precipitation among the ARB subbasins. Moreover, shrubland
is the dominant form of LULC in the subbasin (Figure S2) and ground
evaporation contributes to total ET almost equally as transpiration
(Table 1). In terms of timing, E/P peak occurs in July, one month earlier
than in the ARB, however, Q/P peak occurs at the same time as in the
ARB (in July). Therefore, the terrestrial hydrological cycle in the
Tocantins is more strongly governed by groundwater than over the
entire ARB. In addition, Q seasonality in the Tocantins contributes to the
high flows in the ARB and ET seasonality in Tocantins causes a longer
dry period in the ARB. In the Tocantins, groundwater contribution to
surface fluxes (Q and ET) begins one month earlier than in the ARB;
during March-June WTD<1m supports the surface fluxes, leading to a
substantial reduction in shallow groundwater storage. During June-July,
1m<WTD<2m dominantly supports the surface fluxes, and the contri-
bution from 2m<WTD<5m begins in early August. In the Tocantins,
subsurface, flood, and river storages, on average, contribute to 92%, 6%,
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2% of total TWS variability, respectively. Subsurface storage fluctuates
by ~5% seasonally to mitigate Q and ET deficits, experiencing an overall
decadal decreasing trend. Xingu followed similar timings as in the
Tocantins.

In the Negro sub-basin over 88% of the area is covered by forest, and
it receives an average annual precipitation of ~3,000 mm (Fig. 4A and
S1). As a result, groundwater only compensates for the Q deficit during
the dry season. The dry season in the Negro (June-October) is the second
shortest after Japura. The Q/P and ET/P peaks (in September and
October, respectively) occur two months later in the Negro than in the
ARB (Fig. 6). Therefore, Q seasonality in the Negro contributes to the
amplitude of high flows in the ARB, but ET seasonality in the Negro does
not contribute to the dry period in the ARB. WTD<1m supports Q during
June-September. In addition, at the northern region of Negro that is
covered with shrublands (Figure S1), groundwater is deeper than in the
other areas in the subbasin (Fig. 4F), and it also receives 1,500 mm/year
of precipitation which is substantially less than the average precipitation
over the ARB (Fig. 4A). In the northern region, WTD<5m from February
to October supports Q and ET (Fig. 6). In Negro, subsurface, flood, and
river storages, on average, contribute to 75%, 22%, and 3% of total TWS
variability, respectively. The seasonality of Q and ET and dynamics of
groundwater in Japura is similar to that in Negro. However, since it is
partially located in the two hemispheres, ET/P has two peaks. The first
peak occurs around January and the second around September.

The ARB is dominantly energy limited where solar radiation governs
ET (Fig. 4B and D). Precipitation and shortwave radiation seasonality
across the ARB are out of phase from July to October, but shortwave
radiation and ET are in phase throughout the year. During March-
August, precipitation decreases; however, groundwater buffer prevents
substantial drop in ET. These results imply that in the absence of
groundwater support, and with less than ~125 mm/month of precipi-
tation (Amazon panel in Fig. 7), the ARB could have become water-
limited over some regions.

On average, the share of transpiration, canopy and ground
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evaporation to total ET are ~48%, ~24% and ~28%, respectively
(Table 1). June-November is the driest period, during which ground-
water storage supports ET, leading to decrease (increase) in ground-
water (soil moisture) storage (Fig. 7). Transpiration increases during this
period while ground evaporation remains largely stable, which high-
lights groundwater support for ET. The decadal analysis shows that P
and net radiation decreased by ~12% and ~3% respectively and ET
remaind unchaged during June-September from the 1990s to the 2000s.
Therefore, ET did not decrease substantially despite the large decline in
precipitation. This again confirms the role of shallow groundwater
(<5m deep) in mitigating ET deficit. The decadal analysis on ET com-
ponents in the 2000s indicates that the decadal average of annual
transpiration and ground evaporation increased by ~3% in comparison
to the 1990s. However, the decadal average of annual canopy inter-
ception loss decreased by ~5% which is due to the substantial defor-
estation that happened in this decade (Figure S1). A similar trend is
found in the 2010s in comparison to the 1990s; annual ET, transpiration
and ground evaporation increased by ~2%, ~5%, and ~5%, respec-
tively, whereas canopy interception loss decreased by ~8%.

