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Abstract The impact of human water management on river discharge is increasingly viewed as a
missing process in Earth system modeling. Models which have attempted to include it are generally at
coarse resolution and uncoupled to the atmosphere. We propose to describe human water management

at high spatial resolution using ORganizing Carbon and Hydrology In Dynamic EcosystEms concept of
hydrological-transfer-units in the routing parametrization. Irrigated areas are linked to river abstraction
points using a minimization process. The directed graphs of river flows and adduction network for
irrigation is transposed to propagate water demands upstream. Reservoirs and dams are placed along the
graph to balance supply and demands in the four chosen water value classes. Dam regulation is assumed
to maximize demand satisfaction and dampen floods while respecting the properties of the infrastructure.
The developed human water management module is applied to the Yellow River where irrigation and dam
regulation are known to have a strong impact. Results show that the impact of human water management
is strongly heterogeneous over space. It propagates along the river channels and can be mitigated by

the confluence of tributaries. Moreover, the human impact has a strong seasonality due to time varying
irrigation demands and the response of dam regulation. A number of uncertainties still remain and affect
the simulated river discharge. Nevertheless, the representation of human water management improves
the model's behavior in terms of magnitude and intra-annual variations of river discharge, and offers the
opportunity to implement anthropogenic processes in the water cycle of Earth System Models.

1. Introduction

Human water management is known to be an important factor that has altered natural river discharge in
most large rivers (Jaramillo & Destouni, 2015; Wada et al., 2017). Irrigation represents ~90% of all consump-
tive water use globally, decreasing the total annual continental runoff by about 7% (Rost et al., 2008; Scherer
& Pfister, 2016). Meanwhile, reservoirs and dam releases change the timing of river discharge by reduc-
ing extreme flows (flooding and lowest flows), to cover environmental requirements (Biemans et al., 2011;
Hanasaki et al., 2006) and meet human water demands. An optimized water management allows to in-
crease agricultural production and bring relief from water scarcity. As a consequence, current flows of rivers
can be very different from their natural state.

Irrigation and dam regulation combine with climate variability and change at various temporal and spatial
scales to produce the observed river discharge (Pokhrel et al., 2016; Vicente-Serrano et al., 2019). Under-
standing the contribution of these various factors to the observed changes in the continental water cycle is
a scientific challenge which requires innovative hydrological or land surface models (LSM) which incorpo-
rate human water managements (Wada et al., 2017). A number of large-scale models (e.g., global, continen-
tal scale) have integrated the irrigation schemes using different methodologies. Though, some of these irri-
gation schemes are uncoupled from the other components of the Earth system due to limitations of global
hydrological models in representing the interactions with the atmosphere (D61l & Siebert, 2002; Hanasaki
et al., 2018; Rost et al., 2008; Yoshikawa et al., 2014). Some are integrated in LSMs or so-called Earth system
models (de Rosnay et al., 2003; Guimberteau, Laval, et al., 2012; Leng et al., 2017; Lobell et al., 2009).

In addition to the irrigation module, Hanasaki et al. (2006) introduced for the first time an algorithm for
setting operating rules for individual reservoirs in a global river routing model, which was then incorpo-
rated into a global hydrological model named HO8 in Hanasaki et al. (2008, 2010). Haddeland et al. (2006)
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incorporated a reservoir model with irrigation scheme within the framework of the Variable Infiltration Ca-
pacity model with release functions which are optimized with known future inflows. The two approaches
have been improved and applied to other models in the last decade (Adam et al., 2007; Biemans et al., 2011;
Daoll et al., 2009; Voisin et al., 2013). In general, these models with irrigation and dam regulation have shown
to provide more accurate simulations of discharge. Furthermore, taking into account dam regulation allows
to more adequately satisfy water demands from the different sectors. To our knowledge, dams regulation
hasn't yet been introduced into a LSMs because in particular this introduces a new spatial scale which is
smaller than the typical atmospheric resolution used in climate models.

Incorporating human water management into LSMs needs a high and consistent spatial resolution in or-
der to preserve hydrological continuity. The spatial resolution of LSMs is always coarse and limited by the
atmospheric variables, typically at 0.5° for large-scale implementations (Flato et al., 2014). However, the
human influence is at a much higher spatial resolution with an extent of irrigation or urban areas typically
limited to a few kilometers. Although the irrigation demand is estimated on a fraction of the cropland with-
in an atmospheric grid using the vegetation tiling approach, the total irrigation demand is treated as an ag-
gregation (Hanasaki et al., 2010; Miiller Schmied et al., 2021). Depending on the routing method in existing
schemes, individual dams within the same grid are aggregated (Haddeland et al., 2006), and the combined
effect of dams along the river segment is only considered in an aggregated way (Lehner et al., 2011). Sim-
ilarly, the location of irrigated areas relative to surface water availability is lost in LSMs because the tiling
approach used in LSMs to represent sub-grid variability is statistical.

In the above mentioned hydrological models with dam regulation (D&l et al., 2009; Haddeland et al., 2006;
Hanasaki et al., 2008; Miiller Schmied et al., 2021; van Beek et al., 2011), dams serve water for the down-
stream demands within a certain distance. The maximum distance is user-defined, by the number of model
grids or a distance water can travel assuming a given flow velocity, for example 7 days at 1.0 m s™* (van Beek
et al., 2011) or 1 month at 0.5 m s~' (Hanasaki et al., 2006). In those models, the distances range is defined
from 250 to 1,300 km. The demand points located in the service area of multiple dams use the available wa-
ter from these dams using proportionality rules. Dams and demand networks are not operated as a system
in those studies, as a consequence, a demand may be left unsatisfied even when there is water in other res-
ervoirs upstream but outside the dam service extent. The representation of connections between dams and
demand locations is also too simplistic, as topographical barriers which could hinder the adduction of water
aren't taken into account. This shows the need to build a more realistic description of adduction networks,
and to design water extraction rules which respond to the current state of water resources and demands and
can trigger releases from reservoirs managed as a system.

The human water management has to be incorporated into the routing processes at a consistent spatial
resolution in order to preserve hydrological continuity. High-resolution topographic information (e.g., 30,
90, and 1 km) are available, but the resolution of atmospheric variables are always coarser for large-scale
implementations. In general, routing models will force all runoff generated within a grid to flow in one sin-
gle direction. In reality, most larger surfaces on land will generate flows in many directions and that needs
to be represented by fluxes into many neighboring grid boxes (Guimberteau, Drapeau, et al., 2012). Nguyen-
Quang et al. (2018) introduced the concept of hydrological transfer units (HTU) in the routing module
of ORganizing Carbon and Hydrology In Dynamic EcosystEms (ORCHIDEE) (de Rosnay et al., 2003;
Ducoudré et al., 1993) to bridge the gap between the atmospheric and hydrological processes resolutions.
Other LSMs have used similar approaches (Chaney et al., 2016). The basic HTU represents sub-grid river
basins and their hydrological connection so runoff generated in one atmospheric cell can flow into multiple
neighboring grid boxes. These smaller units allow to better represent the natural river systems and thus
facilitate the placement of human water infrastructures as we describe below.

In this study, we aim to develop ORCHIDEE by incorporating human water management using the HTU
methodology (Nguyen-Quang et al., 2018) to access needed hydrological information at a higher spatial
resolution. The new model is designed to precisely specify the irrigation area, the dams location, the river
networks and the water supply demand links. The strategies of water extraction, demand propagation and
dam regulation are embedded in the routing module to ensure hydrological continuity. The human water
management directly changes the river discharge and in return it will exert feedbacks onto the land surface
processes (e.g., soil moisture, evaporation, and runoff generation). Because of high computational cost, the
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development of the human water management parametrization for a LSM (i.e., ORCHIDEE) is executed
in an off-line version of the model and only over a continental scale catchments, the Yellow river basin
(YRB). This study will thus focus on the impact of human water management on river discharge, which
can be solved by separating out the routing processes and human water management module from the rest
of the LSM. To illustrate the modeling, the impacts of irrigation and dams regulation on river discharge are
assessed in their temporal and spatial distribution over our test region.

The overall descriptions of the new model are included in Section 2 and some details are supplemented in
the Appendix. The definition of river networks which allows to simulate the flow of water and upstream
propagation of demands are introduced in Section 2.1. The equations for dams, routing reservoirs and other
water bodies are presented in Section 2.2. The human water management information related to the water
usage and demand propagation is introduced in Section 2.3. The application of the proposed model to the
test region of the Yellow River is analyzed in Section 3. Followed by a discussion of the advantages brought
by this novel approach and some longer term perspectives.

2. Methods
2.1. Definition of a River Network Which Includes Human Activities

LSMs have had sub-grid representations of land processes for decades but in all cases these tiles were sta-
tistically distributed and with the only relation between them being that they belong to the same atmos-
pheric grid. Here we introduce a parametrization of sub-grid processes which respects the hydrological
connectivity of the sub-grid elements (HTUs) (Nguyen-Quang et al., 2018). This becomes important when
the irrigation demands calculated on the atmospheric grid (which are driven by the atmospheric evapora-
tive demand and vegetation states) are linked with the water stores in the river network as it integrates the
natural hierarchy of water availability. HTUs are groups of 1 km pixels flowing to the same downstream
HTU. Human water management, including the irrigation demand, water supply from rivers and dams will
be dealt with at the HTU level. These developments are conceived so that they can be integrated into the
ORCHIDEE LSM.

This section introduces the river routing and adduction networks, which defines the direction of water
flows and water demand propagations upstream. The adduction connects the water supply and the water
use ends. The adduction connections will be built using least-cost functions. The demand propagation net-
work will be the converse graph of the water flow.

2.1.1. Graphs of Water Flow and Demand Propagation Flow

The river routing network is derived from the routing one used in the ORCHIDEE LSM (Nguyen-Quang
et al., 2018). In order to simplify the description of the model, we first reinterpret its concepts using graph
theory. It not only simplifies the presentation of the method but also facilitates the implementation of sup-
ply/demand approaches to human water management.

The water flow is defined on a forest of directional rooted tree graphs (Foulds, 1992) (see Figure 1a). Each
tree represents a river system and is described by D = (V, E) where V are the vertices, and E are the edges
that connect the vertices. The HTUs in ORCHIDEE correspond to the river system vertices. Each tree has a
root which is either located at the coast (the river mouth) or a lake when we deal with an endorheic basin.

