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Abstract

The Hydrological Modeling and Analysis Platform, version 3, (HyMAP-3) is a state-of-the-art
global hydrodynamic model integrated into NASA’s Land Information System (LIS; Kumar et
al., 2006). HyMAP was initially developed in preparation for the Surface Water and Ocean
Topography (SWOT) mission, where the objective was to have a modeling system capable of
assimilating SWOT data toward a near-real-time global estimation of water discharge. Since
the initial HyMAP implementation in 2011 (Getirana et al., 2012), HyMAP-3 has undergone
numerous improvements, such as its vectorization and parallelization, inclusion of human and
nature-driven processes (e.g., river damming, water management, river bifurcation, compound
coastal flooding), full integration into LIS, and coupling with a wide range of land surface
models (LSMs), data assimilation (DA) and forecast schemes. This technical memorandum
fully describes HyMAP-3’s concepts and capabilities, as well as its overall architecture within
LIS.



1. Introduction

The Hydrological Modeling and Analysis Platform (HyMAP; Getirana et al., 2012) is a state-
of-the-art, global-scale hydrodynamic model capable of simulating surface water dynamics,
including water storage, extent, depth, flow velocity, and discharge in both rivers and
floodplains. HyMAP was initially developed at Laboratoire d'Etudes en Géophysique et
Océanographie Spatiales (LEGOS) and Meteo-France, in Toulouse, France, in the framework
of the Surface Water and Ocean Topography (SWOT; Alsdorf et al., 2007; Getirana et al.,
2024b) mission. The goal was to plan ahead of the upcoming satellite mission and have a global
model capable of ingesting its inland water measurements towards improved estimates of global
surface water dynamics (Getirana et al., 2012).

HyMAP was recoded, optimized, and integrated into NASA’s Land Information System (LIS;
Kumar et al., 2006) in 2011. Since then, multiple NASA-funded capabilities have been
incorporated into the model, including a better representation of natural physical processes (e.g.,
accounting for backwater effects, coastal flooding, bifurcation), human interventions in river
systems (e.g., reservoir operation, flood control structures, and urban drainage systems), full
coupling with land surface models (LSMs) and irrigation schemes, integration with data
assimilation (DA) schemes and forecast capabilities, and spatiotemporal flexibility. HyMAP
version 3 (HyMAP-3) has evolved from the first HyMAP version as a result of the
aforementioned improvements, all performed at NASA Goddard Space Flight Center (GSFC).

HyMAP-3 resolves the local inertia formulation unidimensionally (i.e., a unique flow direction
is attributed to each grid cell). However, its capability of simulating backwater effects combined
with interactions between rivers and floodplains and bifurcations (see below) results in a pseudo
two-dimensional representation of surface water dynamics.

Previous HyMAP versions have been extensively evaluated in the Amazon basin (Getirana et
al., 2013; Getirana and Peters-Lidard, 2013) and adopted as a tool for deltaic (Getirana et al.,
2023a, 2021), regional (Getirana et al., 2014; Jung et al., 2017; Kumar et al., 2015, 2016) and
global (Getirana et al., 2017a) water cycle studies. Today, HyMAP is used in numerous NASA
projects, such as the North America Land Data Assimilation System, Version 3 (NLDAS-3;
https://www.earthdata.nasa.gov/dashboard/stories/nldas), the NASA Hydrological Forecast
Analysis System (NHyFAS; Arsenault et al., 2020) used in food and water security applications,
and the NASA HydroGlobe (Nie et al., 2024). It has also been adopted by a wide range of U.S.
and international institutions, including operational systems, such as U.S. Air Force’s Global
Hydro Information (GHI; https://www.nasa.gov/centers-and-facilities/jpl/nasa-soil-data-joins-
the-air-force/), and Rio de Janeiro’s Rio Flood Model (Rio-FM; Getirana et al., 2023b).

This technical memorandum fully describes HyMAP-3’s concepts and capabilities available in
LIS 7.7 and forward, entries needed to activate them and the model’s arctecture within LIS. It
is not the intent of this document to describe LIS or LIS capabilities associated with HyMAP-
3, such as forecasting capabilities. That said, this document is intended to support HyMAP-3
users with basic knowledge on the LIS Framework, including the Land surface Data Toolkit
(LDT; Arsenault et al., 2018), to become familiar with HyMAP-3 capabilities and how to use
them within LIS. Details on access, compilation and use of the LIS Framework can be found
on its GitHub page (https://github.com/NASA-LIS/LISF).




2. The Hydrological Modeling and Analysis Platform, version 3

This section explains the basic physical processes and options available in HyMAP-3. First,
Sections 2.1-2.3 describe how the water balance and dynamics in rivers and floodplains are
represented in the model. They are followed by a description of the options needed to activate
HyMAP-3 in LIS, in Section 2.4. Finally, details about the model’s numerical stability are
provided in Section 2.5.

2.1.Water balance

HyMAP-3’s main inputs are surface runoff and baseflow fields derived from the LSMs. When
combined, these fields are also referred to as total runoff. The ingestion of total runoff data
defines HyMAP-3’s basic capability (Fig. 1 shows a schematic with HyMAP-3 capabilities),
when the model is either one-way coupled with an LSM, or it reads in surface and baseflow
fields from existing LSM outputs. Within a given HyMAP-3 grid cell draining a land surface
with area A [m?], the surface water storage, S [m?], is defined by the continuity equation [Eq.
(3)], and accounts for the total runoff generated over the time step, dt, as Oc; [m*-dt *'] outflow,
defined as both river and floodplain discharges to the downstream grid point, Q7 [m?*-d¢ *'] and

Q{ [m?-dt '], and from the upstream grid cells, Qup] [m3-dr '] and Qupgr [m3-dt-]:
Serar = Se + [Qce + Zp 2t (Qupl™ + Qup!™) — @ — ] - dt (1)

where superscripts » and f represent river channel and floodplain variables, respectively. df [s]
stands for the user-defined time step, and the index & counts the nUp upstream grid cells of the
target grid cell.
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Advanced capabilities
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Figure 1. Schematic of HyMAP-3’s current capabilities. Connectors with arrows represent data
flow when HyMAP-3 is coupled with external capabilities within LIS. Connectors without
arrows represent HyMAP-3’s internal capabilities

2.2. River-floodplain interface

Rivers and floodplains interact laterally and have independent flow dynamics, with roughness
and geometry derived from land cover characteristics, topography and river parameterization
3



(Getirana et al., 2013, 2012). Hypsographic curves, i.e., the relationship between water
elevation (H) and storage (S) are derived from high resolution topographic data (see details in
Section 5. Parameters). In addition to S, the flooded area (A) within a grid cell can also be
determined through a relationship with H. As a result, floodplain water extent and storage can
be derived from the floodplain water elevation with HxSxA relationships. If the water volume
within a grid cell is above zero, the minimum A value corresponds to the river area (river length
x river width) and it only increases once the river overflows to floodplains, with the grid area
as the maximum value. The HxSxA relationship is derived for each grid cell from a pre-
processing step where high resolution topography is upscaled to the model spatial resolution.