At the subbasin scale, the seasonality of ET and its components ex-
hibits similar hydrological behavior within three distinct subbasin
groups: i) Solimoes, Madeira and Purus; ii) Tocantins, Tapajos and
Xingu; and iii) Negro and Japura. The hydrological behavior observed in
the first group closely mirrors that of the ARB. On average, the com-
ponents, transpiration, canopy interception loss, and ground evapora-
tion, contribute approximately 47%, 24%, and 29% to the total ET,
respectively (Table 1). A decadal analysis within this group reveals
substantial changes from the 1990s to the 2000s, with relatively minor
fluctuations from the 2000s to the 2010s. The increase in ET within this
subgroup is primarily attributed to climatic variability; however,
deforestation in the Madeira has masked these increases due to climate
variability, resulting in a reduced ET rate in comparison to the 1990s. In
summary, over the course of the 2000s and 2010s, the decadal averaged
annual ET in Solimoes and Purus subbasins exhibited an increase of
~3%, while Madeira experienced a decrease of ~3%. The increase in
transpiration predominantly influenced the interdecadal variability of
ET in Solimoes and Purus, whereas canopy interception loss played a
dominant role in the changes observed in the Madeira subbasin.

In the second group, the share of transpiration, canopy interception
loss, and ground evaporation to total ET is ~50%, ~18% and ~31%,
respectively (Table 1). Consequently, ground evaporation plays a more
prominent role in governing the seasonal dynamics of ET in this group
compared to the first group (Fig. 7). A decadal analysis of this group
elucidates the factors contributing to the decrease in ET during the
2000s and 2010s when contrasted with the 1990s. On average, ET in
Tocantins, Tapajos and Xingu decreased by over 10% in August (driest
month) from the 2010s to the 1990s. While all components of ET
contribute to this decrease, the majority of that is due to over 34%
decrease in canopy interception loss. It is noteworthy that canopy
interception loss evaporation in these subbasins is primarily driven by
the evaporation from croplands and shrublands. Specifically, croplands
cover approximately 28%, 21%, and 13% of the respective areas in
Tocantins, Tapajos, and Xingu, while shrublands encompass around
57%, 7%, and 8% of these regions. In contrast, in the third group of
subbasins, Negro and Japura, the contributions of transpiration, canopy
interception loss, and ground evaporation to the total ET are approxi-
mately 46%, 32%, and 22%, respectively. Over the 2000s and 2010s, ET
increased by ~6% and ~3% in Negro and Japura, respectively, with the
change in transpiration exerting a dominant influence on this direction
of change.

3.4. Early/Late warning signals
Early and late warning signals play a pivotal role in monitoring and

responding to hydrological changes within the ARB. This section ad-
dresses the third research question, providing insights into the
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implications of these signals, emphasizing their importance in under-
standing hydrological dynamics and enabling effective management
strategies. As shown in section 3.3, WTD <5m has a dominant impact on
the seasonality of surface fluxes at the basin and subbasin scales and it
largely mitigates the impacts of climate variability and LULC change on
ET and river discharge (Fig. 3). However, the mitigation impact of
groundwater for ET is more limited than river discharge.

Assessing hydrological changes within the ARB requires a nuanced
understanding that extends beyond standard hydrologic indicators such
as river discharge. Our findings underscore the limited utility of river
discharge as a standalone indicator, given its strong dependence on
groundwater dynamics (Fig. 6). Providing a more nuanced perspective,
alterations in ET distribution serve as valuable precursors of hydrolog-
ical shifts (Table 1). While groundwater largely supports ET during the
dry season, shifts in ET patterns provide valuable early indications of
hydrological changes. Notably, in the deforested regions, increased
ground evaporation partially compensates for reduced transpiration due
to diminished LAIL Integrating remote sensing data and harnessing
computational advancements can enhance the monitoring of ET dy-
namics by reducing the latency of distributed hydrological models.