In ORCHIDEE's implementation, each vertex (and thus HTU) is fully contained in one grid box (defined as
the atmospheric forcing and the same in ORCHIDEE). The grid of ORCHIDEE can contain more than one
vertex of the routing graph and can be traversed by more than one graph. Each vertex contains three water
stores, characterized by their time constants (slow aquifer, fast aquifer, and stream storages). The properties
of these stores are defined by the local slope and tortuosity of the river segment represented by the down-
stream edges. This governs the residence times of the water in this HTU and thus governs the flow along
the edge toward the downstream HTU.

A sample segment of a river graph is shown in Figure la. Adduction system for irrigation will generate
secondary edges for the vertices. As illustrated in Figure 1a with red edges, vertices within one tree can
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Figure 1. (a) Graph of water flow and (b) Graph of demand flow in the river network. The indexing convention is also
presented on the graph with integers used for vertices and half indices for edges. The dash lines represent the grid of
the atmospheric forcing used by ORCHIDEE. There can be multiple HTUs in one grid box. Each circle represents one
HTU in ORCHIDEE. Dams are symbolized by black bars and located on edges. Their control is based on information

N N
from the upstream and downstream vertices. i + ) indicates the outflow edges from HTU i while {i — 5} represents

the ensemble of inflow edges into HTU i. HTUs, hydrological transfer units; ORCHIDEE, ORganizing Carbon and
Hydrology In Dynamic EcosystEms.

share water with an adjacent tree through the adduction network and thus allows inter-basin transfers. The
methodology for defining this adduction network is discussed below.

The model contains a second directed rooted tree graph (Figure 1b) for the propagation of water demands.
This is converse graph (D’) allows to propagate the water demand for human usages upstream, that is away
from the root of the graph. The flow of information is essential to formulate water management rules and
parametrize release functions from coordinated dams systems. As, this is a simpler tree there is no ambigu-
ity on its acyclicity.

The indexing convention used here for the river/demand graph is presented in Appendix A.
2.1.2. Definition of the Adjacency Matrices

The forest of trees, that is the ensemble of connectivity of all river systems, has to be established in OR-
CHIDEE for a given atmospheric grid. The result which provides the connectivity between all the HTUs
defined in ORCHIDEE is called the adjacency matrix. This is performed in three steps: The graph of natural
river flow and position of dams, the water demand locations (irrigation here), and finally the water supply
demand links.

2.1.2.1. The River Graph

The natural river flow graph is established through a simplification of the HydroSHEDS (Lehner et al., 2008)
network on the grid of the model using a super-meshing technique (Farrell et al., 2009). HydroSHEDS pro-
vides detailed information, including the flow accumulation, flow direction, elevation, of each high-resolu-
tion (1 km) pixel. However, the 1 km pixels are too detailed for the typical spatial resolution LSMs use when
driven by global or regional atmospheric models. When the water fluxes exchanged with the atmosphere
are simulated at resolutions ranging from a few to hundreds of kilometers there is not enough information
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to reasonably feed a horizontal transport scheme at a 1 km resolution. Thus, the ORCHIDEE model groups
the fine grid cells with the same general flow direction into basic units of the routing which are called
HTU as described previously. The strategy to define the HTUs is based on the Pfafstetter system (Verdin &
Verdin, 1999) and the procedures for aggregating the high-resolution information are described in Nguyen-
Quang et al. (2018). A criterion of the maximum area of each HTU and a maximum number of the HTUs in
each cell of the grid are prescribed by the user to control the size distribution in the HTU space. Each HTU
is a vertex of the graph and is represented by a blue circle in Figure 1.

2.1.2.2. Dam Locations

Dams are located in the HTU graph according to their geo-referenced information. The Global Reservoirs
and Dams (GRanD) database provides for each of the 6,872 selected dams the coordinates of the dam and
the upstream area (Lehner et al., 2011). The coordinates alone are not sufficient to locate the dam on Hy-
droSHEDS as the upstream area of the infrastructure also needs to be correct. To place the dam on the Hy-
droHEDS grid, the location is moved from its initial coordinates downstream following flow direction until
the difference of upstream area between HydroSHEDS and GRanD is minimal. Should the upstream area be
larger in HydroSHEDS than GRanD, no attempt is made to correct as many upstream locations could exist
which minimize the error. This procedure allows to ensure that the infrastructures provided by the database
are consistent with the river graph.

During the HTU construction process, the existence of a dam on the 1 km pixel determines if the vertex and
some upstream vertices are considered as reservoirs managed by the dam or not. The release from this res-
ervoir will then be controlled by the downstream demands and water stored (see Appendix B2). Each dam
is placed on an edge of the graph and is represented by a small black rectangle in Figure 1.

2.1.2.3. Irrigation Points

The fraction of areas equipped for irrigation also needs to be distributed over the different HTUs. However,
the map used here is the gridded fraction of potentially irrigated area from the FAO at 10 km spatial reso-
lution (Siebert et al. 2013). With the minimization of the Cost function (Equation 2), we downscale to the
HydroSHEDS using the assumption that the easier the access to water is the higher the probability to find
a pixel equipped for irrigation. Thus we assign the irrigation fraction to pixels with the lowest Cost first,
until the total fraction of irrigation area provided by the FAO map is reached. During the HTU aggregation
process, the 1 km pixels are summed up to estimate an irrigation area at the HTU level.

2.1.2.4. The Adduction Network

The adduction network setup is inspired by the methodology of Optimal Dam Dimensioning Yield and Cli-
mate Change Economic Impact Assessment (Neverre et al., 2016, ODDYCCEIA). It connects the demand
locations with the most likely abstraction vertex on the river graph. For irrigation, the location of the de-
mands has been described in the previous paragraph. The strategy to find the adduction path is to minimize
a cost function corresponding to the difficulty of transfer from the river to the demand's location.

The original cost function in Neverre et al. (2016) has two terms, one corresponding to the vertical water
movement from lower to upper places and the other to the infrastructure needed to transfer water horizon-
tally. This cost function is not an explicit economic cost function but materializes that moving water up and
horizontally involves some infrastructure and operation economic costs.

Cost = DP*" 4 | . gpath, (¢))

where Cost is the total “cost” along the adduction path. DP*™ is the horizontal distance along the path, H**"
is the cumulative elevation increments along the path. It is always a non-negative value. In general, lifting
water is much more difficult than transferring it horizontally, since it requires pumping water or building
aqueducts and tunnels. This is taken into account by the k factor which describes the ratio of costs between
both directions. It can be constant or it can be made country or even location dependent to take into account
differences in wealth, technical capabilities and opportunities to satisfy the demands.

Neverre et al. (2016) propose a two-step approach; The least-cost path described above, obtained using top-
ographic information, is completed by a second step taking into account the average flows on the vertex to
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ensure demands can be matched. Here, another approach is proposed to take into account water availability
that does not require to know demands and inflows beforehand. We suggest to use the upstream area of the
catchment at the abstraction point to favor the links which have the highest likelihood to carry water. In
other words, catchment area is considered as a proxy for inflow. This leads to an alternative cost function:

path . pypath
Cost = u , @)
log(U)

where U is the upstream area of the abstraction point. This formulation ensures the unicity of the adduction
path to a given river as U is a monotonic function along the graph. The value used here is the same as the
one recommended by Neverre et al. (2016) (k = 10,000).

This methodology to construct the adduction network is applied to the 1 km resolution description of the
rivers and links each potential demand point with a point on a river with an upstream area greater than
10,000 km? or a dam along the river network. The aggregation to the HTU level then preserves this informa-
tion and allows to setup the edges between the river HTU and the demands HTU over which water can be
transferred. Adduction paths from one HTU to multiple other HTUs are preserved. The demands generated
on an HTU are distributed among the multiple water source HTUs according to the density of paths availa-
ble at 1 km resolution. Resulting multiple adduction path between two HTUs are aggregated as one edge to
carry the water transfers and demand information.

2.2. Water Continuity Equations

2.2.1. Definition of Water Stores and Water Classes

Each vertex (HTU) is associated with stores with different properties. Three types of stores are distin-
guished: The natural unmanaged water stores, the stores created and managed by humans and a special
store corresponding to the naturalized flow.

In the model, aquifers are considered to be unmanaged and are represented by two aquifers: a fast aquifer
(Whs) and a slow aquifer (Wy,y). These aquifers correspond mainly to alluvial/shallow aquifers. They
differ in their time constant which describes the recession rate for each water storage (see Equation 3).
With a very large time constant for the slow aquifer, the water stored in the slow aquifer can be extracted
as the shallow (or renewable) groundwater. These two aquifers can feed irrigation through water pumping.
These sources are purely local to the HTU because they are only fed by the runoff and drainage from the
current grid.

The surface water can be affected by human usage. Different classes are defined and indexed by k:

* Natural river flow: k =0

* Ecological and non-reserved flow: k = 1
* Domestic and industry: k = 2

* Irrigation: k=3

* Hydro-power: k = 4

k = 0 is the natural potential for the river system and corresponds to a river system without any human
interventions. This flow can be compared to naturalized discharge data provided by some basin agencies. It
is also used here as a reference for the rules of some managed classes.

By separating the water in the streams into four managed classes (k = {1...4}), the model can follow the
type of demand water was released for. It is akin to a storage of water in the streams and helps to formulate
management rules. By default all the water is “ecological and non-reserved flow” but operational rules can
transfer some of the stream flow into other classes. Note that the class index is also a priority parameter that
is used when releasing from the dams. The priority decreases with increasing index. Note that the fast aq-
uifer and slow aquifer only have two water class k = 0 and k = 1, representing the natural (without human
interventions) and altered status (with human interventions).
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2.2.2. Prognostic Equations for the Stream Store

The continuity equation for the water flowing has been reformulated due to additional water classes and the
addition of lakes and man-made reservoirs (See Appendix B).

2.2.2.1. River flow

The outflow flux from the three water storages Fs (stream, fast, and slow) for HTU i and the class k is given
by

Wy
FSA lk == ’ (3)
o 8x ' T

Wy is the Wream, Whaist OF Wiy representing the water storage in the river water storage, fast aquifer, and
S S .. o1 )
slow aquifer, respectively. i + 5 indicates the outflow from HTU i (in reverse, i — ) represents the inflow

into the HTU i). The fluxes are determined by the following properties which are either HTU dependent
or constant in space and have been described in previous publications using ORCHIDEE's routing scheme
(d'Orgeval et al., 2008; Ngo-Duc et al., 2007; Nguyen-Quang et al., 2018). gx is the g, g,, and g; for the three
storages.