Water overflows to the floodplains when the river channel water height 4, [m] is higher than
the bank height, H [m]. This process is considered instantaneous at each time step. This means
that both the river channel and floodplain have the same water surface elevations. Elevation
profiles are used to represent the depth-area-volume relationship in floodplains. As a result,
floodplain water extent and storage can be derived from the floodplain water elevation, #4y.

The river and floodplain water exchange at each time step is represented as follows:

tr+dt =S
rmax htyar = Str+dt/(W *L)
fSt+dt S S : Sf — 0 (2)
t+dt
f _
ht+dt =0

Str+dt = Styar — Sf

t+dt
t+at = Stvae/ (W - L)
else: Al (3)

r _ f f
St+dt - fo [ht+dt - h(At+dt ]dA
h[+dt =hiyqe —H
where S, [m?] and Sy [m?] stand for the river channel and floodplain water storages in the grid
cell, 4 [m] and A [m] are the river and floodplain water depths, W [m] is the river width, L [m]

is the river length, and Ay [m?] is the flooded area. S, max [m?] stands for the river bankfull water
storage, and is calculated as Sy max=H*<WXL.

2.3. River and floodplain dynamics

HyMAP-3 allows river and floodplain flow dynamics to be represented with either the
kinematic wave equation or the local inertial formulation (or a combination of both, in hybrid
mode). Both solutions consider rivers with a rectangular cross section and large width-to-depth
ratio. The following option is needed in the LIS config file:

HYMAP3 routing method: DYN TYPE

where DYN_TYPE options are “kinematic”, “local inertia”, “hybrid”, and “urban”. More
details on the hybrid and urban modes and options are provided in the Advanced Configurations
section (Section 3).

Using the kinematic wave equation, river and floodplain flow velocities through a grid cell are

4



variable, and defined by the Manning equation simplified for rectangular, shallow channels, as
follows:

1 . 2/3
Vevar = 2+ ip1/2 - 12 (4)

where v+ [m-s!] is flow velocity at time step t+dt, n is the Manning roughness coefficient,
and iy corresponds to the water surface elevation slope between the target and downstream grid

cells. The kinematic wave option limits i to positive values, with a minimum slope of 10> m-m-
1

Water discharge Qs+ [m?-s7'] is the product of v and the flow area, defined as Wxh, Over
floodplains, both W and 4, vary over time as a function of topographic characteristics within the
grid cell described in section 3.2.

Local inertia solves the full momentum equation of open channel flow and accounts for a more
stable and computationally efficient representation of river flow diffusiveness and inertia of
large water mass of deep flow, which is essential for a physically-based representation of
wetlands, lakes, floodplains, tidal effects and impoundments (Getirana et al., 2020). Following
the explicit solution for the full Saint Venant equations presented in Bates et al. (2010) and
improved in Almeida et al. (2012), the local inertia formulation can be defined for a rectangular,
shallow channel as

Qt+g'ht'dt'ift
(1+g-aen2l-l/nt?)

)

Qttar =

where g is gravity, i.e., 9.81m-s2, and iris the water surface slope [m-m™'].

HyMAP-3 can be run in hybrid mode, where both equations are used within a domain. In that
case, a map determining the spatial distribution of flow types has to be provided (see section
3.3. Hybrid physics).

Rivers and floodplains flow independently from one grid cell to another, and have their
hydrodynamics calculated separately using their own channel characteristics but using the same
equations. At each time step, the average floodplain width, depth and bed height are defined as

— A
W, =4 ©)
= Sf
hy =2 (7)
Z_f:Zr'i‘hr—Flf (8)

For the kinematic wave equation, iy is considered the same for both rivers and floodplains. For
most cases, river width W and bankfull height H are both defined based on empirical
relationships with long-term average discharges, and the Manning coefficient of river channels
n, [-] varies as a function of H. The Manning coefficient for floodplains, ny [-], is spatially
distributed as a function of vegetation types derived from a static map (Masson et al., 2003),
where larger values correspond to denser vegetated areas and lower values to sparser vegetated
regions (see details in Section 4). Note that river geometry can be derived from ground
measurements when available.



2.4. Activating HyMAP-3 in LIS

Prior to running HyMAP-3 within LIS, a model parameter input file is required to read in the
key surfacetype, landmask, and HyMAP-3 suite of preprocessed model parameters. To process
those parameters into a single, descriptive file (using netCDF format), LDT, which is part of
the end-to-end LIS Framework, is run to read in and generate the final bundled parameter file,
commonly named lis_input.nc. It typically contains the required dimensions, attributes, and
parameters for running models, like HyMAP-3. This file is then loaded by LIS and the HyMAP-
3 parameters are read in. For more information on the required and optional HyMAP-3 model
parameters, please refer to the Section 4.

HyMAP-3’s capabilities are options defined in a configuration file, referred to as LIS config
file hereafter, which is used to specify runtime options for a given LIS simulation. Although
parameters are generally provided on a gridded space, HyMAP-3 converts all 2-D input data to
1-D for vectorized and more efficient computations. This gives users the flexibility to adapt the
model to vectorized parameters, such as those of the SWOT River Database (SWORD); Altenau
et al.,, 2021). For the sake of simplicity, the model description will be based on grid-based
domains.

HyMAP-3 can be executed in LIS through the config option below:
Routing model: "HYMAP3 router"

Three other options are required to define the time step, output and restart intervals:

HYMAP3 routing model time step: "30mn"
HYMAP3 routing model output interval: "lda"
HYMAP3 routing model restart interval: "lmo"

Values provided above are suggestions and can be changed following LIS standards — please
refer to the LIS Users Guide for details (https://nasa-
lis.github.io/LISF/LIS users guide/LIS users_guide.html).

River and floodplain flow dynamics are defined through the following option:

HYMAP3 routing method: DYN TYPE

where valid entries for DYN TYPE are “kinematic”, “local inertia”, “hybrid”, and “urban”.
More details on the hybrid and urban modes and options are provided in Section 3. Advanced
Configurations.

Three additional options must be defined in the config file to set the ensemble mode, start mode
and restart file path and name:

HYMAP3 run in ensemble mode: ENS MODE
HYMAP3 routing model start mode: START MODE

HYMAP3 routing model restart file: RESTART FILE NAME
6



ENS MODE options are “0” for single member — or ensemble mean, if ensembles were turned
on in the land surface model settings — simulation and “1” for ensemble simulation. If HyMAP-
3 is used in an ensemble simulation, the model will adopt the same ensemble size set for the
LSM. START MODE can be set as “coldstart” or “restart”. If “coldstart” is used, rivers and
floodplains in HyMAP-3 are initialized with zero storage. If “restart” is used, a restart path and
filename (RESTART FILE NAME) must be provided.

Along with the appropriate parameter set provided in the lis_input.nc file, these are the basic
config options to execute HyMAP-3 in LIS. Additional settings provided below are optional
and used to either overwrite default configurations or activate advanced HyMAP-3 options.