Spatial patterns of shallow groundwater area fractions (Fig. 4F) offer
another layer of early indicators. These indicators spotlight regions
undergoing variations in hydrological processes, directing immediate
attention, and enabling prompt management interventions. However,
observational WTD datasets are notably absent in the ARB, impeding
comprehensive management strategies. While the establishment of a
monitoring well network within the top 5m of the land surface remains
crucial, this study demonstrates (see section 3.2.4) the potential utility
of GRACE data as a proxy for monitoring WTD dynamics. It is, never-
theless, important to acknowledge that while GRACE offers insights, its
uncertainties and coarse resolution, render it unreliable for local and
finer-scale monitoring.

Late warning signals, primarily rooted in TWS changes, intricately
reflect alterations in floodwater and groundwater dynamics (Fig. 5).
Understanding how climate variability and human activities influence
TWS alterations is pivotal for devising adaptable management strate-
gies. By embracing both early and late warning signals, hydrological
monitoring and management strategies can be holistically designed to
mitigate the impact of hydrological fluctuations. In essence, the inter-
play of early and late warning signals significantly contributes to our
understanding of hydrological transformations within the ARB. These
signals, specifically derived from ET distribution, spatial groundwater
patterns, and TWS shifts, could collectively pave pathways for a more
comprehensive and effective hydrological monitoring and management
framework. This framework, in turn, empowers stakeholders to antici-
pate, respond to, and alleviate the impacts of hydrological changes in a
proactive and informed manner.

3.5. Hydrological implications for forest management

The analysis of groundwater area fraction revealed that waterlogged
wetlands (i.e., areas with WTD<0.25m) are located mostly along the
main channel of the Amazon River which are not permanently flooded
and are supported by rather shallow groundwater as noted by
Miguez-Macho and Fan (2012a) as well. The variation in the extent of
these wetlands is strongly governed by precipitation because ground-
water is very shallow in waterlogged regions. As such, large-scale LULC
change in the ARB, which could cause substantial change in precipita-
tion (through change in moisture recycling or shift in the precipitation
pattern) should be avoided (Nobre et al., 2016). The extent of these
wetlands should be considered as the first criterion in any manage-
ment/development practices since any shift in precipitation pattern will
impact the waterlogged wetlands and they are a rich niche for ARB
biodiversity (Duponchelle et al., 2021). The second design criterion
could be the area fraction of WTDs of up to 5m. As indicated by the
comprehensive analysis of the area fraction of WTDs, groundwater
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sustains surface fluxes during the dry season. Therefore, the manage-
ment/development practices could support this process by preserving
the extent of WTD area fraction and tree species with rooting depth of
more than 5m. In cases where a change in land use is unavoidable, WTD
area fraction could be maintained within some thresholds that do not
alter various impacted processes discussed in the results section. It is
worth noting that the seasonal dynamics of groundwater area fraction
beyond the thresholds can cause seasonal drought and waterlogging
stress to favor the condition for other alternatives state at least at local
scales (Fan et al., 2017; Hirota et al., 2011; Khanna et al., 2017; Lovejoy
and Nobre, 2019; Mattos et al., 2023; Staal et al., 2020, 2018; Staver
et al., 2011).