1

* g;: Time constant of river water storage in unit day km™~

* g Time constant of fast aquifer in unit day km™

*  gs: Time constant of slow aquifer in unit day km™"

* 7 Topographic index for each HTU i in unit m
The fluxes from the fast or slow aquifers will be added to the river water storage of the downstream HTU.
2.2.2.2. Water Bodies (Lakes and Reservoirs)

The information of the water bodies is derived from the Global Reservoirs and Dams Database (Lehner
et al., 2011, GRanD). If the water body ends with a dam, the water body is considered to be managed, else
the water body is considered a natural lake. In the case of a natural lake the water above the capacity will
flow out with a given time constant:

Re , = m[woj @
i+—,1 &4
Rei%,z..A =0 ©)

Re | . is the outflow from HTU i with the water class k. V; is the current water volume stored in the lake i.
i+—,
2
Vref; is the reference water storage, defined as the maximum water storage below the lake outlet. g, is the
time constant of the water in the lake (unit: day km™"). We propose to set it equal to time constant of the
slow aquifer for the moment (g;). Note that the lakes will not serve as the water sources for demand catego-
ries other than the ecological and non-reserved flow (k = 1).

If the water body is controlled by a dam the demands drive the release. Some volume is also reserved, using
a one point hedging rule with the hedging coefficient «; (Draper & Lund, 2004), which can be specific for
each water class. The releases are computed for each class and then subtracted from the river water storage
Witream,ik and thus the total stored volume V.

k=1:Re ; = min(e,,;V,,;max(d | ,V,—Vref))
i+5,k ’ i+5,k

(6)

k-1
k=2..4:Re L= min ai,k(Vi— 2 Re J,d. . (7)
s k=1

i+—,K i+—.k
2

N | =
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V; is the current water volume stored in the reservoir i and Vref; its known storage capacity. The varying
Vref; is defined in the next subsection. ,u%,k is the downstream demand in value class k and it is unique as

it is part of a directed graph. The ecological and non-reserved flow also includes the spill from the dam, the
release of water above Vref;. a; is the hedging coefficient which tries to anticipate the future dynamics of
the demands (o < 1).

This methodology ensures that ecological flow (k = 1) is given priority. The other demands are satisfied as
long as water volume is sufficient, taking into account hedging. For a demand with index k, the summation
of other demands up to k — 1 ensures that the demands with the highest priority (lower index) are served
first. Hedging, increases the risk of spill but allows to keep water stored, which can be used later, such that
demands with higher priority can be better served.

2.2.2.3. Hydro-Power and Flood Management

In the flooding season, the maximum storage of the dam is reduced to a lower level to ensure that enough
capacity is available to absorb potential floods without exceeding the design limits of the infrastructure.
Outside of the flooding season, the maximum dam storage is set to the maximum level that is safe for the
dam, in order to store as much water as possible for demands satisfaction, and also in order to produce
hydro-power in the best conditions. The upper limit of water level is therefore varying with time as shown
in Figure S1. This information is not provided in the dam information of GRanD (Lehner et al., 2011) but
can be derived from the climatology of the simulated natural discharge by the model or obtained from
the literature. In this first implementation, flooding volumes are based on local information on flood
volume rules.

In the water management scheme proposed here, hydro-power water demand is not explicitly taken into
account. There are no releases targeted at satisfying exclusively hydro-power water demand. The water
for hydro-power is not consumptive thus any release can actually be used for hydro-power. Although this
assumption means that some hydro-power demand is ignored, it also ensures that the reservoir level only
decreases when higher priority demands need to be satisfied. This is consistent with keeping the reservoirs
at the highest possible level to maximize the energy production for a given water release.

2.3. Flow of Water Demands
2.3.1. Definition of Demands

The water demands for the various water classes are one of the key information which allow to derive man-
agement rules for reservoirs and extraction functions from the streams. We define three variables to store
and propagate this information. First, there is the local demand on each vertex dl;; which represents the
water needs for use k that should be withdrawn from vertex i. For irrigation for instance, it is the sum of the
needs which are fed through adduction channels to this point in the river graph. The irrigation demand can,
therefore, come from an area larger than the grid box containing the current vertex. The second information
is the unsatisfied demand du;, which results from the local demands which could not be satisfied with the
water currently in the stream store. This information needs to be propagated upstream to trigger releases

d
from reservoirs. Finally, the third demand is the sum per value class of all the downstream demands i+%,k,
which allows to decide if an abstraction should be performed to satisfy a demand. As this information is
akin to a flux it is placed on the edges of the graph. It is used to define the water releases of the reservoir
in vertex i (Equations 6 and 7) as an argument to the release function Re | . In the following section, we

i+—k
describe the equations used to compute and propagate this information. "2

To facilitate the expression of the prognostic equations for the stream reservoirs (Equation B1) an extrac-
tion term is also defined as e;, or e},k when it is transferred to the unallocated water. It is directly given by
the difference between the local demand and its unsatisfied part. Its calculation is detailed in Appendix C
together with the definition of the demands.
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2.3.2. Unsatisfied Downstream Demands

Unsatisfied water demands are generated at each consumption point within the graph. It will propagate
along the digraph defined in Figure 1b and be used in HTU where water is managed to compute releases.
By definition, at the root of this digraph (the river outflow point) the unsatisfied demand is zero.

Each HTU will have an unsatisfied demand du;, when the water needed for irrigation, hydro-power, do-
mestic use and ecological flows is not available locally. This information needs to be summed with the
downstream unsatisfied demand so that at each vertex, where water management infrastructures exist, a

d
total downstream demand i+%,k is available to compute releases and apply operating rules.

This is achieved by writing a continuity equation for the demands. The continuity equation can be written
for the sum of all upstream demands:

2 dyy =duy+(d | —Re | )
me{i—%} H?k H?k (8)

o1
where Re | . is the water released by the infrastructure at vertex i (See Appendix B2). m € {i — E} denotes

i+—,
all the upstream HTUs flowing to HTU i. du; is the unsatisfied water demand at HTU i in water class k.

d,-+1 . is the total downstream water demand at HTU i in water class k.

>
However, we want to propagate this demand along each of the upstream edges in order to reach each of
the upstream dams until the demand is satisfied. An algorithm is needed in order to distribute this overall
downstream demand over upstream edges. As proposed by Neverre et al. (2016) we distribute the demand as
a function of the stored water in each of the upstream basins. To achieve this, we use the information of the
water currently stored in all upstream reservoirs Vu;. The continuity equation for the demands thus becomes:

Vi
d | =— ldu,+d ;| —Re , | )
I*E,k zme{ifl} U, l+5,k i+—,k

{i — 1} denotes the ensemble upstream tributaries which have their confluence at HTU i. The downstream
demands are distributed upstream proportionally to the total storage in each tributary. Another simpler op-
tion would be to distribute demands according to the installed storage capacity irrespective of their current
status. In that case in the above equation Vu;_; would be replaced by the total upstream storage capacity
Vurefi_,. More complex options could also be used, such as the space rule (Johnson et al., 1991) or rules
parametrized by optimization (Nalbantis & Koutsoyiannis, 1997).

2.3.3. Sequence of Water Sources

Demands will first be satisfied with water in the streams and then from the fast and slow aquifers of the
same HTU. As these two aquifers have large time constants, extraction from them can be considered as shal-
low groundwater pumping. The unsatisfied demand will then extract water from the river HTUs linked to
the demand through the supply demand path. The remaining unsatisfied demands will then be propagated
to the upstream dams for water release with Equation 7. Note that the propagation (Equation 9) needs to
be solved starting at the outlet of the rivers to provide at each point of the graph the cumulated demand to
which the management infrastructure will need to respond with releases.

Currently ORCHIDEE does not include fossil groundwater (non-renewable groundwater). Therefore, irrigation
demands cannot be satisfied with pumping from deep groundwater as is the case in some regions of the world.
However, this does not impact the objective of our study as we focus on the impact of human water manage-
ment (including irrigation, dam regulation) on river discharge. Compare to surface water, fossil groundwater is
only a small proportion of the water used in this region for irrigation (Wada et al., 2012). Furthermore, most of
it will be consumed by evaporation and thus its impact on the river flow should be negligible.
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2.4. Implementation of the Model

The proposed model for human water management has been implemented in ORCHIDEE's routing mod-
ule. Given the high computation requirement, the LSM was run uncoupled from its routing module to sim-
ulate the water inputs (runoff and drainage) which drive lateral transports of water and irrigation demands.
Simulating the rivers without the LSM facilitates and speeds-up development, but has implications. The
main implication is that we assume for the purpose of this study that all the water abstracted for irrigation
reaches the atmosphere and that the return to the river is negligible. In other words, agricultural demand
is assumed to be fully consumptive here. Once the routing scheme is integrated into ORCHIDEE this as-
sumption will not be needed any more as the irrigated water not used by the plants will leave soil moisture
through drainage and return to the rivers.

The water required for irrigation is also estimated in the LSM and used as a demand for the proposed hu-
man water management model. The agricultural demand is estimated as the deficit between the actual and
potential evapotranspiration computed by ORCHIDEE for the grid, as described in Guimberteau, Laval,
et al. (2012) and Yin et al. (2020). Precipitation (P) and reinfilterating surface runoff (Re;,s) are subtracted
from the unfulfilled evapotranspiration (calculated as difference between the potential evapotranspiration
[PET] and actual evapotranspiration [ET]) in order to estimate the irrigation demand (d'Orgeval et al., 2008).

d = max{PET — ET — (P + Re,,),0} (10)

The agricultural demand is estimated on the 0.5° grid as this is the resolution at which the atmospheric
variables are available. It is then distributed to the 1 km pixels by the percentage of the irrigation area at the
HTU level as described in Section 2.1.2. Note that in ORCHIDEE, the estimation of the irrigation demands
is more complex as it considers explicitly the transpiration’s soil moisture stress thus taking into account
the state of the vegetation when the dry spell arrives (Guimberteau, Laval, et al., 2012) and it is only applied
to the crop fraction of the grid. The updated irrigation module, including flood and paddy irrigation tech-
nologies, was developed in the ORCHIDEE-CROP LSM which describes crop phenology and growth (Yin
et al., 2020). The simulations have been validated with observations and census data over China from 1982
to 2014.

To estimate the runoff and drainage needed for the routing module, ORCHIDEE was driven by the WFDEI_
CMA forcing. This data set is the WATCH Forcing Data (WFDEI) based on the ERA-Interim reanalysis data
in which the precipitation estimates from China Meteorological Association (CMA) were used to correct the
re-analysis (Zhou et al., 2018). The spatial resolution of the atmospheric variables is 0.5° and the temporal
interval is 3 h. The simulation was executed with a time step of 15 min to account for fast exchanges within
the continental hydrological water cycle.

