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Abstract. Global change is altering hydrologic regimes
worldwide, including large basins that play a central role in
the sustainability of human societies and ecosystems. The
basin water budget is a fundamental framework for under-
standing these basins’ sensitivity and future dynamics un-
der changing forcings. In this budget, studies often treat at-
mospheric processes as external to the basin and assume
that atmosphere-related water storage changes are negligi-
ble in the long term. These assumptions are potentially mis-
leading in large basins with strong land—atmosphere feed-
backs, including terrestrial moisture recycling, which is crit-
ical for global water distribution. Here, we introduce the
land—atmosphere reservoir (LAR) concept, which includes
atmospheric processes as a critical component of the basin
water budget and use it to study long-term changes in the
water storage of some of the world’s largest basins. Our re-
sults show significant LAR water storage trends over the last
4 decades, with a marked latitudinal contrast: while low-
latitude basins have accumulated water, high-latitude basins
have been drying. If they continue, these trends will disrupt
the discharge regime and compromise the sustainability of
these basins, resulting in widespread impacts.
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1 Introduction: the land-atmosphere reservoir

River basins are complex systems, comprising physical, bio-
logical, and social components, and a basic unit for studying
the water cycle on land and implementing management and
governance strategies (Cohen and Davidson, 2011). The sus-
tainability of terrestrial ecosystems and human societies will
depend on how river basins respond under the influence of
global change (Vorosmarty et al., 2010; Kuil et al., 2016;
Mekonnen and Hoekstra, 2016; Best, 2019), including al-
terations due to climate change (Palmer et al., 2008), land
use/land cover (LULC) change (Posada-Marin and Salazar,
2022), and other anthropogenic stresses (Best, 2019). River
discharge at the basin outlet is an integrated response result-
ing from the basin’s water budget and, therefore, depends on
the basin’s properties and internal processes affecting terres-
trial water fluxes and storage. Previous studies have identi-
fied changes in these fluxes and storage worldwide, includ-
ing trends in precipitation (Lausier and Jain, 2018); river dis-
charge (Barichivich et al., 2018; Li et al., 2020); terrestrial
water storage (TWS) (Scanlon et al., 2018); and, generally,
different components of the basin’s water budget (Pan et al.,
2012; Wang-Erlandsson et al., 2018; Zhang et al., 2019;
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Pabdn-Caicedo et al., 2020). Although critical for future sus-
tainability, how and why the water budget of large basins is
changing has yet to be fully understood (Pan et al., 2012; Jing
et al., 2019; Posada-Marin and Salazar, 2022; Xiong et al.,
2022). Here, we first introduce the land—atmosphere reser-
voir (LAR) concept for explicitly including the atmosphere
in the basin water budget and then use this concept to show
ongoing changes in some of the world’s largest basins.

The most common approach to studying a basin’s water
budget, including theoretical, observational, and modeling
studies, defines a control volume that includes the land and
excludes the atmosphere (e.g., Pan et al., 2012; Kuil et al.,
2016; Zhang et al., 2017, 2019; Posada-Marin and Salazar,
2022), i.e., a land reservoir (Fig. 1a, b). This control vol-
ume definition is a prevailing concept in catchment hydrol-
ogy to study how basins respond to an external climatic in-
put (Sivapalan, 2005; McDonnell et al., 2007) and to under-
stand human impacts on the water cycle (Abbott et al., 2019).
From this perspective, precipitation is a flux that enters the
basin from the exterior (it is regarded as an external forc-
ing), whereas evapotranspiration represents a flux exiting the
basin.

If defined as a land reservoir, the water budget equation for
a basin,

dS,
R=P-E——, ey

dr
establishes that river discharge (R) depends on the differ-
ence between precipitation (P) and evapotranspiration (E)
as well as on temporal changes in water storage within the
land reservoir (dSy/dt). The land reservoir (sometimes lim-
ited to a shallow soil layer) is widely used to define the con-
trol volume for computing a basin water budget in hydrolog-
ical and land-surface models (e.g., Devia et al., 2015; Sood
and Smakhtin, 2015; Blyth et al., 2021; Posada-Marin and
Salazar, 2022). As a result, these models inherently assume
that atmospheric processes exert external effects but do not
comprise part of a basin’s internal dynamics and water bud-
get. This approach is the most widely used to simulate, for
instance, the river discharge response to deforestation (Zhang
et al., 2017; Posada-Marin and Salazar, 2022).

However, defining a basin system as a land reservoir
may be misleading, especially for large basins with strong
land—atmosphere feedbacks. For instance, let us consider the
largest basin on Earth: the Amazon (* 6 x 10° km?; Fig. 1).
Approximately 30 % of rainfall that falls over the Amazon
Basin originates internally as evapotranspiration (Tuinenburg
et al., 2020), mainly forest transpiration (Staal et al., 2018),
resulting in the mechanism known as moisture (precipitation
and evapotranspiration) recycling within the basin (Eltahir
and Bras, 1994), i.e., local moisture recycling (LMR). Glob-
ally, 40 % of the total rainfall falling over land comes from
terrestrial evapotranspiration (van der Ent et al., 2010), and
57 % of the rainfall over land returns to the atmosphere via
evapotranspiration (Tuinenburg et al., 2020), meaning that
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moisture recycling from terrestrial sources plays a major role
in distributing water over the land worldwide (te Wierik et al.,
2021; Posada-Marin et al., 2023).

Given its dependence on transpiration and, therefore, on
the surface water budget and vegetation dynamics, LMR
should not be generally considered an external mechanism
with respect to the basin. In contrast, for large basins with
strong land—atmosphere feedbacks, this mechanism should
be considered a crucial part of the system’s internal dynam-
ics, which plays a role in regulating river discharge (Salazar
et al., 2018) and is sensitive to anthropogenic effects such as
LULC change (Ruiz-Vasquez et al., 2020; te Wierik et al.,
2021). To consider LMR and any other land—atmosphere in-
teraction as part of a basin’s internal dynamics as well as
their role in producing the river discharge regime, the control
volume needs to be redefined by including the atmospheric
column. The resulting land—atmosphere control volume is the
land—atmosphere reservoir (or LAR; Fig. 1c, d), i.e., the nat-
ural reservoir that receives water from the basin system’s ex-
terior, mainly through the atmosphere, and then stores or re-
leases it leading to the discharge regime.