The third management criterion could be the lag time between the
peak of Q/P and ET/P. As shown in the WTD fraction area analysis at the
basin scale (Fig. 4) the lag time is the key in sustaining the rainforest
from tipping into savanna. Therefore, it is crucial to sustain the lag time
of Q/P peak to which occurs around two months earlier than ET/P peak
in the subbasins with intensive land use. The fourth management cri-
terion could be the spatial distribution of ET. Management practices that
result in a more homogenous distribution of ET across the ARB could be
beneficial. As shown in the results, the deforestation across the “arc of
deforestation” caused a shift in ET pattern, and higher contribution of
forested regions will increase the chance of forest degradation and
dieback (Cox et al., 2004; Zemp et al., 2017). Similar strategies can be
applied to the subbasins with similar hydrological behavior. The anal-
ysis of groundwater area fraction in conjunction with seasonality of ET/
P, Q/P, and TWS components showed that Tocantins, Tapajos and Xingu
have similar hydrological responses. Furthermore, hydrologically
speaking, the Solimoes, Madeira, and Purus can be categorized into one
group, while the Negro and Japura subbasins can be considered in
another distinct group.

The trend and decadal analyses showed that ET is one of the earliest
key hydrological variables which responds to climate variability and
anthropogenic impacts by shifting from a uniform to a forest concen-
trated pattern. This is because over tropical forests, transpiration is the
dominant contributor to total ET, as a results, over the deforested re-
gions ET reduces substantionaly. Therefore, the substantial change in ET
pattern can be taken as an early warning signal. In addition, we showed
how WTD area fractions change seasonally and at the interdecadal scale
to mitigate the changes in ET and river discharge. The trend analysis on
groundwater storage indicates that there is a decreasing trend in the
storage, implying that groundwater storage can be taken as another
warning signal for hydrological alteration over the ARB.

Overall, the results showed that the status of groundwater shallow
area fraction in conjunction with the spatial distribution of ET can be
taken as a proxy for assessing the future of management practices. The
spatial distribution of ET and the dynamics of shallow groundwater area
fraction can serve as early warning signals, meanwhile, the changes
primarily rooted in TWS alterations should be monitored as late in-
dicators of hydrological shifts in the ARB. However, in the deforested
areas ET is highly impacted by climate variability since ground evapo-
ration is the dominant contributor to the total ET after transpiration. For
example, in Tocantins, ground evaporation contributes to over 43% of
total ET, therefore, ET would indicate the changes that occur locally and
under climate variability rather than due to human disturbances. The
comprehensive area fraction analysis of groundwater showed that WTDs
of up to 5m are the governing hydrological attributes of the ARB. The
WTD<5m fulfills a wide range of functions and supports ET and river
discharge across the ARB. However, there is no comprehensive obser-
vational dataset of WTD available in the ARB, even though such a
dataset is crucial for management, deploying policies and future man-
agement practices in the ARB. Therefore, it is important to develop a
network of monitoring wells especially in the first 5m from the land
surface, however, as shown in this study (see section 3.2) GRACE data
could be used as a proxy, but the uncertainties and coarse resolution of
GRACE would not provide a reliable monitoring at local and finer scales.
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4. Conclusions

Dominant terrestrial hydrological processes are investigated at basin
and subbasin scales based on three decades of hydrological variability
and LULC change across the ARB. The results of comprehensive
groundwater area fraction analysis suggested that shallow groundwater
(<5m) is the dominant attribute of the ARB which strongly modulates
the dynamics of surface-subsurface fluxes at basin and subbasin scales
during the dry season. The results of area fraction of varying WTDs
indicate that WTD<2m is prevalent at ~34% of the basin area, whereas
WTD between 2 and 5m is common at ~30% of the basin. This implies
that at least 34% of the Amazonian Forest is supported by groundwater
during the dry season. The area fraction of WID<2m decreased by
~19% during the past three decades. Most of this reduction occurred in
regions with WTD less than 1m. As a result, the areas with WTD less than
2m and greater than 1m increased by ~5% and most of this increase
occurred in the Solimoes and Negro subbasins. The areas with WTD
between 5 and 20m increased at the expense of decline in areas with
shallower WTDs. Therefore, forest management practices in the ARB,
which may alter WTD, should ensure that the resultant WTD is able to
support ET and river discharge through the processes discussed in the
results section.