Three scenarios (natural: NAT, irrigated: IRR, regulated: REG) are designed to evaluate the impact of hu-
man water management on river discharge. NAT represents natural conditions, that is without considering
irrigation or dam regulation. IRR represents a situation where irrigation exists but the river is not regulated.
Both irrigation and dam regulation are activated in the simulation REG. The differences between NAT and
IRR allows to evaluate the impact of irrigation while the difference between IRR and REG shows the con-
tribution of dam regulation to the potential for irrigation under current climate condition. The comparisons
between NAT and REG shows the combined impact of the human water use and management (irrigation
and dam regulation).

3. Test Implementation of the Management Scheme
3.1. Description of the Human Pressure in the YRB

The Yellow River is the second-longest river in China, with the main channel of more than 5,000 km in
length and a catchment area of 7.5 x 10°> km? The Yellow River originates on the North Tibet Plateau, flow-
ing through floodplains in the upstream, hilly terrain and the Loss Plateau in the middle section, flat plains
in the final reaches before the river flows into the Bohai Sea (Figure 2). It has fed the Chinese civilization
for thousands of years and still plays an important role nowadays for agricultural and social development
over the YRB. The population over the entire YRB exceeds 100 million in 2017, and will reach 126 million in
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Figure 2. (a) Geography map and (b) detailed locations of the dams and river gauges in the Yellow River Basin. (c) Percentage of irrigated area in Northern
China (Siebert et al., 2013). The dams collected in the GRanD database and discharge gauging stations on the Yellow River basin are displayed. The dams with
reservoirs larger than 10° m® are marked with red dots while others are marked with blue dots. The region upstream of the Tangnaihai station is considered

as the source region where human interventions are negligible. Hekouzhen separates the upper reaches and middle reaches. Taohuayu separates the middle
reaches and the lower reaches. Tongguan is the confluences of the main Yellow River channel with its largest tributaries: Wei and Fen rivers.

2020 (Wang et al., 2018). The cropland area occupies around 2 X 10° km?, with varying proportion between
26% and 28% of the total catchment area (Wang et al., 2017). The large demand from the domestic and ag-
ricultural sectors rely heavily on the surface water resources in the Yellow River as well as the groundwater
storage. The Water Resources Bulletins in 2000 (MWR, 2001) reports that about 35% of the total water con-
sumption is taken from groundwater while this proportion decreased to 20.6% in 2019 (MWR, 2020). But
there is no information on the fraction which is taken from non-renewable groundwater.

Water resources are scarce in the YRB as large portions of the basin are located in a semi-arid climate and
receives annual average precipitation of around 450 mm year ™. Together with glacier melt from the Tibet,
more than 70% of the surface water in YRB is generated in the upper reaches (MWR, 2020). Large irrigated
area, distributed in the upper reaches, consume the discharge along the main river channel. There is a very
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little supplement in the middle and lower reaches. Thus despite the presences of the river, the middle and
lower reaches rely on groundwater pumping.

To meet the high demand for agriculture, ensuring water availability during the crop growth cycle, and for
flood control dams have been built in the YRB. For flood control some space is left in the reservoirs during
summer, the high precipitations season. We do not have a precise description of water management rules
targeting water uses satisfaction, but it is common knowledge that the operating rules follow the general
patterns of filling during the low demand period of winter, and releasing when irrigation demands are high
in summer. Allowing a better satisfaction of demands and lowering the water level in the river in the season
where floods are more likely.

The Global Reservoir and Dams (GRanD) database reports 49 dams over YRB with 9 of them located along
the mainstream. The dams have significantly altered the river discharge in magnitude and phasing. Other
information sources for the region shows that additional dams exist, but they are either small or have been
completed since the global database was assembled. Taking into account the human activities (e.g., irriga-
tion and dam regulation) is a necessary step to accurately represent the river discharge over the Yellow River
and in order to explore the potential interactions of climate change and water management.

There are a number of gauging stations along the Yellow River where observed monthly river discharge are
available (Figure 2b). Moreover, the second and most recent national water resources survey provides the
naturalized river discharge in which the impact of consumed water and flows modifications by dams have
been removed (Zhou et al., 2020). The naturalized river discharge is a useful data source to validate the sim-
ulated natural state of the river and the statistics provided by local water management agencies are arguably
the most reliable source of information for the actual water management. Given that the naturalized and
observed river discharge data spans the periods over 1950-2000 and the model's forcing WFDEI_CMA data
is only available after 1979, the period for model simulations is narrowed down to 1979-2000.

3.2. Other Regional Model Settings

In the present implementation, the dam regulation is simplified by selecting a hedging coefficient equal to 1
for all water classes (a;x = 1). Although the flooding period changes slightly along the Yellow River, we have
chosen for all dams the period from May 1 to the end of August for the reduced maximum storage to absorb
any flood wave. The reduced maximum storage for each dam is calculated as a percentage of its nominal
capacity. The ratio is obtained from available data for the dams in the Yellow River. A simple regression has
shown that 60% is the common reduction rate for the region. Dams start to refill this flood buffer in Septem-
ber at a limited maximum rate until the reservoir reaches its nominal capacity. Dams start to release water
from January 1st the following year to lower again maximum storage. This release of stored water is also
limited to a maximum rate. The maximum spill and fill rates are obtained by dividing the change in volume
between V¢ and vgeeq by the time foreseen for the operation.

In order to simplify the analysis and also because ecological flows have not been strongly enforced in the Yel-
low River Basin so far, we have, in this implementation, selected to set the ecological flow to 0 m* s™* through-
out the year. Since the hydropower demand is non-consumptive and domestic and industrial water demands
are mostly non-consumptive, they are not taken into account for testing the new routing model in the YRB.

The analysis of the simulated impact of human water management on river discharge is based on the mul-
ti-annual mean values (1979-2000). Although the simulation contains higher-resolution information for rout-
ing, water use and water management, the analysis is performed on the coarser atmospheric grid by using the
representative discharge value (the HTU with the largest discharge) for a simpler visualization of the results.

4. Results
4.1. Irrigation Distribution and Demand-Supply Paths

The map of the water abstraction cost function (Equation 2) estimated by the algorithm provided in Subsec-
tion 2.1.2 is displayed in Figure S2a. The cost function is tightly linked to the topography with high values

ZHOU ET AL.

12 of 33



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2020WR028133

found in mountainous areas (Figure S2b). The distribution of low cost areas follows the river channels
showing the easy accessibility in the riparian zone. The values of the cost function are also low in the North
China Plain as in this sedimentary region there is no penalty for lifting water over topography.

The refined 1 km-resolution map of areas equipped for irrigation derived from the FAO map (Figure 2c)
with the methodology presented in Section 2.1.2 is shown as Figure S3b. Both the FAO fraction map
and the downscaled high-resolution irrigation points match well with the officially released main crop
districts (NPC, 2011). The cropland identified in the land cover map (Figure S4) is generally consistent
with the irrigation map although the distinction between rainfed and irrigated croplands is less reliable
in the land cover map. This can have two causes, first, the FAO map identifies potentially irrigated areas
and second the difficulty to distinguish from space irrigated and rainfed cropland. The consistency of the
resulting distribution of irrigation points with the released report (NPC, 2011) and with the total cropland
area derived from satellite-based observations gives us confidence in the locations of water consump-
tion. High concentrations of irrigation areas are found in the Ningxia district, the Neimenggu Irrigation
district, the lower Weihe River, and the Shandong peninsula. The main concentrations are located in the
riparian plain of the Yellow River, corresponding to the areas with the low values of the “cost” function.
This is consistent with accessibility to water being correlated with and a determinant of the distribution
of irrigated areas.

The connections between a potentially irrigated area on the 1 km resolution map (demand end) and ab-
straction point on the river (supply end) is constructed by minimizing the cost function displayed in Fig-
ure S2a as explained in Section 2.1.2. The resulting adduction network is displayed in Figure 3 by symbol-
izing each connection with a green line. The average distance of the adduction network is 17.7 km, with
a standard deviation of 12.1 km. The distance is shortest in regions with higher density river network and
longer in the upper reaches where access to water is more difficult. The adduction network density is high
in regions where the “cost” is low, which means that the cost used is a relevant proxy. The average length
in the adduction network is smaller than the grid resolutions usually used in large-scale models (e.g., 0.25°,
0.5° or 1.0°) demonstrating the added value of the approach proposed here. The strong inhomogeneity and
anisotropy of the network simulated here show that previous approaches which ignore topography will
miss some important characteristics of the water transport infrastructures. In general, the irrigation points
are connected to the closest river channel, independently of their atmospheric grid box as the network is
based on the original 1 km data set, before aggregation into HTUs. Thus the structure of the simulated river
network follows more closely the hydrological network and the topography and the adduction network is
not significantly constrained by the 0.5° grid.

Some relatively long distance adduction network links are probably spurious. To avoid those links a thresh-
old on the cost could be used, or they could also be excluded if they are in a region with small scale reser-
voirs, abundant renewable groundwater or year-long water sources. Additional artificial adduction paths
are possible (e.g., the South-North water transfer project). Users can specify the supply ends and demand
ends from the defined HTUs. Though, it is ignored in this implementation because the investigation period
is before 2013 when the project started operating.

4.2. Irrigation Water Demand

Irrigation accounts for the largest fraction of water consumption in northern China. The pattern of es-
timated irrigation demands is shown as Figure 4a. Areas along the main Yellow River channel already
have relatively high potential irrigation demands, ranging from 300 to 900 mm year™'. Much higher
irrigation demands are found in the China Northern Plain (Hai River), with the annual demands exceed-
ing 1,350 mm year".

Figure 4b shows the ratios of irrigation demand that can be satisfied by local water (i.e., stream storage,
fast, and slow aquifers). In the center Loss Plateau, the water demands for irrigation are small and the local
water provided by rainfall can be sufficient. However, local waters are not enough for areas along the main
Yellow River in the upper stream, in the Wei River and the lower Yellow River and the Northern Plain. The
water required for agriculture has thus to be dealt with in the context of the entire upstream catchment. The
local grids will extract water from the nearby rivers through the defined supply demand paths. If the river
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Figure 5. Estimated irrigation impact (IRR-NAT) on river discharge (a) in absolute values and (b) as relative change
over the 1979-2000 period. On the atmospheric grid the discharge of the main HTU which flows out of the cell is
represented. HTUs, hydrological transfer units; IRR-NAT, irrigated-natural.

water still does not cover the need, the unsatisfied water demand will be propagated upstream. In the IRR
scenario, the propagation will not change the results because dams are not included in the IRR scenario.