The water budget equation for the LAR is as follows:

d(SL+ Sa)
dt ’

where river discharge (R) results from the difference be-
tween the net atmospheric convergence towards the basin
system ( Q) and temporal changes in water storage within the
LAR, including land (St ) and atmospheric (Sa) components.
In contrast to the land reservoir, the water influx to the LAR
is not precipitation; rather, LAR water influx stems from the
atmospheric flux:

R=0Q- )

sz@ua 3)
C

where O is the vertically integrated atmospheric water flux
and the integral is performed across the LAR’s lateral con-
tour (see Sect. 2 for more details).

Equations (1) and (2) exclude a term representing the net
convergence of groundwater. Unlike the atmospheric fields,
the global estimates of the groundwater flow field needed to
estimate this underground convergence are limited. However,
we do not expect this term to significantly affect our results.
Estimates of the continent-to-ocean groundwater flow show
that this flow is small relative to river discharge: 1 km? yr—!
compared with 10° km? yr=! in the Amazon Basin, for ex-
ample (see Sects. 2 and 3 for more details). Furthermore,
groundwater fluxes in a large river basin contribute signifi-
cantly to runoff and, therefore, are largely accounted for in
the outlet’s river discharge.

A critical difference between the land reservoir and the
LAR concepts is that, P and E are internal fluxes in the basin
system in the LAR, allowing LMR to be a mechanism of the
basin’s internal dynamics that takes part in the basin water
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Figure 1. Land versus land—atmosphere reservoirs. Panel (a) presents the control volume and exchanges (precipitation, evapotranspiration,
and discharge) for the land reservoir (see Eq. 1). Panel (b) is a schematic representation of the land reservoir and exchanges in the Amazon
Basin, including the surface and land beneath it but excluding the atmospheric column. Panel (c) presents the control volume and exchanges
(moisture convergence and discharge) for the LAR (see Eq. 2). Panel (d) is a schematic representation of the LAR and exchanges in the
Amazon Basin, including the land reservoir and the atmospheric column above it. Moisture recycling occurs within the LAR. (Imagery/map:
©2021 Google; data: SIO, NOAA, U.S. Navy, NGA, GEBCO, Landsat/Copernicus, IBCAO, INEGI; basin polygon: GRDC.)

budget and, therefore, in sustaining and regulating the dis-
charge regime. A possible reason why the more traditional
(land reservoir) approach excludes the atmosphere is that
it has a much smaller water storage capacity than the land
due to thermodynamic constraints, suggesting the assump-
tion that the atmosphere’s role in the basin’s internal dynam-
ics, including changes in water storage and regulation, is neg-
ligible. Although valid as a simplification in many cases (e.g.,
small watersheds in which external factors primarily impose
precipitation), this assumption misses a fundamental feature
of the hydrological cycle when applied to large basins: de-
spite its small storage capacity, the atmosphere has a vast ca-
pacity to transport water. Indeed, in the global water budget,
the inland transport of atmospheric moisture compensates for
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the offshore flow, including both surface water and ground-
water (Trenberth et al., 2007). This transport capacity implies
that a significant amount of water can be retained within the
LAR by LMR (Fig. lc), especially in large basins with high
LMR rates.

Water stored within a basin’s LAR through LMR involves
not only atmospheric moisture but also the surface water that
takes part in LMR, including every source of direct evap-
oration and transpiration in a basin. Whereas evapotranspi-
ration leaves the basin based on the land reservoir perspec-
tive (Fig. 1a), the LAR perspective considers that significant
amounts of transpired and evaporated water do not leave the
basin but remain inside it through LMR (Fig. 1c). Hence,
evapotranspiration is not necessarily a “loss” of water from
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the basin; rather, it can be a significant source of precipitation
(e.g., see the “demand-side” and “supply-side” contrasting
views discussed by Ellison et al., 2012).

Another difference between water storage dynamics in the
LAR and the land reservoir is that the atmospheric processes
and land—atmosphere interactions (occurring within the LAR
but excluded from the land reservoir) are much more sensi-
tive to climate change than, for instance, underground pro-
cesses. These atmospheric processes include LMR as an es-
sential component of the LAR’s water storage and basins’
internal dynamics and relate to the “green water” that is fun-
damental to the Earth system dynamics and is now exten-
sively perturbed by human pressures at continental to plane-
tary scales (Wang-Erlandsson et al., 2022).

Choosing between the land reservoir and LAR has impor-
tant practical implications for modeling studies. Coe et al.
(2009) compared results from models with land or land—
atmosphere domains and showed that they produce contra-
dictory results when investigating deforestation impacts on
river discharge in some basins of South America. This con-
trast between results from models with land reservoir-type
domains and those with LAR-type domains is a general
pattern across multiple studies (Posada-Marin and Salazar,
2022). A key reason is that models with land reservoir-type
domains forced with measured precipitation do not “see” fu-
ture changes in precipitation due to LULC change, including
LULC impacts on LMR (or terrestrial moisture recycling in
general).

Lastly, the LAR should not be confused with other es-
tablished and related concepts such as moisture recycling
(Eltahir and Bras, 1994) or the precipitationshed (Keys et al.,
2012). While the LAR is a control volume, moisture recy-
cling is a mechanism that can occur within it. The precipita-
tionshed is not an Eulerian control volume (such as the LAR),
has different and more dynamic boundaries, excludes the
land, and points to answer different questions (e.g., “Where
does precipitable water come from?”).

In the following sections, after describing the data and
methods, we use the LAR concept to study changes in the
water budget of six of the largest basins on Earth, includ-
ing low-latitude (the Amazon, Parand, and Congo) and high-
latitude (the Mississippi, Ob, and Yenisei) river basins.

2 Data and methods
2.1 River discharge and its uncertainty

We obtained time series of monthly discharge, R (m3 s_l),
from the HY dro-geochemistry of the AMazonian Basin (HY-
BAM) observatory (Cochonneau et al., 2006) and the Global
Runoff Data Centre (GRDC). We selected the following
gauging stations to maximize the drainage area and record
length in each basin: Obidos for the Amazon River, Timbdes
for the Parana River, Kinshasa for the Congo River, Vicks-
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burg for the Mississippi River, Salekhard for the Ob River,
and Igarka for the Yenisei River. Figures A1-A6 show the
discharge time series used in our analysis.