The floodplain dynamics, as described in Section 2.3, must be activated through the following
option in the LIS config file:

HYMAP3 floodplain dynamics: FLD DYN

where FLD DYN options are “1” to activate the floodplain dynamics, and “0” to deactivate it.
If the latter is used, the floodplain behaves as a simple reservoir. In that case, water flows in and
out to its corresponding river reach and is not exchanged with upstream and downstream grid
cells.

Fig. 2 shows some HyMAP-3 output variables (i.e., streamflow, water surface elevation, surface
water storage, flooded fraction, flow velocity and river depth) over the Tamsui River basin, in
Northern Taiwan, at ~200-m spatial resolution. This simulation used used the local inertia
formulation, adaptive time step and alpha value of 0.5, and floodplain dynamics. HyMAP-3
was coupled with the Noah-MP LSM (He et al., 2023) forced with NASA’s Modern Era
Retrospective-Analysis for Research and Applications, version 2 (MERRA-2 ; Gelaro et al.,
2017). The simulated domain is composed of 147,117 grid cells, and one day of simulation takes
2 minutes with 48 processors.

e Streamflow ™ 20(}£\/ater surface mm Surface water
N F 48 ™ 2e elevation® H 20 storage
> : S - C
'.(,; - it )
S g ,
/,/ i v _"r' .
e / 147,117 cells - EE »-E' ~=-'If,
‘J\“v-";. 46 proc -+
1day =2 min "
1 Flooded fraction ms Flow velocity River depth
1 14
L \3 Jrs ™ e
o A% (N
Sy ; m 02 ,.—""‘)
Streamflow [m3/s] 7 o7 W P 04-07
5 48 : 09-11
0 Ao 8 : ; ; I1A3-176‘~“.
R v >18 Y

Figure 2. Demonstration of HyMAP-3 output variables over the Tamsui River basin, in
Northern Taiwan, at ~200-m spatial resolution.



2.5. Optimal time step for numerical stability

Numerical stability can be achieved by breaking the user-defined time step (e.g., 15 min), as
described in the previous section, into sub time steps. The Courant—Friedrichs—Levy (CFL)

condition can be used to determine HyMAP-3’s optimal sub time steps:
vot

6 =" ©)

where Cy stands for the non-dimensional Courant number and V'is a characteristic velocity [m- s

1
]. Numerical stability is obtained when Cy is less than 1. V' can be defined for the local inertial
form of the shallow water equations as (Bates et al., 2010):

v = Jgh (10)

Eq. (10) can be rewritten as follows, defining the maximum time step needed to keep numerical
stability:
dx
11

o (11)
where « is a coefficient that is used to ensure that the selected time step remains, at all times,
smaller than the maximum threshold for stability. Eq. (11) has been implemented in HyMAP-3
to determine optimal time intervals.

Almax = @

HyMAP-3 is set up as adaptive with @=0.5 (i.e., the actual time step used is 50% of the
theoretical maximum) by default. The options below can be included in the LIS config file to
customize the model. Time step options can be defined as “constant” or “adaptive” and are
defined using the following option:

HYMAP3 routing model time step method: "adaptive"

If “constant” is used, HyMAP-3 will run with the user-defined model time step. If “adaptive”
is used instead, an alpha coefficient value can be provided, if different than the default value,
as follows:

HYMAP3 routing model adaptive time step alpha coefficient:
ALPHA COEF

where ALPHA COEF is the a value. Note that lower values tend to shorten sub time steps,
decreasing numerical instability and increasing computational costs.

3. Advanced configurations

This section provides details on the advanced configurations available in HyMAP-3. They
include: 3.1. Hybrid physics; 3.2. Two-way coupling; 3.3. Reservoir operations; 3.4.
Bifurcation; 3.5. Water management; 3.6. Urban drainage; 3.7. Levees; 3.8. Coastal interface;
and 3.9.Beaver dams.

3.1. Hybrid physics
A hybrid physics option is available in HyMAP-3, meaning that users can spatially combine the
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kinematic wave equation and local inertia formulation. The following option is needed in the
LIS config file:

HYMAP3 routing method: “hybrid”

For HyMAP-3 to be used in hybrid mode, a map determining the spatial distribution of flow
types must be provided as an additional parameter in the lis input file,
“HYMAP river flow_ type”, where local inertia and kinematic wave are classified as 1 and 3,
respectively. Only grid cells classified as local inertia are considered in the computation of
optimal time steps for numerical stability, which can be useful in optimizing computational
costs with minimal loss of accuracy (Getirana et al., 2017b).

The approach described in Getirana and Paiva (2013) to classify flow types requires an initial
2-3-year simulation with the local inertia formulation across the domain to generate parameters,
such as mean streamflow, river slope, flow velocity, river depth and time of peak (i.e., averaged
time, in days, that it takes for a flood wave at a given river reach to go from trough to peak).

3.2. Two-way coupling

Interactions between the LSMs and HyMAP in LIS are enabled in a generic manner using the
standardized software tools and paradigms enabled by the Earth System Modeling Framework
(ESMF; Hill et al., 2004). Briefly, at the end of each HyMAP-3 sub time step, the surface water
storage (SWS) variable [mm] is converted to water flux [mm-s™'] as a function of the user-
defined time step and created as an export state from HyMAP to the LSM. The LSM then
employs it to update the soil surface states and fluxes in the following time step. Over a non-
saturated soil, that additional water may infiltrate, increasing soil moisture and, subsequently,
evapotranspiration. The increased water availability in the soil also impacts the energy balance,
resulting in a drop in soil surface temperature. The remaining water flux is converted back to
water volume and routed by HyMAP through the river network. As the exchange states are
defined using generic ESMF objects, this design allows the configuration of any LSM within
LIS for use with HyMAP without significant model development efforts. A detailed description
of this capability can be found in Getirana et al. (2021).

HYMAP3 enable 2-way coupling: 1
HYMAP3 2-way coupling flooded fraction threshold: THRSHLD

The two-way coupling capability is currently implemented with a simplified representation of
land-surface water interface, i.e., it does not represent the heterogeneous surface and sub-
surface water availability within a model grid cell. Instead, a single, but representative vertical
column of surface water and soil type and moisture is assumed. As a result, a flooded fraction
threshold value (THRSHLD) must be provided in order to trigger the two-way coupling.
Flooded fraction varies from zero to 1, representing the grid area covered with water. If a given
grid cell flooded fraction exceeds the threshold, the two-way coupling scheme assumes that the
area is entirely flooded, and computes the surface water-land-atmosphere interactions
accordingly. Due to this limitation, this capability is best suited for finer resolution applications
(e.g., 2km or finer). An application over the Niger inner delta, in West Africa, at ~2-km
resolution, used a flooded fraction threshold of 0.2 (Getirana et al., 2021). Fig. 3 shows the
impact of two-way coupling on soil moisture and surface water storage.
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Figure 3. Panels on the left show impacts of two-way coupling over the Niger inner delta on
spatially distributed (a) soil moisture and (c) surface water storage, at ~2-km spatial resolution.
Impacts are defined here as the long-term difference between two-way and one-way coupling
experiments, i.e., 2-WAY - I-WAY. Panels on the right show monthly climatologies of
corresponding spatially-averaged variables over flooding zones (source: Getirana et al., 2021)

3.3. Reservoir operations

HyMAP-3 can represent reservoir operations through two distinct ways: a data-driven approach
and a parameter-based approach. The latter is based on Yassin's et al. (2019) methodology.