4.3. Impact of Irrigation on River Discharge

As shown in Figure 5, the total abstraction for irrigation accumulates along the main river channel de-
creasing the discharge by 1,320 m® s™" at the Lijin gauging station. The change relative to the natural state
of the river (Figures 5a and 5b) shows an important impact of irrigation not only along the river channels
but also in some upper tributaries where water resources are limited. The relative change is small in the
source regions of the YRB where human intervention is limited. In contrast, the relative change is high to
the north-west of the YRB. Agriculture in that part of the Gansu province relies heavily on irrigation using
water which runs off the northern slopes of the Qilian mountains. The northern part of this province is
located in the Gobi Desert and thus offers no water resources. In the Neimenggu District, the natural river
discharge change reaches —90%, indicating a dramatic decreasing of local river levels caused by a high de-
mand for water from the main Yellow River.

Along the mainstream of the Yellow River, the impact of irrigation starts to increase right after the river
flows through the gauging station of Tangnaihai. As the river flows North it goes through densely irrigated
areas (Figure 2c¢). Irrigation impact reaches a peak before the Hekouzhen gauging station (~ —58.0%, black
dots in Figure 6), after the main irrigation district in the Neimenggu province. Then the impact declines
progressively as other tributaries less affected by irrigation contribute to the discharge of the Yellow River.
The impact of irrigation on the two main tributaries Fen (—34.9%) and Wei (—31.3%) is slightly lower than
the main channel (—41.8% before the confluence of the Fen River). The annual mean reduction in the main
channel is not modified significantly after the confluence since it is —42.7% right after the merger with the
Wei River. The impact in the lower reaches keeps increasing until the estuary of the Yellow River. This evo-
lution of the impact of irrigation on the river discharge is nicely illustrated when plotting it along the main
channel as a function of the distance to the ocean as shown in Figure 6. The annual mean change relative
to the natural state of the river is shown with black points in this figure.

The impact of abstractions for irrigation differs over the course of the year (see the colored points in
Figure 6 for the four seasons). Winter shows the smallest changes because of low energy (heat and radi-
ation) availability and thus reduced irrigation needs. In summer, during the cropping season, the irriga-
tion needs are the highest and the abstractions are also the largest. The impact increases downstream of
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Figure 6. The impact of irrigation relative to the natural discharge of the yellow river along its main channel (IRR-
NAT). The long term averages (1979-2000) of annual as well as seasonal flows are displayed. The discrete dots represent
the grids along the main river channel. The named stations are positioned on the map in Figure 2. The definitions of
the seasons are as follows: Spring covers March to May, Summer June to August, Autumn September to November and
winter covers December to February. HTUs, hydrological transfer units.

the source region but at different rates, reaching its maximum impact before the middle reaches in every
season but winter.

In spring, the cumulative abstractions are the highest at the Lanzhou gauging station. Then, the impact
starts to decrease because of the confluence of small tributaries which carry large amounts of water in the
spring season with fewer irrigated areas. When the two main tributaries (the Fen and the Wei river) join the
main channel, before the Tongguan gauging station, the impact of irrigation increases again as these rivers
are strongly impacted by abstractions during this season (Figure S5). The impact of irrigation is —43.4%
and —45.6% for the two tributaries. Correspondingly, the main channel impact of irrigation increases from
—18.2% to —33.4% after the confluences. The spatial distribution of IRR-NAT (the difference between IRR
and NAT simulations) in the four seasons demonstrates that in the Wei and Fen rivers irrigation discharge
decrease is indeed stronger in spring (Figure S5).

In summer the decrease of discharge continues downstream of Lanzhou gauging station because of the
large irrigation demands in the irrigation districts of the Neimenggu province. There is again a decrease
of the irrigation impact downstream with a less pronounced effect of the Wei and Fen river than in spring.
The peak reduction relative to natural flows reaches 95% and occurs closer to the estuary (~2,500 km to the
ocean) than in spring. The river section downstream of the Tongguan gauging station is known to be char-
acterized by high water stress which may result in severe water scarcity not only for agriculture but also for
domestic and industrial sectors (Cai & Rosegrant, 2004).

In autumn the impact of impoundments for irrigation starts to reduce and the peak occurs downstream of
the Neimenggu irrigation district (~2,000 km to the ocean, upstream of the Hekouzhen gauging station).
The peak discharge decrease is 80% in autumn, and then the impact decreases to 50.3% where the two main
tributaries join.

Because of small irrigation demands in winter, the impact progressively increases from the source regions
to the end of the middle reaches. In winter, the impact of abstractions on the discharge of the Wei and Fen
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Figure 7. Estimated impact of dams on river discharge relative to the IRR scenario (REG-IRR) (a) in absolute values
and (b) as relative change over the 1979-2000 period. IRR, irrigated; REG, regulated.

tributaries is also lower than in the main channel (Figure S5, —24.9% and —22.5% for tributaries and —30.8%
for the main channel before confluence). They do not have much effect compared to the one in spring.

This analysis demonstrates that the irrigation impact on the river discharge can vary significantly over time
and space because of the complex nature of hydrological topology and the seasonal cycle of river levels.
The impact propagates downstream and combines with the changes in tributaries. The impact of irrigation
on a river's discharge has to be considered as an accumulated metric over the entire basin. Analysis of the
seasonality is also interesting to better reveal the consequences of agricultural abstractions.

4.4. Impact of Dam Regulation on River Discharge

Dams and their regulation rules are mainly designed to increase the water available for human demand by
modifying the intra- and inter-annual distribution of the streamflows. Storing water in winter and autumn
to be released in spring and summer is especially important for agriculture in the Yellow River basin where
water is a limiting factor and not necessarily available from precipitations and glacier melt during the crop
growing season. That being said, precipitation is important during summer in the YRB, which is also the
crop growing season, which means that reservoirs are not as critical for intra-annual regulation in this
region as in other regions. For instance, the Mediterranean region where low precipitations are in summer
during the crop growing season. In other catchments in China, in particular the Yangtze River, water is
more abundant and both inter and intra-annual regulation on river discharge are less critical.

Figure 7 displays the annual mean difference of discharge between simulations REG and IRR in absolute
and relative values. Most grids traversed by the river display a decreased discharge in REG as water availa-
ble for irrigation and abstraction increases. The cumulative effect of water management increases from the
source regions down to the central region of the Yellow River near the Tongguan gauging station. However,
as shown in Figure 7, discharge at grids just downstream of a dam often display an increase because the
releases in response to demands will only be consumed progressively. As tributaries are generally equipped
with smaller dams changes there are less visible.

The seasonality of river discharge, irrigation demands and regulation cycles (Here represented by flood
absorption capacity), lead to an impact which also varies significantly throughout the year (Figure 8). The
overall impact on the mean annual river levels is relatively small (Figure 7b) but the magnitude of the sea-
sonal changes can be much larger. For instance dams increase the river discharge by over 400% between the
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Figure 8. The impact of dam regulation relative to the estimated discharge of the yellow river along its main channel
in the IRR scenario (REG-IRR). The long term averages (1979-2000) of annual as well as seasonal flows are displayed.
The discrete dots represent the grids along the main river channel. The named stations are positioned on the map in
Figure 2. IRR, irrigated; REG, irrigated.

Longyangxia-Liujiaxia cascaded dams and the Tongguan gauging station in spring and summer (Figure 8).
Irrigation without dam regulation reduces river discharge to very low levels (Figure 6), but the cascading
dams provide large storage which can fulfill unsatisfied irrigation demands downstream through regulation
and compensate flow reductions in the irrigation season.

In spring, the positive impact is maximum around the Lanzhou gauging station downstream of the Liujiax-
ia dam (see Figure 2). The impact decreases progressively as the released water is consumed by abstractions
for irrigation (Figure S6a). However, because the additional water released by the dams is used to satisfy
a larger fraction of the irrigation demand, consumption increases. Thus, evaporation over the Neimenggu
province irrigation districts increase and the river levels are below those of the IRR simulation between the
Hekouzhen gauging station and the confluence with the Wei and Fen rivers. The dams on these tributaries
meet the irrigation demand in spring and thus bring more water to the main channel than in the IRR sim-
ulation leading to a positive impact of regulation down to the outflow point.

In summer, the dams also increase the water available for irrigation and the river discharge (Figure S6b).
The positive impact on the river discharge propagates down to the Tongguan gauging station. The changes
in summer are not fully attributable to irrigation demands as the dams operate during this season also
with a smaller volume to manage flood risks. The impact of dam management benefits mostly the region
upstream of the Hekouzhen gauging station. Irrigation perimeters of the Wei and Fen river fully exploit the
additional water brought by regulation and thus their contribution to the main channel is reduced leading
to smaller differences compared to IRR down to the estuary.

In autumn and winter, the discharge decreases as there is less irrigation demand downstream. Dams do not
spill since they have been emptied to satisfy demands and there is no need to leave space for flood atten-
uation (Section 2.2.2). This allows to fill the reservoirs and prepare for the demands of the following year.
The impact is higher in autumn than in the winter (Figures S6c and S6d) because the dam storage period
often starts in autumn when the river flow is still high. Consequently, the downstream demands will not be
negatively affected by the reduced discharge.

Dam regulation increases the complexity of discharge changes, especially along the main river channel.
Reservoir operation can ensure a better demand/supply balance in the different seasons. The water stress
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Figure 9. Estimated impact of irrigation and dam regulation (REG-NAT) on river discharge for annual means (a) and the four seasons averaged over the

1979-2000 period: (c) spring, (d) summer, (e) autumn, and (f) winter. The relative change along the main channel is shown in panel (b) using the same layout
as Figure 8. IRR, irrigated; NAT, natural.

along the river channel is significantly alleviated because of the regulation in spring and summer, and
streamflow is increased. In autumn and winter reservoirs filling leads to a decrease of the flows, though
without an increase in water scarcity as irrigation demands are low in these seasons. Extra water abstrac-
tions in the upstream catchments could increase the risk of water scarcity downstream if the water de-
mands were not propagated upstream until satisfied.

These interactions between demands and dams releases in an anthropogenized water cycle and their sea-
sonal changes can only be represented when demands and dam regulations over the entire basin are mod-
eled together.