HYBAM and GRDC do not report uncertainties in their
discharge records. As a first-order approximation, we ex-
plored relative errors in the discharge of 5% and 25 %.
The latter represents a conservative value for our uncertainty
analysis. These relative errors are consistent with the error
estimates proposed by Syed et al. (2005), who assumed a
relative error in the observed Amazon and Mississippi dis-
charge of 15 %. Using these relative errors, we bound our
estimates of changes in storage and storage trends.

2.2 Moisture convergence and its uncertainty

We used 1979-2020 data from the ERAS reanalysis (Hers-
bach et al.,, 2019) to estimate moisture convergence,
Q (kgs™!), for each basin. Across a boundary C, Q is de-
fined by the contour integral shown in Eq. (3), where the ver-
tically integrated water flux, ® (kg m™! s’l), is defined as
follows:

Ps

1
0= g/qvhdll “4)
0

Here, ¢ (gkg™!) is the specific humidity, v, (ms™') is the
horizontal wind field at each pressure level, p (kgm™'s72)
is the total air pressure, ps (kg m~! s72) is the pressure at the
Earth’s surface, and g (m s72) is the acceleration due to the
Earth’s gravity. Q accounts for the vertically integrated at-
mospheric water fluxes in the solid, liquid, and vapor phases.

ERAS provides monthly estimates of the eastward and
northward components of the vertically integrated water
fluxes within a rectangular grid of 0.25° x 0.25° resolu-
tion. We used this rectangular grid to rasterize each basin
(Fig. A7a) and identify the grid edges defining its boundary
(Fig. A7b). From an implementation perspective, once the
boundary edges were defined, we differentiated them based
on their orientation and whether the water flux was entering
(inflow edge) or leaving (outflow edge) the basin. For exam-
ple, the edges oriented in a south—north direction were sep-
arated into inflow (Fig. A7c) and outflow (Fig. A7d) edges
for eastward fluxes, the only flow component contributing
to the integral. Similarly, the edges oriented in an east—west
direction were separated into inflow (Fig. A7e) and outflow
(Fig. A7f) edges for northward fluxes. As a convention, we
assumed that inflow fluxes are positive and outflow fluxes
are negative. The discretized version of the contour inte-
gral defining Q is estimated as the summation of the wa-
ter fluxes (kgm™! s~!) crossing each edge multiplied by the
edge’s length (m) (Fig. A8). Figures A1-A6 show the result-
ing time series of Q.
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ERAS does not provide uncertainty estimates for ® or for
all of the variables used for its calculation. Therefore, we
cannot simply propagate these variables’ uncertainty through
our approach to estimate Q. However, as part of their data as-
similation framework, ERAS provides the ensemble spread
at a coarser resolution (0.5° x 0.5°) for a set of state vari-
ables (Hersbach et al., 2020), including the vertically inte-
grated water vapor divergence D (kgm~2s~!), which is a
proxy for Q. This spread is not a strict measure of uncertainty
for the state variable estimates, as it ignores some impor-
tant sources of error (e.g., systematic and correlated errors)
(Asch et al., 2016), but provides a first-order approximation
to bound our estimates of Q. More specifically, moisture con-
vergence can be estimated as a function of water divergence
with the divergence theorem by integrating D over the basin
area, i.e.,

Q:/DdS ®)
with
1 Ps
D= §/V -(qop)dp. (6)
0

Even though the spatial and temporal resolutions are differ-
ent and the divergence only accounts for the vapor phase,
the moisture convergence (Q) values computed with Egs. (3)
and (5) show good agreement (Fig. A9 shows the scatter-
plots). In other words, estimating the uncertainty of Q by
propagating the uncertainties of D is reasonable. To do this,
we used linear propagation of uncertainties (Taylor, 1997)
and the assumption of independent random errors to quan-
tify the uncertainty in Q as follows. First, a discretization of
Eq. (5) allowed us to estimate moisture convergence, Q,, at
atime f:

Nc
0/=) AiDiy, )
i=1
where N is the number of grid cells within the basin, A; is
the area of the ith grid cell, and D; ; is the divergence value

in grid cell i at time 7. Under the previous assumptions, the
error in Q; is given by the following (Taylor, 1997):

®)

where §D; ; is the error in the divergence D, ;, assumed to
equal the ensemble spread from ERAS. Finally, for a conser-
vative estimate of the errors of Q, we assumed that the rel-
ative errors of Q from Eq. (3) equal the relative errors of Q
from Eq. (5). That is,

o
50(1) = (%) 00). ©

t
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2.3 Basin storage changes and its uncertainty

We used conservation of mass to estimate changes in the total
LAR storage (S + Sa). From the continuity equation (Eq. 2),
the LAR accumulates water, i.e., d(Sp + S4)/dt > 0, when
0 > R and releases it, i.e., d(SL. +Sa)/df < 0, when Q < R.
Figure 2 uses the Amazon data to exemplify the schematic
steps that we followed to estimate these dynamics. First, we
identified transitions between accumulation and release pe-
riods, corresponding to times when the R and Q time series
intersect (vertical gray lines in Fig. 2). Figures A1-A6 show
these transitions for all basins.

Second, we calculated changes in water storage between
transitions, A(SL + Sa), by integrating the differences be-
tween R and Q over time, i.e., by solving

L]

A(SL+SA)=/[Q(I)—R(Z)]dt, (10)

7

which represents accumulation within (A(Sy + Sa) > 0) or
release from (A(Sp + Sa) < 0) the basin’s LAR over the
period between t; and 1, with 71 and 1> being the on-
set and end of each accumulation or release period, respec-
tively. Accumulation (green shaded bands in Fig. 2a and b
and Figs. A1-A6) occurs during prolonged periods (lasting
from several days to months) when the atmospheric water
converging into the LAR exceeds the river discharge (i.e.,
0 > Rso A(SL+Sa) > 0). Similarly, release (orange shaded
bands in Fig. 2a and b and Figs. A1-A6) occurs when dis-
charge exceeds atmospheric water convergence (i.e., O < R
so A(SL + Sa) <0).

Third, we obtained the net accumulated or released vol-
ume from the onset of an accumulation period and the end
of the next release period by adding consecutive volumes of
accumulation and release (Fig. 2c). Finally, we obtained the
long-term trends in the LAR’s water storage by adding net
accumulated or released volumes over time.