3.3.1. Data-driven reservoir operation approach

The data-driven reservoir operation scheme was designed to integrate radar altimetry data as a
proxy of the reservoir operation rules. In this module, altimetric data informs HyMAP-3 on the
actual reservoir water levels, which, in turn, combined with a DEM-based floodplain elevation
profile, can be coonverted into the actual reservoir water storage through the hypsographic
curve (H X S). As described in Getirana et al. (2020a), the approach represents reservoir
operations as follows: once identified as grid cell i where the dam is located, the observed water
elevation (Hoss) at time step ¢ is determined by a temporal linear interpolation of available radar
altimetry observations. The temporal interpolation is performed within HyMAP-3. At the end
of ¢, after the model simulates the naturalized downstream elevation (H,), outflow (Q,) and
storage (S), the differential water storage, dS, needed to fill or empty i is determined by
subtracting S from the satellite-based storage derived from the combination of H,ss with the
hypsographic curve. Then, the following rule is applied to obtain the updated water storage (S"),
elevation (H/) and outflow (Q,,) at grid cell i and time step ¢:

S'=S+dS
if (Qo—Qmin) -dt 2dS:  Q, = Q, — (dS/dt) (12)
Ht,) = Hobs
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§S'=5+ (Qo - Qmin) -dt
else if(Qo_Qmin) dt < dS: Q(’) = Qmin (13)
H, = f[S',(H X 5)]

where dt stands for the time step interval and Quin is the user-defined minimum reservoir
outflow.

Using the local inertia formulation, water elevation, storage and flow in upstream grid cells are
backwatered in subsequent time steps, reproducing the temporally continuous and spatially
distributed dynamics of the reservoir. Note that results will not be realistic if the reservoir
operation module is used with the kinematic wave equation.

The following options are needed in the LIS config file to represent this reservoir operation
approach in HyMAP-3:

HYMAP3 reservoir operation option: 1
HYMAP3 reservoir operation header filename: RES HEADER
HYMAP3 reservoir operation input directory: RES DIR

Where RES HEADER is a text file containing the list of reservoirs accounted for in the domain,
and RES DIR is where text files with time series for each reservoir can be found. Below is the
RES HEADER format:

Table 1. Data-driven reservoir operation header file (RES HEADER) format

nr ntr
resID: resXi resYi resQmin; | resTypei
resIDnr | resXaor resYaor resQmina | resTypenr

where the first row is composed of nr and ntr, standing for the number of reservoirs within the
domain and the number of time steps that will be used in HyMAP-3, respectively. Note that ntr
can be equal to or less than the actual number of time steps in the input files.

The following rows, totaling nr rows, contain the reservoir IDs (resID), reservoir grid cell
locations (resX and resY), the minimum reservoir outflow (resQmin), and reservoir operation
type (resType). resType=1 for human controlled reservoirs. Each resID must have its
corresponding text file in RES HEADER with same name (i.e., resID.txt). Text files are
composed of two columns. Each row corresponds to a date (YYYYMMDD) and respective
reservoir water elevation.

3.3.2. Parameterized reservoir operation scheme

The parameterized reservoir operation scheme in HyMAP-3 follows Yassin et al. (2019).
Briefly, the parameterization assumes that a reservoir is composed of five storage zones (dead
storage, critical storage, normal storage, flood storage and emergency storage) and each has
different operation rules, as a function of current storage, inflow and month of the year.

HYMAP3 reservoir operation option: 2
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HYMAP3 reservoir operation input file: RES HEADER NC
HYMAP3 reservoir list: RES LIST

where RES HEADER NC is a NetCDF file containing reservoir parameters (Section 7.1 in
Supplementary Material shows an example of the NetCDF file for Lake Powell) and RES LIST
is a text file containing the list of reservoirs. The text file has the following format:

Table 2. Parameterized reservoir operation list file (RES_LIST) format

nr
resIDi resXi resYi nclD;
resIDnr resXar resYnr nclDnr

Where nr stands for the number of reservoirs within the domain, resID the reservoir 1D, resX
and resY reservoir grid cell locations within the HyMAP-3 domain, and ncID is the reservoir
ID in the NetCDF file.

3.4. Bifurcation

River bifurcation, a common process found in flat areas, particularly river deltas, is represented
in HyMAP-3. Following the methodology described by Yamazaki et al. (2014), bifurcation
channels are defined as a function of ground elevation differences between grid points and
corresponding neighbors. The following options are needed in the LIS config file:

HYMAP3 river bifurcation: 1

HYMAP3 river bifurcation pathway file: BIF INPUT FILE

BIF _INPUT FILE is the input file name, which is in a text format, structured as follows:
Table 3. Bifurcation input file (BIF_INPUT_ FILE) format

nb nd

bdph bdphud

bmani .. bmanad

upX1 upY1 downXi downY} bElv) bLeni bWthi 1 bWthng,1
upXub upYmw | downXuw | downYu» | bElvib | bLenmw | bWthia bWthnd,nb

Where the first row is composed of nb and nd, standing for the number of bifurcations within
the domain and the number of bifurcation elevation thresholds, respectively. The second row
contains bdph values, which are the heights of bifurcation elevation thresholds. The third row
contains bman values, which are the roughness coefficient at each bifurcation elevation
thresholds. The following rows, totaling nb rows, contain the upstream grid cell location (upX
and upY), the downstream grid cell location (downX and downY), the bifurcation elevation
(bElvnp) length (bLen), and width of each elevation threshold (b Wth). All parameters, except the
roughness coefficient, can be derived from DEM processing, as described in Yamazaki et al.
(2014).

Bifurcations are computed with the local inertia formulation. However, to avoid numerical
instability, water only flows from the upstream grid cell to the downstream grid cell.
12



3.5. Water management

Water management is defined here as a human-controlled water diversion from a water body to
another. Note that reservoir operation is excluded from this definition of water management, as
it is represented in an independent module in HyMAP-3 (see Section 3.3). The water
management module requires grid points for the water source (i.e., water body where structures
are located) and destination (i.e., nearest water body where water is transferred to) as well as
the operation rules (Getirana et al., 2023a). Currently, water management rules at can be
represented in HyMAP-3 by either linear or polynomial equations derived from regressions
between reported water diversions and river discharge upstream of management structures.

HYMAP3 water management: 1

HYMAP3 water management header file: MANAG FILE NAME

MANAG INPUT FILE is the input file name, which is in a text format, structured as follows:
Table 4. Water management input file (MANAG INPUT FILE) format

nm
upXi upYi downXy downYi mtyper ch c2 o clly cl2;
uanm qunm downXum downYmm mtypenm Clinm C2nm ... cllom c12um

Where nm, in the first row, stands for the number of water management structures within the
domain. The following rows, totaling nm rows, contain the upstream grid cell location, i.e.,
where the water is diverted from (upX and upY), the downstream grid cell location, i.e., where
the water is diverted to (downX and downY), the equation type (mtype) representing the
management rules, and 12 coefficients (c/-c/2) used in different forms, depending on the rules.