4.5. Overall Impact of Irrigation and Dam Regulation

The overall impact of human water management, that is the combined effects of irrigation and dam regu-
lation, on river discharge is displayed in Figure 9. Because dam regulation increases water availability for
agricultural consumption, the annual mean discharge is more strongly reduced in the main channel for
the IRR scenario (Figure 7b). In spring, the river discharge turns from decreasing (in IRR) to increasing (in
REG) with the additional release from the dams (Figure S6a). The increased river levels last until the main
irrigation district of the Neimenggu province. Dam regulation increases river discharge in summer as well,
although the discharge is still lower when compared to the natural state. The releases alleviate the water
stress especially in the river segments between the Lanzhou and Hekouzhen gauging stations (compare to
Figure S6b). Discharge in autumn and winter further decrease when compared to NAT as water is stored in
dams for water consumption of the following year. The impact is largest in autumn over the river segment
upstream of Hekouzhen gauging station, while in winter the middle reaches of the Yellow river are more
affected. Overall, the relative discharge changes are, similarly to the IRR case, within the —50% to —80%
range, but they are more homogeneously distributed over the course of the main channel in all seasons
except spring due to dam regulation.
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Upstream of the Neimenggu province irrigation districts, there is a small dam (Figure 3) but it does not have
the capacity of the infrastructures installed more upstream, in particular the Longyangxia-Liujiaxia cascad-
ed dams, and could not by itself support those irrigation districts. In spring, upstream dams release, in the
model, large amounts of water (2-3 times the natural discharge) which will not be abstracted for the next
1,500 km. The downstream irrigation districts demand this additional release, in particular the Neimenggu
province irrigation districts. Using traditional implementations of dams in hydrological models, dams can
only serve regions within a range of 250-1,300 km (see Introduction). Thus, the irrigation districts in Nei-
menggu province would not benefit from the cascading dams upstream of the Lanzhou gauging station in
these settings.

4.6. Impact of Human Water Management on River Discharge at Gauging Stations

The impact of irrigation and dam regulation on river discharge has been investigated over the YRB in the
previous sections. Although the irrigation water demand is difficult to evaluate, because of the lack of data,
the impact of irrigation water abstraction on the discharge can be used as an indirect test of the irrigation
demand estimation. The credibility of the spatial patterns and seasonal changes can also be qualified at
gauging station where observations exist. Moreover, with the naturalized river discharge estimated with
known management practices, the quality of the simulated impact of human water management can be as-
sessed. Figure 10 displays the comparisons of observed and naturalized discharge with the modeled values
in the NAT, IRR, and REG simulations.

Four discharge gauging stations (Tangnaihai, Lanzhou, Hekouzhen, and Lijin) located along the main
channel of the Yellow river are used here. Tangnaihai records the river discharge flowing out from the
source region where there is very little human intervention. ORCHIDEE underestimates natural discharge
especially in spring and summer which is probably caused by the lack of glacier melt and groundwater re-
charge in the model (Figure 10al) (Zhou et al., 2018). Due to this limitation, the annual cycle of discharge
is displaced to the end of the year in the model, leading to difficulties in filling reservoirs in winter which
then impacts dam management. The difference between observed and naturalized discharge established
by the basin agencies (black line in Figure 10a3) is very small and comparable to the irrigation abstraction
calculated by our model (green line in Figure 10a3).

Discharge of the NAT simulation at the Lanzhou station is also underestimated (blue line in Figures 10b1
and 10b2), with more than 75% of the underestimation being propagated from the source region. Irrigation
consumes water and the peak value for the irrigation simulation is in summer (red line in Figure 10b3).
On average, the reservoir stores water from August to February when the water level in dam reservoirs is
lower than the upper limit, the discharge in the REG simulation is lower than that of the IRR simulation in
summer (Figure 10b2). The period when discharge is reduced by human water management (irrigation and
dam storage) is longer than the one estimated through the difference between the observed and naturalized
discharge.

This can be explained by the underestimated natural discharge simulated by ORCHIDEE. River levels are
insufficient to fill the reservoirs over the period from September to the end of December. The downstream
demands and the need to lower the dam level in preparation for flooding period force the release of water
from February to April which sustains the discharge in spring. If the model would provide a more realistic
discharge in the source region of the YRB, the regulated flows would probably be better simulated.

Without regulation, the irrigation demand reduces rivers levels to its minimum in May. Annual evaporated
water from anthropogenic water use and management can be estimated by the average difference between
actual and naturalized discharge, and is largely attributable to irrigation. In the Tangnaihai-Lanzhou sec-
tion irrigation water consumption is thus around 90 m*s™" (Table 1). In the simulation, irrigation consump-
tion is overestimated in the IRR scenario with 190 m® s™". In the REG scenario, water regulation allows to
slightly increases consumption to 200 m®s™". Although less important than natural discharge underestima-
tion, irrigation demand overestimation contributes to the error of estimated regulated flows.

In the Tangnaihai-Lanzhou section, both irrigation demand satisfaction, reservoir filling and response to
downstream demands contribute to modifying river flows. We cannot distinguish the relative magnitude
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Table 1
Mean Discharge at Different Gauging Stations Along the YRB (unit: m* s™') and the Estimated Changes due to Human
Water Management

No Gauge Observed  Naturalized = Change (%) NAT IRR Change REG Change (%)
1 Tangnaihai 662.4 666.2 —0.6 332.6 3242 =D 324.2 =D
2 Lanzhou 948.0 1034.5 —8.4 557.0  369.0 —33.7 357.1 —35.9
3 Hekouzhen 627.3 1047.3 —40.1 777.7 352.6 —54.7 233.0 —70.0
4 Lijin 660.6 1683.6 —60.8 1942.5 813.3 —58.1 617.3 —68.2

Note. The reference are the observed and naturalized discharge values provided by the basin agencies. For the model
the NAT scenario is compared to the IRR and REG scenario.

IRR, irrigated; NAT, natural; REG, irrigated; Yellow river basin.

of those effects in the difference between the natural inflow into the section and the observed discharge.
Therefore, explaining the differences between the REG and the observed inflow is not straightforward. The
bias in inflow is very large, however, it will necessarily lead to an underestimation of discharges because
reservoirs will not fill nor spill, and reservoirs will often be at a lower operation level than designed for elec-
tricity production and storage for future potential water usage. In the REG simulation, dams are operated to
lower the water level before the flooding season, which sustains the discharge and satisfies the downstream
demands in spring.

At the Hekouzhen gauging station, which is located after the major irrigated areas of the Yellow River ba-
sin, the bias in the NAT simulation is also large, with a more pronounced phase shift. The naturalized river
discharge at this station increases from January to July, while the observed discharge starts to decrease in
April. Given that there is no big dam between Lanzhou and Hekouzhen that could be filled, this indicates
the spring time increase in consumptive water use in this river section. The lack of water in upstream dams
between May and August as described above results in an underestimation by the model of the water used
for irrigation over that period. The shift of maximum natural discharge toward winter on the other hand
results in an overestimation of the impact of dam regulation. A large proportion of the inflow will be stored
in the dam to compensate for the underestimated inflows since September. The REG simulation maintains
higher low flows in the river compared with the IRR run in the summer period, in order to satisfy down-
stream demands.

The Lijin gauging station is the most downstream and provides an integrated view of the entire YRB.
Here, the simulated natural discharge is comparable to the naturalized river discharge provided by the
basin agency (blue and dashed black lines in Figures 10d1 and 10d2). The overestimation in other tribu-
taries along the middle and lower river basin compensate the discharge underestimation from the source
region of the Yellow River described above. Comparison of the REG and IRR simulations shows that the
dam regulation lowers mean discharge and brings it closer to observations (from +23.1% in IRR scenario
to —6.6% in REG scenario). It also allows to increase systematically water consumption for irrigation by
24.1% (196 m® s™). High flows are advanced by one month which improves the timing of the simulated
hydrograph. The discharge reduction simulated for IRR and REG relative to NAT is now comparable to the
difference between the observed and naturalized values provided by the basin agencies (Figure 10d3). This
shows that over the entire YRB the model has some skills in predicting the current water management in
the basin.

Figure 10. Observed, simulated and naturalized discharge for four gauging stations along the Yellow river. From the top to the bottom rows are the results

of stations (a) Tangnaihai, (b) Lanzhou, (c) Hekouzhen, and (d) Lijin. The first column (labelled with -1) depicts at each station the annual mean discharge
observed, naturalized and for the three simulations (NAT, IRR, and REG). The second column (labelled with -2) provides the mean annual cycle of discharge.
The final column (labelled with -3) shows estimates of the effect of management on monthly means by substracting observed from naturalized discharges
(black line) and the difference between the simulations IRR and NAT (red line) for the effect of irrigation consumption, as well as REG and NAT (green line) for
the overall effect of water management and use. IRR, irrigated; NAT, natural; REG, irrigated.
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5. Discussion
5.1. Test Implementation of the New Routing Model

This study proposes a model to represent human water management to be integrated into a LSM and its
river routing scheme which are designed for global and regional climate studies. The model represents the
adduction network for irrigation, the propagations of water demands and dam regulation methods which
balances demands and supplies. This new parametrization of anthropogenic water usage is tested on the
Yellow River basin taking advantage of the existence of observed and naturalized discharges provided by
the basin agency. The implementation shows the qualities of the newly incorporated modules especially at
the Lijin gauging station (Figure 10d) where the simulated discharge for the managed river and the theo-
retical natural system is consistent with the values observed and naturalized by the basin agencies. Large
errors and uncertainties remain at other gauging stations with a smaller upstream area (Figures 10a-10c),
indicating that multiple error sources compensate in the lower sections of the YRB. This shows that evaluat-
ing mode over large basins only, Mississippi (Hanasaki et al., 2006), or Colorado (Haddeland et al., 2006), for
example, is not very adequate since errors over smaller regions can compensate. This study also highlights
that the natural flows, which are mainly driven by the climate, are still a challenge to simulate. Despite
these uncertainties, the discharge alteration due to human activities as implemented in the proposed model
are in relatively good agreement with the impact of water management practices as they can be derived
from the naturalized flows provided by basin agencies. Irrigation mainly decreases river discharge, while
dam regulation allows to increase water availability for agricultural abstractions, further reducing the river
levels as a result. The seasonal changes also demonstrate the role of dams in changing the annual cycle
of river discharge. A better representation of natural discharge would be needed to check more precisely
to what extent representing anthropogenic management improves the accuracy of the modeling. Even if
natural discharges were represented more adequately, more detailed data on reservoir volumes, irrigation
abstraction and consumption, at a monthly time step, for instance, would be needed to fully check the dif-
ferent elements of the modeling. Otherwise errors could still compensate on sections where both irrigation
and reservoir operation are present.

In addition to the investigation on the river discharge at gauging stations, this study indicates that the
proposed integration of the irrigation demands into the hydrological graph is important. The estimated
demand/supply path density, which takes into account the existing river network and topography, corre-
sponds well to the known irrigated perimeters and the distribution of water. Transfer distances are broadly
consistent with existing infrastructures, although some spurious long-range associations persist. The ap-
proach proposed here is superior to the simple assumption that within a certain radius around the demand
point a water source can be found. The simulated human impact from the upstream to downstream along
the main channel helps to understand its propagation and interaction with local demands. The steep chang-
es after dams or at confluences of large rivers demonstrate the ability of the model to capture the operation
of the dams in relation to its location in the hydrological network and in balance with major regions of
agricultural demands.