The accumulated storage shown in Fig. 2d was calculated
from data for R and our estimates for Q. For convenience, the
following discussion refers to these values as nominal values
and includes bars in the variable names to emphasize their
meaning (i.e., R and Q). However, these values are uncer-
tain, and their uncertainty propagates through the storage cal-
culations. We used a Monte Carlo analysis informed by the
uncertainty metrics described for R and Q to estimate the un-
certainty in our storage calculations and gain perspective re-
garding the robustness of our analyses and conclusions. This
method is outlined in the following.

For each basin, we generated 1000 random realizations of
the R and Q time series that preserve their correlation and
error structure. Then, for each random realization of these
fluxes, we identified the accumulation and release periods
and estimated the corresponding storage change, rate of stor-
age change, and accumulated storage. These new LAR stor-
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of R and Q with accumulation and release periods, highlighting the period shown in the next panels. Panel (b) shows accumulation and release
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age metrics allowed us to bound the uncertainty in our esti-
mates.

Individual realizations of the flux time series were gen-
erated by assuming that, at any given time (¢), the random
variables R; and Q; are described by a multivariate normal
distribution:

— — T
(R 01" ~ N ([Ri. @] Zro) (1
with covariance matrix

SR} PrOORSQ; ]
b = t . 12
kO [pRQSRﬂSQ, 50 (12)

Here, for any time (¢), R; and Q, are the nominal discharge
and moisture convergence values, while 6R; and §Q; are
their absolute errors. Recall the two scenarios of relative er-
rors in discharge that we considered: (i) 5 % or §R; = 0.05 R,
and (ii) 25 % or 8 R; = 0.25 R;. Lastly, PR is Pearson’s cor-
relation coefficient, defined as follows:

1 _
Y (R —(R) (0 — (@), (13)

URGQ 7

PRO =

where (R) and (Q) correspond to the time average of the
nominal values for both quantities. The difference (Q)—(R)
corresponds to the average LAR storage change, a quantity
estimated from the mean annual cycles of Q and R in each
basin (Fig. A10).

2.4 Estimating the annual cycle

We calculated the annual cycles of Q and R for each basin
(Fig. A10) by transforming the time series to the phase do-
main. The phase associated with each point in the time series
was calculated as an iterative optimization process, where we
started with an arbitrary initial time, 79, and assumed a cycle
duration, T (we used the tropical year duration of 365.24d
as an initial guess). Then, we divided the signal into time
windows with a duration of 7 days. In the nth time win-
dow, which is contained between f, =9 +nT and f,4] =
to+ (n+ 1)T, the value of the phase for each point in the
series is computed as ¢ = (t —t,,)/ T . After folding the sig-
nal, we found the average (solid lines in Fig. A10) and the
envelope (maximum and minimum value of the signal). For
a given pair of the free parameters, fy and 7', we computed
the area of the envelope as a measure of the goodness of fold-
ing (GoF), which minimizes seasonal variability. Finally, we
minimized the GoF with respect to #y and T for each basin
and plotted the resulting envelopes.

2.5 Constraining groundwater discharge to the ocean

Our conceptual framework assumes that net groundwater
fluxes leaving (or entering) the LAR control volume are
small compared with (atmospheric) moisture convergence
and discharge. Given that most of the fluxes exiting the large

https://doi.org/10.5194/hess-28-2919-2024
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basins likely discharge into the ocean as submarine ground-
water discharge (SGD), we present a back-of-the-envelope
estimate to support our assumption. First, reported values of
SGD are sparse, given the complexity when estimating these
fluxes with environmental tracers, modeling, or a combina-
tion of both. Here, to obtain an order-of-magnitude estimate,
we used an analysis by Sawyer et al. (2016) in which annual
volumetric discharge per unit length of the coast was esti-
mated for the contiguous United States. In their analysis, the
upper limit of the SGD is of the order of 10> m?> yr~!. As an
example, the coast length of the projected Amazon Basin is
of the order of 10° m. With these two values, we estimate that
a reasonable upper limit for the groundwater flux leaving the
Amazon’s LAR control volume and discharging to the ocean
is of the order of 1 km? yr~!. This order of magnitude is con-
sistent for all of the basins.

3 Results and discussion
3.1 The LAR in some of the world’s largest basins

Figure 3a shows periods of net accumulation (green bars) and
release (orange bars) for the Amazon Basin and the corre-
sponding change in water storage estimated with Eq. (10).
Figures A11-A15 show the same results but for the other
basins. The alternation between accumulation and release pe-
riods reflects seasonality in the basin, which is characterized
by the occurrence of one wet and one dry season in the Ama-
zon over a period that is close to a year (Fig. A10a). Changes
in this seasonality are expected under global change (Costa
and Pires, 2010; Fu et al., 2013; Wright et al., 2017), po-
tentially altering the LAR dynamics and, therefore, the dis-
charge regime. Accumulation and release periods and their
corresponding storage changes are not mirror images of each
other. Every pair of consecutive accumulation and release pe-
riods produces a net change in water storage (Fig. 3b) that,
if imbalanced over time, produces long-term trends of ac-
cumulation (Fig. 3c) or release. If accumulation and release
periods were always balanced, there would not be long-term
trends.

We found significant trends indicating that water storage
has changed over the recent decades in the LAR of all basins
(Fig. 4), with a marked latitudinal contrast: water storage
has been increasing in low-latitude basins and decreasing in
high-latitude basins. These trends result from the accumu-
lated imbalance between the LAR water influx (Q) and ef-
flux (R) (Eq. 2). The initial storage value is uncertain, so
these trends have to be interpreted as changes in water stor-
age relative to this initial value, similar to the interpretation
of TWS in GRACE studies.