Currently, HyMAP-3 represents management rules in three different ways. The first two have
been customized to represent flood control structures in the lower Mississippi River (Getirana
et al., 2023a), and the third one to represent water use in the Upper Colorado River basin. They
are:

mitype=1: This option assumes that the diverted water discharge Qs [m*+s!] is defined by up to
two polynomial equations (Qs= a.0* + b.0Q + ¢). Coefficients a, b, and ¢ for each equation are
defined in Table 4 as c/-c3 and c4-c6, respectively. Polynomial equations 1 and 2 are used in
the model within three streamflow Q thresholds (c7-c9) - note that Q is the simulated streamflow
at the upstream grid cell. ¢7 and ¢8 define minimum and maximum Q thresholds for equation
I, and ¢8 and c9 define minimum and maximum @ thresholds for equation 2. If water
management is represented by a single equation, c4-c6 and c9 must be defined as -9999. When
using this option, c¢/0- cI2 must be defined as -9999. If O is beyond the thresholds, 0=0.

ifc8<Q=c7: Qu=1.0>+c2.Q0+c3 (14)
elseif c9<Q=>c8: Qy=c4.0*+c5.Q+c6 (15)
else:Q; =0 (16)

The simulated streamflow at upstream and downstream grid cells are updated accordingly at
each time step.
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mtype=2: This option assumes that polynomial equations 1 and 2 define water discharge
diverted during ascending and descending Q, respectively. Ascending Q is defined as current
value is higher than the previous one, and descending Q is defined as the current value being
lower than the previous one. This option represents water diversions with a minimum (c¢7) and
maximum (c8) transfer capacity. It also gives the option to provide maximum (c/0) and
minimum (c/17) Q thresholds for transfer to occur.

mtype=3: Prescribed monthly climatology of water consumption. This option assumes that
water is subtracted from the river system and does not return. Coefficients (c/ to cl2)
correspond to monthly water use in m*-s™!, and only upstream grid cells are updated. This option
can be used to add water to the river system, if negative coefficient values are provided instead:

Qdmon = Cmon (17)
where mon stands for the month of the year.
3.6. Urban drainage scheme

The urban drainage scheme accounts for a modified parameterization of channels, as a way to
replace rivers with a urban drainage network within so-called urban grid cells. This means that
urban runoff flows thorugh street gutters rather than rivers. The following options are needed
in the LIS config file:

HYMAP3 routing method: "urban"
HYMAP3 urban drainage parameter file: URB FILE NAME

Similar to the “hybrid” mode, “urban” requires a HYMAP river flow type map identifying
grid cells where urban drainage is computed. In addition to classes 1 and 3 (please refer to
Section 3.1. Hybrid physics), values 4 and 5 identify urban drainage grid cells with local inertia
and kinematic wave surface water flow, respectively.

The urban drainage scheme also requires an additional parameter in the LIS input file,
HYMAP urban drainage outlet, identifying urban drainage outlets (see Section 4). Drainage
outlets are located at the urban-no urban interface, representing the end of the drainage system
connected to a water body (e.g., river, channel, coast). Such a map is composed of “0” and “1”
values, corresponding to “no outlet” and “outlet”, respectively.

URB_FILE NAME is the gutter and drainage network parameter file name provided in a text
format. The file structure and suggested parameter values are listed in as follows:
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Table 5. Urban drainage parameter file (URB_FILE NAME) format

#gutter parameters

0.5 # gutter width [m]

0.15 # gutter height [m]

0.0004 # gutter density [units-m™]

2.0 # gutter water intake velocity [m*s™]
#

#drainage network parameters

100. # street block length [m]

0.5 # underground squared pipe width [m]
0.02 # drainage length density [m'm?]
0.012 # Roughness coefficient for cement pipes [-]
0.003 # drainage system slope [m'm™']

Gutter height, H, [m], is assumed 0.1. Gutter width, W, [m], is defined as 0.5% of the grid
length:

W, = 0.005 - L, (18)

where L, [m] stands for the street block size. This corresponds to W,=0.5m for a hypothetical
100-meter street block.

Water intake is represented by drain inlets with parameterized dimensions, density over urban
areas and water intake velocity. Based on these parameters, the model determines the water
intake within a grid cell at each time step during a rain event. That water is transferred from the
surface to an underground storm drain system (USDS) that is also parameterized. For simplicity,
the USDS follows the urban surface flow directions. Water flows in the USDS until it reaches
non-urban grid cells or the coast.

(a) (b)

Sidewalk Sidewalk
Street Gutter

Gutter

Grid cell

D Block

-7 522 Drainage network

‘ {/Underground storm
._‘ drain system

— Grid cell inflow
— Grid cell outflow
MM  Drain inlet

Figure 4. Schematic of the proposed urban drainage scheme within a squared 200x200-meter
grid cell: (a) conceptual sub-grid representation of the urban drainage network, including the
distribution of drain inlets and sub-grid cell inflow and outflow pathways (street block sizes are
assumed as 100x100 meters); (b) conceptual representation of the street drainage and
underground storm drain systems, including underground pipe width (Wq) gutter heigth (Hy)
and width (Wy); and (c) conceptual drain inlet and its height (H;) and width (W;) (source:
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Getirana et al., 2023¢)

Sub-grid processes are simplified following the conceptual representations shown in Fig. 4. In
the case of the underground drainage network, it is assumed that water storage within a grid cell
is defined as the sum of all pipes draining the grid area. It is assumed an average squared street
block size of L;=100m and drainage length density, Ds [m-m], of 0.02, corresponding to the
presence of a single pipe across every street within the urban domain. It is also suggested a drain
inlet density, D; [units'm™2], of 8x10*, corresponding to two drain inlets on each side of a 100-
meter street. Drain inlet width and height are defined as Wi=1m and H=0.15m, respectively.
Note, again, that all values are suggestions, following Getirana et al. (2023c), and can be
changed as a function of the study case. The total drainage length, Ls [m], maximum water
storage capacity in the USDS, Smax, [m?®], and number of drain inlets, N;, within a grid cell are
defined as:

Ly = Dy 'Agrid (19)
Smaxy = wi - Ly (20)
N; = D; - Agriq (21)

where Agria [m?] is the grid cell area and w, [m] the width of square-shaped underground pipes.

It is assumed ws as one meter. As a result, a hypothetical 200x200m grid cell, with
Agria=40,000m?, would be composed of four blocks, L/~800m, Ng=32 drain inlets and
Smax~800m?. Also, as part of sub-grid simplifications, it is assumed that the number of USDS
outlets Ny, within a grid cell is defined as:

2-\JAgri
Ny =~ (22)

Lg

At each time step, urban drainage mass balance within a grid cell is defined as

Sacear = Sar + (la, — Qoutg, + Tk Qing,, ) - dt (23)

where S; [m?] is the drainage water storage at time 7 [s], and dz stands for the model time step.
Qing [m*-s'] and Qouts [m?-s!] are the drainage inflow and outflow, respectively. I; [m?+s!] is
the urban surface vertical flow and the index & stands for the nUp upstream grid cells of the
target grid point.