WTD<0.25m supports waterlogged wetlands at ~4.5% of the area of
the ARB and up to 10% in Solimoes, Japura, and Negro subbasins. These
types of wetlands are not flooded and highly dependent on precipitation
to sustain their extent. The trend analysis showed a decreasing trend in
the extent of the waterlogged wetlands (by ~37%). The impacts on the
waterlogged wetlands should be considered in the management policies
to avoid the unintended consequences which may disrupt the roles of
these wetlands. The waterlogged wetlands are very susceptible to large-
scale changes in LULC and are playing an important role in sustaining
the biodiversity of the ARB. The lag time between the seasonal peak of
ET and river discharge is a key mechanism sustaining the rainforest from
tipping into savanna. The management practices should improve the lag
time in ways that the peak of discharge occurs around two months
earlier than the peak of ET in the dry season. Further, the decadal
analysis showed that ecohydrological processes that depend on shallow
groundwater are more susceptible to climate and human factors than
those dependent on deeper groundwater processes and they lose their
functionality due to decrease in precipitation sooner.

The long-term basin-averaged ET changed with a split pattern of
+9% with transpiration being the dominant contributor (~49%) to total
ET in the past three decades. The contribution of transpiration (~4%
increase), canopy (~2% increase) and ground evaporation (~6% in-
crease) evolved dramatically in response to deforestation. As ET
increased over the forested regions due to climate variability impacts
and it decreased over deforested regions due to a combination of climate
variability and deforestation impacts; the spatial distribution of ET
shifted from a homogenous distribution to a more intense ET in the
central region of the ARB. The shift in ET intensity distribution can lead
to further forest degradation and dieback in the forested areas where the
forest contributes more than it used to do three decades ago. WTD
(£19%) and runoff (+29%) changed with a heterogenous patterns
across the ARB. Analyzing river discharge confirms the crucial buffering
role of groundwater. The results of this analysis imply that while the
high flow recovered from the droughts during the 2000s, the low flow
did not, even after a decade. Overall, this means that the dry season in
the ARB is getting drier and the wet season is getting wetter, pointing to
an accelerating hydrologic cycle. The ARB is dominantly energy limited,
however, our results imply that in the absence of groundwater support,
and with less than ~125 mm/month of precipitation, the ARB could
have become water-limited over some regions of the basin. These results
also indicate that river discharge in the ARB has a delayed response to
the changes in the basin compared to ET and WTD. The only consistent
decreasing trend over the past three decades, which is observed in the
main river channels, is in the Tocantins. Terrestrial water storage (TWS)
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decreased (increased) in the 2000s (2010s) compared to that in the
1990s. The results showed that the dominant role of subsurface storage
in contributing into TWS dynamics has intensified in the past three
decades. Although groundwater is the dominant contributor to total
TWS, the dynamics of TWS over the regions along major river channels
are controlled by flood water since groundwater is relatively shallow in
these regions. ET is likely to be impacted more by climate change and
variability than shallow groundwater (<5m deep), therefore, ground-
water storage needs to be monitored as the primary indicator of the
system status in forest restoration designs. The spatial distribution of
groundwater area fractions and ET can be monitored as early warning
signals and the changes in TWS as a late warning signal of the changes
that are occurring in the terrestrial hydrological cycle in the ARB.

The spatial resolution and temporal period of the simulations are two
of the limitations of this study. The improvement of the model resolution
might assist in defining some design criteria in the headwater streams
which are rich instream physical habitats. However, due to the coarse
input data resolution and high computational costs, it was not feasible at
the time of conducting the simulations for this research to do the sim-
ulations at finer resolution than one arcminute and it is one of the
limitations of this study. The ESA land cover/land use data is not
available for the entire ARB before 1992. Covering the periods before
1992 could provide more insight into what the natural states of the
hydrological system in the ARB were. However, since this study focused
on the hydrological processes, the use of such extended simulations
would not alter the key findings. Moreover, the thresholds of ET and
WTD change need further research using coupled land surface and at-
mospheric models and by developing a wide range of scenarios which is
out of the scope of this study. In sum, this study provided crucial insights
on the dominant terrestrial hydrological processes in the ARB to inform
forest management practices.
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