GRACE studies serve as a reference for contextualizing
LAR storage trends. Notice, however, that, even though they
are related, TWS and LAR storage are state variables de-
scribing the dynamics of different control volumes. There-
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Figure 3. LAR dynamics in the Amazon Basin. Panel (a) presents monthly river discharge R and net atmospheric convergence Q (left axis).
Green and orange bars show the extent and volume (right axis) of the respective accumulation and release periods. Panel (b) shows net
change in the LAR water storage after pairs of consecutive storage and release periods. Panel (c) displays the cumulative change in the LAR
water storage, including the corresponding errors in convergence and estimated discharge uncertainties (shaded bands).

fore, temporal trends in these state variables do not have to
be the same for a given basin. In a global study using three
different GRACE products for the 2002-2014 period, Scan-
lon et al. (2018) reported TWS trends in our study basins that
varied from —5km? yr~! in the Ob Basin to 44km3 yr~! in
the Amazon Basin. This is roughly equivalent to —200 to
1760 km? over 40 years, which is about 1 order of magnitude
less than changes in the LAR water storage over 1980-2020
(Fig. 4). Our results coincide with Scanlon et al. (2018) in
that the Amazon and Parand basins have been accumulating
water after 2002, but our findings diverge from Scanlon et al.
(2018) for the Congo Basin, where TWS has been slightly
increasing (Scanlon et al., 2018) while the LAR water stor-
age has been decreasing (Fig. 4). GRACE data are available
only after 2002; thus, in this comparison between GRACE
and LAR results, we are considering only the trends shown
in Fig. 4 after that year. In high-latitude basins, results coin-
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cide for the Ob Basin (decreasing trend) but not for the Yeni-
sei Basin (increasing TWS trend). The results from Scanlon
et al. (2018) for the Mississippi are mixed: they found posi-
tive and negative trends in different subbasins. Discrepancies
between different GRACE products are common for large
basins, can be highly contrasting (e.g., positive versus nega-
tive trends), and remain a matter of investigation (Jing et al.,
2019).

As TWS excludes the atmosphere (Wahr et al., 2004), it
does not account for the water storage through LMR that de-
pends on atmospheric water and dynamics. In contrast to the
land reservoir and TWS measurements, the LAR water stor-
age inherently includes water circulation via LMR (Fig. 1).
Annual recycled precipitation represents a water volume that
is always greater in magnitude than the average change in
LAR water storage (Table 1), meaning that changes in LMR,
including those driven by anthropogenic effects (te Wierik
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Figure 4. Changing water storage in the LAR of large basins. Panel (a) outlines the large basins in this study. Panel (b) presents the cumulative

change in the LAR water storage over time.

et al., 2021; Ruiz-Vésquez et al., 2020) or climate variability
(Posada-Marin et al., 2023), are potentially enough to explain
the trends shown in Fig. 4. The amount of water involved in
LMR annually (recycled volume in Table 1) exceeds the av-
erage rates in TWS trends (Scanlon et al., 2018) by 1-2 or-
ders of magnitude. Further, in the global water budget, the
amount of atmospheric water entering the continents from
the ocean (& 40000 km? yr—!) (Trenberth et al., 2007) is 2—
3 orders of magnitude greater than the average change in the
LAR storage (Table 1). These numbers show that, although
seemingly counterintuitive, the idea that LMR can represent
a significant part of a large basin’s LAR water storage and
contribute to explaining the observed trends is plausible. No-
tice that this claim depends on the order of magnitude of the
recycling ratio, which does not generally vary among studies
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(e.g., Dominguez et al., 2022), rather than on its “true” value,
which is uncertain and currently not directly measurable for
vast regions.

3.2 Confidence and uncertainty

The true value of Q, R, and d(Sa + Sp)/dt is unknown and
difficult, if not impossible, to obtain with direct observations.
We cannot measure Sa, S., or Q directly and globally; even
R is hard to measure in vast rivers like the ones studied here.
Further, TWS estimates can be contradictory among differ-
ent GRACE products for reasons that remain unclear (Jing
et al., 2019). The best that we have are estimates based on
different inherently uncertain techniques. However, our un-
certainty estimates indicate that the LAR trends are statisti-
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Table 1. Estimates of the recycled volume of water in each basin. Data sources: Pvalues were obtained from Schneider et al. (2020); the
P recycling rate was sourced from Tuinenburg et al. (2020). LAR averages correspond to Fig. A10.

Basin Area P P recycling Recycled Average
(kmz) (mmyr— 1 ) rate (0-1) volume change in

km3yr=1) the LAR

storage

(km? yr=1)

Amazon 4690963 2194 0.36 3706 390
Congo 3634880 1497 0.47 2558 296
Parand 2527003 1242 0.28 879 438
Mississippi 2914994 762 0.25 556 —55
Ob 2441939 483 0.23 271 -22
Yenisei 2419867 428 0.26 269 -92

cally robust (see uncertainty bands in Figs. 3 and A11-A15).
The uncertainty bands in panel (c) of these figures result from
the uncertainty analysis explained in Sect. 2. The solid line
represents the mean value of the accumulated storage, while
the uncertainty bands present the 5th and 95th percentiles
of the Monte Carlo realizations for a relative error in R of
5% and 25 %. Hence, the width of these uncertainty bands
is a measure of the uncertainty in our estimates of storage
and how errors in the fluxes propagate through the analysis.
Despite the uncertainties, the trends in accumulated storage
remain.

Besides the uncertainty estimates, we have several rea-
sons to think that the LAR trends are plausible and indica-
tive of important phenomena requiring attention. Every basin
on Earth is under the influence of climate change, which, by
definition, means trends and imbalance. The Earth’s climate
system has been imbalanced over the last centuries and will
remain so over the coming decades, altering the water bud-
gets globally (Xiong et al., 2022; Zaitchik et al., 2023).

Contrary to the widely used assumption that changes in a
basin water storage are negligible “in the long-term” (e.g.,
Poveda et al., 2007; Wang-Erlandsson et al., 2018; Hoek van
Dijke et al., 2022), a growing body of literature shows that
water fluxes entering and exiting the world’s river basins are
not necessarily balanced, so trends in water storage are not
only plausible but also likely. Wetting and drying trends are
underway worldwide (Pan et al., 2012; Scanlon et al., 2018;
Zhang et al., 2019; Pabén-Caicedo et al., 2020; Li et al.,
2022; Xiong et al., 2022; Zaitchik et al., 2023). An exam-
ple of such findings is the study by Scanlon et al. (2018),
who showed temporal changes in water storage inferred from
GRACE data. The reduction in water storage due to per-
mafrost thawing in large Siberian basins is consistent with
LAR storage reductions in the Ob and Yenisei basins. More-
over, a recent paper by Li et al. (2022) reported that basins
draining from the Tibetan Plateau face drastic water avail-
ability reductions due to water storage losses, which implies
long-term water budget imbalance in such basins.
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The signal of droughts in the Amazon is notorious (Fig. 3):
the basin’s LAR has released water during documented
droughts in the last 2 decades, including the events of 1996—
1997, 2001, 2004-2005, 2007, 2010, and 2015-2016 (Nep-
stad et al., 2004; Marengo et al., 2011; Tomasella et al., 2011;
Jiménez-Muiioz et al., 2016; Tyukavina et al., 2017; Libon-
ati et al., 2021). The largest release of water coincides with
the record-breaking drought of 2010 (Marengo et al., 2011).
This coincidence between LAR release dynamics and severe
droughts in the Amazon is unlikely a random error or sys-
tematic bias.