In this study, we chose the Yellow River Basin as our first test region mainly because the naturalized river
discharge is available from local basin management agencies at several gauging stations along the Yellow
River. With naturalized river discharge, we can evaluate how the model performs under natural conditions
(without human interventions). Additionally, the Yellow River is a continental-level river which spans dif-
ferent climate zones. It contains a large proportion of China's population and agricultural areas and faces
today water scarcity in different subregions. The relatively simple river channel and the distribution of dams
(mainly on the mainstream) is helpful to attribute the biases noted in the simulation. In the next steps, this
model will be adopted to other climates in different climatic zones and with different intensity of human
water management.

5.2. The Original Contribution of the Proposed Approach

Despite the intrinsic difficulty to evaluate a model of water management practices for a given region, the
design of the proposed scheme offers an original approach which allows to eliminate some hypothesis used
in other models and in particular those which assume a known stationary climate (Milly et al., 2008).
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1. The main climate dependant water demand, irrigation, is explicitly simulated by the LSM

2. The unsatisfied water demand in a given region can propagate upstream. This enables all dams within
a catchment to operate as a system. In previous approaches, dams only respond to demands within a
certain user-defined distance

3. Very few assumptions are made on the dams' operating rules. As the demand propagation and dam reg-
ulation operate at sub-diurnal time steps (no shorter than the routing integration step: 1 h) the system
can respond to rapid changes in demand and supply or flooding events driven by climate. The model
is thus suited to analyze the feedbacks between climate variability and change and the human water
management and use

4. The water management scheme is designed on the basis of the HTU concept used in ORCHIDEE and
thus can take into account the complexity of the hydrological network which would be lost on a typical
atmospheric grid. This allows to resolve important heterogeneities within the large-scale grid and helps
to accurately locate infrastructures for water management. High-resolution routing units also ensure
accurate hydrological connectivity between the location of the demands and the regulation points

5. The implementation of a simple maximization model connects the demand points to the potential sourc-
es of water. The resulting adduction network has realistic properties, respects topography and is inde-
pendent of the grid imposed on the LSM by the atmospheric information

6. Using a supply/demand approach to dam regulation gives the model some tolerance to systematic biases
in the simulated natural water cycle

5.3. Sources of Uncertainty

The uncertainties in the simulated discharge result from three main sources: the climate forcing and the
representation of the natural hydrological processes, the estimation of the irrigation demands and the mod-
eling of human water management. Uncertainties in the forcing variables and in the land surface model's
structure and parameters will propagate to the runoff and drainage estimations (Bhuiyan et al., 2019; Zhou
et al., 2018) thus providing a skewed basis for simulating water management. Furthermore, they affect the
estimation of climate-related water demands. In the test over the YRB presented here, the lack of a proper
representation of glaciers and groundwater in ORCHIDEE is the most likely limitation in addition to the
uncertainties in the climate forcing. This underestimation of the inflows propagates downstream, in the
filling period as missing spills and in the irrigation season as unsatisfied demands, increasing the difficulty
to analyze the performance of the water management model as it biases the supply side.

Different methods have been tested to estimate irrigation water potential demands. Either the irrigation
water aims to satisfy the transpiration demands of crops (Guimberteau, Laval, et al., 2012) or to alleviate the
soil moisture deficit in the grid box (Yin et al., 2020). Irrigation techniques also affect the water demand and
vary with regions and with crops leading to different efficiencies and return flows. Drip irrigation is more
widespread in semi-arid regions while flood irrigation is more often used in southern China especially for
rice paddy. Uncertainties in the water needs for irrigation will also affect the assessment of the model and
bias the simulation of the demand side. Thus, the model's sensitivity to the irrigation representation should
be considered in future studies.

5.4. The Water Management

The third source of uncertainty is associated with the representation of the human water management. In
this implementation over the YRB, not all aspects of human water management could be considered. For
instance, water demand from the domestic and industrial sectors are not yet included. But since these two
water usages are mostly non-consumptive (Shaffer & Runkle, 2007), large parts of the abstracted water will
return to the rivers downstream (Neverre et al., 2016). Since these demands are smaller than the irrigation
demand, their impact on the river levels is expected to be small on most time scales.

In the current implementation, fossil groundwater withdrawals are not considered. The availability of fos-
sil groundwater is unknown and its usage is restricted by local government. Although fossil groundwater
withdrawal has been included in some models (e.g., HO8 Hanasaki et al., 2010, WaterGAP Miiller Schmied
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et al., 2021, and PCR-GLOBWB Sutanudjaja et al., 2018), they assume unlimited fossil groundwater which
can be pumped without constrains or as a proportion of surface water. Such a solution is not feasible in an
Earth System Model, more specifically in its land surface component, as it creates an open boundary in the
water cycle. Neglecting fossil groundwater here leads to some uncertainties on the satisfaction of water
demands, but should not affect significantly our results on the simulated river discharge.

The ecological or environmental flow which represents the lowest limit of permitted river discharge is
only partially accounted for here as the definition has still to be clarified (Poff & Zimmerman, 2010; Poff
et al., 2010). On the other hand, defining thresholds for ecological flows is difficult, and even more when
the statistics of the simulated natural flows are biased. In this study, the ecological flow is not considered
as a constraint for water management. Dam regulation, even if based only on irrigation demands already
raises low flows in spring, but decrease river levels in winter. Adding a constraint on environmental flows
would increase the impact of water management on the minimal river levels. The very significant increase
of spring discharge can be caused by the underestimation of river discharge under natural condition and
the excessive abstraction for other water usages when no threshold is set for the ecological flow.

The rules regulating dams operations have been modeled based on demand satisfactions and flood control.
This ensures that reservoirs remain as full as possible, depending on the inflows and satisfy demands as
much as possible. In this setting, climate change will impact both sides of the equation, climate-dependent
demands, and inflows. The operation of dams will adapt naturally to the changes by finding a new supply/
demand equilibrium. In the YRB, for most dams the rules used in current operations are not known, thus
direct validation is difficult. Nevertheless, with the general rules proposed here, the model reproduces rel-
atively well the general characteristics of observed discharge, indicating that for the current climate the
approach is appropriate. All dams in the YRB can be operated in coordination for flood protection and the
coordination is necessary to balance the water supply to different administrative regions along the main
river. This is an aspect which is taken into account in our approach but difficult to validate without detailed
knowledge of the procedures practised by the basin agencies of the region.

6. Perspective

The proposed scheme for introducing human water management in LSM and thus climate models is based
on the need for these systems to reproduce the actual continental water cycle. The supply of water in all
catchments is driven by climate. The dominant demands for surface water, agriculture, is strongly modulat-
ed by climate as well. As these processes are already represented in LSMs, it is natural to view the human
intervention in the water cycle as an effort to better balance supply and demand at catchment scales and
throughout the annual cycle.

The model presented here attempts to implement this vision while trying to use as few hypotheses as possi-
ble on the current rules used to manage water resources. It requires to introduce in our model value classes
for water allocation based on the social and economical importance of the different demands. We believe
that the four broad classes we have chosen are sufficient for climate applications. The model also tries to
integrate the constraints imposed by the hydrological network as precisely as possible as these are time-in-
variant properties fundamental to the horizontal fluxes in the continental water cycle.

In addition to improving the representation of the water cycle, estimating the water actually available for
irrigated crops could improve the carbon cycle representation in LSM. Representing human water man-
agement more realistically also opens the possibility to assess the consequences of adaptation measures or
changes in management.

We have performed a first evaluation of this approach over the highly managed Yellow River basin but
with a number of simplifications. Other demands than irrigation have not yet been considered. This simple
implementation already reveals that biases in the simulated natural flows are currently a strong limitation.
Lack of information on actual dam management and on the water allocations for irrigation and the actual
consumption also limits the validation of such a model. Other more data-rich areas will have to be explored
in order to pursue the validation of the model. Over the YRB only the mean annual cycle was analyzed be-
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cause of the relatively short period of available data, especially the naturalized river discharge from water
agencies. Longer time series, which might be available in other regions, will permit to test the ability of the
model to simulate the impact of human water management on the variability and trends in river discharge.
The model will also need to be enhanced with the representation of hydro-power and domestic water usage
as these are major water using sectors, in value if not in quantity.

We have presented the strategy proposed for the ORCHIDEE LSM but other approaches are certainly pos-
sible. The major constraints for any such developments are that parametrizations of human water manage-
ment should not assume that the climate drivers are stationary and the full information on the continental
water cycle available in LSMs should be used. The various representations of human water management
which are being developed by the community will be essential tools to attribute past changes in water re-
sources to evolutions of land and water use as well as climate variability and change. These developments
are essential for climate and hydrological sciences as they will build our confidence in the projected water
resources for a future climate.

Appendix A: Indexing convention of the adjacency matrices

The relations between the vertices of the river graph are represented by an index. The natural flow direction
of the river is used to order the indices of the water stores on the graph. We note {i — 1} the ensemble of
all stores upstream of vertex i and i + 1 the one downstream. The flux of water between stores are placed
on the edges of the graph and are indexed with half indices. Because the graph is a tree, each vertex is
linked to an ensemble of upstream vertices but only one downstream, thus for the edges we have i + 1/2 €
{(i + 1) — 1/2}. The water flowing into the stores of i is given by the ensembles of fluxes on edges {i — 1/2}
while the outflow is given on the edge i + 1/2.

The same indexing applies to demands near the river bed which are generated directly on the vertices and
transmitted on the edges. The ensemble of vertices [ using water from i for irrigation through the adduction
edges are labeled {I}i. This allows to index the water fluxes and demands simulated between the water ad-
duction point in the river vertex and irrigated vertices. As the ensemble {I}i are leaves of the tree, the fluxes
are not placed on half indices.

Each HTU (vertex) i is associated to grid box ; which can be different or the same as i+ 1. The grid cell
associated with each HTU is needed for the source and sink terms of the routing scheme which are com-
puted by ORCHIDEE on the grid of the atmospheric forcing data. We define &, ; as the fraction of the mesh
i occupied by the HTU i.

Flood plains areas are not added in current ORCHIDEE (Schrapffer et al., 2020). Floodplain areas can have
divergent flows, in which case, the vertex has more than one outflow path. The multiple outflows from a
given vertex do not create cycles in the graph because we are in a digraph (Foulds, 1992), that is, the water

cannot flow back. The water diverted for floodplains or irrigation is governed by different processes and will
travel through the ORCHIDEE soil moisture before coming back into the routing network.