Vertical flow /s occurs whenever there is water available on the urban surface or water excess
in the USDS through a conceptialized dual drainage system (Schmitt et al., 2004), and is defined
as

if Sq, <Smaxy : Iz, = Ny -min(Hg,hst) "Wy vy (24)
if Sqp = Smaxg : Iy, = (Smaxd - Sdt)/dt (25)

where hs [m] is the street water depth and v [m-s™!'] the water intake velocity. Although vg is
variable over time as a function of many factors, such as gutter and drain inlet shapes and surface
water depth, it is assumed a constant value of 2 m-s™!.

Water is routed across the USDS using the kinematic wave equation, considering a rectangular
river cross section:
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Qouty, = n—ld AR AR M (26)

where ng [-] is surface roughness, iz [m'm™'] the drainage longitudinal slope, W, [m] the total
drainage width within a grid cell, defined as W; = N,,; - wy, and hs [m] the drainage water
depth. It is assumed nq for concrete pipes as 0.012 (Chow, 1959) and a homogeneous slope iy
=0.003m-m™! across the USDS. Section 4 summarizes all parameters used in the proposed urban
drainage scheme.

At each time step, the remaining urban runoff that was not collected by the USDS is routed
thorugh gutters using the local inertia formulation. If the water volume exceeds the gutter
capacity, it overflows to streets and sidewalks. Flooded areas are defined by the fraction of
streets and sidewalks within a grid that are covered with areas using a DEM-based hypsographic
curve. Note that such a detailed flooding distribution is only possible with high-resolution
DEMs (e.g., Lidar data) capable of detecting fine elevation differences at the street scale.

3.7. Levees

Levees are accounted for in HyMAP-3 by summing the levee height Hiey with the river bank
height H, resulting in an increased S max= (H+Hiev)<WxL, in Eq. (2). If river water storage
exceeds S, max, overflow occurs. Since there is a levee blocking direct interaction between
floodplains and rivers, their water elevations may be different. Floodplain water returns to rivers
when river height drops. Levees are included in the model through the option below:

HYMAP3 levee: 1

This option requires an additional parameter map in the lis input.nc file, named
HYMAP levee height, containing levee elevations in meters (see Section 4). Grid cells without
levees should be flagged with zero value.

3.8. Coastal interface

By default, sea surface height (SSH) is assumed as zero across coasts and constant over time.
With the local inertia formulation (see Section 2.3), backwater effects and seawater intrusion
may occur, depending on inland water elevations. This means that water availability in the
ocean is assumed unlimited and sufficient to flow inland whenever the model computes inflow
(i.e., water flow from the ocean to the land/river areas). For example, in situations where river
levels at outlets are below zero, water will flow from the ocean to the river. This may result in
a mass imbalance, as the model “generates” water to represent ocean inflow into river systems.
If the kinematic wave is used, river flow on coastal areas is constrained by a minimum positive
slope.

HyMAP-3 also allows for a varying SSH in conjunction with the local inertia formulation.
Previous studies have used weekly and daily radar altimetry data over oceans to represent SSH
(Getirana et al., 2024a, 2023a). Because radar altimetry data does not represent near-coastal
sub-daily processes, such as storm surges and tides, the use of sub-daily ground measurements,
if available, is recommended. A more recent application used NOAA’s tidal measurements at
10 locations to represent the spatiotemporal tidal variability over the Chesapeake Bay at 1-km
spatial resolution. 10-min time step measurements were resampled to represent sub-daily high
and low tides.

Coastal flooding can be represented in HyMAP-3’s through the use of SSH data as downstream
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boundary conditions as a proxy for ocean dynamics. The following options are needed in the
LIS config file:

HYMAP3 sea level: 1
HYMAP3 sea level input directory: SEA LEV DIR
HYMAP3 sea level header filename: SEA LEV HEADER
HYMAP3 sea level outlet list: SEA LEV OUTLET

where SEA_LEV DIR is the directory where SSH data is found, SEA LEV_HEADER is a text
file containing the list of available gauges and SEA LEV_OUTLET is a text file listing the
outlet grid cells using sea level data as downstream boundary conditions. Tables 6 and 7
exemplify the formats of SEA LEV_HEADER and SEA LEV_OUTLET files, respectively:

Table 6. Coastal interface header file (SEA_LEV_HEADER) format

nsl
slID;

SIIDnsi

Where ns/ stands for the number of gauges with sea level time series and s/ID is the gauge ID.
Each s/ID must have its corresponding text file in SEA_ LEV_HEADER with same name (i.e.,
slID.txt), and each text file is composed of two columns: date (YYYYMMDD) and data (sea
surface height).

Table 7. Outlet grid cell ID file (SEA LEV_OUTLET) format

nout ntout
outlD; outX outY

outIDrnout | outXnout | outYnout

Where nout is the number of outlet grid cells controlled by sea level as downstream boundary
conditions. outID is refers to the gauge ID listed in SEA LEV_HEADER that controls a given
grid cell. outX and outY are the outlet grid cell locations. Note that nfout can be equal to or less
than the actual number of time steps in the sea level time series files.

Fig. 5 illustrates the initial implementation of HyMAP-3 over U.S. coasts at 1-km spatial
resolution, where the blue stars represent NOAA tide gauges used as downstream boundary
conditions across five U.S. coastal areas. Outlet grid cells use the nearest tide gauge as
downstream boundary conditions.
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Figure 5. Preliminary implementation of HyMAP-3 over U.S. coasts. Blue stars represent
NOAA tide gauges across five U.S. coastal areas: West Caribbean, East Caribbean, Northeast
coast, Southeast coast, and West coast.

Finally, to exemplify the potential of different capabilities described so far, Fig. 6 shows the
results from a recent study over the Ganges-Brahmaputra Delta at ~2-km spatial resolution,
where HyMAP-3 was used to quantify the isolated impacts from multiple factors. Factors
included vertical land motion, natural sea level variability, sea level rise, levees, irrigation, and
all factors combined. Rather than varying the topography, vertical land motion was accounted
for as sea level changes, keeping land static. Irrigation was accounted for through an irrigation
scheme coupled with Noah-MP, which also assimilated satellite-based leaf area index data.

(a) Vertical land motion (b) Natural sea level variability (c) Sea level rise
s Q Z Q
) )

Isolated impact on flooded area [km?]