Also, the latitudinal contrast in the LAR trends is unlikely
to be a random error or systematic bias. This contrast im-
plies that (Q) is larger than (R) in the south (low-latitude
basins) and ( Q) is smaller than (R) in the north (high-latitude
basins), where the angle brackets represent long-term aver-
ages. If there was a systematic bias in our estimates based on
ERAS data, Q should be consistently overestimated or under-
estimated. The latitudinal contrast suggests that this would
be the case only if ERAS also has a latitude-dependent water
budget bias, which would be an unknown bias requiring new
evidence from future studies.

We also found temporal changes in the LAR trends. The
most conspicuous case occurs in the Congo Basin, where the
slope changes sign (Fig. 4). If the trend does not reflect an
actual phenomenon and ERAS consistently overestimates or
underestimates Q for this basin, then there would not be a
change in the trend slope. This change indicates that (Q) is
larger than (R) during a period and that (Q) is smaller than
(R) afterward.

Overall, our uncertainty analysis reinforces our main gen-
eral conclusions about temporal changes in the LAR water
storage for some of the world’s largest basins. The trends that
we found are plausible and statistically robust, providing fun-
damental insight into the water storage dynamics constrain-
ing these big rivers’ sustainability.
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3.3 Why the latitudinal contrast

We hypothesize that the latitudinal contrast in the trends
is caused mainly by land—atmosphere exchanges and atmo-
spheric processes currently affected by climate change. Com-
pared with high latitudes, the low-latitude atmosphere is
thicker and wetter, and its warming due to climate change
increases its capacity to hold water. This is consistent with
an increased capacity of the low-latitude LAR to store water.
High-latitude basins are warming, too, due to climate change.
However, in such basins, the increased capacity of the atmo-
sphere to hold water does not compensate for surface wa-
ter losses due to snow and ice melting, leading to glacier
retreat and permafrost thawing. We hypothesize that high-
latitude basins are losing more water due to these surface
processes than they can gain due to atmospheric warming.
Low-latitude glaciers are also retreating (Poveda and Pineda,
2009), but they are concentrated in high-altitude mountains,
and their size is too small to govern the storage dynamics
in large basins like the Amazon, Congo, and Parand. In con-
trast, snow and ice dynamics are much more significant in
high-latitude basins.

Figure 5 shows a comparison between d(Sp.+Sa)/df based
on our Eq. (2) and dSp/dr estimated from two different
GRACE products in the Amazon and Ob basins (Fig. A16
shows the other basins). These figures (Figs. 5 and A16)
show three ideas that we want to highlight. First, there is a
high correlation between the LAR storage change estimated
with our Eq. (2) and the land reservoir storage change ob-
tained from GRACE. Although the LAR and land reservoir
storages are not the same, they are related; therefore, this cor-
relation between time series obtained from substantially dif-
ferent sources helps validate our results. Second, there are
two types of basins, as illustrated in Fig. 5. In a basin like the
Amazon, storage variations in the LAR are wider in ampli-
tude than the corresponding variations in the land reservoir.
In contrast, in the Ob Basin, LAR storage variations largely
coincide with variations in the land reservoir storage. Our in-
terpretation is that, in the first type of basin, land—atmosphere
exchanges and atmospheric processes play a more prominent
role in the storage dynamics than in the second type, where
TWS largely controls these dynamics. Third, low-latitude
basins pertain to the first type, whereas high-latitude basins
are closer to the second type. This lends additional support
to our hypothesis about the latitudinal contrast in the trends,
as, from this perspective, low-latitude basins seem more sen-
sitive to atmospheric changes (e.g., warming due to climate
change) than high-latitude basins that are more sensitive to
changes in terrestrial water (e.g., snow and ice loss).

3.4 Why the focus on large basins
In principle, the LAR dynamics can be studied at any scale.

No theoretical limitation exists, including that LMR can oc-
cur in basins of any size. However, there are theoretical and
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practical reasons for focusing on large basins. Whereas the
LAR is crucial for understanding large basins, it might be un-
necessary for small basins where external factors (e.g., large-
scale wind patterns) largely impose precipitation. If so, LMR
is possibly negligible; therefore, the traditional land reservoir
framework is a parsimonious representation that works well
without the complications of including the atmosphere in the
control volume for the water budget computations. That is
why we focused on the largest basins on Earth, where LMR
involves water amounts comparable in magnitude to other
fluxes in the basin’s water budget. Indeed, Table 1 shows that,
for the studied basins, LMR represents between 23 % and
47 % of precipitation, which is comparable to evapotranspi-
ration and river discharge in the same basins. In contrast, we
do not expect that LMR represents such a significant fraction
of precipitation in small basins. This means that using the
LAR to study small basins should not produce significantly
different results than the traditional land reservoir. Establish-
ing the limiting scale is an intriguing study direction for fu-
ture research. Furthermore, studying small basins through the
LAR lens is limited by the availability of atmospheric con-
vergence estimates at the same scale. One could obtain these
estimates with high-resolution atmospheric models, but they
are not widely available, such as reanalysis data for large
basins.

3.5 The reservoir analogy

We use an artificial reservoir as an analogy to interpret our
results. An artificial reservoir regulates river discharge either
by mitigating floods through water accumulation or by en-
hancing low flows through water release, changing the river
discharge regime. This reservoir’s capacity to regulate dis-
charge depends on the available volume to accumulate wa-
ter during wet seasons and floods or to release previously
stored water during dry seasons and droughts. Analogously,
a basin’s LAR can accumulate or release water, leading to
discharge regulation.