Appendix B: Water Continuity Equations

B1. Prognostics equations for the stream store

The over-land flow, the most accessible water, is governed by the following prognostic equations:

dW ; 117 . W .
k=0 ZM = {Fsl 1 } - Fs, . + fast,i-1 + slow,i—1 i (Bl)
dt I—E,k 1+E,k 87T 25T
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k=1 destream,i,k — {FS‘ . }_ FS. . + Wfasr,ifl T vvslow,ifl + (B2)
dt -k ook 82%i-1 8371
—€i1 — k=§“4e},k + ot hias (B3)
dw, ;
k=2, 4 —Smantk —_ \ypg  AFs | |-e,. (B4)
dt i—E,k i+5,k ’

Fs . is the river flow along the edge i + 1/2 for class k. The volume of the stream store is regulated by the
i+—,
2

difference between the sum of inflows ({Fs k} an implicit summation is meant here) and outflow (Fs k)
i—, i+—,

2
and, in the case of non-reserved surface waters (k = 0 and k = 1), the contribution of the two aquifers. The

regulated part of the stream (k = 2, ...4) includes also the three types of local extractions (e;x-,34) and does
not benefit from the inflow of stores as they only contribute to ecological fluxes. g;, g,, and g; are the time
constant for three different stores respectively. In this study, they are specific as 0.05, 0.3, and 7.0 in unit (day
km™"). 7,_, is the topographic index which is calculated for each HTU.

For the ecological and non-reserved flow reservoir (k = 1) another contribution is the non-consumptive wa-
ter usages (hydro-power, industrial, and domestic usage) which return to the stream within the same HTU
(riz = €2, 114 = €;4). There is no need for an explicit return flow for irrigation as the corresponding abstrac-
tions are added to soil moisture and thus rejoin the natural water cycle or ORCHIDEE. In case a demand
cannot be satisfied with its reserved water and there is no stress on the ecological reservation, water can be

extracted from the ecological flow. This transfer of demands onto the non-reserved flow is labeled: e,-l,k:23,4.
This set of equations describes a system were at the sources of the rivers all the water is considered to be

ecological non-reserved flow and it is only progressively, through regulation at dams, that water is brought
to the other stream stores.

The flux out from stream store of HTU i and class k is given by:

W,

Fs _ stream,i k

(B5)

This formulation ensures that the sum of all classes brings the model back to the previous formulation of
the model as g7; is independent of the value class.

For a segment without abstractions (natural condition), the model produces the following relations:

k=4
Fs , = X Fs , and (B6)
i+—,0 k=1 i+—k
k=4
vvstream,i,O = l;l VVstream,i,k . (B7)

The fast aquifer represents a storage with a short residence time. It is the recipient of the surface runoff (R;)
generated by the soil moisture scheme of ORCHIDEE

deast,i __ Wfast,i
dt 827

+0.:R

ii

> (B8)

i

d;; as the fraction of the mesh i occupied by the HTU i.
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The slow aquifer represents a storage with long residence times. It receives the deep drainage of the soil

moisture model (D;).

AW i Weiow.i
;l()w,t — _ slow,i + 5[ ;D; , (Bg)
t 837; ’

where D; is the deep drainage of the grid box in which HTU i is located.

B2. Water bodies

Lakes or reservoirs can cover large areas and thus be distributed over a number of HTUs or vertices in the
graph. It is thus necessary to include the formation and expansion of the water bodies within the graph.

For each water body, the maximum storage capacity is known (Vref;). This information is important as it will
determine where these water bodies can form and needs to be simulated. The GLWD database (Lehner &
Doll, 2004) provides the volume and a polygon to define the water body. This information is used to identify
which vertices in the graph are part of the lake/reservoir (Vref; > 0) and divide the volume over these verti-
ces according to their area. Elsewhere the surface storage volume (Svol;) is zero. We can thus calculate the
storage capacity and the current storage of the water body flowing out at i as:

If Svol; > 0 and Svol;, = 0:

while Svolj >0
Vref; = > Svol; (B10)

j=i

while Svolj >0 4

Vi = Z z Wstream,j,k . (Bll)
j=i k=1
Else:
Vref, = 0,
V. = 0.

1

The vertices which contain the dam or the sill which controls the water body are characterized by Svo-
l;+1 = 0 and Svol; > 0. If Svol;;; > 0 and Svol; > 0 then both vertices are part of the same lake/reservoir.

To parametrize the release function of dams the volume of the reservoir at the outflow point and the sum
of all upstream volumes are needed. Thus the upstream stored volume Vu; and capacity Vuref; need to be
computed. They are determined iteratively along the graph from the leaves to the root:

Vuy =0 and Vuref, =0, (B12)
Vu, = X V.,
i ey ! (B13)
Vuref, = Y. Vref;.
f; e fj (B14)

In order to ensure that the stored water is equally distributed over the vertices which make up the water
body, stream flow equations are modified for the three following cases: A river flowing into the water body,
exchanges within the lake and outflow from the lake.

W,

stream,i k

Svol; = 0and Svol;,; >0: Fs | = —————, (B15)
ok &i%i
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w. W, )
SVUli > 0and SVOIHI >0: Fs ' — stream,i,k stream,i+1,k , (B16)
i+5,k 2
Svol; > 0and Svol;,; = 0: Fsi%’k = Rei%‘k s (B17)

where Re; is the release flux from the water body.

B3. Floodplains

The above description does not include the floodplains and swamps currently parametrized in ORCHIDEE
(d'Orgeval et al., 2008) as they are local to the cell of the atmospheric grid and thus simply diffuse water
among the vertices within that cell. In this new interpretation of the model's routing scheme, we will need
to reformulate the floodplain parametrization so that it can generate flows from one HTU to more than just
one other HTU. Thus the graph will include more than one edge downstream of vertices within the flood-
plains to generate divergent flows. This is work in progress.

Appendix C: Local Demands and their Fulfillment

C1. Ecological and unallocated flow

The ecological demand is defined as the water needed to avoid water levels in the river below the multi-an-
nual minimal value. This allows to define a demand which will ensure that the upstream dams will release
sufficient water to eventually return to the target level. Since there is no anticipation of the low flows, the
time to return to the target level depends on the water velocity between the dam releasing water and the
demand.

4
dli,] = max(min(vvsrream,i,o) - Z Wsrream,i,k’o] . (C1)
k=1

the ecological flow.

W, ream.io 18 the climatology of the natural stream reservoir levels. dl;, is the total local demand at HTU i for

The ecological demand in the river is not water which needs to be extracted from the stream but it ensures
that dams release water to restore minimal flows in the river. It thus needs to be propagated upstream so that
it can contribute information to the dam management. This yields the following equations:

du;, = dl;;ande;; = 0. (C2)

du;; is the unsatisfied demand and e; ; is water extracted for the ecological flow. Indeed, the ecological flow
is still in the river change, here it is a conversion of the water class rather than transferring water to other
HTUs.

C2. Domestic and industrial use

Compared to the variability of river discharge or irrigation demands, the domestic and industrial water use
is generally constant in time. Moreover, because the domestic and industrial water use is not consumptive,
a large portion of the water returns to the system (i.e. r;, = e;,) (Shaffer & Runkle, 2007). As we neglect it
for the moment the following simple equations are used:

du, =dl;, = ¢, =0. (C3)
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To ensure that water can be abstracted before it has arrived from the reservoir, some specific reservoir could
be introduced that will generate a demand when below a given level. Existing water adduction networks
have reservoirs which serve as buffers. By introducing them the system can anticipate dam releases or gen-
erate earlier demands.

C3. Irrigation

ORCHIDEE simulates a grid box average irrigation demand for crops as formulated in Guimberteau, Laval,
et al. (2012). As it is based on the moisture stress experienced by the transpiration of plants, it is controlled

by soil moisture and thus changes very progressively. Using the adduction network, the demands of vertices
l (5] ili) is added to their corresponding vertex i in the routing graph and thus define an ensemble dl; ; po-
sitioned on the leaves and have to be satisfied at i.

The irrigation can be extracted from the stream reservoir dedicated to this value class but also from the

ecological flow, if there are no unsatisfied ecological demands downstream. Thus the unsatisfied demand
for irrigation is:

Ls

if d;; > Othen du; 5 = max[z dl/
2

i vvstream,i,}’()] ’ (C4)
i

31
1
else dui,3 = max({%_dll 1 3 - {vvstream,i,l - Z ei,r( + vvstream,ij]’oj . (CS)
il K

PR e,-'y,( is the water amount that has been kept from the stream store for the ecological flow. The rest of the
water storage in the stream store can be transferred for irrigation water usage in this case.

The corresponding extractions from the ecological and irrigation value classes are obtained:

if d;; > Othen ely=0ande = X dljy—dus,

-2y (Co)
2
else ey =min| X dlyz = dit; 3, W3 | (C7)
-3
1 . R
€;3 = min z dll,3 - ei,}’vvstream,i,l - Zlei,lr . (CS)
P

-1l
2

The extraction is first performed on the irrigation class reservation (e;;) and then on the ecological flow

(63’3) if needed, with abstractions for classes with higher priorities served first. When river levels are low, the
irrigation demand could be partially unsatisfied until water has come down from the reservoirs. However,
soil moisture acts as a buffer such that evaporation can partially be sustained even if the streams are low.

1
Having the irrigation demand of vertices [ which are linked to i through the adduction network / — > the

extraction in the irrigation class can be distributed proportionally to compute the actual irrigation flux
reaching the soil moisture of the corresponding grid box (/7,):
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dlm .3

Ir, = —(e- +el )
1 i3 i,3
m={1-2yiel Z”_ 1,90 (C9)

Two additional processes can easily be introduced into the irrigation demand formulation. Transport losses
along the adduction network can be taken into account by augmenting the demand applied to the river
network (dl; ;) with an appropriate factor. This will increase abstractions relative to the needs of the plants
and lead to more return flows. Extraction of the renewable groundwater represented in ORCHIDEE could
also be added. Pumping is almost always more expensive than horizontal transfers, thus it could be used as
a last resort.

The above equations define a potential or a total irrigation demand which is independent of decisions by
farmers or society. These potential demands might not be realized at the extraction point because of an ag-
ricultural practice or existing rules. These aspects are outside of the scope of the model.

Data Availability Statement

The present study uses data from previously published sources or data which are distributed by the public
organizations which have commissioned them: The codes and explanation for its usage can be accessed from
https://gitlab.in2p3.fr/ipsl/lmd/intro/humanwatermanagement. Atmospheric forcing WFDEI-CMA: Zhou
et al. (2018). Areas equipped for irrigation: Siebert et al. (2013). ESA land cover map: Lamarche et al. (2017).
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