EE— .|

<2 0 >1
Figure 6. Incremental flooded area over the Ganges-Brahmaputra Delta as a result of median
flood events under the isolated influence of (a) vertical land motion, natural sea level variability,
(c) sea level rise, (d) levees, () groundwater-fed irrigation and (f) all factors combined (source:
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Getirana et al., 2025)
3.9. Beaver dams

This module represents beaver dams as a cross-sectional levee with a leaking rate. If reservoir
elevation exceeds dam height, water overflows. The following options are needed:

HYMAP3 reservoir operation option: 1
HYMAP3 reservoir operation header filename: BEAVER HEADER

HYMAP3 reservoir operation input directory: BEAVER DIR

The input file format is identical to that of the data-driven reservoir operation approach (Section
4.3.1), as follows:

Table 8. Beaver dam header file (SEA_LEV_HEADER) format

nr ntr
resID: resXi resYi resQmin; | resTypei
resIDnr | resXaor resYaor resQmina | resTypenr

Where, in the beaver dam module, resQmin is the leaking ratio, i.e., the inflow fraction that
leaks through the beaver dam, varying from zero to 1. resType=2 for the beaver dams.

Each resID must have its corresponding text file in the BEAVER DIR directory (files must be
named as res/D.txt) and listed in the BEAVER _HEADER file. Each text file is composed of
two columns: date (YYYYMMDD) and data (beaver dam height). For constant beaver dam
heights, a single row with any given date can be provided.

4. Parameters

HyMAP-3 parameters are generally derived from DEM processing and empirical equations. In
most applications — particularly those at the global scale — river length, flow directions,
elevation, floodplain height, grid distance, and grid and drainage areas are derived from the
Flexible Location of Waterways (FLOW) upscaling method (Yamazaki et al., 2009) using the
90-meter resolution MERIT-Hydro dataset (Yamazaki et al., 2019) as input. Local DEMs can
be processed and used in FLOW, when available (Getirana et al., 2023c). River geometry (width
and height) and roughness coefficients can be derived from empirical equations following
Getirana et al. (2012b). River geometry can also be based on spatial interpolation of ground
observations, when sufficient data are available (e.g., Getirana et al., 2023b, 2023c). MERIT-
Hydro also provides a global river width map, which can be used as an alternative.

Although parameters are usually provided on a gridded space, the HyMAP-3 code is vectorized.
This means that the gridded input parameters are converted to vectors before the simulation
starts. The main advantages of using gridded parameters are the easy coupling with land surface
models (LSMs) and output visualization. However, future planned implementations will allow
users to provide vectorized input parameters, such as SWORD (Altenau et al., 2021). The list
of basic input parameters is provided in Table 9. Optional and advanced parameters can be
found in Tables 10 and 11, respectively.

20



Table 9. HyMAP-3 basic parameters

Parameter ID

Unit

Description

Data types and inputs

HYMAP river width

Reach-averaged river width

HYMAP river height

Reach-averaged river full
bank height

HYMAP river length

River length within grid cell

HYMAP river roughness

River roughness coefficient

Manning coefficient

HYMAP _floodplain_roughness

Floodplain roughness
coefficient

Manning coefficient

HYMAP flow direction x

Horizontal location of the
downstream grid cell

Outlets are identified as -9

HYMAP flow direction y

Vertical location of the
downstream grid cell.

Outlets are identified as -9

HYMAP grid elevation

Grid cell elevation

Elevation at the grid cell outlet

HYMAP floodplain_height

Grid cell height profiles
above bankfull river
elevation

This is a 10-layer parameter, each
layer providing the equivalent height
above 10% high-resolution DEM
pixels; For example, layer 5 defines
the elevation above 50% of high-
resolution DEM pixels within the grid
cell

HYMAP grid distance

Distance from a grid cell
outlet to the next

HYMAP grid area

Grid cell area

HYMAP basin_mask

Basin mask

Area within the domain where
HyMAP-3 models surface waters
(values >0)

21




Table 10. HyMAP-3 optional parameters

(not used in the model, but useful for output prost-processing)

Parameter ID Unit Description Data types and inputs
HYMAP node lon deg | Longitude at the grid outlet Derived frogéllivg[h resolution
HYMAP node lat deg Latitude at the grid outlet Derived frogéllivg[h resolution

HYMAP drainage area m? Upstream drainage area -

HYMAP basin - Major basin delineation -

Land grid area m? Land model grid area Area of the corresponding

rectangular land grid cell

Table 11. HyMAP-3 advanced parameters

(needed in advanced model capabilities)

Parameter ID Unit Description Observations

Required in hybrid and urban routing

Flow dynamic | methods (Section 3.1 and 3.6, respectively);
type kinematic=1, local inertia=2-3; urban

inertia=4; urban kinematic=>5

HYMAP river flow type -

Urban drainace Required in the urban drainage module
HYMAP urban_drainage outlet - outlet & (Section 3.6); this map defines where urban
drainage connects with surface waters

Required in the levee module (section 3.7);

Levee and this map defines heights added to the river
poulder heights bank that have to be reached before
overflow to floodplains

HYMAP levee height m

5. Model outputs

HyMAP-3 output variables and their brief descriptions can be found in Table 12. Supplementary
Section 7.2 provides the HyMAP-3 output list used in the model output attributes file (i.e.,
OUTPUT LIST.TBL).
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Table 12. HyMAP-3 output variables

Output ID unit Description
Streamflow | m*s! | River + floodplain discharge
RiverStor m River water storage
RiverDepth m River depth
RiverVelocity | m-s’! River flow velocity
FloodQ m-s’! Floodplain discharge
FloodStor m Floodplain water storage
FloodDepth m Floodplain average depth
FloodVelocity | m-s™ Floodplain flow velocity
FloodedFrac - Grid cell flooded fraction [0-1]
FloodedArea m? Grid cell flooded area
SurfElev m Surface water elevation
SWS mm | Grid cell surface water storage
UrbDrainDis | m-s’! Urban drainage discharge
UrbDrainStor m Urban drainage water storage

6. Upcoming capabilities
6.1. SWOT data assimilation

SWOT data assimilation has been implemented in LIS to work with HyMAP-3. HyMAP-3
assimilates SWOT-derived Water Surface Elevation (WSE) using the mission’s Level-2 River
Single-Pass Vector product as the observation source (see the SWOT data portal:
https://podaac.jpl.nasa.gov/SWOT?tab=mission-objectives&sections=about%2Bdata). Rather
than reading mission granules directly, observations are preprocessed into LIS-grid—aligned,
daily datasets (global or regional). Each record retains its native timestamp but is grouped by
day for efficient ingestion. Preprocessing applies quality control (mission flags and statistical
outlier checks), maps observations to the corresponding HyMAP-3 river elements and performs
vertical-datum harmonization (EGM2008 — EGM96) to ensure model-observation
consistency.

The data assimilation method used as part of LIS is an Ensemble Kalman Filter (EnKF;
Evensen, 1994), advancing ensemble members with the coupled land surface model and
HyMAP-3. Updates occur whenever SWOT observations are available; the assimilation time
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can be configured from the LSM’s minimum time step (e.g., 15 minutes) up to daily cycles to
meet operational needs. A topology-aware localization scheme — based on river-network
connectivity and drainage-area relationships, rather than simple geographic distance — mitigates
spurious correlations from limited ensemble sizes and yields physically consistent updates
throughout the river network.