A basin’s capacity to regulate river discharge depends on
a complex and dynamic balance between accumulation and
release processes (e.g., Fig. 3a) occurring within the whole
LAR, not just within the land reservoir alone. When a basin
receives excessive water from the exterior (e.g., wet season)
due to climate forcing (e.g., climate change or variability),
discharge regulation manifests through temporal storage of
water within the LAR, leading to discharge reduction, e.g.,
flood mitigation. Conversely, if the external water input is
small (e.g., dry season or drought linked to reduced Q), reg-
ulating discharge (increasing low flow) requires the basin to
release previously stored water.

The discovered trends (Fig. 4) affect these basins’ reg-
ulation capacity, potentially compromising their river dis-
charge regimes and sustainability. As the regulation capacity
requires available volume to store water during wet seasons
(increased Q), a prolonged positive trend in LAR water accu-
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Figure 5. Comparison between the storage dynamics in the LAR and land reservoir. Panels (a) and (b) present the rate of storage change
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storage time series. Figure A16 shows the same results but for the other basins.

mulation (as we found in low-latitude basins) tends to reduce
the LAR’s capacity to store water. If continued, this trend will
weaken the low-latitude basins’ capacity to regulate river dis-
charge by accumulating water. Such reduced storage capacity
can combine with precipitation intensification due to climate
change (Westra et al., 2013; Zhang et al., 2013) to weaken
the low-latitude basins’ capacity to mitigate (regulate) floods.
We think that this regulation weakening in the LAR is a pre-
viously unknown mechanism behind the marked increase in
very severe floods observed over recent decades in the Ama-
zon (Marengo and Espinoza, 2016; Barichivich et al., 2018),
related but not limited to a reduced land reservoir storage ca-
pacity (Reager and Famiglietti, 2009).

The trend reversal in the Congo Basin (around the
year 2000, the trend slope changes from positive to negative;
Fig. 4) suggests the possibility of longer-scale transitions be-
tween accumulation and release periods, possibly leading to
regulation patterns at the scale of centuries. The possibility of
confirming this is limited by the length of available records.
Regardless of the case, decadal trends and their impacts can
strongly affect river discharge regimes and should be moni-
tored.

The negative trend in the LAR water storage reduces the
high-latitude basins’ capacity to enhance low flow by releas-
ing previously stored water. Hence, if continued, these neg-
ative trends can combine with more extreme droughts due
to climate change (Mann and Gleick, 2015) to weaken these
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basins’ capacity to regulate low flows. Continuous storage
reduction in the Ob and Yenisei rivers coincides with per-
mafrost thawing, which is a driver of discharge increase in
these Siberian basins, especially in winter (Wang et al., 2021)
(see also Fig. A10e, f). Analogously, our results suggest that
the observed increase in the Mississippi River discharge (Shi
et al., 2019) has occurred at the expense of a storage reduc-
tion that is noticeable in the LAR (Fig. 4). Non-perennial
rivers and streams are common in the Mississippi, Ob, and
Yenisei basins (Messager et al., 2021) and will become more
common if the LAR drying trends continue.

This reservoir analogy and the foundations of the
LAR concept were inspired by the works of Sivapalan
(2006, 2018) and McDonnell et al. (2007), among other pub-
lications of these same authors and collaborators. Three crit-
ical ideas of such perspectives about the evolution of hydrol-
ogy, which we applied in developing the LAR framework,
are as follows:

1. River basins are complex systems with emergent prop-
erties and patterns that can be observable despite their
inherent complexity and heterogeneity.

2. Water storage and release are two basic functions of any
river basin; these functions depend on a combination of
processes that can only be partially disentangled (e.g.,
by simplifying them in a model) but somehow summa-
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rize basins’ complexity and heterogeneity and produce
large-scale patterns such as the LAR trends.

3. We can learn about basins using a “top-down approach”
that considers large-scale patterns (e.g., a trend in the
LAR) first and then advances toward understanding the
processes behind them. That is why we presented the
hypothesis of different climate change effects, possibly
explaining the latitudinal contrast in the trends.

3.6 Future directions

Going deeper with respect to explaining the LAR trends
could be done in two ways. One way is to develop new mod-
els that use the LAR as a starting point for defining the con-
trol volume. This simple step leads to substantial changes rel-
ative to hydrological models developed with the land reser-
voir as the control volume. For instance, whereas precipita-
tion is an external input in the latter, it is an internal flow in
the former. Another way is to conduct basin-specific studies
to explore the reasons for the LAR trends further. For in-
stance, why there is a change in the trend in the Mississippi
and Congo basins. This search for answers requires more
specific studies of these basins.

We hope that the LAR framework will be relevant for
different disciplines interested in rivers and basins, includ-
ing catchment hydrology. Future directions might include the
following ideas:

i. Water storage dynamics in large basins — which is
critical for the sustainability of terrestrial ecosystems
and societies — is not a terrestrial but, rather, a land—
atmosphere dynamics, as explicitly incorporated into
the LAR framework.

ii. The LAR trends should be monitored and discussed as
a possible manifestation of climate change.

iii. Catchment hydrologists should consider whether the
traditional land reservoir framework is enough for a spe-
cific study or whether the LAR is needed. In principle,
the LAR is needed for large basins with powerful LMR,
which are still often studied using the traditional land
reservoir (e.g., see the examples reviewed by Posada-
Marin and Salazar, 2022).

iv. The LAR highlights the importance of LMR for the
water budget of large basins, emphasizing the link be-
tween LULC change, including tropical deforestation;
river discharge; and, more broadly, water security.
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v. Linking river discharge to LMR through the LAR con-
tributes to current debates about the hydrological role
of forests and deforestation impacts (e.g., the con-
trast between the supply- and demand-side thinking de-
scribed by Ellison et al., 2011); the biotic pump con-
cept (Makarieva and Gorshkov, 2007; Makarieva et al.,
2013); the existence of forest-related tipping points af-
fecting the atmospheric moisture transport (Zemp et al.,
2014; Molina et al., 2019); and, therefore, the LAR stor-
age dynamics.

4 Conclusions

We studied the water budget of six of the largest river basins
on Earth (the Amazon, Parand, Congo, Mississippi, Ob, and
Yenisei) through the lens of the LAR. The LAR is a con-
trol volume that explicitly includes land—atmosphere interac-
tions, such as moisture recycling, as part of these basins’ in-
ternal dynamics. This definition contrasts with the more tra-
ditional perspective, which we described as the land reser-
voir, that considers the atmosphere external to river basins
and precipitation as an external forcing.

Using observational and reanalysis data and the water bud-
get equation for the LAR, we found trends in water storage
within the studied basins’ LAR, exhibiting a marked latitudi-
nal contrast: while low-latitude basins are becoming wetter,
high-latitude basins are becoming drier. These patterns result
from long-term imbalances in which low-latitude basins have
received more water through the atmosphere than they have
released through river discharge. The opposite has occurred
in high-latitude basins. As for our uncertainty analysis, these
trends are robust.

If continued, the observed trends may disrupt the basins’
river discharge regimes. More specifically, sustained long-
term increases in the water storage of the low-latitude basin’s
LAR (wetting trends) could reduce these basins’ capacity to
mitigate floods through water storage during wet seasons.
Likewise, drying trends can reduce the high-latitude basins’
capacity to sustain low flows by releasing previously stored
water during dry seasons or droughts. The LAR provides
a framework for monitoring and further investigating these
changes, which are critical for the sustainability of human
societies and ecosystems in the face of climate change.
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Appendix A: Additional figures
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Figure A1. Identification of the onset and end of accumulation (green) and release (orange) periods in the Amazon Basin.
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Figure A3. Identification of the onset and end of accumulation (green) and release (orange) periods in the Congo Basin.
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Figure A4. Identification of the onset and end of accumulation (green) and release (orange) periods in the Mississippi Basin.
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Yenisei basin

—— River discharge (R} — Muoisture convergence ()
3
= i
w = 2
=0
EE
- +]
EI’H 1
P =
"= NN ) O AR AR
A\ oY AW~ AN r
0
T T T T T T T T T T T T T T T T T T
= - ™~ m o i [¥=] [ w (=] [=] - ™ m = i w r~
@ @ o] @ @ o] @ @ @ @ @ @ @ @ @ @ @ @
o o [=3] (=] [=3] [=3] (=] [=3] [=3] (=] 3] (=] (=] 3] (=] (=] 3] (=]
= = = — = = — = = — = — — = — — = —
2
=
o
5.3
1=} E
5L 14
o
& 3
04
T T T T T T T T T T T T T T T T T T
2] [=] [=] (=) (] m =+ [y w [ w =] [=] - ] ] Lo [Ty}
i & =] o o o =) o o = o =] = - — — — —
&x @ =1 o =1 =1 o =1 =1 =1 =1 =1 o o o o o o
—~ - [} ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™ ™~ ™~ ™~ ™~

Figure A6. Identification of the onset and end of accumulation (green) and release (orange) periods in the Yenisei Basin.
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Figure A7. Identification of the inflow and outflow edges used to compute moisture convergence in the Amazon Basin. Panel (a) shows the
rasterization of the basin polygon with the ERAS latitude—longitude rectangular grid. Panel (b) presents the identification of the basin contour
edges. Panel (c) shows the inflow edges for eastward fluxes. Panel (d) presents the outflow edges for eastward fluxes. Panel (e) displays the
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Figure A9. Comparison of moisture convergence estimated from the vertically integrated water flux (Eq. 3; x axis) and vertical integral of
the divergence of water vapor (Eq. 5; y axis) for all basins. Each point corresponds to the monthly average of Q(¢) during the time span
available in the ERAS data products. Error bars are calculated with Eq. (8).
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Figure A10. Annual cycle of LAR exchanges for all basins. The solid line corresponds to the seasonal average and shaded area to the
corresponding envelope. The dashed lines show the long-term average river discharge and moisture convergence.
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Figure A11. LAR dynamics in the Parana Basin. Panel (a) presents the monthly river discharge R and net atmospheric convergence Q (left
axis). Green and orange bars show the extent and volume (right axis) of the respective accumulation and release periods. Panel (b) displays
the net change in the LAR water storage after pairs of consecutive storage and release periods. Panel (¢) presents the cumulative change in
the LAR water storage, including the corresponding errors in convergence and estimated discharge uncertainties (shaded bands). The reader
is referred to Sect. 2 for more details.
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Figure A12. LAR dynamics in the Congo Basin. Panel (a) presents the monthly river discharge R and net atmospheric convergence Q (left
axis). Green and orange bars show the extent and volume (right axis) of the respective accumulation and release periods. Panel (b) displays
the net change in the LAR water storage after pairs of consecutive storage and release periods. Panel (c) presents the cumulative change in
the LAR water storage, including the corresponding errors in convergence and estimated discharge uncertainties (shaded bands). The reader

is referred to Sect. 2 for more details.
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Figure A13. LAR dynamics in the Mississippi Basin. Panel (a) presents the monthly river discharge R and net atmospheric convergence Q
(left axis). Green and orange bars show the extent and volume (right axis) of the respective accumulation and release periods. Panel (b) dis-
plays the net change in the LAR water storage after pairs of consecutive storage and release periods. Panel (c) presents the cumulative
change in the LAR water storage, including the corresponding errors in convergence and estimated discharge uncertainties (shaded bands).

The reader is referred to Sect. 2 for more details.
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Figure A14. LAR dynamics in the Ob Basin.

Panel (a) presents the monthly river discharge R and net atmospheric convergence Q (left

axis). Green and orange bars show the extent and volume (right axis) of the respective accumulation and release periods. Panel (b) displays
the net change in the LAR water storage after pairs of consecutive storage and release periods. Panel (c) presents the cumulative change in
the LAR water storage, including the corresponding errors in convergence and estimated discharge uncertainties (shaded bands). The reader

is referred to Sect. 2 for more details.
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Figure A15. LAR dynamics in the Yenisei Basin. Panel (a) presents the monthly river discharge R and net atmospheric convergence Q (left
axis). Green and orange bars show the extent and volume (right axis) of the respective accumulation and release periods. Panel (b) displays
the net change in the LAR water storage after pairs of consecutive storage and release periods. Panel (¢) presents the cumulative change in
the LAR water storage, including the corresponding errors in convergence and estimated discharge uncertainties (shaded bands). The reader
is referred to Sect. 2 for more details.
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Figure A16. Same as Fig. 5 but for the Parand, Congo, Mississippi, and Yenisei basins.
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