6.2. Sediment transport

A one-dimensional physically based sediment modeling framework is currently being
implemented in HyMAP-3. The model prototype couples in-channel sediment transport with
sediment yield from land, using a modular approach. Once integrated in HyMAP-3, it will run
on the same spatial grid and will interface with land surface processes from LSMs (e.g., Noah-
MP) through LIS. The model simulates sediment mass balance, stratigraphy, and grain class
evolution across river segments, accounting for contributions from upstream reaches and land-
derived inputs.

6.2.1. In-Channel Sediment Transport

Suspended sediment is modeled using the advection—diffusion—reaction equation:

ac ac 9%c | E-Dp
— u—= D -
ot + ox 0x2 + H

(27)

With C as depth-averaged sediment concentration [kg-m=], u is mean velocity [m-s'], D is
sediment diffusivity [m?-s!], H is water depth [m], and E and D, are erosion and deposition
rates [kg-m2-s!], respectively.

Bed elevation z, evolves via the Exner equation:

5@ _ Dp—E
ot ps(1-2) (28)

with ps as sediment density and A the bed porosity. Each sediment grain class is independently
tracked, with distinct settling velocities and critical shear thresholds based on Rijn (1984),
Garcia (2013), and Ariathurai and Arulanandan (1978).

6.2.2. Land-to-River Sediment Yield Module

A land sediment module is used to represent sediment inputs from hillslopes and land surfaces
into river channels. Sediment generation is calculated using a formulation based on the
Modified Universal Soil Loss Equation (MUSLE; Renard et al., 1997; Williams, 1975):

Y=R-K-Cp-P-LS (29)

Where Y is sediment yield [kg'm2-s™'], R runoff fluxes from LSM [kg-m2-s!], K soil erodibility
factor [-], Cr: cover management factor, P support practice factor [-] and LS slope-length factor
[-]-

Runoff, as generated by LSMs, is used to estimate sediment yield per land grid cell, which
matches the river grid in HyMAP-3. Sediment flux is distributed across grain size classes based
on land-use-specific grain composition. These fluxes are introduced into the water column as a
source term:
YgAt

Cg < Cqg + m

(30)

where C, and Y, are the concentration and input rate of grain class g.
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6.2.3. Bed Stratigraphy and Layering

The bed is represented using a two-layer stratigraphy: an active layer (typically 20% of the
erodible thickness) and a substrate layer. The active layer interacts with the flow, exchanging
sediment through erosion and deposition. When the active layer is exhausted, the substrate is
promoted upward (Hirano, 1971). Each layer stores total thickness, dominant grain size,
cohesion factor, and grain class composition (e.g., 30% clay, 40% silt, 30% sand). Erosion is
halted when the bed reaches a user-defined minimum elevation (e.g., bedrock).

6.2.4. Numerical Implementation

All equations are discretized using an implicit finite difference scheme in space and time.
Advection uses an upwind method, diffusion uses central differencing, and reaction terms
(erosion/deposition) are treated semi-explicitly. The sediment concentration tridiagonal system
is solved per grain class and time step. Time steps are dynamically adjusted based on both
advection and diffusion Courant—Friedrichs—Lewy (CFL) criteria.

Land-derived sediment fluxes are applied before solving the in-channel transport. Bed updates
are performed post-solution based on the erosion/deposition balance, and bed layer restructuring
is handled as needed.

6.2.5. Parameterization and Constants

Table 13. List of sediment parameters

Parameter Symbol Value(s) Units Reference
Sediment density Ds 2650 kg 'm Rijn (1984)
Water density Pw 1000 kg 'm -
Grain diameters (clay—sand) d 0.002, 0.02, 0.2 mm Garcia (2013)
Settling velocities W 0.0001-0.002 m-s™! Rijn (1984)
Diffusivity D 0.05 m?'s™! Calibrated
Erosion rate coefficient M 5x1077 kg'm?-s! Carey (1984)
Critical shear stress (erosion) Tee 0.02-0.06 Pa Garcia (2013)
Critical shear stress ted 0.015-0.045 Pa Garcia (2013)
(deposition)
Friction coefficient F 0.03 — Chow (1959)
0.02 (urban), 0.3
Soil erodibility factor K (pasture), 0.4 - Renard et al. (1997)
(cropland)
) 0.01-0.9 (land-use- B
Cover factor Cy based) Renard et al. (1997)
. Wischmeier and
Practice factor P 0.3-1.0 - Smith (1978)
Wischmeier and
Slope-length factor LS 0.3-2.0 - Smith (1978)
. . Wilcock and Crowe
Active layer fraction - 0.2 - (2003)
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7. Supplementary Material

7.1. Example of NetCDF file for the parameterized reservoir operation scheme

NetCDF file summary: resop powell

Dimensions
e month: 12 == Indicates the number of time points in the unit of months
e res_count: | == Reflects the number of reservoirs in this dataset

Global Attributes

e missing_value: -9999.f

e description: "Reservoir operation parameters following methodology in Yassin et al. (20019)
https://doi.org/10.5194/hess-23-3735-2019"

e institution: "NASA GSFC"

Variable Summary

Variable Dimensions Units Description
id res_count - Reservoir ID
rank res_count - Rank value to identify the grid cell as a reservoir
model type res_count - Model type (reservoir storage zone release)
lat res_count degrees Latitudinal location of the reservoir (degrees)
lon res_count degrees Longitudinal location of the reservoir (degrees)
max_sto res_count m3 Max reservoir capacity (m3)
init_dis res_count m3.s-1 Initial discharge (m3 s-1)
init_sto res_count m3 Initial storage (m3)
down_dis res_count m3.s-1 Downstream channel capacity (m3 s-1)

Dead storage fraction of maximum storage (0.1 means 10% of max

dead sto res count -
— — storage)
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rxn res_count m3

mon_min_sto month , res count m3
mon_nupper_sto month , res_count m3
mon_upper_sto month , res_count m3

mon_min_dis month , res count  m3.s-1
mon_nupper dis  month, res count m3.s-1
mon_upper_dis month , res count  m3.s-1

poly a res_count
poly b res_count
poly ¢ res_count

7.2. HyMAP-3 output attributes

Random term variance or range (-)

Monthly min storage (m3)

Monthly normal upper storage (m3)

Monthly upper storage (m3)

Monthly min release (m3 s-1)

Monthly normal upper release (m3 s-1)

Monthly upper release (m3 s-1)

Polynomial equation coef. a (y=ax”2 + bx +c)

Polynomial equation coef. b (y=ax"2 + bx +c)

Polynomial equation coef. ¢ (y=ax”2 + bx +c)

100133310
100133310
100133310
100133310
100133310
100133310
100133310
100133310
100133310
100133310

100133310

Streamflow: 1 m3/s
RiverStor: Im3 -
RiverDepth: 1 m
RiverVelocity: 1 m/s
FloodQ: 1 m3/s
FloodStor: 1 m3
FloodDepth: 1 m
FloodVelocity: 1 m/s
FloodedFrac: 1 - -
FloodedArea: 1 m2
SurfElev: Im
SWS: 1 mm
UrbDrainDis: 1 m3/s
UrbDrainStor: 1 m3
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